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Abstract

R enewable sources of thermal and chemical energy are needed in order to satisfy the

world’s ever growing energy needs while limiting the rise of global temperatures below 2 °C
above pre-industrial levels. Plant biomass is a vast resource which if harnessed properly could
help revolutionise the global energy economy. Hydrothermal Carbonisation (HTC) is a
technology wherein biomass exposed to subcritical water at 180 °C — 260 °C is thermochemically
converted into an energy-dense “hydrochar” with strong thermal and elemental similarities to
fossil coal. However, key aspects of the HTC reaction remain unknown, especially with regard
to the degradation of the key biochemical macromolecules hemicellulose, cellulose, lignin and
protein. In this thesis, three novel biomasses, Australian saltbush, hemp and macroalgae, were
subjected to HTC and the hydrochars analysed for fuel properties and biochemical
composition. The breakdown of the key macromolecules was then described using kinetic

modelling to build a mechanistic model of the overall conversion of biomass to hydrochar.

Each of the three biomasses underwent profound chemical changes during the HTC
reaction, resulting in much lower oxygen content, and much higher carbon content. This
caused the energy content of the hydrochars to rise to levels that rivaled or even exceeded
those observed in fossil lignites. In addition, the ash content of the biomass was reduced,
although certain reaction conditions at higher intensities saw the reabsorbence of inorganic

elements back into the char.

A twin-pathway mechanistic model was adapted and developed from the literature to
describe the overall HTC process and the formation of two different kinds of hydrochar:
Mechanism 1, involving solid phase conversions that yield “primary char” derived directly from
undissolved and partially converted starting material; and Mechanism 2, a two-step pathway
that involves the degradation of the feedstock into dissolved intermediates, and the subsequent
repolymerisation of those intermediates into “secondary char”. Using this model as a
framework of the backdrop of the HTC reaction, the kinetics of the degradation step in each

macromolecule where then analysed in detail.

iv
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There were numerous broad similarities in the behaviour of the key macromolecules
between the different biomasses, in spite of their different origins. The degradation of
polysaccharides was determined mainly by the degree of crystallinity; non-crystalline
hemicellulose degraded very quickly in every biomass in a pseudo-first order reaction, often
being completely eliminated from the feedstock within minutes. On the other hand, highly
crystalline cellulose was more recalcitrant, and the reaction orders and rates of degradation of
cellulose varied considerably across the three biomasses, although it was consistently slower
than its non-crystalline counterparts. Variations in the degree of crystallinity in both cellulose
and hemicellulose appeared to result in dramatic differences in the degradation kinetics. Lignin
was found to be partially susceptible to HTC degradation, with the majority being dissolved
with similar kinetics to hemicellulose, and the remainder being inert. The mechanism of the
degradation of protein in macroalgae was opaque and difficult to model, with proteins possibly

undergoing Maillard reactions with carbohydrates.

It is hoped that the methods presented here, especially regarding the biochemical
analyses of the hydrochars, can form a major facet of future research and industrial

development of HTC.
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Chapter 1 — Introduction

1.0 Background

Human-induced climate change is accelerating at a time when conventional energy
sources are becoming scarcer and more politically contentious. Without a rapid transition to
renewable, low-carbon sources of energy, while simultaneously developing means of
sequestering carbon from the atmosphere and boosting agricultural productivity in a volatile
environment, modern industrial civilization faces an almost existential threat by the end of the
century'”. The imperative to develop new energy sources is undeniable, yet sourcing such an
immense amount of energy (up to 17.8 billion tonnes of oil equivalent per annum by 2040*) that
is cheap, clean, and readily available across the globe is a formidable challenge. Plant biomass,
the organic material produced from the photosynthetic growth of plants, offers one potential
opportunity for meeting this challenge. By fixing the energy of the sun into chemical energy,
and then using this energy to construct their bodies in the form of sugars and other organic
molecules, plants generate an astonishing quantity of biomass across the world each year, with
an estimated 100 billion tonnes of land biomass and 50 billion tonnes of aquatic biomass
produced every year’. Such abundance makes plant biomass a strong contender as a bedrock to

replace fossil fuels based on availability alone, if nothing else.

However, there are numerous drawbacks to using raw biomass as an energy source, not
least of which is the high water content, which necessitates lengthy, energy-intensive
predrying. Dry biomass is typically only suitable as a solid fuel, and cannot replace the various
petroleum fuels such as petrol, diesel, naphtha, gasoline and so on. Biomass is also less
thermally dense than fossil fuels, meaning that greater masses must be combusted to deliver the
same energy output, and it also tends to have high levels of inorganics, which leads to the
formation of ash®’. Thus, biomass must be processed in order to convert it to a more suitable
fuel. Thermochemical treatments, such as torrefaction and pyrolysis, expose a feedstock to
high temperatures under anoxic conditions, whereupon the feedstock is converted into an
energy-rich char at lower temperatures, a liquid product at medium temperatures, or gaseous
products at high temperatures®. These products, in terms of composition and energy content,
are very similar to fossil coal, oil and natural gas, and can be used as sustainable, low-carbon
replacements for these fossil fuels in most applications. While relatively simple and cheap, air-

based technologies such as pyrolysis are limited in that for very wet feedstocks, such as fresh
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biomass, the high water content leads to excessive drying requirements, and they also tend to
concentrate the levels inorganic elements, exacerbating ash-related issues. These issues can
however be alleviated by treating the feedstocks in water, instead of air, in a process called
hydrothermal conversion. Due to the conversion taking place water, there is no need to predry
the feedstock, and it also allows for the ash to be dissolved out of the solid phase into the
surrounding water. In addition, the aqueous medium allows for the formation of an aqueous
product that is rich in nitrogen, phosphorous and valuable organic chemicals, creating
additional value chains as liquid fertilisers and a source for precursor compounds for the
chemical industry. Under mild temperatures, between 180 °C and 260 °C, Hydrothermal
Carbonisation (HTC) takes place, and yields a solid char as its primary product. This char, or
“hydrochar”, can be used as an energy-dense, low-ash solid fuel, as a soil amendment for
sustainable agriculture, or buried as a means of sequestering carbon. The tremendous
versatility of hydrothermal conversion makes it a highly promising technology, and it has the
potential to revolutionise energy production, agriculture and sustainable civilization if it can be

applied to high-growth, low-impact biomasses at industrial scales.

Presented in this thesis is a study of the hydrothermal carbonisation of novel biomasses

and the reactions that take place therein.

1.1 Scope, Structure and Summary of Thesis

The major scope of this thesis is two-fold. In the first instance, the suitability of novel
biomass sources that are fast growing, environmentally friendly, and potentially economically
productive as HTC feedstocks for fuel purposes is investigated. Important factors in this
context include hydrochar yield, energy content, and ash properties. In the second instance,
the underlying mechanisms that drive the hydrothermal conversion of biomass to hydrochar
are studied. Key aspects of the HTC reaction remain unknown, not least of which is the
manner in which the major biochemical constituents are degraded within whole biomass.
Without knowing this, it is not possible to obtain the mechanistic and kinetic understanding
necessary to build industrial scale reactors. The sheer complexity of whole biomass HTC, with
all the interconnected reactions and products and side products contained within, makes

studying whole biomass reaction kinetics very difficult. A common means of getting around
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this is to use idealised, purified model compounds that simulate each component individually.
However, these model compound experiments cannot capture the effect of the various cross-
linkages and interactions present throughout the biomass stricture, nor the overall chemical
environment. The major breakthrough presented in this thesis is the development of
biochemical assays that are capable of measuring the breakdown of the key macromolecules
hemicellulose, cellulose, lignin and protein, both within untreated biomass and hydrochar.
Using these, is it possible to measure in detail the breakdown of the biochemical
macromolecules in their natural state as a function of time, something which has not been
achieved before. From this, simple kinetic models were developed to describe the degradations
of these components, and using the insights gathered from fitting these models, a mechanistic
model of the degradation step of the HTC reaction was built. This process was applied to three

biomasses: Australian saltbush, hemp and macroalgae.

These biomasses were chosen because they all possess the ability to grow on marginal
land, while still maintaining a high growth rate on said marginal land. The ability to grow
biomass for non-food processes purposes on marginal land is considered essential, because this
mitigates any competition with food crops for land and water. Macroalgae in particular can be
grown in vats on arid land, thereby completely avoiding the use of fertile soil, or even fresh
water in the case of marine algae. Additionally each of these biomasses also has numerous
other uses beyond biofuels, such as grazing fodder for saltbush, textiles, bioplastics, foodstuffs
and others for hemp, and neutraceuticals, food additives, medical dressings and others for
macroalgae. As such, HTC can act as an embedded component within a broader-scale adoption
of each of these novel biomasses, creating a richer and more diversified bioeconomy. Further

justifications for each biomass are detail below.

The overall structure and summarisation of the thesis is as follows. After a review of the
state-of-the-art of hydrothermal carbonisation as it stands at the time of publication (Chapter
2), this project begins with the analysis of Australian Saltbush as a potential feedstock for HTC.
Saltbush is a group of arid and semi-arid dwelling plants that are native to a broad area of the
Australian Outback, and are notable for their high salt-tolerance. In a time when drought and

soil salinity are serious concerns for Australian farmers in the drylands, saltbush is growing in
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prominence and popularity due to its ability to remediate salt-stricken soils, and also sustain
sheep in areas where other forage is unavailable due to a lack of water. On account of its
hardiness, native status, high growth rate under appropriate conditions, and numerous human
applications, saltbush was chosen as a potential HTC feedstock specifically for arid areas. The
study of saltbush HTC is divided into two parts, an analysis of the combustion properties of the
hydrochar (Chapter 3, Paper I), and an investigation of the breakdown of the key lignocellulosic
constituents (Chapter 4, Paper II).

In the combustion study, saltbush was subjected to HTC under 3 temperatures (200 °C,
230 °C and 260 °C) and four reaction times (0 min, 15 min, 30 min, and 60 min), whereupon it
was found to have hydrochar yields of between 66% after an hour at 200 °C, and 35% after an
hour at 260 °C, comparable to similar woody biomasses. The hydrochars demonstrated
significantly different elemental compositions compared to the untreated feedstock, with
increased carbon content accompanied by much reduced oxygen content, especially at higher
reaction severities. These elemental changes produced hydrochars with very similar chemical
properties to fossil lignite, and had correspondingly similar higher heating values (HHV), with
the hydrochars borne of the highest reaction severities boasting HHVs of up to 35 MJ kg™, well
within or even slightly exceeding the range observed in brown coal (24 — 30 MJ kg™)°. Because
of the tendency of saltbush to sequester salt within itself, this biomass had a higher ash content
than other woody biomasses, so this was another key focus of this first study. Total ash content
fell precipitously over the course of the HTC reaction, with almost 80% of the total ash removed
after one hour at 260 °C. On an individual element basis, sodium, potassium, and sulphur were
consistently and rapidly removed across all reaction temperatures and times. Calcium was
more or less inert at 200 °C and 230 °C, but was also removed at 260 °C, while the behaviour of
phosphorus is rather complex, falling rapidly at 200 °C and 230 °C in line with sodium and
potassium, yet is reabsorbed at 260 °C. With so many similarities and lower ash content
compared to fossil coal, saltbush hydrochars show a great deal of promise as a potential solid

fuel.

The second saltbush study shifted focus to understanding the underlying mechanics and

kinetics of the degradation of the biomass. Using the same chars produced for the combustion
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study, the biochemical compositions of the untreated saltbush and hydrochars were analysed to
measure the amount of hemicellulose, cellulose, lignin and protein, and how these change over
the course of the HTC reaction. Using this information, mechanistic and kinetic models were
built to describe this breakdown. It was found that hemicellulose reacted extremely quickly,
being completely removed from the hydrochar within minutes at any temperature in a first-
order reaction (E, = 33 kJ mol™), while cellulose was more resistant, and degraded in a 0.5"-
order reaction (E, = 127 k] mol™). Lignin was found to be partially susceptible to hydrothermal
degradation, with 78% degrading rapidly in a first order reaction, and the remaining 22% being
completely inert under the conditions tested. The portion that did react had almost identical
kinetic parameters as hemicellulose (E, = 32 kJ mol™), suggesting that the two seemingly very
different macromolecules share similar mechanisms. This was very surprising, and contrary to
large portions of the literature, as it is commonly (but not universally) held that lignin is highly
resistant to hydrothermal carbonisation, or even entirely inert. This study, and the biochemical
assays and kinetic methods introduced in it, formed the foundation for Chapters 5 and 6, both

of which were extensions of the saltbush work into different feedstocks.

In Chapter 5 (Paper IM), the hydrothermal carbonisation of hemp was investigated.
Hemp for industrial purposes is rapidly growing as more and more governments across the
world decriminalise its usage, and as a result hemp products in food, textiles, plastics, fertilisers
and myriad other applications aside are burgeoning. It can therefore be anticipated that a large
amount of waste biomass will be generated, which could potentially be value-recovered
through the use of HTC. Thus, hemp stem residue and seed hulls were subjected the HTC at
three temperatures (200 °C, 230 °C and 260 °C) and four reaction times (0 min, 15 min, 30 min,
and 60 min), and compared to saltbush. It was found that on the whole, both hemp residues
behaved very similarly to saltbush, with a near identical range hydrochar yields of between 70%
and 31% after an hour at 200 °C and 260 °C respectively. Both residues revealed similar patterns
of carbon enrichment, oxygen loss, increase in HHV (with both residues rising to lignite
values), and removal of ash as shown in the saltbush study, demonstrating the versatility of
HTC. On a biochemical level, however, there were a few notable differences between saltbush
and the hemp residues. The portion of inert lignin differed between the two tissues, with hulls

having an HTC-stable portion of 31%, while determining the inert portion of stem lignin was
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more opaque than the other biomasses. So, two separate kinetic models were built, one
assuming a lower value of 21% inert, and the other an upper boundary of 34%. The 34% inert
model degraded in a first order reaction, same as the hull lignin, although the stem lignin had a
much higher activation energy than the saltbush lignin, while the hull lignin had a much lower
one (E.S™ = 98 kJ mol™?, E,”™! = 22 kJ mol™). If the stem inert portion was assumed to be 21%,
however, the best fitting model was a second order reaction with a slightly lower activation
energy to the 34% model (E, = 81 kJ] mol™) but with much lower reaction rate constants.
Hemicellulose in both hemp tissues degraded with 1.3™ order reactions, with higher activation
energies than in saltbush (E.%™ = 58 kJ mol™, E,™ = 67 kJ mol™), while stem cellulose
underwent a first order reaction (E, = 113 kJ mol™) and hull cellulose underwent a 1.5" order
reaction (E, = 112 kJ mol™). These differences between similar lignocellulosic feedstocks, even
between different kinds of tissue of the same species, highlight that the general assumptions
about the behaviour of a given macromolecule as held by the HTC literature cannot be relied

upon universally in whole biomass.

With hemp and saltbush being terrestrial lignocellulosic biomasses, the scope of the
study was expanded in Chapter 6 (Paper IV) to include macroalgae. As aquatic plants,
macroalgae exhibit numerous key differences to terrestrial plants, most notable of which is the
lack of lignin. Marine macroalgae (seaweeds) have been used by humans for millennia, and
have in recent times been the subject of considerable interest for its bioactivity, high growth
rates and and ability to be cultivated in vats on marginal land. The notable differences between
aquatic plants and terrestrial lignocellulosic plants also make it an interesting comparison case
for the investigation of HTC mechanics. Two species of macroalgae, the freshwater
Oedogonium intermedium and the saltwater Ulva ohnoi, were subjected to HTC at three reaction
temperatures (200 °C, 220 °C, and 240 °C) and five retention times (0 min, 5 min, 15 min, 30 min,
and 60 min). The reaction temperatures for macroalgae were lower than for terrestrial plants
due to the fact that it was observed in previous research that algae was highly susceptible to
HTC, and resulted in very low mass yields at 260 °C". It was found that hydrochar yields for
Oedogonium were consistently higher than for Ulva for any temperature or time. As with the
terrestrial biomasses, the hydrochars showed an increase in energy content comparable with

that of coal, with the concomitant changes in carbon and oxygen content. Ulva, being a



Chapter 1 — Introduction

saltwater seaweed, presented the highest ash content of any biomass examined in the study
(25% w/w), but even that was reduced by 95% after 60 minutes at 200 °C. Interestingly, under
high reaction severities, Ulva hydrochars began to reabsorb inorganics, potentially in a similar
manner to that observed for phosphorus in saltbush. As with the other feedstocks,
hemicellulose degraded extremely rapidly, with a first order reaction in both species (E,""* =
136 kJ mol?, E%denm = 115 kJ mol™?), while cellulose degraded more slowly. Surprisingly,
macroalgal cellulose degrades with different mechanisms between the two species; Oedogonium
cellulose degraded via a simple first order reaction (E, = 130k] mol"), while Ulva cellulose
appeared to degrade in two parallel first order reactions, one fast and the other slow (E,' =
148 kJ mol™, E,°¥ = 112 kJ mol™). Protein was suspected to undergo Maillard reactions, and as
such was difficult to model, but may undergo a similar parallel mechanism in both species, with
Ulva (E,;*' = 88 kJmol”, E,**¥ = 74 kJmol™”) degrading faster on the whole than Oedogonium
(E."* = 148 kJ mol™, E.*" = 112 k] mol™). The notably different behaviour of the Ulva cellulose
compared to that of every other biomass studied here, and the complex behaviour of the
macroalgae protein illustrate vividly the profound variances in the responses different
feedstocks have to hydrothermal conversion, even if the overall properties of the resultant

hydrochars are similar.

Overall, the work presented in this thesis describes the biochemical changes that occur
in the hydrothermal carbonisation of a variety of biomasses in more detail than has been
possible to date. In doing so, the behaviours of key biochemical compounds have been
demonstrated to be more complex than previously realised, in manners which are impossible to
elucidate in idealised feedstock experiments. These findings strongly underline the need for
whole biomass HTC compositional studies, and it is hoped that the methodologies, data, and
techniques presented here can be used as a foundation for further in-depth studies into the
kinetics and mechanisms of biomass HTC. With the knowledge gained from a molecular-level
understanding of the HTC reaction, it may be possible to one day realise the wide-scale

adoption of advanced thermochemical biofuels.
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2.0 Introduction to Biofuels

It is projected that by 2040, global energy needs will increase by around a third, with the
renewable energy industry the fastest growing sector at 7.1% per annum, and accounting for
40% of all new energy sources’. Renewable, low-carbon fuels derived from biomass, or
“biofuels”, offer a means of replacing fossil fuels in situations where a transportable,

combustible energy source is required, for example in internal combustion engines.

Because the carbon contained within biofuels ultimately comes from atmospheric CO,
fixed via photosynthesis, biofuels have the potential to be a near limitless, carbon-neutral fuel
source, and this has prompted much interest in their wider adoption; as of 2016 there are 64
countries and numerous states and territories within countries that now have biofuel mandates
and targets'. These typically come in the form of low blending requirements of petrol with
bioethanol (often <10% ethanol/petrol), which is almost always produced via the fermentation
of crops such as corn and sugarcane. As a result, ethanol production in the US surged from 6.5
million gallons in 2007 to over 16 million gallons in 2018, accounting for 56% of global fuel
ethanol production”?. However, recently the uptake of biofuels in developed markets has
slowed dramatically over the past 8 years, with the US exhibiting a projected growth from 2019-
2024 of just 1%, and the EU just 0.5%". This is in large portion due to the negative reputation of
so-called “first generation biofuels” that are produced from edible crops. There have been
numerous controversies over the fears of first generation biofuels competing directly with
edible crops and the natural environment for space and water, potentially causing spikes in

14-20

global food prices'*®, and causing significant issues with deforestation and releases of carbon
emissions as more land is converted to grow food crops®*. In addition, the utility of ethanol
as a fuel is restricted to light internal combustion engines, and even there has limitations;
ethanol blends have a lower energy content than petrol or diesel and tend to have an adverse
effect on engine performance®. It is completely unsuitable for applications that require high

levels of thermal output, and does nothing to replace the various petroproducts that are derived

from crude oil, such as plastics, chemicals, adhesives, paints and so on.

10
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There is therefore a great need for a technology that is capable of leveraging the
immense potential of biomass as an unlimited, sustainable energy source that can fit seamlessly

into current energy and chemical infrastructure.

2.1 Hydrothermal Biofuels

A highly promising biofuel technology is hydrothermal conversion, wherein biomass is
subjected to high-temperature, high-pressure water within the ranges of 180 °C — 374 °C, and

4 - 22 MPa, in an oxygen-free environment® .

Such conditions, being higher than the
atmospheric boiling point of 100 °C yet lower than the critical point of water (374 °C, 22 MPa)
endow this “subcritical water” with numerous properties that make it extremely useful for the
biofuels engineer. As the temperature of subcritical water rises, so does the ionic product of

water (K,) that describes the dissociation of water into the ions H;O0* and OH", as shown in

Equation 1%.

2H,0 H;O* + OH (1)

Thus, under subcritical conditions there is a greater profusion of hydronium and
hydroxide ions than at room temperature, and this allows water to become a highly effective
medium for acid and base catalysed reactions. The viscosity of water also decreases under
subcritical conditions, and continues to decrease as temperatures are raised, eventually
approaching the viscosity of water vapour near the critical point®. This has the effect of raising
the diffusion coefficient, which in turn boosts the rate of reaction®”. But among the most
interesting of properties subcritical water gains is the ability to become a reactant in and of

itself, becoming involved in self-catalysed hydrolysis reactions®*

. These properties, combined
with the high reaction temperatures, allow water to auto-catalyse a great variety of different
reactions in biomass, including hydrolysis, decarboxylation, polymerisation, aromatisation, and

many others®*"".

Biomass thus exposed to subcritical water thereby rapidly decomposes in
conditions that approximate those present deep beneath the Earth’s surface during the
conversion process that generated fossil fuels from primordial wood and algae hundreds of
millions of years ago, meaning that the solid, liquid and gaseous products of this decomposition

possess very similar physical, thermal, and chemical properties to fossil coal, oil and natural
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gas . The extraordinary promise of such “hydrothermal biofuels” is that they potentially
offer a renewable, low- or even zero-net carbon replacement for conventional fossil fuels that

can simply “drop in” to existing infrastructure and usage.

2.1.1 Hydrothermal Carbonisation

Hydrothermal Carbonisation (HTC) is the hydrothermal process which occurs at
temperatures between 180 °C and 260 °C, the main product of which is a solid, black, porous
char, called “hydrochar”. HTC was developed in 1913 as a potential method of energetically

t33

upgrading lignite and peat™, but has received great attention in recent decades due to the
potential of hydrochar as a possible renewable replacement for coal. Numerous studies have
demonstrated that one of the principle effects of HTC is to thermally and chemically upgrade

biomaSSZS,31,32,34

, which is in and of itself a poor quality solid fuel, owing to high moisture and
ash content, and low higher heating value (HHV) compared to other solid fuels like charcoal
and coke. Further, fresh untreated biomass has a limited storage life, as it tends to be subject to
microbial decomposition and degradation over time, often leading to health and safety
concerns. Biomass is therefore frequently dried before storage, but this is highly energy
intensive, and due to the hygroscopic nature of biomass, it tends to reabsorb water from the

surrounding air**

. HTC alleviates this problem by converting the biomass to a hydrophobic,
biologically inert char that can be easily dried, ground and pelleted for ease of storage,
transportation, and combustion®”. The hydrophobic nature of the hydrochar has further
benefits, in that it makes it far easier to separate from the aqueous reaction medium, and also
reduces the energy and time requirements to dry the nascent hydrochar post-reaction®. The
principle benefit of HTC, however, is the ability to boost the typically low HHV of biomass to
levels where it is competitive with fossil coal. Upon combustion, untreated biomass releases on
the order of 15 — 20 MJ kg™ of energy®, which is lower than the range of values seen for higher-
grade lignite (22 - 27 MJ kg"')’. Many studies over the decades have demonstrated that for a
wide range of feedstocks including wood, bamboo, municipal solid waste, olive stones,
sewerage sludge, biosolids, poultry litter, seaweed, and many others, the HHV of the feedstock

is raised after hydrothermal treatment, frequently to levels that are comparable with lignite**"

44

. Such a rise in the HHV dramatically raises the thermal utility of the hydrochars, making

12
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them a far more useful solid fuel than the untreated feedstocks they were produced from,

possibly even allowing hydrochar to replace coal in thermal applications.

In addition to the obvious thermal applications, hydrochars may also be able to fulfill
other applications. The highly carbonaceous nature of hydrochar renders it chemically and
biologically inert, thereby making it potentially useful for long-term carbon sequestration® .
There is some evidence that applying hydrochar to soil for such sequestration purposes also has
additional effects in raising soil fertility and water retention, as in terra pietra*®*. The high

51-53

porosity of hydrochars makes them valuable as activated carbons® ™, which can be used in

%57 and others®.

such diverse applications as CO, capture®, dye absorption®, supercapacitors
The HTC reaction also produces numerous water-soluble compounds such as 5-HMF, acetic
acid, levulinic acid, glycolic acid, formic acid etc., all of which are very valuable as precursor

compounds in the chemical industry*®.

The versatility of HTC is belied by its simplicity and efficiency. Water has a very high
heat capacity, which is the energy required to raise the temperature of a given amount of water
by a given degree. At 75.5J (mol-K)" at 25 °C%, this is higher than many other common liquids,
such as ethanol and acetic acid®. It also has a comparatively high enthalpy of vapourisation
(40.65 kJ mol™)%, the energy required to convert the liquid water into gas at the boiling point.
Because HTC occurs under pressure equal to or above the vapour pressure of water, even at
highly elevated temperatures, the water never boils, and thus the enthalpy of vapourisation is
avoided. As a result of this, it requires less energy to heat a mole of pressurised, liquid water to
260 °C from 25 °C (17 kJ mol™) than it does to boil the same volume of water at 100 °C
(40 kJ mol"). Additionally, there is evidence that the carbonisation reaction is exothermic, and
begins spontaneously at temperatures above 180 °C*. Thus, once the reaction has begun, it is
not necessary to continuously add energy to the system, making the carbonisation process
more energy efficient than one might expect. If the energy to heat the water can be sourced
renewably, such as in a solar-thermal plant, then HTC potentially represents a carbon-neutral
or even carbon-negative method of producing biofuels, as the only carbon emissions released
across the process are during the combustion of the fuel, which originally came from the CO,

absorbed by the biomass in the first place.

13
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HTC and related technologies such as hydrothermal liquifaction have the potential to
completely revolutionise the global economy, and yet there is still much that remains unknown.
In particular, the incredibly complex mechanism by which biomass is converted to hydrochar,
and the kinetics thereof, are very difficult to elucidate. This is in large part due to the highly
heterogenous nature of biomass, which is a rich mixture of various compounds and structures,
each of which have been shown to behave in HTC in differing manners. A closer investigation
of the primary components of biomass is required before any holistic kinetic and mechanistic

understanding of the HTC process can be attained.

2.2 Composition of biomass

Biomass is a broad term encompassing almost any kind of organic material, yet the most
commonly utilised type of biomass is plant-based. Plant cells develop an encompassing cell
wall composed of a variety of complex biopolymers, including long polysaccharides (cellulose
and hemicellulose), proteins and in the case of terrestrial plants, disordered aromatic polymers
(lignin). The cell-wall composites of terrestrial plants are thus called “lignocellulose”. These
biopolymers are covalently networked together into an insoluble, rigid and robust hetero-
matrix (Figure 1), which plants use as a structural support against osmotic pressure within the

cell and also against the force of gravity, allowing plants to grow vertically to great heights®.

2.2.1 Cellulose

Of the major components of the cell wall, cellulose is by far the most abundant, making
up 35% — 50% of a plant's dry mass®. Indeed, by some estimates, cellulose is the most abundant
biopolymer in the world, with over 10" tonnes produced annually®, and is found in plants,
algae and some animals®. Cellulose is composed of long strands of between 8000 and 15,000 D-
glucose molecules linked via 3-(1—4) glycosidic bonds, which then stack upon one another via
Van der Waals forces and intermolecular hydrogen bonds between the adjacent chains into a
highly regular matrix®*. Repeated stacking leads to the creation of long insoluble microfibrils
that form the backbone of the plant cell wall, and provide the basis of the structural strength of

lignocellulose.
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Figure 1: Overview of the structure of lignocellulose in a terrestrial plant cell wall. Algae typically

lack lignin.

2.2.2 Hemicellulose

In addition to the very highly regular, crystalline cellulose, there is a great abundance of
non-crystalline, heterogenous polysaccharides that entwine and enmesh the cellulose fibrils,
historically described with the catch-all term hemicellulose. Hemicellulose typically makes up
between 20 — 25% of a plant’s dry weight®, and the polysaccharide chains are generally shorter
and more structurally complex than cellulose. Hemicellulose monosaccharides are bound to
one another with B-(1—4) or B-(1—3) glycosidic bonds, forming branched and unbranched
strands composed of a variety of different sugar monomers including hexoses, pentoses and
sugar acids®. The types and sugar composition of hemicelluloses vary considerably between

66,67

species®®”’, with xylans being the most widespread, featuring heavily in hardwoods

lucuronoxylan), cereals (arabinoxylans) and grasses (glucuronoarabinoxylans)®, whilst
(g y y g g y

glucomannans are present in high quantities in softwoods®®.

Aquatic plants such as
macroalgae have a variety of unique monosaccharides that are not present in terrestrial plants,

such as agarose, guluonic acid, uronic acid and mannuronic acid®”. Through this heterogeneity,
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hemicelluloses can perform many functions within the plant cell, including structural

reinforcement of the cell wall, energy storage, and also acting as signaling molecules”.

2.2.3 Lignin

Lignin, in contrast to the aforementioned polysaccharides is not sugar-based; instead, it
is a complex, disordered three-dimensional polymer built from phenolic alcohols called
monolignols™”. It is present in particularly high quantities in the secondary cell wall, where is
fills the space between hemicellulose and cellulose, and performs an adhesive role within the
lignocellulosic hetero-matrix. It typically makes up 5 — 30% of a plants dry mass®, provides
added strength and support, and is also highly insoluble, waterproofing the plant, and helping
to ward off microbial attack®’. There are three main phenolpropane monolignols, each
differentiated by the degree of methoxylation: p-coumeryl, coniferyl and sinapyl alcohol™
Upon being synthesised, the monolignols are transported to the plant cell wall, and then
radicalised with a peroxidase. These radicals then conjoin via a highly complex, chaotic and
much debated series of radical coupling and nucleophilic H,O reactions to form a highly
irregular, amorphous aromatic polymer. There is great diversity in the linkages between lignin
monomers, including f-O-4 and B-O-5 ether bonds and carbon-carbon B-B and -5 bonds™.
This high degree of covalent cross-linking confers on lignin its strength, and while this is of
great utility to the plant, it presents numerous issues for human applications of lignified tissues,

such as paper-making or biofuel production.

2.2.4 Protein

Proteins are differentiated from the aforementioned biochemical components in being
made of L-a-amino acids, which comprise of an amine, a carboxylic acid, and a variable side
group. The amino acids are bound together via a peptide bond, while the combinations of
different side residues and the intra- and intermolecular interactions thereof comport the
protein into innumerable different shapes and sizes, allowing them to perform a vast array of
different functions within the cell. Proteins make up only a very small portion of
lignocellulosic biomass, generally between 1% — 11% for straws, woods, grasses and grains, but

can make up a much larger proportion of algae, ranging from 6% — 71%’* 7. Because of the

16



Hydrothermal Carbonisation of Novel Biomasses

nitrogen of the amine group, as well as the nitrogen contained within such residues as arginine,
histidine and lysine, biomasses with a high protein content correspondingly have a high
nitrogen content, and this has consequences in a combustion context, as it results in the

77,78

production of NO, pollutants

2.2.5 Ash

In addition to the organic biochemical components explored above, there is also a
portion of inorganic elements contained within the biomass. The inorganic content varies
across different forms of biomass, with typical mean values ranging around 3.6%, 4.8% and 8.6%
for wood, grasses and straws respectively”. Agricultural waste, such as rice hulls, sugarcane
bagasse, grape marc and so on, can have greatly elevated inorganic contents, sometimes up to
20%°”, while certain kinds of marine algae can have ash contents of up to 36.6%*. The
inorganic content of biomass has particular relevance for fuel applications, as it is
incombustible, and therefore remains after burning as ash. Ash in a combustion furnace or
boiler melts and is deposited on the sides of the furnace (slagging), or is entrained away from
the heat of the furnace and eventually condenses on the cooler convection surfaces (fouling)®.
Slagging and fouling are significant operational issues that can lead to costly furnace down-
time and repairs, and therefore means of reducing the ash content of a given feedstock is of

great interest.

The different morphological structures of each of these components means that in the
hydrothermal medium, each of these will respond in a different manner. Certain chemical
bonds, such as the glycosidic linkages that bind the sugar monomers of the polysaccharides, are
highly susceptible to hydrothermal degradation, while others, such as the carbon-carbon cross

linkages of lignin, are not®**.

The macromolecular habit of the component can be of
tremendous influence on reactivity, with the highly crystalline cellulose capable of resisting
hydrothermal degradation at temperatures up to 307 °C*, while the non-crystalline xylose
begins to dissolve at 180 °C*, despite both polysaccharides having the B-(1—4) bond as their
primary linkage. The mechanisms of these reactions are as multifaceted as the components

themselves, and any attempt at elucidating the fine detail of the HTC reaction would rely

heavily on understanding the underlying mechanics.
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2.3 Mechanism of HTC

Hydrothermal carbonisation yields three different kinds of products: solid, liquid and
gaseous. During the HTC treatment of biomass, the reactions that yield each of these three
products are almost fractally complex. With so many different macromolecules reacting
together, determining the underlying mechanisms of HTC becomes very difficult. Nonetheless,
there have been several proposed mechanisms that attempt to describe the conversion of the
initial feedstock to the various products. Jazwauck and Schempe® offered a simple three-step
mechanism that involved an initial degradation of the solid substrate into dissolved
intermediates, which in turn either became the solid hydrochar, or gaseous and dissolved

byproducts (Figure 2).

More detailed mechanistic models stem from the observation that the hydrochar is itself
comprised of two different varieties of char: primary char, which consists of the unreacted
remainder of the feedstock (which may be subject to solid-solid reactions), and secondary char,
which manifests as carbonaceous nanospheres®. In sections of the literature, primary and
secondary char may be referred to as “char” and “coke” respectively®?®. The primary char is
the remainder of the initial feedstock that did not dissolve into the hydrothermal medium. It
has been observed that under even very harsh conditions, such as hydrothermal gasification
conditions of 600 °C for 1 hour, a small portion of the original feedstock remains, albeit showing
signs of thermal conversion, such as softening and melting®. Other kinds of conversion of the
undissolved feedstock are the phase changes that lignin undergoes at elevated temperatures
under acidic conditions. At 150 °C in a mildly acidic medium, lignin was observed in maize to
dissociate and coalesce and then migrate through the plant cell wall for some distance due to
diffusion and thermal expansion, before eventually extruding out onto the surface of the
biomass in small droplets”. The coalescence and migration of lignin under elevated
temperatures (80 — 193 °C) is associated with a shift to a glassy transition stage wherein the
cross-linkages within lignin are broken, and the lignin superstructure is converted into an
amorphous solid. Thus emancipated, the amorphous lignin can then undergo a rubbery flow

which allows it to pass through and escape from the cell wall®.
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Figure 2: Three-pathway mechanism proposed by Jatzwauk and Schempe 2015%

The primary char is frequently observed, across temperatures ranging from 180 °C to
600 °C*%, as being covered across its surface with small, regularly shaped carbon spheres.
These nanospheres consist of a hydrophobic, aromatic core surrounded by a hydrophilic shell
featuring a high concentration of oxygenated functional groups, including hydroxyl groups,
phenolics, carbonyls and carboxylic acids®”. The core is constructed of a superstructure of
interconnected polyfuranic rings, originating from the polymerisation of 5-hydroxymethyl
furfural (5-HMF), in turn derived from the successive dehydration of free sugars liberated from
the digested biomass******. Thus, a dual-pathway mechanistic model has been proposed, with
primary char being formed from a single-step solid-solid conversion, and secondary char
formed from a two-step reaction involving the degradation of biomass into soluble
intermediaries that then repolymerise (Figure 3)**. Despite these two pathways being
seemingly very distinct, they are in fact closely inter-connected, and readily influence each

other.
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Figure 3: Twin-pathway model of HTC proposed by Karayildirim et al. 2008 and Dinjus et al.
201155

2.3.1 Degradation Reactions

The main degradation reactions that lead to the formation of soluble intemediates
include hydrolysis, decarboxylation, and dehydration. Hydrolysis is the addition of water
which results in the cleavage of bonds, especially ester and ether bonds (Figure 4)*. Hydrolysis
is one of the most important reactions in HTC, being responsible for the rapid digestion of
glycosidic linkages between sugar monomers within carbohydrates (beginning at 180 °C for
hemicellulose, 200 °C for cellulose), and the ether bonds within lignin (beginning at 200 °C)*. In
whole biomass (sugarcane bagasse), as part of a shrinking cylindrical model, it has been found
that hydrolysis occurs along the inner surface of pores in the biomass particle, with hydrolytic
conversion being completed after 5 minutes at 270 °C’'. Because the products of the hydrolysis
of ester bonds are alcohols and carboxylic acids, hydrolysis is an important precursor step to
subsequent dehydration (requires alcohol) and decarboxylation (requires carboxylic acid)
reactions. This cascading effect gives birth to complex reaction chains even with simple
feedstocks; the HTC of D-glucose alone is modelled to involve 8-9 steps and produces at least

21 products and side products (>1% yield)*.
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Figure 4: Hydrolysis of an ester bond

Decarboxylation is the removal of CO, from a molecule, typically from an oxocarboxylic
acid (Figure 5)”. Such a reaction produces a ketone, as well as gaseous carbon dioxide, the
major gas product of HTC®. Decarboxylation occurs readily under mild heating (>50 °C), and
can be accelerated greatly if performed under acid conditions (beginning at ~30 °C)*, and as

such proceeds very rapidly under hydrothermal conditions.

O O H,O 0O
M PN )K * CO,
R OH H* or OH" R
Heat

Figure 5: Decarboxylation of a carboxylic acid

Dehydration, to be differentiated from the physical removal of free liquid water from a
substance (dewatering), is the elimination reaction wherein hydroxyl groups (OH) are lost in
the form of H,O (Figure 6)*. Dehydration occurs predominately via the E1 mechanism in
secondary and tertiary alcohols, and is a key hydrothermal reaction for cellulose and lignin®.
As with hydrolysis, it was found that in a shrinking cylindrical particle model, sugarcane
bagasse undergoes dehydration reactions on the interior surface of pores of the particle,
occurring between the temperature ranges 200 °C to 300 °C, with conversion being complete
after 20 minutes at 270 °C, and 5 minutes at 300 °C*". Dehydration and decarboxylation are
responsible for removing a significant amount of oxygen from the feedstock by converting it
into water or carbon dioxide respectively. This purging of oxygen has the effect of dramatically
raising the higher heating value of the hydrochar, often pushing the energy content into the

132,93

range of thermal coa Dehydration reactions are also essential to the conversion of free

monosaccharides into 5-member ring aromatics such as furfural and 5-HMF.
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Figure 6: Dehydration of a secondary alcohol

Beginning at around 210 °C, glucose and fructose, either in purified form, or evolved as a
result of the hydrolysis of hemicellulose or cellulose, undergoes a series of dehydration
reactions, and eventually aromatises into the compounds 5-HMF and furfural (Figure 7).
These compounds command high market prices as precursor and platform chemicals, and as

40,95,96 Once

such are highly desired by-products or even primary products of the HTC reaction
synthesised, these 5-member aromatic rings undergo further reactions that lead to their

repolymerisation.
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Figure 7: Aromatisation of glucose to form 5-HMF

2.3.2 Polymerisation Reactions

Polymerisation is the linking of multiple monomer molecules together to form a larger
synthetic molecule. In HTC, one of the most important polymerisation reactions is the
condensation reaction. Condensation reactions link monomers together via the removal of a
small molecule, typically water or an alcohol (Figure 8)*. Condensation reactions are versatile,
and can occur between a broad range of different functional groups, such as between an alcohol
and a carboxylic acid (such as those formed by the hydrolysis of esters), between enols and
carbonyls (aldol condensation), a pair of esters (Claisen condensation), or even intramolecularly

in diesters (Dieckman condensation).

o} Ho0 o}
)k + R'OH - +  HO
R OH Heat R OR'

Figure 8: Condensation reaction of an alcohol and a carboxylic acid

In the aforementioned furfuranic products, successive condensation reactions under
prolonged exposure to hydrothermal conditions leads to the formation of aromatic clusters,
which then act as nucleation sites for further polymerisation (the Lamer model). Aromatic

moieties, including phenolics derived from lignin, continue to build up into a polyaromatic and
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polyfurantic structure, which eventually coalesces into the tarry, black, carbonaceous nano-

)54,82,89,97.

spheres of the secondary char (Figure 9

These reactions occur together in a great “soup” of intermediaries and side products.
The sheer complexity of these reactions means that many mechanistic studies have chosen to
focus on the reactions that occur within a single model compound, such as purified crystalline
cellulose, xylose, or Klason lignin. A key tool for understanding the underlying mechanics of a

given complex reaction is to determine the reaction kinetics.

2.4 Reaction Kinetics of HTC

The kinetics of a chemical reaction describe the energy requirements and the speed of
the reaction at a given temperature. It is dependent on the nature of the chemicals reacting, on
the strength of the bonds, and the number of chemicals which must come together in order to
execute the reaction. Understanding the kinetics of the HTC reaction is essential in order to
develop reactors at greater scales, efficacies and efficiencies as the technology is
commercialised, and as such there have been numerous attempts at calculating the kinetic
parameters of HTC®. The majority of these studies have used a basic dimensionless (0D)

kinetic model, typically utilising a first order Arrhenius model as described fully in Equation 2:

_—dm _ _ —E,
r=— —k(t)Xm—AOeXp(—RT)Xm (2)

Wherein r is the temperature-dependent reaction rate (time™), t is time (often measured in
seconds), k(t) is the reaction rate coefficient at time t (time™), and m is the mass of the solid
phase, R is the universal gas constant of 8.314 J mol™ K, and T = Temperature at time ¢ (K). The
key Arrhenius factors are A, as the Arrhenius pre-exponential factor, and E, as the Activation

energy (J mol™)
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Practically speaking, Equation 2 is frequently simplified to assume a constant temperature

across the duration of the reaction, resulting in Equation 3:

X(t):exp(—kxt):exp(—AOeXp(R—Ta)Xt) 3)

Wherein X(t) is the conversion of the solid fraction at time ¢ at a given temperature. This
allows the activation energy and Arrhenius constants to be calculated by fitting the model to
the experimental data, using for example a least sum of squares methodology. In doing so, it is
possible to quickly and easily build a model that provides a good fit to the mass yields of the
HTC reaction. As a result, first order Arrhenius models are far and away the most common
model found in the literature, with many studies applying a basic first order Arrhenius model to
a wide variety of feedstocks, including various kinds of biomasses as well as purified
compounds such as glucose and tannin (Table 1). When applied to whole biomass experiments,
while it is possible to gain an estimate of the overall energy requirements of the reaction and
the overall rate of reaction, these simple models are not capable of providing information about
the underlying mechanisms of the reaction, especially about the disparate reactions of the
biochemical constituents. The simple three-step model provided by Jatzwauck and Schumpe
(Figure 2) allowed for the construction of a slightly more complex lumped model, meaning that
the three reaction pathways could be solved simultaneously using a Runge-Kutta method®.
However, the reactions of the biomass remained simplified into an overall first order reaction,
with the only insight into the underlying biochemical changes coming from the solid mass
yield and the mean carbon content. Jung and Kruse 2017 constructed a lumped coalification
model described in Equation 4 that attempted to predict the carbon and oxygen content as well

as the hydrochar yield using published data®.

_C]: Ofeed_ot

T Ofeed_6

At’exp| (4)

Where A, B and C are adjustable variables, t is reaction time, T the reaction temperature, Op.q is

the oxygen content of the feedstock, and O, is the oxygen content after reaction time .
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This coalification model was tested against a linear regression model (Equation 5), a severity
model (Equation 6), and a dose-response model (Equation 7), the latter two using the severity

factor R, given in Equation 8.

f=a T+bt+c (5)
f=aln (R )+b 6)
b—a
—ar—— (7)
f 1+10(C In(&,))d
T—T,
R,=texp[—g—~] ®)

Where a, b, ¢, d and w are adjustable variables, and Tr.ris a reference temperature. It was found
that this coalification model was capable of predicting the carbon content, oxygen content and
hydrochar yield with reasonable accuracy, as measured by mean absolute error, although the
dose-response model demonstrated the lowest mean absolute error of the four models tested by
far. The authors of this study concluded that it was possible to use the models presented to
predict the hydrochar yield of a given biomass, without the need to do any experiments.
However, this statement rests on the assumption that lignin was unreactive, which is known to
be untrue®*'®. Furthermore, the model was inaccurate when applied to large temperature
ranges, and discounted the effect of the varying levels of hemicellulose, cellulose and lignin.
Such a lumped model is useful in gaining a quick estimate of a desired property, but cannot by

its nature inform or be informed by the underlying chemical changes in the feedstock.

Iryani et al. (2016) attempted to gain some mechanistic information from the HTC of
sugarcane bagasse by constructing a shrinking core model that specifically modelled the
dehydration and hydrolysis reactions as a pair of first order reactions”. It was found that
degradation reactions occurred on the interior of the cracked, disintegrating surface of the solid
particles, and that the rates of both reactions are controlled by the rate of diffusion of water

through the solid hydrochar product being deposited on the surface of the particle. While this
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model did provide important insight into the fundamentals of the degradation reactions of HTC
in whole biomass and where they occur, the model could say little about how the individual

components themselves degraded.

A common means for studying the reactions of the biochemical constituents of biomass
is to isolate each component and observe them separately. Such model compound experiments

are simple and easy, and there is a substantial amount of literature describing first order

101-105 106,107

reactions for glucose , cellulose®, and alkaline lignin'*'”. The degree to which these model
compound experiments reflect the reactions that occur in whole biomass is questionable,
however. It can be expected that the chemical environments that occur in model compound
reactions differ from those in whole biomass experiments, for example with the addition of
inorganic elements altering the ionic profile of the hydrothermal medium, or excess carbonic
acid evolved from a high concentration of carbohydrates altering the pH, or phenolics released
from lignin affecting the hydrophobicity of the medium, to say nothing of the effect of the
multitude of crosslinks between the various components in their natural state. It would be far
more informative to track and analyse the degradation of the biomass constituents as they
degrade in whole biomass over the course of the HTC reaction. Reza et al. (2013) constructed a
model that estimated the degradation of hemicellulose and cellulose within the wood of loblolly

pine as a pair of first order reactions, using the initial biochemical composition of the untreated

biomass, and the solid mass yield of the HTC reaction, as given in Equation 9'.

e M+ Y, e 4P Yco(l—eszt)+ Y,

(9)

0

Where Y(t) is the hydrochar yield, M(t) is the mass of unreacted biomass, M, is the initial mass
of biomass, Yy, Y, and Y;, are the initial mass fractions of hemicellulose, cellulose and lignin,
respectively, k; and k; are the first order reaction rate constants of hemicellulose and cellulose
respectively, and f is the mass yield of the solid products of the conversion of cellulose to char.
Hemicellulose was assumed to degrade into aqueous and gaseous products, while cellulose was
assumed to evolve gaseous, aqueous, and solid products. Lignin was assumed to be inert, while
the biochemical remainder, termed “aqueous extractives”, were assumed to instantly degrade

into aqueous and gaseous products. Using these estimations, it was possible to attain activation
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energies of 29 kJ mol™ for hemicellulose, and 77 k] mol™ for cellulose, which were dramatically
lower than those attained for the purified model compounds (135 kJ mol™ and 215 kJ mol™

respectively) (Table 1).

Such discrepancy highlights the limitations of model compound experiments, and
underlines the necessity of studying biomass HTC using whole biomass material. Yet, the Reza
model itself has limitations, as the levels of hemicellulose, cellulose and lignin within the
hydrochars were not directly measured, but were instead estimated using the composition of
the untreated wood, which in turn was quantified using a Van Soest fibre analysis'”. The Van
Soest method was developed for quantifying crude fibre in an animal feed context, and does not
provide accurate or precise measurements for polysaccharides or phenolics, but instead

" In particular, it is not capable of

estimates them based on acid and detergent solubility
distinguishing lignin from undigested material, a potentially significant issue with biomasses
with high levels of crystalline polysaccharides, and also cannot be used to measure the
compositions of hydrochar. Hence, while a valuable first step in understanding the reactions of
hemicellulose and cellulose in their native state, and a marked step up from the most basic first

order models common in the literature, the Reza model is not likely to be reflective of the true

nature of the HTC reaction.

A persistent hole in the state-of-the-art of hydrothermal carbonisation is the inability to
accurately and precisely measure the levels of hemicellulose, cellulose, lignin, protein and other
macromolecules within hydrochar as well as the untreated biomass. Without understanding
how these macromolecules behave in their native state within an HTC environment, further
knowledge of the HTC reaction is by necessity obscured. Model compound experiments cannot
capture the complexities of whole biomass reactions, and therefore there is a driving need to
develop techniques that are capable of tracking the biochemical changes within the reacting
biomass with great precision and detail. Only then will it be possible to develop more
sophisticated kinetic and mechanistic models that more effectively reflect the reality of the
hydrothermal reaction. The rewards in doing so should not be understated; in a world with
ever increasing energy requirements and ever diminishing environmental resilience and

stability, the need for new, sustainable energy sources is of the utmost concern. Better
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understandings of the HTC reaction will allow for the exploitation of new biomass sources that
do not infringe on the needs of agriculture, provide a truly sustainable source of energy, are
carbon-neutral or negative with carbon sequestering, and which provide multifaceted benefits

and products in a new and growing bioeconomy.

Table 1: Summary of literature investigating the degradation kinetics of a given feedstock during a

variety of hydrothermal treatments.

Feedstock | Temperature (°C) Model Type Activation Energy (kJ mol™)
Glucose 250 - 350 Simple Arrhenius first | 114", 96'%, 121'%1% 88!
order
Xylan 152 - 175 Simple Arrhenius first |112 (sugar maple wood chips)'"
order 114 (sugar maple wood meal)'*
Cellulose 200 - 350 Simple Arrhenius first |215 (purified)®, 77 (loblolly
order pine)'®,
Hemicellulose 150 - 260 Simple Arrhenius first |29 (loblolly pine)'®, 135 (spruce
order extract)'?
Lignin 300 - 450 Simple Arrhenius first |34'%, 43" (alkali lignin), 37 (soft
order wood) '
Soft Rush 180 - 240 Three-step first order |141%
reaction model
Synthetic 140 - 200 Simple Arrhenius first |78
Faeces order
Tannins 130 - 200 Simple Arrhenius first |91
order
Grape Marc 180 - 250 Simple Arrhenius first |95"7
order
Sugarcane 200 - 300 Parallel first-order with |88 (hydrolysis), 129
Bagasse shrinking core (dehydration)™
mechanism
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Aim and Objectives of Thesis

The overall aim of the study presented here is to understand the various reactions that
occur within novel feedstocks during hydrothermal carbonisation for fuel applications. In
order to satisfy this aim, this study proceeded with four aims.

Firstly, the feasibility of novel feedstocks such as saltbush, macroalgae and hemp as HTC
feedstocks was investigated. The investigation was performed from the context of solid fuel
applications, and factors such as hydrochar yield, higher heating value, carbon, oxygen and
nitrogen content, and ash content, were key points of interest.

Secondly, biochemical compositional assays that accurately and precisely track the
changes that occur during the HTC of biomass were developed. Specifically, hemicellulose,
cellulose, lignin and protein were individually quantified for each temperature and time point,
such that there was no interference that could occur from synchronous measurement, as in the
case of the Van Soest method.

Thirdly, using the data obtained from the Second Objective, a mechanistic model of the
biochemical changes that occur during HTC of biomass was developed. This model
incorporated the degradation of each biochemical component into intermediates, and the fates
of those intermediates.

Fourthly, using data from the Second and Third Objectives, a kinetic model of the
degradation of hemicellulose, cellulose, lignin (Chapters 2 and 3) and protein (Chapter 4) could
be formulated. This model was in essence a validation of the mechanistic model presented in

the Third Objective, and used to inform the refinement of the mechanistic understanding.

This study is presented to the reader as a demonstration of the utility of the biochemical
assays detailed herein, and the potential they possess to dramatically increase the current
knowledge of HTC. The models and methodologies contained herein are offered as a first step
exploring what can be done with the power of these techniques, and it is hoped that they may

form a foundation for hydrothermal research in the future.
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3.0 Abstract

Hydrothermal carbonisation (HTC) is a thermochemical process wherein biomass is
subjected to high-pressure, high-temperature subcritical water to improve the combustion
characteristics of biomass as a solid fuel. Australian saltbush was subjected to HTC at three
temperatures (200 'C, 230 C, 260 °C) and four holding times (0 min, 15 min, 30 min, 60 min),
using a custom-built batch reactor. The resultant hydrochars demonstrated improved higher-
heating values, with temperature more influential than time. At the most severe condition of
60 minutes, 260 °C, the hydrochar possessed numerous key similarities to fossil coal, such as a
higher heating value of 27.5 MJ kg™, similar ratios of carbon/oxygen and hydrogen/oxygen, and
equivalent levels of volatile matter, fixed carbon and ash. The HTC process also proved
effective in reducing the high levels of inorganic elements naturally present within saltbush,
with 60 minutes at 260 °C again shown to be the most effective condition, removing almost 95%

of sodium, chloride, and potassium.

3.1 Introduction

Concern over the effects of climate change combined with the drawbacks of using
conventional fossil fuels is driving tremendous growth in renewable energy development. It is
projected that by 2040, global energy consumption will increase by 35%, with the renewable
energy sector growing the fastest, eventually coming to occupy 40 of the energy mix'*.
Biofuels, that is, combustible fuels derived from living matter (biomass), are poised to play a
significant role in the coming sustainable economy. While most biofuels research is focused
around liquid fuels for use in internal combustion and jet turbine engines, there is still likely to
be a need for solid fuels to replace coal and coke, particularly in high-temperature applications

other than electricity production, such as steel foundries.

Hydrothermal carbonisation (HTC) is a technique for producing renewable solid
biofuels wherein biomass is subjected to subcritical water at temperatures between 180 °C and
260 °C. In this manner, it is possible to simulate and accelerate the conditions deep beneath the
Earth's crust during coalification, with the resultant solid product (known as “hydrochar”)

exhibiting many similarities to conventional fossil coal®. The advantages of HTC over similar
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pyrolytic technologies such as torrefaction are numerous, and in large part due to the aqueous
reaction medium. These include a high degree of energy efficiency due to avoiding the
enthalpy of vapourisation, removal of inorganic elements within the feedstock, ease of
separation of liquids and solids, and because there is little need for costly predrying of the
biomass, a greater versatility of feedstocks is permitted®*'”. Over the course of the HTC
reaction, the principle biopolymer components of biomass (hemicellulose, cellulose and lignin,
collectively termed lignocellulose) are subject to a variety of reactions catalysed by the high
temperature subcritical water, including hydrolysis, dehydration, decarboxylation,
repolymerisation, and aromatisation which lead to the degradation of the lignocellulose and its

conversion to hydrochar®'*

. Previous literature has indicated that this conversion process has
numerous benefits in upgrading the biomass, including increasing the heating values,
producing more favourable carbon:oxygen ratios, and purging volatile matter from the

biomass®*?*121

The exact properties of the resultant hydrochar fuels, however, are highly
feedstock dependent; numerous studies on a wide variety of feedstocks ranging from loblolly
pine, willow, oak and other woods to algae to biosolids and even municipal waste have revealed
profound variances in mass and ash yield*''*. Because of this variance, it is difficult to
predict the nature of the hydrochars produced from a given biomass, as well as the optimum

conditions such as ideal residence times and temperatures required to produce said hydrochars.

The choice of biomass feedstock is constrained by important considerations such as
availability, cost, the possibility of environmental degradation caused by its collection, pollution
from its use, or the potential for competition for land and water used usually for conventional
agriculture. A novel approach to generating sustainable biomass for heat and power
application is to use material from marginal land that is unsuitable for agricultural use. In
Australia, where some 70% of the land area is considered arid'?, there is a great deal of marginal
land that is unsuitable for most kinds of intensive agriculture, and yet supports many native
plant species that thrive in these harsh conditions, such as saltbush. Saltbush is a term used
somewhat broadly to describe a selection of halophytic species from the Chenopodiaceae family
(mainly Atriplex and similar geni) that are highly adapted to growing on such marginal lands,
particularly in soils with high salinity. In fact, some species are so well adapted to saline

conditions that they actually receive a growth bonus with increased NaCl concentrations, up to
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a certain limit'%.

Because of this supreme hardiness, saltbushes range widely across many
different environments in Australia, and form an important foundation for many dryland
ecosystems where other plant species struggle. This hardiness has also lent itself to many
human applications; saltbush is an important forage for the sheep grazing industry. Many
species of saltbush are palatable for sheep, and therefore it is possible to rear livestock on
otherwise inhospitable land. Saltbush contains a high level of protein important for sheep
growth'”, and additionally has a desirable effect on the taste of lamb meat. As a result, there is
a growing market for saltbush lamb and beef, which commands a premium in restaurants.
Therefore, there is already an existing value chain for saltbush, and in 2014 a startup company,
Wilson Pastoral, was established in South Australia to commercially grow saltbush to produce
livestock fodder pellets. In addition to this, saltbush is also being investigated as an agent for
remediation of soil salinity caused by rising watertables. With its affinity for salt and deep
taproots, saltbush can be established on hypersaline soils to reduce the water table, and can also

sequester a small portion of the salt within its leaves'*.

The fact that saltbush is a reasonably
fast-growing biomass with little ecological impact, high tolerance for harsh Australian
conditions, and large economic importance, makes it worth investigating as a novel feedstock.
However, there is at present zero published information as to the behaviour and suitability of

saltbush-derived solid biofuel, and it is possible that the high salt content will present

challenges in the form of a high ash content.

During combustion, salt and other inorganic compounds are deposited as ash, which is
responsible for slagging and fouling in industrial processes such as coal-fired boilers™"'*.
Slagging occurs when molten or softened ash particles adhere to the cooler sides of the furnace
or convection surface, while fouling occurs when vapourised inorganic particles are entrained
and eventually condense on convection surfaces away from the heat of the furnace®. Both
slagging and fouling cause significant operational issues, and can lead to greatly reduced
thermal efficiency, as well as damage and corrosion to key furnace infrastructure. It is
therefore essential to have a good understanding of the inorganic elements present in a given
solid fuel, and in the case of HTC, of the behaviour of those inorganics over the course of the

hydrothermal reaction. Of particular note are the elements Na, Cl, K, P, S, all of which are

heavily implicated in ash-related issues'”. All are utilised by living organisms in varying
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quantities, and thus are all present in biomass. Previous studies have investigated the removal
of inorganics via HTC of a wide variety of feedstocks including sawdust, algae, food waste,
sewage, biosolids, municipal waste including polycomposite packaging, and agricultural

Waste43,130—133

. In each of these studies, levels of inorganics decreased with higher HTC reaction
temperatures, although the effect was dependent upon the specific element, and feedstock type.
Feedstocks derived from lignocellulosic biomass, such as wood or algae, displayed a marked
reduction in inorganic compounds, in some cases up to 97% of important cations®. However,
most of the inorganics associated with these biomasses are present in relatively low quantities,
as the organisms they are derived from seek to tightly regulate the amount of inorganics within

their system; it is unknown how the higher salt content of saltbush will affect the HTC process

relative to similar, non-salty woody biomasses.

The aim of this paper is therefore to assess the potential of Australian saltbush as a
suitable biomass feedstock for hydrothermal carbonisation for solid fuel applications. To
achieve this aim, the key objectives are: to investigate the impact of reaction time and
temperature on the characteristics of the resultant fuel, including higher heating values,
pyrolysis behaviour ultimate analysis and proximate composition; and to quantify the retention

of inorganic elements within the hydrochars.

3.2 Methods and Materials

3.2.1 Preparation of saltbush sample

A sample of harvested saltbush was supplied by Wilson Pastoral (location, South
Australia), as a sun-dried, unmilled mixture of mainly Enchylaena tomentosa and Atriplex
amnicola. The biomass was collected from a semi-domesticated, multi-purpose field in a native
saltland environment sown with E. tomentosa and A. amnicola seeds, but which also had other
native saltland species such as Atriplex nummularia growing wildly, with no preventative
measures in place to ensure a monocrop. Intended to be an environmentally sustainable crop
for saltbush pellet production, the heterogeneity of the field also allowed for a nutritionally
varied grazing for sheep, a much higher level of biodiversity compared to surrounding sheep

paddocks, and also a closer simulation of wild native saltland. Because of the versatility of such
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saltland usage, the mixed saltbush sample was used as provided, just as in any potential future

industrial application, with no attempt to separate the various constituents.

The biomass was finely ground in a knife mill, and then sieved to obtain the 150 — 500
pum size fraction. The ground biomass was oven-dried at 105 °C, 24 hours prior to the

hydrothermal reaction.

3.2.2 Hydrothermal Carbonisation

The hydrothermal carbonisation reactions were carried out in a custom-built batch
reactor (Supplementary Figure 1). The reactor was a stainless steel grade 316 tube with an
outside diameter of 3;”, a wall thickness of %”, and an internal volume of 30 mL. The reactor
tube was sealed with a %” cap on the bottom, and a %” to %~ Swagelok reducing union on top.
The upper section of the reactor consisted of %” tubing to minimise the cold headspace above
the reaction vessel. This %” tubing connected the main reaction vessel to a 1.5 mm diameter K-
type thermocouple positioned in the centre of the main reactor tube, as well as a Wika brand
pressure transducer (4 — 20 mA) and an emergency release valve. Both the thermocouple and
the pressure transducer were connected to a digital logger. The uppermost section of the
reactor contained a pair of Hoke hand-operated ball-valves mounted on either side of a T-
section to facilitate the sequential pressurising and releasing of N, gas prior to the HTC
reaction. To minimise the likelihood of entrained fluid/solids clogging the tubing, the upper
section was equipped with a sintered steel filter between the safety release valve and the T-

section.

Saltbush was mixed with deionised water to produce a slurry with a 15% w/w solids

101834135 The slurry was

loading, a typical loading in the literature for lignocellulosic feedstocks
added to the reactor (80% of maximum capacity), which was sealed. The seal of the reactor was
pressure tested up to 100bar in nitrogen, and the oxygen within the reactor was purged. This
was achieved by sequentially pressurising the reactor to 20bar of nitrogen and then releasing
this pressure three times. The saturation pressure of water at the desired reaction temperature

was calculated, and the reaction vessel was pre-pressurised with nitrogen to ensure that the

saturation pressure was met or exceeded during the reaction. The reactor was fully immersed
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in an electronically heated fluidised bed (Techne, model: SBL-2D) equipped with alumina sand
as a bedding material, and heated to the desired reaction temperature. HTC reactions were
carried out at three reaction temperatures (200 °C, 230 °C, 260 °C) with four isothermal holding
times (0 minutes, 15 minutes, 30 minutes, 60 minutes). The reaction condition 200 °C, 30 mins
was performed in quadruplicate. Isothermal holding time was counted from when the reactant
mixture reached 98% of the setpoint temperature. An isothermal holding time of 0 minutes
represents conditions where the internal temperature of the reaction vessel was raised to
reaction temperature, and then immediately quenched. After the desired residence time, the
reactor was removed from the reactor and quenched in water. The 0 minute element of
experimental design was chosen because it enables the distinction between the reactions that
occur during the initial heat-up phase, which can take up to 10 minutes with the present

reactor design, and those that occur during the isothermal holding period.

Gaseous products were released to exhaust, and the solid and liquid fractions of the
reaction products were separated via vacuum filtration, using filter paper with a 2.5 pm pore
size. The bulk of the reaction products were collected by simply pouring the contents of the
reaction vessel over the filter paper, and manually scraping the sides of the reactor with a
spatula. The remainder of the reaction products, the small portion that remained stuck to the
reactor sides, was rinsed off using deionised water over a second filter paper. Because rinsing
in deionised water affects the concentrations of inorganic components within the product, this
second filter paper was only used to determine mass yields, and then discarded. The filter
papers containing the solid product were dried at 105 °C for 24 hours, while the liquid fraction

was discarded.

3.2.3 Fuel Analysis

For all fuel analyses, the untreated saltbush (in triplicate) as well as the HTC hydrochars
were tested. The Higher Heating Values (HHV) were determined using a Leco AC-350 bomb
calorimeter. Proximate analysis was performed using thermogravimetric analysis (TGA).
Hydrochar (~5 mg) was loaded into cylindrical alumina crucibles (70 pl), and loaded into a
Mettler Toledo Thermogravimetric Analyser (TGA)/Differential Scanning Calorimeter (DSC) 2.
Samples were progressively heated at a rate of 10 °C min™ up to 105 °C under N, (80 mL min™ @
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STP), which was held for 30 minutes to purge any residual moisture. The samples were then
heated to 550 °C at a rate of 10 °C min™" and held at this temperature for a period of 1 hour to
determine the volatile matter content. The samples, still at 550 °C, were then exposed to air and
combusted to determine the ash content, and the fixed carbon content by difference. Samples
were prepared for ultimate, inorganic and pyrolysis behaviour analysis by finely grinding in an
agate mortar and pestle. Samples for pyrolysis behaviour analysis were further prepared by
sieving to obtain the <105 pm size fraction. The ultimate analysis (CHN) was determined using

a Perkin Elmer 2400 series II CHNS analyser.

Inorganic elemental concentrations of Na, K, P S were obtained using a total metals by
acid hydrolysis method: The finely ground sample was digested in a microwave oven with nitric
acid and the solution was then analysed for a wide range of elements by inductively coupled
plasma optical emission spectrometry (ICP-OES) on an Agilent 5100 SVDV instrument'. Cl
levels were determined using an automated colorimetric determination after water extraction.
The 0.1 g sample was extracted with 10 mL water then filtered and determined by ion

chromatography (IC) utilising a Dionex ICS-2500 system'”’.

Pyrolysis behaviour of the hydrochars was determined using a Netzsch Simultaneous
Thermal Analyser STA 449. Following an atmospheric purge of oxygen using N, (120 mL min™
@ STP), samples of unprocessed feedstock and hydrochar (2 mg) were progressively heated up
to 105 °C at 5 °C min™” and held at this temperature for 40 minutes to purge moisture. The
samples were then progressively heated again at 5 °C min™ up to a maximum temperature of

800 °C. All pyrolysis experiments were performed under N, (120 mL min™ @ STP).

3.2.4 Experimental Statistical Analysis

The reaction condition of 200 °C, 30 mins was performed in quadruplicate, and was used
to estimate the experimental error via a propagation of error analysis'*. Student’s t-tests were
used to compare means of each process condition to determine statistically significant
groupings (See supplementary data, Supplementary Table 1). A factorial analysis was used to

determine the effect of temperature and time on the higher heating value, as well as mass

yield™.
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3.3. Results and Discussion

A mixed sample of Australian saltbush was subjected to HTC with varying reaction
severity with regards to reaction temperature and holding time, in order to identify the
optimum conditions for producing high quality hydrochars for combustion purposes. For each
given HTC temperature, the saturation pressure was calculated, and the reactor was pre-
pressurised with nitrogen gas to that pressure. In this manner, at all times for each experiment,
the interior pressure was equal to or in excess of the saturation pressure, thus ensuring that the
water remained a liquid. This is critical for HTC, as the high temperature water acts as the
medium, solvent and reactant of the carbonisation reaction. Over the course of the experiment,
the gas pressure would increase, as gaseous products were produced by the HTC reaction, and
as the gas phase was compressed by the expansion of the water under HTC conditions. While
there is some evidence to suggest that increased reaction pressure as an impact on the various
reactions that occur during HTC (such as depressed rates of decarboxylation and dehydration
reactions), numerous studies have determined that in practical terms, reaction pressure has
little overall effect on HTC®. As a result, reaction pressure was not chosen as a variable in
experimental design. Temperature and pressure profiles may be found in the supplementary

data (Supplementary Figure 2)

The mass yield of the solid product of HTC dropped over time from between 66% to 60%
after 60 minutes, with increased temperatures leading to the lowest yield of 35% (Figure 10A).
Over the course of the carbonisation reaction, the feedstock undergoes a series of dehydration
and decarboxylation reactions, causing the main components of the biomass (principally the
polysaccharides cellulose and hemicellulose, as well as the aromatic polymer lignin) to break
down into smaller molecules®. Previous literature indicates that in addition to the solid
hydrochar, these products may be gaseous or water-soluble®, and therefore are released from
the body of the carbonising biomass, causing the mass yield to fall over time. The behaviour of

the saltbush sample is consistent with this trend.
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Figure 10: (A) Solid product mass yield, (B) product energy yield and (C) higher heating values
following HTC at different temperatures (200 C - 260 ‘C) and different isothermal holding times (0

min — 60 min). Error bars represent one standard deviation.

A factorial analysis was used to determine the relative impact of temperature and time
on the mass yield, and whether there was any additional interaction between the two factors.
Of the two primary variables, temperature and time, temperature appeared to be the more
dominant factor, although both were found to be statistically significant, with p-values of 1.31 x
10~ for time and 1.30 x 10™* for temperature. The factorial analysis also indicated an additional
interaction between temperature and time beyond the mere additive effect of the two factors,

with an interaction p-value of 0.04.
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This lead to complex interactions between the two variables during the HTC process.
At 200 °C and 230 °C, the mass yields followed very similar curves that initially dropped
smoothly to 76% and 69% at 30 minutes respectively, after which they plateau off. In
comparison, at 260 °C the reduction in mass yield over time was more pronounced and
continuous, proceeding to drop to a minimum of 35% at 60 minutes (Figure 10A). Compared
with similar woody biomasses, these mass yields are consistent with published data. HTC of
the softwoods Jeffery Pine and White Fir for 30 minutes at 215 °C, 235 °C and 255 °C produced
yields of 69%, 64% and 50% respectively'”. A combined investigation of several feedstocks,
including oak, miscanthus and willow wood at 200 °C and 250 °C for 60 minutes produced mass
yields ranging from 58% to 70% at the cooler temperature, and between 40% to 60% at the
higher temperature®. In this context, it can be seen that saltbush behaves in a similar manner
to more “conventional” feedstocks, which highlights the robustness and versatility of the

hydrothermal process.

The energy yield (defined as the higher heating value (HHV) of the char divided by the
HHYV of the untreated feedstock, multiplied by the mass yield of the char) of HTC (Figure 10B)
remained stable for the entirety of the 200 °C and 230 °C reactions, but nearly halved over the
course of the 260 °C reaction, vividly illustrating the influence of temperature as opposed to
time on the reaction. The energy yield for 200 °C and 230 °C was constant at around 80%, while
that for 260 °C decreased steadily after 15 minutes to a minimum of 52%. This indicated that for
the initial stages of the 260 °C reaction, and the entirety of the 200 °C and 230 °C reactions, the
mass that was lost over the course of carbonisation did not contribute greatly to the total

energy content, or higher heating value (HHV).

All reactions led to a statistically significant increase in HHV, with higher temperatures
again producing greater increases (Figure 10C and Supplementary Table 1). A factorial analysis
was used to determine the relative impact of temperature and time on the higher heating value,
and whether there was any additional interaction between the two factors. The factorial
analysis returned p-values of 2.9 x 10 for time, and 3.6 x 10~ for temperature, indicating that
temperature has a much more significant effect on the change in HHV than time, although both

factors were highly significant.. This can be directly observed where after 60 minutes at the
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reaction temperature, the heating values of the hydrochars relative to the untreated feedstock
increased by 17%, 24%, and 35% at 200 °C, 230 °C and 260 °C respectively. Conversely, between
0 minutes and 60 minutes at the reaction temperature, the heating values rose by only 14%, 15%,
and 20% at 200 °C, 230 °C and 260 °C respectively. There was also an additional interactive
affect between the two values, with an interaction p-value of 0.04 Notably, after 15 minutes at
260 °C, the higher heating value is beginning to enter the range typically seen for Australian
lignites (24-30 MJ kg')’. At 60 minutes, the energy densification ratio, defined as the ratio
between the HHV of the hydrochar to the untreated feedstock rose to a maximum of 1.54. This

32,93

increase in HHV is consistent with previous literature®®” and the ability to energetically

upgrade a wide variety of feedstocks is one of the greatest strengths of HTC.

To better understand the finer similarities between the saltbush hydrochars and fossil
coal, the hydrochars were submitted for proximate and ultimate analysis, as well as being tested
for pyrolysis behaviour. Proximate analysis (Figure 11A) is a thermogravimetric analytical
technique used to grade different varieties of coals according to the relative mass fractions of
moisture, volatile matter, fixed carbon and ash!®. The relative abundance or such fractions has
a profound impact on the combustion behaviour of a given coal or char, and can also be used to

identify and compare different coals or chars, and is thus an important metric to obtain.

Every reaction condition led to a relative increase in the mass fraction of fixed carbon,
attended by a matched relative decrease in the mass fraction of volatile matter. Untreated
saltbush exhibits features commonly seen in woody biomass: a very high level of volatile matter
(71%) compared to the amount of fixed carbon (24%). This is similar to values seen for other
woody materials, such as cedar wood (77% volatiles, 21% fixed carbon), Douglas fir bark (73%
volatiles, 25% fixed carbon) and pine bark (74% volatiles, 24% fixed carbon)”. The changes in
the volatile matter and fixed carbon mass factions were particularly affected by temperature;
across both the entire 200 °C and 230 °C reaction series, there were many conditions that share
statistically significant groupings, indicating that relatively little change occurred at low and
mid temperatures. However, at 260 °C, every consecutive time point produced a statistically
significant increase over the previous one. Indeed, each time interval at 260 °C increased the

volatile matter to fixed carbon ratio more than the total difference across the whole of either
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the 200 °C or the 230 °C tests. In particular, at the most severe conditions of 260 °C at 30 and 60
minutes, the ratio between volatiles and fixed carbon approaches 1:1, which is characteristic of
many lignites®”®, and is another measure in which these hydrochars closely approximate fossil
coals. This trend of increasing the volatile matter:fixed carbon ratio is a common feature of
HTC, and has been observed across a wide variety of feedstocks™, and even applies to

predominately non-lignocellulosic biomass like poultry litter*.
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Figure 11: (A) Proximate Analysis, (B) Ultimate Analysis and (C) Ash Retention of untreated
saltbush and HTC hydrochars at different temperatures (200 C — 260 C) and different isothermal
holding times (0 min — 60 min). Relative standard deviation for the proximate analysis
measurement of volatile matter, fixed carbon and ash were approximately 1% , 1% and 0.5%
respectively, while error bars for the ash retention represent one standard deviation. Carbon,
Hydrogen and Nitrogen determined via CHNS analysis, Sulphur levels determined via ICP-OES,
Oxygen levels determined by difference.
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As expected, saltbush contained a high percentage of ash compared to other
lignocellulosic biomasses, at around 5% ash (Figure 11A) compared to an average of 2.7% for
similar woods and barks”. This high ash content was a result of the high level of salts, typically
sodium chloride, that saltbush sequesters in its leaves as a salinity tolerance measure. As a total
percentage, the level of ash in the hydrochars changed little with increasing reaction severity,
instead staying relatively constant at between 4% and 5%. Such values compare very favourably
to both brown and black coals (3% - 12% ash)’, as well as to hydrochars produced from other

lignocellulosic feedstocks, which can vary between 0.1 and 29.8%*°>'.

The untreated feedstock and the

hydrochars were subjected to further

thermogravimetric analysis to determine é 1(;2

the manner in which the volatile matter 5

contained within the fuel is released ’é jz

during devolatilisation. To that end, the 9\;/ -
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derivative of the mass fraction divided 100 200 300 400 500 600 700
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severe conditions underwent rapid, albeit diminished devolatilisation after 300 °C. This is due
to the progressive loss of volatile matter in the hydrochars as reaction temperature was
increased (Figure 11A), with the lighter volatile matter likely to be lost first. The delay in the
onset of rapid devolatilisation has implications for the combustion behaviour of the hydrochars
in industrial applications. Solid fuels with a high proportion of light-mass volatile matter and a
rapid rate of devolatilisation, such as biomass, tend to ignite almost instantly upon exposure to

high temperatures within a furnace''.

The result of this is that, depending on the furnace
design, the majority of combustion may occur very near to the fuel feed, potentially leading to
hot-spotting and inadequate heat-transfer. The delayed onset and reduced rate of volatile
release within the hydrochars implies a longer, more controlled burn than the untreated
saltbush and other forms of biomass, particularly at 260 °C for 60 minutes. Under such HTC
conditions, the main peak of the derivative was greatly reduced compared to the feedstock and
other hydrochars, and is much broader. This suggests a much slower release of volatile matter
over a greater period of time. Previous studies have attempted to utilise thermogravimetric
analysis to elucidate the composition of various lignocellulosic biomasses'#. To this end, the
main peak has been associated with cellulose, and the distinctive “shoulder” on the unprocessed
feedstock peak has been associated with the presence of hemicellulose. It is interesting to note,
therefore, that this shoulder is not present in any of the hydrochars, save for 200 °C at 0
minutes, indicating that hemicellulose degrades extremely rapidly in the hydrothermal process.

This is consistent with previous literature*?*.

Ultimate analysis of the hydrochars compared to the unprocessed feedstock indicated
that as absolute weight by weight percentages, carbon was enriched during HTC, while oxygen
was removed (Figure 11B). Changes in carbon and oxygen content were very very common
with increasing reaction severity, with almost every reaction condition producing statistically
discreet groupings, and often in a clear step-wise progression (Supplementary Table 1). The
mass percentage of carbon rose from 47.5% in unprocessed saltbush to a maximum of 69.5%
after one hour at 260 °C. Meanwhile, oxygen as a mass percentage was more than halved,
falling from 39% to just 18% under the same conditions. Such levels of carbon and oxygen
compare very favourably with typical values observed for Victorian brown coals, indicating

that the carbonisation process is altering the chemical composition of the hydrochars in a
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32,93,120

similar fashion to coalification. These trends are well described in the literature . Sulphur
made up a very small portion of both the untreated feedstock and hydrochars, and changed
very little regardless of reaction severity, hovering around 1%. This is markedly lower than for
typical values for brown coal, which can possess sulphur contents of up to 2.8%, almost three
times greater’. This is very promising for the potential use of saltbush hydrochar as a coal

replacement, as sulphur produces toxic sulphur dioxide upon combustion, which is a strictly

regulated air pollutant under Australian law'®.

The elemental retentions (Figure 13) indicate that, while the total mass percentage of
carbon increased across all reaction conditions, the carbon yield was actually more or less flat
for most reaction conditions, with 260 °C leading to a greater loss of carbon after 30 minutes.

The observed enrichment was due to the loss of hydrogen over all reaction conditions, and a
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Figure 13: Retentions of Carbon, Hydrogen, Nitrogen and Oxygen within hydrochars at
different temperatures (200 C - 260 C) and different isothermal holding times (0 min — 60

min). Error bars represent one standard deviation.
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pronounced removal of oxygen, with oxygen retention falling by 84.1%. The removal of oxygen
is an especially important function of HTC, as a reduced oxygen content within a solid fuel

leads to an increase in higher heating value®. (Figure 10C )

The ultimate analysis can also be used to characterise and compare different varieties
and grades of solid fuels by way of a Van Krevallen chart (Figure 14), which plots the ratios of
hydrogen : carbon over oxygen : carbon, thereby visualising the profound chemical changes

that occur during HTC.
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Figure 14: Van Krevallen Chart comparing the H:C and O:C ratios of untreated saltbush and
hydrochars compared with Victorian Brown Coals’. Figure adapted from Trif-Tordai and Ionel,
20117°. Reaction holding time for each temperature is not shown, but rises linearly with increasing

reaction intensity.

The H:C and O:C ratios for unprocessed saltbush fit completely within the typical range

for biomass, while each sequential HTC condition acted to decrease the ratios. HTC at 200 °C
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did not really enhance fuel beyond the biomass range, although at longer holding times the
ratios began to move into the ranges shown in peat. The whole 230 °C reaction series fits
entirely within the peat range, with the 60min treatment moving toward lignite values. The
reaction condition of 260 °C for Omin produced a more enriched fuel than any of the 200 °C
samples. Hydrochars produced in the most severe reaction conditions of 30 and 60 minutes at
260 °C possessed H:C and O:C ratios that began to surpass lignite, and enter the range seen for
bituminous coal. These highest quality hydrochars compare very favourably to Victorian
brown coals, although it is noteworthy that while they have comparable or even superior O:C
ratios, they each tend to have higher H:C values. Similar trends have also been observed for
HTC for other feedstocks®?*”. That these hydrochars, especially those produced under the
most severe reaction conditions, so closely resemble fossil coal across so many parameters is
encouraging, and as a proof of concept, it is clear that there is great potential for saltbush-

derived hydrochars as a possible coal replacement.

The question of whether high levels of salt and other inorganics would lead to excessive
levels of ash was addressed next. Previous studies of both woody and non-woody feedstocks
have demonstrated that HTC is capable of reducing inorganic elements in the hydrochar*%*,
but it was unknown whether this would hold true for a high-salt, high-ash woody feedstock
like saltbush. From the proximate analysis (Figure 11A), it was determined that there were only
slight changes in the mass fraction of ash of the hydrochars after HTC. While HTC at any
temperature produced a statistically significant change in the ash content compared to the
untreated feedstock, that change as a weight by weight percentage of the hydrochars did not
change dramatically over time or temperature, with the notable exception of 260 °C for 60
minutes, which elicited a significant reduction in ash (Supplementary Table 1). However, when
the ash yield of the hydrochars over the course of the HTC reaction was determined (Figure
11C), it can be seen that all reaction conditions caused a drop in the total levels of ash.

Reactions at 260 °C were particularly efficient at removing ash, with almost 80% removed after

one hour.

On an individual elemental basis (Figure 15A), concentrations of the most important

elements implicated in slagging and fouling (Na, Cl, Ca, K, S, P) were for the most part reduced,
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some quite precipitously. Na and Cl in particular were greatly reduced, with sodium falling
from around 1.4% in the untreated feedstock to 0.2% after one hour at 260 °C, while chloride fell
by an entire order of magnitude, from 2% to 0.2% under the same conditions. At 200 °C and
230 °C, Ca is almost inert during hydrothermal treatment (Figure 15B), leading to an overall
enrichment of Ca in hydrochars over time at these lower temperatures (Figure 15A). At 260 °C,

however, Ca levels begin to fall, reducing to 62% after 60 minutes.
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Figure 15: Elemental concentrations of Na, Cl, Ca, K, S and P in untreated saltbush and hydrochars
at different temperatures (200 C - 260 C) and different isothermal holding times (0 min — 60 min).
(A) w/w Concentration of inorganic elements in over time (minutes) at each reaction temperature.
(B) Yields of inorganic elements over time at each reaction temperature. Error bars represent one

standard deviation.

The rate at which Na, Cl and K were lost was almost identical within each temperature
condition (Figure 15B), which suggests that the primary mechanism by which these elements
are reduced was through the dissolution of water-soluble NaCl and KCl to the hydrothermal

medium. Sulphur retention tended to lag behind the other elements, and was statistically
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constant (Supplementary Table 1), which may be attributable to the fact that sulphur is
predominantly found in proteins, which may be more likely to incorporate into the body of the
hydrochar, instead of dissolving and degrading into the aqueous and gaseous phases'®. For all
these elements, the rate of loss was fastest during the heat-up phase; for sulphur, the most
recalcitrant of the diminishing inorganics, 40% of the starting sulphur content was removed
during the roughly 8 minutes of heat-up time before the isothermal reaction time of 0 minutes
was achieved. For the remaining hour of reaction time at any temperature, sulphur yield was
statistically unchanged. Similar trends can be seen for Na, Cl and K; even at 260 °C, where
inorganics were purged the most rapidly, the overwhelming majority of that removal occurred
before the reaction temperature was even reached, with comparatively slower reductions
occurring thereafter. During the 10 minute heat-up period, over 65% of Na, Cl and K were
removed from the biomass. Over the next hour at 260 °C, further reductions totalled a mere 25%
of the initial value. The reduction of these major slagging and fouling agents is of great

importance for potential use as a combustible fuel.

Of particular note is the behaviour of phosphorus at 260 °C; in clear contrast to the other
elements, as well as its own behaviour at 200 °C and 230 °C, phosphorus appears to be
reabsorbed back into the hydrochar at higher temperatures over time. As with the lower
temperature trials, phosphorus initially dropped to about 36% of the feedstock concentration
after 0 minutes. Over the course of the next hour, however, the retention of phosphorus rose,
until almost three quarters of the starting concentration had been restored. Phosphorus in solid
fuels is a significant issue, as high concentrations can be highly deleterious to certain

applications, such as steel making'*.

Studies on the HTC of microalgae and distillery grains have indicated that the principle
form of phosphorous present in carbonising biomass is as water-soluble phosphates, which

readily dissolve into the aqueous phase during the reaction'*'*

. The enrichment of P may be a
result of water-soluble P being reabsorbed back into the hydrochar after being initially purged.
HTC hydrochars are known to become porous as a result of the hemicellulose within the
feedstock fully degrading, leaving the lignocellulose superstructure partially intact, but riddled

with micropores, with higher temperatures leading to greater porosity'**'¥. It has been
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suggested that this porosity allows the hydrochars to reabsorb inorganics, including P, back

130150 Such a mechanism could account for the behaviour observed

from the aqueous phase
here; at lower temperatures, and at 0 minutes at 260 °C, the hydrochars may have been
insufficiently porous to facilitate the reabsorption of P, and so P was lost to the aqueous phase.
Over the course of the 260 °C reaction, however, the porosity of the hydrochars may have

increased, thus allowing the absorbance of P.
Overall, HTC proved to be highly effective at removing most of the important ash-

producing inorganic elements from saltbush, proving that the high salt content is no barrier to

the potential of saltbush as a hydrothermal biomass feedstock candidate.

3.4 Conclusion

Australian saltbush was subjected to hydrothermal carbonisation at three temperatures
and four holding times. Of these, it was determined that 30 and 60 minutes at 260 °C produced
the highest quality fuel. Treatment under these conditions produced the hydrochars possessed
of very similar higher heating values, volatile/fixed carbon ratios, oxygen content, and H/C and
O/C ratios to high quality lignites and bituminous coals. The ash content of the feedstock was
greatly reduced, with slagging and fouling salts purged from the hydrochars, with the
interesting exception of phosphorous at the highest temperature. In this context, it can be

concluded that saltbush has great promise as a potential feedstock for HTC.
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Chapter 4 (Paper IT) — Biochemical Composition & Kinetic Modelling of HTC of Saltbush

4.0 Abstract

Hydrothermal Carbonisation (HTC) is the thermochemical conversion of biomass in
sub-critical water to form an energy-enriched “hydrochar” as a renewable replacement for coal.
Lignocellulosic biomass contains a variety of complex, interconnected biopolymers with very
different physical and chemical structures, including hemicellulose, cellulose, lignin and
protein. These differing structures lead to different rates of decomposition during the HTC
reaction. Where previous studies have attempted to elucidate these various rates through the
use of individual, purified model compounds, the complexity of whole biomass makes
understanding these reactions in their natural state difficult. This present study offers a first
step towards gaining a more thorough knowledge of the HTC reaction by accurately
quantifying the degradation of hemicellulose, cellulose and lignin within whole biomass, and
producing a simple kinetic and mechanistic model to describe this degradation. Australian
saltbush was subjected to HTC at three temperatures (200 °C, 230 °C, 260 °C), and four residence
times (0, 15, 30, 60 minutes). The resultant hydrochars were assayed for hemicellulose,
cellulose, and lignin content, via HPLC, Updegraff assay, and acetyl bromide assay respectively.
The degradation of each component was measured, and the reaction order n and key Arrhenius
parameters reaction rate constant k, activation energy E, and the pre-exponential factor A,
were calculated. It was found that hemicellulose degraded fastest (n = 1, E, = 61 kJ mol"),
cellulose the slowest (n = 0.5, E, = 127 k] mol™), and only a portion of lignin reacted (n =1, E, =
66 kJ mol™), the remaining 22% being stable under HTC conditions.

4.1 Introduction

As global awareness of the risk climate change poses to modern civilization grows,
greater efforts are being made to develop and adopt alternative energy sources to the polluting
fossil fuels that currently underpin the global economy. Hydrothermal Carbonisation (HTC) of
biomass offers one such alternative. By subjecting biomass to high temperature, high pressure
subcritical water between 180 °C - 260 °C and 20 - 70 bar, a black, granular, porous char or
“hydrochar” can be produced®?*. Such hydrochars exhibit similar energy and compositional

properties to fossil coal, meaning that hydrochar could potentially serve as a renewable
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substitute for solid fuels in heating and electricity production, soil remediation and enrichment,

and carbon sequestration®*'**'*",

While HTC is versatile enough to successfully convert a wide variety of different
feedstock types, ranging from straw to wood to algae to biosolids and even mixed municipal
waste, the most common HTC feedstock, and the most commonly used type of biomass®’, is
lignocellulosic biomass. Lignocellulose is a highly complex composite of biopolymers produced
by plants in their cell walls in vast quantities across the world. It has been estimated that
global production of cellulose is within the realm of 10" to 1.5 x 10" tonnes per annum®'?,
making lignocellulose the largest source of renewable carbon on the planet. HTC of
lignocellulosic biomass therefore presents an extraordinary opportunity for renewable energy
production, especially if sourced from feedstocks that do not compete directly with edible crop
for space and water. One such feedstock may be native Australian saltbush, a diverse group of
saline-tolerant plants within the Atriplex and Enchylaena geni, which range widely across a
great variety of different habitats and ecological conditions within Australia. These plants
thrive in low-water, high-salinity areas, have numerous synergistic human applications in

t1%. However,

agriculture and soil remediation, and has proven to be suitable for HTC treatmen
there are still many unknowns about the process of HTC, especially with regard to the

behaviour of lignocellulose during the carbonisation reaction.

Lignocellulose is comprised principally of three main biopolymers: cellulose,

hemicellulose and lignin™*"

, of which the principle component (35 - 55% dry weight) is
cellulose®. Cellulose is a glucan, comprised of long chains of glucose moieties attached to one
another via B-(1—4) glycosidic bonds. These chains aggregate into a crystalline matrix to form
long, insoluble fibils that form the backbone of the plant cell wall'*>. These crystalline fibrils are
entwined and enmeshed within a web of other, non-cellulosic polysaccharides that historically
have been described with the catch-all term hemicellulose. Hemicelluloses are very structurally
diverse compared to cellulose, and are made up from a wider variety of monosaccharide sugars
beyond just glucose, such as xylose, arabinose, galactose, and mannose. The heterogeneity

across hemicelluloses is considerable, and manifests in structure (branched vs unbranched

chains), composition (glucans vs xyloglucans etc.), substitution (methylated vs unmethylated)
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and other parameters"*'”’. The third major component, lignin, is not sugar-based, but is instead
a complex, highly disordered aromatic polymer. Lignin is comprised of three aromatic phenolic
monomers, or monolignols: p-coumeryl alcohol, coniferyl alcohol, and sinapyl alcohol. These
phenols migrate to the cell wall and undergo enzyme-catalysed radicalisation, followed by
radical coupling and nucelophilic H,O addition to form p-hydroxyphenyl (H), guaiacyl (G), and

syrigyl (S) lignin subunits, which polymerise to form the lignin superstructure’">.

Across different types of biomass, there is considerable variation in the ratios of

hemicellulose, cellulose and lignin®'*

, which likely impacts the properties of the resultant
hydrochar after the biomass is processed via HTC. As a result, there has been much research
into attempting to elucidate the changes that each of the primary lignocellulosic biopolymers
undergoes during HTC. The carbohydrate monomers of both hemicellulose and cellulose are
bound to one another via f-(1—4) or f-(1—3) glycosidic bonds, which are easily hydrolysable
in acidic liquid media. Under hydrothermal conditions, excited water molecules become
capable of auto-catalysing acidic reactions such as hydrolysis and decarboxylation, leading to
the ready depolymerisation of carbohydrates®. Hemicellulose has been described as the most
susceptible to HTC**”. Studies utilising refined xylan as a model for hemicellulose have
indicated that hydrochar mass yields are typically lower for xylan than for cellulose, lignin, or

indeed whole biomass such as pine wood meal, at any given temperature'*'*".

Cellulose by
contrast appears to be more resistant. Pure crystalline cellulose has been demonstrated to be
insoluble in water below 307 °C, above which the crystalline fibrils begin to soften and dissolve,

until 340 °C where they completely dissolve within 15 minutes'®.

Such temperatures are well
above the ranges required for the carbonisation reaction, so one might expect cellulose to be
inert during HTC. However, numerous studies have demonstrated HTC of purified cellulose
can produce hydrochar; Kim et al. obtained mass yields of 50.4% after performing HTC at
250 °C for 30 mins, while Kang et al. reported very similar mass yields after 20 hours at 265 °C,
indicating that cellulose does indeed have some reactivity under HTC conditions. In contrast to
the polysaccharides, lignin lacks the glycosidic bonds typical of carbohydrates, instead
featuring a plethora of different types of crosslinks, such as f-O-4 and B-O-5 ether bonds and
carbon-carbon B-f3 and -5 bonds. As a result of these strong covalent linkages, lignin has been

widely described as highly resistant or even inert under HTC conditions®*>"*.
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Despite a steadily growing body of literature on the effect of HTC on lignocellulose,
most such studies have been focused on isolated, purified components, which exist in a very
different chemical environment to reacting biomass. As a result, the behaviour of lignocellulose
as it reacts within a naturalistic biomass environment is little understood. One study conducted
on HTC of bagasse utilised compositional analysis to track the changes in lignocellulose
content over time and temperature'”. Hemicellulose was found to be highly susceptible to
degradation, completely disappearing after 10 minutes at 200 °C and just 3 minutes at 270 °C,
while cellulose content declined to around 50% after 30 minutes at 200 °C, and was almost
completely degraded after 20 minutes at 270 °C. The compositional techniques utilised in this
study were not able to discern the levels of lignin as separate from the hydrochar product, nor
were they able to determine the overall hemicellulose content, measuring just xylose and
glucose levels. More refined and comprehensive analytical techniques are required to
accurately track the changes in the feedstock during HTC. Should such techniques be applied
to hydrochars produced via HTC, it would be possible to track the degradation of each

lignocellulosic component over the course of the HTC reaction.

Related to the lack of information on the behaviour of lignocellulose during HTC is the
poor understanding of the hydrothermal reaction mechanism and kinetics. Understanding the
kinetics of the HTC reaction is essential for designing large scale larger scale reactors during
any potential industrialisation of this technology, and intrinsically tied to the kinetics of a given
reaction is the chemical mechanism. Furthermore, understanding the mechanisms and kinetics
involved allows a prediction to be made as to how a given feedstock may respond to
hydrothermal processing if the composition of that feedstock was known. Previous work on
HTC kinetics has been focused on building simplified Arrhenius kinetic models, with some
additional work looking to produce statistical (frequently factorial) models, as well as an
attempt to computationally model the reaction in three-dimensional space”. The advantage of
the kinetic model approach over the other modeling systems is dramatically greater simplicity,
at the cost of some depth of understanding. Many of the models presented in the literature
boast quite close fits to their respective experimental data, suggesting that while such models
are on their own unsuitable for full-scale applications, they offer a useful starting point towards

further study. A common approach in HTC kinetics is to describe the solid product mass yields
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using first order reaction models. This has been performed with tannins (E, = 91 kJ mol™),
synthetic feces (A, = 1.5 x 10" min™, E, = 78 k] mol™”), and glucose (A, = 7.7 x 10° s, E, = 114 k]

m01—1)101,115,116'

Such models do little to reveal the underlying behaviour of the lignocellulosic
components during HTC, however. Jatzwauck and Schumpe 2015 offered a mechanistic and
kinetic model where the lignocellulosic components underwent a two-step degradation
pathway, first degrading to soluble intermediates, which then either degrade further into
gaseous and soluble byproducts, or recondense into solid hydrochar®. Reza et al. 2013 proposed
a different model, postulating that hemicellulose degrades to gas and soluble fractions, cellulose
degrades to gas, liquid, and solid products, and lignin is inert'®. Through this model, both
hemicellulose and cellulose were proposed to degrade via first order reactions (hemicellulose:
Ao = 58.6 x 10° s, E, = 29 kJ mol™; cellulose: A, = 8.2 x 10° s, E, = 77 kJ mol"). Notably, the
activation energies for both hemicellulose and cellulose within biomass were determined to be
dramatically lower than that for refined hemicellulose (135 kJ mol™) and cellulose (E, = 215 KkJ

m0171)26,113

, indicating that for kinetic and compositional studies to be accurate, they must be
conducted using biomass. However, the Reza model merely estimated the changes in the
hydrochars by using the compositional ratios in the untreated feedstock, and then adjusting
them using a proposed mechanistic model and the HTC mass yield. An alternative approach,
where the lignocellulosic compositions of both the feedstock and the resultant hydrochars are
directly and accurately determined, and then used to derive a kinetic model, would offer greater

certainty and understanding than current models which rely on compositional estimates.

The aim of this paper is therefore to develop methods of compositional analysis to
accurately determine the lignocellulosic composition of biomass and hydrochars, and then
utilise such methods to determine the degradation of each lignocellulosic component over the
course of the HTC reaction in Australian saltbush, and then use this data to arrive at a kinetic

model of the HTC reaction.
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4.2 Methods and Materials

4.2.1 Hydrothermal Carbonisation

Saltbush feedstock (a mix of predominantly Enchylaena tomentosa and Atriplex
amnicola) was supplied by Wilson Pastoral, South Australia. This mixed feedstock was ground
and dried before HTC treatment. The HTC reaction was performed using a stainless steel
custom-built reactor with an electronically heated fluidised bed (Techne, model: SBL-2D) as a

153 In brief, a stainless steel reactor tube

heat source, according to previously published methods
with an internal volume of 30mL, and equipped with a thermocouple, pressure transducer,
safety valve and a pair of hand-operated ball valves, was filled to 80% maximum capacity with a
biomass-water slurry with a 15% solids loading. The reactor was sealed, and gaseous oxygen
within the reactor was purged with nitrogen, resulting in a completely nitrogenous reaction
atmosphere. The reactor was then pressurised with nitrogen gas such that the calculated
saturation pressure at a given reaction temperature was met or exceeded, and then the reactor
was immersed in the fluidised bed. Upon completion of the run, the reactor was removed from
the fluidised bed, and quenched in water. Reactions were performed at 200 °C, 230 °C and 260
°C, with residence times at reaction temperature of 0, 15, 30, and 60 minutes. These conditions
have been commonly used in previous studies of the thermal properties of hydrochar, and are
thus relevant for obtaining a greater understanding of the kinetics of HTC under likely

8993130164 Residence time refers to the period of time the interior of the

industrial conditions
reactor spent at 98% or more of the desired reaction temperature. Thus, a residence time of 15
minutes indicates that the reactor was heated up to 98% of the desired reaction temperature
over the course of several minutes, and held isothermally at that temperature for a further 15
minutes before quenching in water. A residence time of 0 minutes indicates that the reactor
was heated to 98% of reaction temperature, and then immediately quenched. Owing to
differences in the heating rate, due to factors such as ambient temperature, the total
experimental time varied slightly between experiments. The HTC reaction condition of 200 °C,

30 minutes was repeated in quadruplicate, and used to estimate the error of the compositional

analyses via a propagation of error analysis'*®.
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4.2.2 Compositional Analysis

Hemicellulose, cellulose, and lignin experiments were performed in duplicate, and the

total error estimated via propagation of error analysis using the HTC error estimate.

Alcohol-Insoluble Residue (AIR) preparation

Samples were washed sequentially in organic solvents (described below) to remove the
alcohol soluble components of the sample, thereby isolating the plant cell walls and the
remnants thereof. 1 mL of solvent was added to 20-50 mg of dried, ground sample, vortexed
thoroughly, and incubated at room temperature for one hour. The samples were centrifuged
(10,000 g, 5 minutes), and the supernatant removed. The solvents and sequence used was 70%
ethanol (twice), 100% ethanol (twice), acetone, and finally methanol. After the removal of the

methanol, the tubes were dried overnight in a fumehood. The remaining pellet was weighed as

AlR.

Hemicellulose

Hemicellulose content was determined via HPLC of acid-hydrolysed monosaccharides
derivatised with 1-phenyl-3-methyl-5-pyrazoline (PMP)'®.  Dried, ground biomass and
hydrochars were hydrolysed in 1 M sulphuric acid (1 mL) for 3 hours at 100 °C, and centrifuged
(23,000 g, 5 minutes). A 1 in 20 dilution of the supernatant (10 puL) was transferred to fresh
tubes, along with 0.5 mM 2-deoxy glucose (10 pL), which acted as an internal standard. A
solution of 0.5 M PMP in methanol (20 pL), as well as 1 M ammonium hydroxide (18.5 pL) were
added to the tubes, which were vortexed, pulse spun, and incubated at 70 °C for 1 hour. The
tubes were cooled, and 10 M formic acid (10 pL) was added. Excess PMP was removed by
vigourously washing twice with dibutyl ether (1 mL), which was removed completely via
vacuum centrifugation. PMP-derivatised monosaccharides were quantified via reverse-phase

166,167

chromatography Liquid Chromatography was performed using an Agilent 1100
Instrument (Agilent, Forest Hill, VIC, Australia), equipped with a quaternary pump, diode array
detector (DAD), using gradient elution at a flowrate of 0.8 mL/min at 30 °C with a Kintex 2.5 pm
C18 100x3mm 100A column. Three eluents were used: (A) 10% acetonitrile, 40 mM ammonium
acetate (pH ~6.8), (B) 70% acetonitrile, and (C) 40 mM acetic acid. Initial conditions were 92%

(A), 8% (B), 0% (C), which moved to 83% (A), 17% (B), 0% (C) over 9.5 minutes. The gradient

64



Hydrothermal Carbonisation of Novel Biomasses

shifted to 0% (A), 90% (B), 10% (C) over 30 seconds, and held for one minute. The gradient
shifted again to 92% (A), 8% (B), 0% (C) over 50 seconds, and held for three minutes. UV
absorbance was measured at 250 nm, and the concentration of PMP-derivitives was determined
by comparing peak area and retention times to standard curves of xylose, arabinose, mannose,

glucose and galactose.

Cellulose

The crystalline cellulose content was determined using a modified Updegraff method'®.
In brief, 30mg samples were subjected to an AIR preparation, and boiled in a mixture (1 mL) of
2:8:1 water : glacial acetic acid : 70% nitric acid for 90 minutes, with the tubes gently mixed
every 30 minutes. The tubes were cooled to room temperature, and centrifuged (16,000 g, 5
minutes). The supernatant was removed, and the pellets were washed sequentially in water,
80% ethanol (twice), and finally acetone, and the pellets were dried overnight at 60 °C. The
crystalline cellulose content was determined by taking the mass different between the pellet

and the unprocessed sample.

Lignin

Lignin content was determined by acetyl bromide solubilisation'”’. In brief, 5 mg of AIR
was digested in 0.3 mL 25% acetyl bromide in glacial acetic acid at 70 °C for one hour, gently
mixing the tubes every 10 minutes. The tubes were immediately cooled on ice, and while on
ice, they were diluted with 1.5 mL glacial acetic acid. The tubes were centrifuged (1,400 g, 5
minutes), and 0.3 mL of the uppermost supernatant was transferred to new tubes. Volumes of
0.4 mL 2M NaOH and 0.3 mL freshly made 0.5 M hydroxylamine hydrochloride were added, and
the mixture was mixed thoroughly. A 0.1 mL aliquot of the mixture was transferred to a quartz
cuvette containing 0.9 mL glacial acetic acid, the dilution was mixed thoroughly, and the
absorbance was immediately read at 280 nm on a Varian Cary 50 Bio UV-Vis
photospectrometer. The lignin content was determined against a standard curve using TCI

alkaline lignin (TCI L0082, CAS RN 8068-05-1) as the standard.
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Protein
The nitrogen content of the hydrochars was determined using a Perkin Elmer 2400
series I CHNS analyser. The crude protein content was determined by multiplying the

percentage nitrogen content by 6.25'.

Fourier Transform Infrared spectroscopy (FTIR)
The overall diversity and relative quantity of various functional groups within the

biomass and hydrochars were monitored on a Nicolet 6700 FTIR photospectrometer.

4.2.3 Kinetics Method

The degradation of the principle lignocellulosic components was modelled using
Arrhenius kinetics, so as to gain an insight into the underlying mechanisms involved. The
temperature profile of the HTC reaction was used with the Arrhenius equation to determine

the rate constant k at each time and temperature (in 15 second intervals) during the reaction.

For a given, n™ order reaction:

—dc,
dt

=k c} (10)

Where:

¢ is the concentration of a particular biomass component in weight by weight percentage,
k is the temperature dependent reaction rate constant in joules per minute,

tis time in minutes,

n is the reaction order.

With an initial concentration of ¢; and a concentration of ¢, at time ¢, Equation 10 can be

integrated and rearranged to give Equation 11 for a first order reaction:

c,=c;exp (—kt) (11)
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And Equation 12 for a general n™ order reaction

(12)

c.=(

The reactor setup utilised in this study required a starting heat-up period before
reaching the final holding temperature, meaning that the temperature dependent reaction
constant varied over time. To account for this, the reaction rate k was sequentially recalculated
at each temperature point over 15 second intervals using the Arrhenius equation, as given in

Equation 13:

k:AOeXp(R—T") (13)

Where:

E, is the activation energy in Joules,

R is the universal gas constant of 8.314 J mol™" K,
A, is the pre-exponential factor,

T is the temperature in Kelvin

Because of this variance in k over the changes in temperature, the k value given here is
the average k value across the holding time period, between 0 and 60 minutes, and does not
include the initial heat up period. After quenching the reactor in water, the interior

temperature of the reactor dropped at a maximum rate of 20 °C sec™

, meaning that the
temperature fell below the lower limit for HTC reactions (180 °C) within seconds. As a result,

the cooling rates were considered to have a negligible effect on the kinetics in this case.

Using the k thus found for each reaction temperature (200 °C, 230 °C, 260 °C), the
activation energy E, and pre-exponential factor A, were each calculated by minimising the
square root of the sum of squares between the model and the experimental data using DEPS
evolutionary algorithm in LibreOffice Solver. Models were produced with reaction orders from

n = 0.1 to n= 2 in increments of 0.1.
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The principle metrics used to judge the goodness of the fit of the model were the
minimised difference between the data and the model, as well as the coeflicient of

determination (r?). Only data for those models having the best fit are reported.

4.3 Results and Discussion

A mixed sample of Australian saltbush was subjected to HTC at three reaction
temperatures (200 °C, 230 °C, 260 °C) and four residence times (0 minutes, 15 minutes, 30

minutes, and 60 minutes).

4.3.1 Overall changes to feedstock during HTC
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Figure 16: FTIR spectra of untreated saltbush and select hydrochars following HTC
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Table 2: FTIR Resonances of untreated saltbush and hydrochars. s: Strong, m: Medium, w: Weak.

H: Hemicellulose, C: Cellulose, L: Lignin, Hy: Hydrochar, P: Protein

Band | Peak Wavenumber (cm™) Functional group (Biopolymer)'”’
1 [3320(s > m) O-H stretching (H, C, L)
2 2920 (m) Alkane C-H, stretching (H, C)
3 2850 (m) Aromatic C-H stretching (L)
4 1730 — 1698 (W — m) (Aldehyde, ketone, carbonyl) C=0 stretching (H, C)
5 1630 — 1596 (m) Benzene aromatic stretching C=C (L)
6 1510 (m) N-O or N-H (P)
7 1455 — 1425 (W — m) Alcohol and Carboxylic acid O-H bending
8 1370 (w) Aromatic O-H (L)
9 1315 (w) Aromatic Ester C-O (L)
10 | 1270 — 1210 (s) Ester C-O stretching (Hy)
11 | 1054 (s) C-O-C stretching (aryl-alkyl ether linkage) (H, C, L)
12 1031 (m) Primary alcohol C-O stretching and deforming (H, C, L)
13 896 — 663 (W) Aromatic C-H bending (L)

To begin understanding the holistic changes that the biomass undergoes during HTC,
the hydrochars were assayed using FTIR to determine the changes in functional groups (Figure
16, Table 2). The broad peak at 3320cm™ is characteristic of O-H stretching, and is prominent
across all reaction conditions. Its diminishment with increased temperature is indicative of the
loss of O-H groups as a result of the expulsion of water from the solid product, and the
dehydration of the biopolymers. A single strong peak at 1031cm™ indicates that much of the O-
H present exists as primary alcohols, which may be found in abundance in all major
components of lignocellulose. This peak remains strong over 200 °C and 230 °C, and also begins
to evolve numerous sub-peaks, possibly indicating the evolution of C-O ester bonds. At 260 °C,
this large peak diminishes greatly, as do many of the new C-O ester peaks. C=0O carbonyl
groups (1730-1698cm™) are also reduced with increasing temperature, likely as a result of
decarboxylation reactions of the cellulose, leading to the production of formic acid and CO,”.
These reductions, combined with the shrinkage of the 3400cm™ peak, indicate a substantial loss

of oxygen-containing functional groups, leading to an overall purging of oxygen from the
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feedstock'. The ability to remove oxygen from a given fuel is an important asset of HTC, and

is partly responsible for boosting the higher-heating value of the hydrochar®.

A pair of small, yet sharply defined peaks at 2920 and 2850 indicate the presence of
aliphatic (cellulose and hemicellulose) and aromatic C-H (lignin) respectively. Neither peak is
greatly affected at any of the reaction conditions examined, suggesting that C-H bonds are
quite resilient to HTC. Aromatic C-H bending may also be indicated by a collection of
medium-strength signals in the 896-663cm™ region. The influence of lignin can also be
discerned by the weak peaks at 1370cm™ and 1315cm™, indicating the bending of phenolic O-H

and aromatic C-O bonds respectively.

At 1510cm’, a small peak in all reaction conditions indicates the presence of amide
bonds in the untreated saltbush, and may also indicate N-O in the hydrochars. Such

nitrogenous functional groups can be attributed to the presence of protein within the biomass.

In untreated saltbush, a weak double peak can be observed at 1455 — 1425cm’,
indicative of O-H bending in alcohol and carboxylic acids. This signal becomes slightly
stronger in hydrochars, potentially indicating the formation of products such as oligo- and
monosaccharides via the hydrolysis of the glycosydic bonds to form alcoholic and carboxylic

acid terminal groups.

The strong peak appearing at 1054cm’, present in all conditions except 260 °C, is
indicative of C-O-C aryl-alkyl linkages between esters. Such bonds are associated with both
glycosidic bonds and the coupling bonds of lignin, implying that lignocellulose is particularly
rich in these linkages. The sharp decline in the linkage peak is therefore strong evidence of

significant depolymerisation of lignocellulose at 260 °C.
Figure 17 shows the overall changes in the composition of saltbush over the HTC

reaction. Untreated saltbush is comprised of up to 73% total lignocellulose, with protein (8%),

ash (5%) and other non-lignocellulosic components (14%) making up the remainder. Total
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lignocellulose declines progressively as HTC reaction severity increases, reaching a minimum

of 23% after 60 minutes at 260 °C.
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Figure 17: Total biochemical composition of untreated saltbush and hydrochars following HTC at
different temperatures (200 C — 260 C) and different isothermal holding times (0 min — 60 min).

Char and aqueous extractive portions calculated by difference.

Hemicellulose content was determined via the quantification of acid-soluble
monosaccharides: mannose, ribose, rhamnose, glucose, galactose, xylose, arabinose, fucose, and
the acidic residues glycosidic and galactosidic acid. The total hemicellulose content was
calculated from the sum of all acid-soluble monosaccharide. Cellulose was quantified via a
modified Updegraft acid-hydrolysis method, wherein all non-crystalline cellulosic material is
removed via hot acid-hydrolysis, and the crystalline cellulose content is determined from the
remainder on a weight by weight basis. The advantages of quantifying cellulose on a
weight/weight basis as opposed to the traditional Updegraff method (where the crystalline
cellulose is dissolved in anthrone in sulphuric acid after the hot acid hydrolysis and quantified

via UV-absorption) include speed and simplicity.
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Untreated saltbush contains 21% hemicellulose, 24% cellulose, and 15% lignin, which
each decline to minima of almost 0%, 6% and 10% respectively. Ash content declined slightly
from 5% to 3%, while protein content (or the nitrogenous remnants thereof) remains relatively

constant between 9% and 6% across all reaction conditions.

Other non-lignocellulosic components of the biomass include such compounds as

172 as well as

momoneric and oligomeric sugars, phenolic glycerides, alditols, aliphatic acids
nucleotides and lipids, all here collectively termed aqueous extractives. For the purposes of this

model, these aqueous extractives are assumed to degrade instantly under HTC conditions.

The protein content in the untreated feedstock, and nitrogenous products in the
hydrochars, was approximated by the multiplication of the nitrogen content of the samples by a
protein conversion factor of 6.25'°. Due to the water-soluble nature of many proteins, it may
be expected that protein content might follow a similar trajectory as that seen in the
hemicellulose. However, this is not the case, with levels of reported nitrogen (indicative of
protein) remaining relatively constant over time. At even slightly elevated temperatures,
proteins readily denature. In this denatured state, they become highly insoluble and sticky,
preventing their extrusion from the cell wall, and thus facilitating their incorporation into the

mass of the hydrochar.

The char content, the carbonaceous product of the degradation of lignocellulose, was
calculated by difference. As hemicellulose and the aqueous extractives degrade very rapidly,
cellulose and hydrochar quickly establish themselves as the dominant components within the
HTC samples; even by the relatively mild reaction conditions of 30 minutes at 200 °C, the

hydrochars are already comprised of % cellulose and % char.

4.3.2 Biochemical Changes in HTC

The rate of reaction and activation energy of the degradation of each lignocellulosic
component were modeled using Arrhenius kinetics. Further analysis into the precise reaction
mechanism of each lignocellulosic component is beyond the scope of this project, and instead

the behaviours of the individual components were estimated based on a simplified mechanistic
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model, drawn from and building upon several points in the literature®'*®

, and supported by the
kinetic models. The models presented here had the best overall fit to the entirety of the dataset,
across all temperatures and times for a given biochemical component. The simplicity of these
models occasionally lead to low coefficients of determination (r*) for individual temperatures,
even though the overall fit across the bulk of the data was acceptable. As such, these models
primarily offer insight into the mechanisms involved during the degradation of each

component during HTC by describing the data as it is observed, as opposed to offering
predictions about HTC behaviour.

Previous studies in the literature have identified two different principle kinds of solid
product (Figure 18); the physically intact yet thermally converted remainder of non-hydrolysed
biomass, called primary char. The second product is the result of a two-step reaction pathway
wherein lignocellulose is degraded into soluble intermediates, which then undergo subsequent
condensation and repolymerisation reactions to form carbonaceous microspheres, called

secondary char, or “coke”®*%.

The two components believed to become incorporated into the primary char, cellulose
and lignin, were assumed to undergo two separate reaction pathways according to Trajano et
al. 2013%; Mechanism 1, which involves solid-solid conversion to carbonaceous char without
the need for depolymerisation and solubilisation. ~Mechanism 2, by contrast, involved
hydrolysis and depolymerisation into soluble intermediates, which then underwent
repolymerisation reactions to form secondary char. Under HTC conditions in saltbush, it is
assumed that Mechanism 2 is the favoured pathway. Cellulose was assumed to degrade via
Mechanism 2 into monomeric glucose, which then underwent aromatisation and
polymerisation reactions to become secondary char. Hemicellulose was assumed favour
Mechanism 2, prefferentially degrading into its monosaccharide constituents, which in turn
were converted to secondary char and gaseous products. So too were the other assorted non-
lignocellulosic components of saltbush (lipids, phenolics, free sugars etc), here collectively
termed aqueous extractives (AQ). Lignin, as detailed below, is believed to undergo both
pathways, with a portion favouring Mechanism 1, and a portion favouring Mechanism 2 (Figure

18). It was experimentally determined that under HTC conditions 22% of the lignin is inert; this

73



Chapter 4 (Paper IT) — Biochemical Composition & Kinetic Modelling of HTC of Saltbush

was taken to imply that the temperatures and pressures involved in HTC are insufficient to
activate Mechanism 1 in lignin. As a result, approximately 78% of lignin degrades and
repolymerises via Mechanism 2, while the remainder remains intact and is incorporated

directly into the primary char body.

The mechanistic model can therefore be summarised as Equations (14) - (18):

Hemicellulose — Monosaccharides — 2° Char + Gas (14)
Cellulose — Oligoglucans + Glucose — 2° Char + Gas (15)
Soluble Lignin — Soluble Intermediates — 2° Char (16)
Insoluble Lignin — 1° Char (17)
Aqueous Extractives — 2° Char + Gas (18)

Table 3: Kinetic parameters for the degradation of lignocellulose during HTC. SSE: sum of squares
error; k: Temperature-Dependent reaction rate constant; r2: Coefficient of determination; Ea:
Activation energy; AO: Arrhenius constant. Rate constants presented are averages over the holding
time at reaction temperature, not including warm-up time. Lignin refers exclusively to that

portion of lignin that undergoes HTC degradation.

Reaction 200 °C 230 °C 260 °C E. A,
Order (n) SSE k(sh)| r* k(s r k(") r |(kKJmol?)| (s7)
Hemicellulose 1 33 | 0.061 |0.92| 0.136 | 0.87| 0.323 |-0.27 61 3.1x10°
Cellulose 0.5 49 | 0.009 |0.30| 0.048 |0.81| 0.290 | 0.98 127 8.8x10"
Lignin 1 32 | 0.053 /0.99| 0.127 1 0.66| 0.323 | 0.37 66 9.5x10°
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Figure 18: Model of lignocellulose degradation during HTC. Adapted and modified from Dinjus et
al. 2011 and Karayildirim et al. 2008°%. Dotted lines indicate the interconnectedness of the two

mechanisms.

Figure 19A shows how hemicellulose is highly vulnerable to hydrothermal degradation.

3160173 The full determination of

This is consistent with previous findings in the literature
monosaccharides allows for a more detailed and accurate depiction of non-cellulosic
polysaccharides in biomass than previous literature, which merely estimates the hemicellulose

165 The limitations of such estimation are

content from the sum of glucose and xylose amounts
made instantly clear upon the realisation that in saltbush, xylose and glucose account for a
mere 41% of total non-cellulosic monosaccharides (Figure 19B). Total hemicellulose declines
dramatically after even brief exposure to mild HTC; after only 15 minutes at 200 °C, total
hemicellulose content has declined to just 12% of that of untreated saltbush. At higher
temperatures, hemicellulose is almost entirely eliminated before the holding temperature has
even been reached (Figure 19A). This is in large part because the chemical structure of
hemicellulose leaves the B-(1—4) glycosidic linkages between monosaccharide subunits

exposed to hydrolysis. Without the crystalline structure of cellulose or the heavily crosslinked,

hydrophobic nature of lignin, hemicellulose cannot prevent water from accessing the glycosidic
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bonds, which under hydothermal conditions (starting at 200 °C) are capable of autocatalysing
the hydrolytic cleavage of the linkage®. Successive cleavages reduce the superstructure of
hemicellulose to soluble fragments, greatly increasing the surface area exposed to attack, and

thus accelerating the reaction, leading to the exponential loss of total hemicellulose observed.
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Figure 19: Degradation and first order Arrhenius kinetic modeling of hemicellulose within saltbush
following HTC at different temperatures (200 ‘C — 260 C) and different isothermal holding times (0
min — 60 min). (A) First order kinetic model. (B) Monosaccharide profile of untreated saltbush and

selected hydrochars. Error bars represent a single standard deviation.

Comparing first and second order reaction models, the first order model is on the whole

a closer fit than the second order model, with a minimised difference of 32.1 compared to 61.6.
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This is further reflected in the coefficient of determination (r?) values of the 200 °C and 230 °C
temperature series, which are maximised for those temperatures under a first order model
(Supplementary Table 1). The second order model for 260 °C, by contrast, has the highest r? of
any reaction order for that temperature. The activation energy and pre-exponential factor of

hemicellulose were determined to be respectively 66 k] mol™" and 3.1 x 10° s™ (Table 3).

All monosaccharides decline heavily over HTC, with most sugars assayed fully depleted
by 30 minutes at 230 °C. Glucose is the most apparently resistant sugar, persisting in tiny
quantities even after 60 minutes at 260 °C, as were trace quantities of mannose and xylose.
Glucose is not particularly thermostable in subcritical water, readily degrading into aromatic
furfural and 5-hydroxymethyl furfural, as well as simpler molecules such as lactic, formic and
acetic acid®*'. One possible explanation of the observed higher “resistance” of glucose to HTC
may be that all, or almost all, of the hemicellulosic glucose has in fact degraded completely, and

the residual spike of glucose is actually cellulosic glucose that has been partly decrystallised
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Figure 20: Degradation and 0.5 order Arrhenius kinetic modeling of cellulose within saltbush
following HTC at different temperatures (200 C — 260 ‘C) and different isothermal holding times

(0 min — 60 min). Error bars represent a single standard deviation
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and is therefore susceptible to the mild acid-hydrolysis used to release monosaccharides prior

to quantification.

Figure 20 shows how cellulose proved to be markedly more resistant to hydrothermal
degradation than hemicellulose, especially at 200 °C and 230 °C, again consistent with the

literature® 161173

. After 60 minutes at holding temperature, cellulose levels were reduced by a
mere 11% and 33% respectively, compared to almost complete elimination under the same
conditions for hemicellulose. It is only at 260 °C that pronounced degradation occurs, with only

8% of cellulose remaining after 60 minutes.

The high resistance of cellulose to hydrothermal degradation is due to its crystalline
structure, which shields the glycosidic linkages between the glucose monomers from
degradation. In contrast to hemicellulose, which typically exhibits a-(1—4) as well as p-(1—4)
glycosidic linkages, cellulose exclusively utilises -(1—4)*. This changes the geometry of the
polymer chain, conferring upon it two-fold screw axis geometry, which facilitates the formation
of hydrogen bonds both within a given cellulose chain, and also particularly between chains.
Such intermolecular hydrogen bonds allow multiple chains to neatly overlap one another.
Repeated overlapping builds a regular, crystalline matrix that is highly hydrophobic and
insoluble, thus excluding water from the superstructure®. The consequences of this exclusion
of water on hydrothermal degradation are twofold; the first is that because of the profoundly
anhydrous environment in the interior of the crystalline microfibrils, hydrolysis cannot occur
from within the structure, only from the outer surface. The second is that, because of the
screw-axis geometry of the chains and the tight interlacing of the crystalline matrix, the (-
(1—4) bonds on the outer surface of the microfibrils are still not very exposed to water, hence
dramatically reducing the degree of cellulose degradation. This stability in subcritical water is

well supported in the literature, especially with pure cellulose experiments?®'*-'%

. Deguchi et
al. proposed that prior to hydrolysis, cellulose must undergo decrystallisation in order to
expose the B-(1—4) bonds; such a mechanism would require an accompanying enthalpy of
decrystalisation. It was thus determined that crystalline cellulose fibres were stable in
subcritical water up to 307°C, above which the fibres begin to dissolve. In the current study,

however, it is clear that cellulose displays only partial stability at 230 °C, and dissolves rapidly
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above this. This apparent reduction in the energy required for degradation lends credence to
the suggestion by Reza et al. 2013'® that the chemical environment of hydrothermal
carbonisation in biomass is radically different to that in pure component HTC, with the effect

of reducing the energy requirements for reacting lignocellulose.

For the 200 °C and 230 °C series, the models attempted to fit a more or less linear
relationship between residence time and cellulose degradation, while for the 260 °C series, the
fit was exponential. The pseudo-linear model produced for the two cooler temperatures
inflected very little across the different reaction orders tested, while the lower portion of the
260 °C model shifted dramatically between the reaction orders of 1, 2, and 0.5 (data not shown),
the non-integer reaction order that produced the best fit between data and model. While the
0.5™ reaction order produced the highest r* for both 230 °C and 260 °C (0.81 and 0.99
respectively), it led to a predicted level of cellulose two orders of magnitude lower than that
which was experimentally determined. Across any reaction order tested, the 200 °C model
consistently resulted in the poorest fit, with the r* ranging between 0.25 and 0.29 for the 0.5, 1°
and 2™ order reaction models (data not shown). While the sheer complexities of the
interconnecting reactions that occur during HTC mean that any given kinetic model can only
be an approximation at best, the fact that the model that gives the closest overall fit to the data
(in terms of r* and minimised difference) is the 0.5™ order model suggests that there could be
multiple coinciding mechanisms involved with the degradation of cellulose. Using the 0.5™

order model, the activation energy of cellulose was calculated to be 127 kJ mol™ respectively.

Compared to the literature, the activation energies of the two principle polysaccharides
of lignocellulose were found to be much lower than those reported for pure feedstock
experiments, and are much closer to, albeit slightly higher than, the values formulaically
estimated for loblolly pine (Table 4). Given that hemicellulose degrades readily under the same
conditions, it is unlikely that the observed stability of cellulose is due to an increase in the
enthalpy of hydrolysis of the glycosidic linkages. Rather, the most likely explanation is that at
200 °C and 230 °C, there is insufficient energy to overcome the enthalpy of decrystallisation,
while at 260 °C there is. This leads to much slower reaction times in the cooler temperatures as

degradation can only occur on the surface of the crystalline fibrils, while at 260 °C, when the
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fibril has been softened and the crystalline matrix disrupted, water can penetrate into the fibril

and thus dramatically accelerate the rate of degradation.

Table 4: Published values for hemicellulose and cellulose in pure refined feedstock and biomass

HTC experiments
Saltbush Pure Feedstock Loblolly Pine
(kJ mol™) (kJ mol™) (kJ mol™)
Hemicellulose 66 13513 29108
134 (1* order) 215% 77108
Cellulose
127 (0.5™ order)

Figure 21 shows how, unlike hemicellulose and cellulose, instead of approaching zero,
the lignin content approached a constant of 22%. Lignin content was measured by incubating
the hydrochars in 25% acetyl bromide in glacial acetic acid and the dissolved lignin was
quantified via UV absorption. The portion that did react demonstrated very similar behaviour
to that of hemicellulose, with a significant amount lost during the heat up phase, especially at
the higher temperatures; at 260 °C, lignin content had fully degraded to this constant level

before even achieving the holding temperature.
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Figure 21: Degradation and first order Arrhenius kinetic modeling of lignin within saltbush
following HTC at different temperatures (200 C — 260 C) and different isothermal holding times (0

min — 60 min). Error bars represent a single standard deviation.

The first order model for lignin produces a closer overall fit to the experimental data,
judged by the minimised difference, of any biochemical component and model investigated here
(Table 3). While certain non-integer reaction orders produce a closer fit for certain temperature
series, such as 0.8 for 230 °C (r’=0.87 vs 0.50), each of these produced dramatically higher
minimised differences, and frequently produced negative r* values for the 260 °C series. Thus, it

may be concluded that a pseudo-first order reaction model may be the most appropriate for

lignin.

Interestingly the kinetic parameters given in the first order model for the reacting
portion of lignin very closely match those of hemicellulose (Table 3), implying that they
undergo a similar reaction mechanism. Dinjus et al.  postulates that carbohydrates

preferentially react via Mechanism 2, while lignin prefers Mechanism 1, with the assumption
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that lignin hardly reacts during normal HTC conditions. This common assertion, that lignin is

inert during HTC, is at odds with the data presently obtained.

Much of the current understanding of lignin HTC is derived from experiments utilising
pure (kraft) lignin, the results of which are mixed. Some studies indicate that pure lignin is

°)C''*1% while others suggest that it does in fact react®.

stable in subcritical water up to 260
However, as has been noted with cellulose, the chemical environment of reacting biomass has a
profound effect on the reaction rate of the reacting component, reducing the energy required
for degradation to occur. It appears that a similar phenomenon occurs with lignin. In
particular, it has been suggested that interactions with the highly heterogeneous carbohydrate
makeup of biomass have a pronounced effect on the solubility of lignin in HTC, facilitating its
extraction. Lignin has been noted to undergo concurrent hydrolysis-depolymerisation and
condensation-repolymerisation reactions during HTC. Lignin is usually a solid-phase reactant,
but undergoes numerous phase changes over the course of HTC, passing through “glassy” and
“rubbery” transition states, followed by coalescence, migration, and finally extrusion through
the cell wall®. In a study investigating the fate of the different monolignol subunits after HTC,
it was found that guaiacyl subunits were more prevalent in the HTC liquor than other types of
monolignols®. This is despite the fact that guaiacyl subunits have a higher capacity than other
monolignols for cross-linkages both within the greater lignin body, as well as to
polysaccharides in hemicellulose. Such a propensity ought to facilitate both resistance to
hydrolysis as well as promote condensation reactions, and thus one would therefore expect
guaiacyl lignin to be the most stable under HTC, but in fact the opposite is observed. Trajano
et al. concluded that the greater crosslinking of guaiacyl and syringyl lignin subunits alters and

abets the reactivity of lignin as a whole under HTC conditions®.

The fact that lignin degrades to a constant, rather than to elimination, suggests that
lignin itself may undergo both mechanisms simultaneously. It is possible that a portion of the
lignin undergoes Mechanism 2 via hydrolysis of the B-O-4 or f-O-5 ether bonds between
monolignol subunits, while other portions crosslinked by B-f or -5 bonds are resistant to
hydrolysis, and thus preferentially follow solid-solid conversion as in Mechanism 1. Under the

conditions used here, it is possible that Mechanism 1 occurs slowly, if at all. As a result of this,
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the lignin capable of undergoing Mechanism 2 degrades readily, leaving only the portion of

HTC-stable lignin as a remainder.

As a means of tracking the changes that take place within biomass over the course of
the HTC reaction, the techniques presented here offer a significant advantage over previous
methods in the depth and precision they can provide. It is now possible to directly and
accurately measure the degradation of each major biochemical constituent of lignocellulosic
biomass, independently of all the others. In particular, the ability to determine with accuracy
the levels of lignin in biomass and hydrochar is a tremendous benefit, and one which has
proved elusive and difficult until now. In finally being able to reliably measure the primary
components of biomass during HTC, it is now possible in the future to develop more elaborate
mechanistic and kinetic models that include such additional factors as chain fragmentation and
population balances, such that a more complete view of the complexities of HTC can be

elucidated.

4.4 Conclusions

Hydrochars formed from the hydrothermal carbonisation of Australian saltbush were
subjected to rigourous biochemical compositional analysis followed by kinetic modeling to
ascertain and quantify the changes in lignocellulose over the course of the hydothermal
reaction. It was determined that hemicellulose was the most susceptible to hydrothermal
degradation (n = 1, E, = 66 kJ mol™), while cellulose was the most resistant (n = 0.5, E, = 127 kJ
mol™). Hydrothermally active lignin demonstrated similar reactivity to hemicellulose (n = 1, E,
= 61 kJ mol”), although a fifth of the lignin proved to be inert under HTC conditions. It is
hoped that the techniques developed and presented here can serve as universal standards for
compositional and kinetic analysis of lignocellulosic hydrochars. Moving into the future, these
techniques will be used to analyse the biochemical changes of different kinds of biomass,
lignocellulosic and not, to ascertain how different biomass compositions affect the process and
products of the HTC reaction. Such additional knowledge will allow for the construction of
more detailed and complex mechanistic and kinetic models that more finely reflect the realities

of hydrothermal carbonisation.
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5.0 Abstract

Hydrothermal carbonisation (HTC) is a technology used to convert biomass and other
feedstocks into a high-energy “hydrochar” with numerous potential applications in solid fuels,
activated carbons, and carbon sequestration, among others. The conversion of lignocellulosic
biomasses involves a complex, interconnected set of reactions that result in the breakdown of
hemicellulose, cellulose and lignin, the precise mechanisms and kinetics of which are at present
poorly understood. Hemp stem and seed hulls are subjected to HTC at three temperatures
(200 °C, 230 °C, 260 °C), and four residence times (0, 15, 30, 60 minutes), and the hydrochars
produced were analysed for hemicellulose, cellulose and lignin content. The degradation for
each macromolecule was characterised using Arrhenius kinetics, and it was found that
hemicellulose degraded rapidly with a 1.3™ order reaction (E.™ = 58 kJ mol™, ES™! =
67 kJ mol™), while cellulose degraded more slowly (E.*™ = 113 kJ mol™?, n = 1.0, E,/™ =
112 kJ mol™, n = 1.5). A portion of lignin in each hemp tissue was found to be inert under
HTC conditions; Hull lignin degraded rapidly to a constant level of 31% in a first order reaction
(Ea = 22 kJ mol™), while two models were built describing stem lignin, one with an assumed
inert portion of 34% (E., = 98 kJ mol™, n = 1.0), and another with an assumed inert portion of

21% (E, = 81 k] mol ™, n = 2.0).

5.1 Introduction

Hydrothermal carbonisation is a thermochemical process wherein biomass is treated at
high temperature with water at between 180 °C to 260 °C and at pressures between 5 MPa to 7
MPa»?#732%3120 = Exposure to such conditions trigger the breakdown and degradation of the
biochemical constituents of the biomass, including hemicellulose, cellulose and lignin, thereby
converting the biomass into a black, porous char. Such chars, or “hydrochars”, exhibit
heightened fuel properties, such as an increased higher heating value, reduced oxygen content,
and lower ash content, often closely approximating or bettering those of fossil coal****. HTC
therefore has a lot of potential as a means for producing biofuel. However, there is much that
remains poorly understood particularly regarding the mechanism and kinetics of the

carbonisation process.
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Much of the difficulty in investigating the mechanics of the HTC reaction is the sheer
complexity of of the process. The carbonisation process is the result of many different reactions
occurring concurrently, including, but not limited to, hydrolysis, decarboxylation, dehydration,
condensation, repolymerisation, and aromatisation®. Each of the three principle components of
biomass, hemicellulose, cellulose and lignin, are chemically and structurally distinct, and
accordingly behave very differently under HTC conditions. Cellulose is the main component of
biomass, typically making up 35% to 55% dry weight of many plant tissues®, and is constructed
of long chains of glucose moieties joined to one another via B-(1—4) glycosidic bonds. These
chains then aggregate together into tough, insoluble crystalline fibrils that make up the
backbone of the plant cell wall. Enclosed within the crystalline matrix, the glycosidic linkages
of cellulose are protected from hydrolysis by the hydrophobic nature of the fibrils and thus

26162 Non-cellulosic polysaccharides,

cellulose is the slowest reacting component of biomass
frequently referred to under the broad term hemicellulose, are a diverse class of sugar polymers
that form an interlocking web around the cellulose fibrils, and are much more structurally
variable than the comparatively simple cellulose. Due to lack of a protective crystal structure,
the glycosidic linkages of hemicellulose are completely exposed to the sub-critical water
molecules, and thus undergo hydrolysis readily. Hemicellulose, accordingly, is widely reported
to be the fastest reacting component of lignocellulose, frequently degrading completely within

minutes?®?7-10,

Lignin, in contrast to the other two lignocellulosic components, is not a
saccharide, but is instead a highly disordered aromatic polymer produced primarily in the
secondary cell wall, where it performs functions related to the structural reinforcement of the

138 and results in a chaotic network of

cell wall. Lignin synthesis is deeply intricate and flexible
crosslinks within lignin itself, as well as to other parts of the plant cell wall, particularly
hemicellulose. The manner in which lignin behaves during HTC is therefore very complex,
with some authors stating that lignin undergoes numerous phase changes within the plant cell

wal]®s8

, while others state that it undergoes degrees of hydrolysis to form various aromatic
aldehydes'”, while yet others claim that lignin is highly resistant or even inert under HTC
conditions****'"*, However, almost all current knowledge of the mechanisms of HTC of biomass
come from studies utilising single, purified model compounds as reaction feedstocks. There is
very little information about how these compounds actually behave in whole biomass, or even

if the present understanding is a representative model for whole biomass.
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Understanding the mechanisms of the HTC reaction is important because it will help to
inform the reaction kinetics, which are in turn essential to understand because they impact the
design and operation of the production reactors as one scales up from the lab bench to industry.
Therefore, in order to truly understand the mechanics and hence kinetics of HTC,
compositional analysis must be performed on whole biomass. Such evaluation has been
previously performed on Australian saltbush, where it was found that the activation energies
for all major biochemical components was notably lower in whole biomass compared to the
model compound studies'. Hemicellulose degraded extremely rapidly, while cellulose was
more resistant, as expected. What was surprising, however, was that lignin was found to be
only partially susceptible to hydrothermal degradation, with 22% of the lignin being inert up to
60 minutes at 260 °C. The portion of lignin which did degrade did so with almost identical
reaction kinetics to hemicellulose. It is apparent that the chemical environment within whole
biomass profoundly affects the manner in which lignocellulose degrades during HTC, and it
stands to reason that the finer variations in the compositions of different biomasses play a role
in influencing the reaction. To further this understanding, HTC of different biomasses must be

compared.

Hemp (Cannabis sativa) is a perennial plant with a very long history of human usage for
its fibre and seed. Hemp products are highly versatile, and have found uses in textiles, paper,
building insulation, biocomposites, plastics, paints, food additives, dietary supplements,

175-178

cosmetics, and many others besides . It is highly productive, and may be planted at high

densities, resulting in potential annual fibre and seed yields of 7000 kg/ha and almost 900kg/ha

179

respectively'”. As a result of its flexible and productive nature, industrial hemp usage (defined

as hemp containing low levels of psychoactive THC; lower than 0.5 - 1% depending on the
jurisdiction’****") has been growing very rapidly as ever more countries and local governments
decriminalise its application. In 2017, the South Australian Parliament legalised the use of
hemp for industrial purposes, ushering in a brand new industry in the state'®. With large
amounts of waste products anticipated, especially waste fibre and the hulls of the seeds, it is
prudent to begin considering options for sustainably treating and upcycling these waste

streams into useful products. One option for doing so is hydrothermal carbonisation.
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As such, in order to investigate the fuel capacities of hemp hydrochar as well as gain a
broader and deeper understanding of the HTC process, The research reported this paper had
the following broad aim: to subject hemp stem and seed hull to hydrothermal carbonisation, to
determine the chemical and compositional changes in the feedstock during the HTC process,

and from this determine the kinetics and mechanism of the HTC reaction.

5.2 Methods and Materials

5.2.1 Hydrothermal Carbonisation

Hemp stems were supplied by the South Australian Research and Development Institute
(SARDI) and seed hulls were supplied by Hemp Foods Australia. These fractions were finely
milled in a knife mill, and the 400 — 750 pm size fraction was taken. Prior to experiments, the
feedstocks were dried in an oven for 24 hours at 105 °C. The HTC reaction took place in a

custom-built batch reactor, according to previously published methods'"**'"*

with the following
modifications: a larger stainless steel reactor was used, with a wall thickness of 3 mm and a
total volume of 50 mL; dried hemp fractions were mixed with deionised water to produce a
slurry (25 g total weight) with a 10% solids content and added to the reactor. The reactor was
sealed, pressurised and heated in line with the published methods'. In brief, the interior
atmosphere of the reactor was purged of oxygen, and the reactor was heated in a fluidised bed.
At the conclusion of reaction time, the reactor was removed from the bed and quenched in

water.

HTC reactions were performed at three reaction temperatures (200 °C, 230 °C, 260 °C)
and four residence times (0 min, 15 min, 30 min, 60 min), wherein residence time refers to the
time when the interior temperature of the reactor reaches 98% of the given reaction
temperature. Thus, 0 minutes at 200 °C refers to an instance where the reactor was heated to

198 °C and then immediately quenched in water. All experiments were performed in duplicate.

The solid, liquid and gas yields of the HTC reaction were recorded. To determine the
gas yield, the change in mass of the reactor before and after the reactor was vented to exhaust

was calculated using Equation 19:

91



Chapter 5 (Paper 1lI) — Biochemical Composition & Kinetic Modelling of HTC of Hemp

M yp—Mpy) —(my —m,
GasYield(%)z( = Pvl)n( n=m) (19)

Where m is defined as the dry mass of the untreated hemp feedstock, m;is the initial mass of
the dry, empty reactor, my, is the mass of the reactor after pressurising with nitrogen pre-
reaction, myg is the mass of the reactor post-reaction, and mypy is the mass of the reactor after

venting to exhaust.

The solid yield is the yield of the dried solid hydrochar product. The solid fraction of the
reaction products was separated from the liquid fraction via vacuum filtration using two filter
papers. The bulk of the hydrochar was collected on the first filter paper, unwashed. This
portion of the hydrochar was used for compositional analysis. The remaining hydrochar
portion stuck to the walls of the reactor was rinsed off with water onto the second filter paper.
This rinsed portion, due to the possibility of water contamination of the ash yield, was used
only to calculate the final total solid yield, and then discarded. Total solid (hydrochar) yield

was thus calculated from Equation 20.

(mpl_mp1+s)_(mp2_mpz+s)
m

Solid Yield (%)= (20)

where m is the dry mass of the untreated feedstock, mp; and mp, are respectively the masses of
the first and second filter papers, and mp;..s and mp,.s are the combined masses of the two filter

papers and the washed and unwashed hydrochar portions.

The liquid yield was calculated from the percentage difference between the gas and solid

yields from the total, as shown in Equation 21.

Liquid Yield(%)=1—GasYield (%) —Solid Yield (%) (21)
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5.2.2 Compositional Analysis

Hemicellulose, cellulose, lignin, and protein content were determined as described in
Chapter 4 (Keiller et al, (2019)'*. The methods here have been given in brief. All experiments
were performed in duplicate, and for the calculation of the yields of hemicellulose, cellulose and
lignin, the total error was estimated via error propagation with the mass error estimate of the

HTC mass yield™.

Hemicellulose

Hemicellulose was determined from the non-cellulosic carbohydrate content. Untreated
feedstocks and hydrochars were incubated in 1 M sulphuric acid at 100 °C for 3 hours, and the
supernatant was diluted 20 times. The acid-soluble monosaccharides within the supernatant
were derivatised with 1-phenyl-3-methyl-5-pyrazoline (PMP) in an alkaline environment, and
the concentrations of the derivatives were determined via hydrophilic interaction liquid

chromatography using a Kintex 2.5 um C18 100 x 3 mm 100A column.

Alcohol-Insoluble Residue

Prior to cellulose and lignin analysis, feedstocks and hydrochars were washed numerous times
to attain the alcohol-insoluble residue (AIR). The samples were washed sequentially in 70%,
100% ethanol, acetone and methanol, with each wash being followed by centrifugation and the

disposal of the supernatant.

Cellulose
Cellulose content was determined using a modified Updegraff method. The alcohol-insoluble
residue (AIR) was incubated in a mixture of 4:6:1 water : glacial acetic acid : nitric acid at 100 °C

for three hours. The cellulose content was determined on a weight-by-weight basis.

Lignin

The lignin content was determined via the acetyl bromide method. The alcohol-insoluble
residue was incubated in a mixture of 25% acetyl bromide in 98% glacial acetic acid for 1 hour at
70 °C. The supernatant containing the dissolved lignin was transferred to a new tube, and 2 M

NaOH and 0.5 M hydroxylamine hydrochloride were added. The lignin solution was diluted

93



Chapter 5 (Paper 1lI) — Biochemical Composition & Kinetic Modelling of HTC of Hemp

with glacial acetic acid, and the UV absorbance at 280 nm was recorded. The lignin content was
calculated against a standard curve determined using TCI alkaline lignin as a standard, taking

into account the high ash content of the standard (49%).

Ultimate analysis (CHN) was determined on a Perkin Elmer 2400 series II CHNS analyser, and
the oxygen content determined by difference. The crude protein content of the untreated
feedstocks, as well as the quantity of proteinaceous reaction products in the hydrochar were

calculated by multiplying the nitrogen content by the conversion factor of 6.25.

Aqueous extractives content of the untreated feedstocks was calculated by difference between
the total mass of the starting material, and the sum of hemicellulose, cellulose, lignin, protein
and ash. The secondary char content was calculated in the same manner, but using the

hydrochar instead of the raw material.

The higher heating value (HHV) was calculated using the Dulong Equation (Equation 22)*:
HHYV = (0.3383 x %Carbon) + (1.422 x %Hydrogen) - (%Oxygen + 8) (22)
The ash content was determined by incubating the samples at 550 °C for 5 hours in a Labec

laboratory muffle furnace'. The ash content was calculated on a weight-by-weight basis from

the difference between the pre-incubation sample mass and the post-heating remainder.

5.2.3 Kinetics Method

The degradation of the biochemical components of hemicellulose, cellulose and lignin

over the course of the HTC reaction were modelled using Arrhenius kinetics.

For a given n™ order reaction, the concentration of a particular biomass component can be

predicted at any time point by Equation 23:
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—dc, .
dt :knct

Where:

c: is the predicted concentration (%)

k is the temperature dependent reaction rate constant (J min™)
n is the reaction order

t is the total reaction time (mins)

Equation 23 can be integrated with a given initial concentration of c¢; to give Equation 24 for a

first order reaction, and Equation 25 for a general n™ order reaction:

c,=c;exp (—kt) (24)

Much of the previous HTC kinetic literature operates under the assumption of constant
temperature for the duration of the reaction. However, the batch reactor utilised for this study
required a short heat-up period, resulting in a steady increase in the temperature-dependent
rate constant k. To account for this, the rate constant was sequentially recalculated at 15

second intervals with the temperature at that time point, using Equation 26:

kZAOexp(R—Ta) (26)

Where:
A, is the pre-exponential factor (s™)
E, is the activation energy (J),

R is the universal gas constant of (8.314 J mol " K™)

T is the temperature (K)
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The average reaction rate at the HTC reaction temperature (200 °C, 230 °C, 260 °C) was
taken from the average k value between reaction time 0 minutes, and reaction time 60 minutes.
The activation energy E, and pre-exponential factor A, were calculated together via a least sum
of squares optimisation procedure by minimising the difference between the experimental and
predicted values using the DEPS evolutionary algorithm in LibreOffice Solver. Models were
produced with reaction orders from n = 0.1 to n= 2 in increments of 0.1. Goodness of fit was
judged via the lowest square sum error (SSE) for a given reaction order, as well as the

coefficient of determination (r?).

5.3. Results and Discussion

Hemp stems and seed hull were subjected to hydrothermal carbonisation at three
reaction temperatures (200 °C, 230 °C, and 260 °C) and four reaction times (0, 15, 30, and 60

minutes).

5.3.1 Global changes in biomass composition

Figure 22 shows the total changes across the entire HTC reaction system in the solid,
liquid and gas phases, as well as the compositions of the solid phase biomass and hydrochars.
Solid yield, represented in Figure 22A and 22B as the sum of the hemicellulose, cellulose, lignin,
protein or proteinaceous remnants, ash, ash and secondary char fractions, fell steadily for both
biomasses with increasing time and temperature. Higher temperatures lead to a greater
reduction of the solid yield, with consistently greater losses observed over the 260 °C series than

either of the lower temperature series.

A trend common to both biomasses is that after an initial rapid loss, the solid fraction of
a given reaction condition plateaus off after 15 minutes at a given reaction temperature. For
example, at 200 °C, both hull and stem hydrochar yields stabilise at around 65%, and at 230 °C
they level off at approximately 60%. The only point of divergence is at 260 °C, where the hull
hydrochars level off after 30 minutes to 48%, while the stem tissue continuously declines over
the entire time of the experiment until it reaches a minimum of 31%; the lowest solid yield of

any reaction condition. Liquid yields are consistently lower than solid yields (with the single
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exception of stem tissue at 260 °C after 15 minutes), and gas yields are in turn consistently

lower than liquid yields. Gas yields tend to increase as time and temperature rise, with higher

yields observed at higher temperatures. However, gas yields remain a small percentage of the

total reaction system, barely rising above 10% for either tissue at the two cooler temperatures,

and even after an hour at 260 °C, the gas yield does not exceed 22% for stem or hull. Liquid

yields tend to behave as a mirror reflection of the solid yield. Thus, for many reaction

conditions, the liquid yield rises to a maximum, and then plateaus off after 15 minutes, in an

opposing manner to the solid yields.
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Figure 22: Yields of liquid, gas, and biochemical macromolecule across whole HTC reaction

system of hemp stems (A) and seed hulls (B) and hydrochars following HTC at different

temperatures (200 C — 260 C) and different isothermal holding times (0 min — 60 min). Total

biochemical compositional changes of untreated hemp stems (C) and seed hulls (D), and of the

HTC hydrochars. Char and aqueous extractive portions calculated by difference.
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This plateau lies consistently at around 30% for all temperatures and tissues, with the
only major exception being stems at 260 °C, which achieves a 30% liquid yield after just the
heat-up period, eventually attaining a nearly 50% liquid yield after 30 minutes. This particular
reaction condition has both the highest liquid yields, and among the highest gas yields (22%,
shared with hull at 260 °C for 30 minutes) of any sample studied here. This is indicative of
considerable hydrolytic and decarboxylic breakdown of the biomass into soluble products,

which in turn undergo further degradation into gaseous products®*.

A fine-grained biochemical and elemental analysis of the untreated feedstocks revealed
that the composition of hemp stem and seed hulls are broadly similar, but with a few key
differences. Both tissues have cellulose as their largest constituent, making up 31% of seed
hulls, and 43% of stems. This higher proportion of cellulose in stems is a result of the presence
of the hemp fibres, which are themselves comprised of between 55% and 78% cellulose'®, which
provides hemp fibres with their highly valued strength. Compared to other biomasses, the
cellulose content of hemp stems is in the lower range of that observed in various stalk tissues
(ranging from 45% for tabacco stalks to 72% for sunflower stalks), while hulls lie more towards
the mid range of similar shells and husks (between 25% for olive husks, up to 57% for sunflower
shells)™. Both hemp stem and seed hulls have more cellulose than saltbush (24%)""*. Over the
course of the HTC reaction, the cellulose content is relatively stable across 200 °C and 230 °C in
both tissues, with degradation accelerating rapidly at the highest temperature, leading to
residual cellulose levels of about 5% in stems and 2% for hulls in the solid product after an hour
at 260 °C. Hemicellulose makes up a smaller proportion of either tissue than cellulose, at 14% —
15% for both stems and seed hulls, a slightly smaller proportion than saltbush (21%). In both
tissues, this falls to almost 0% after an hour at any temperature. Lignin is present in lower
amounts than either polysaccharide in both tissues, comprising 10% of seed hulls and 8% of
stems. This is slightly lower than the 15% recorded for saltbush, and much lower than the levels
seen in typical woody biomasses, which range from 17% to 32% across various softwoods,
hardwoods and herbages'. The lignin content in both tissues also decreased steadily over the
course of the HTC reaction, although far less precipitously than either of the carbohydrates,
eventually falling to just 4% for hulls and 1.5% for stems under the highest reaction severities.

Lignin is more difficult to remove from the solid phase since there is a substantial portion
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which is inert under HTC conditions, as discussed below. Seed hulls have a higher amount of
protein than stems, at 10% to 3% respectively. Levels of protein, or the nitrogenous products of
denatured proteins, are remarkably stable across the various treatment conditions, with total

crude protein falling only slightly to 7% for hulls and 1% for stems after 60 minutes at 260 °C.

Both stems and hulls have an ash content of 4%, which decreases over the course of the

C32120130153 - The reduction in ash differs between the two

reaction, a widely known aspect of HT
tissues, with stem losing ash more rapidly, eventually retaining a minimum of 1% after just 30
minutes at 230 °C, while hulls only fall slightly to 3% after 0 minutes at 230 °C. What is
interesting is that, as a proportion of the hydrochar (Figures 22C and 22D), after these minima
the ash content actually increases steadily with greater reaction severity for both tissues. After
a full hour at 260 °C, stems eventually rose back up to 3%, while hulls exceeded the original,
untreated ash content by increasing to 6%. Hydrochars reabsorbing inorganics from the

hydrothermal medium has been observed before, particularly phosphorus®**%!>

, and may be
caused by an increase of porosity within the hydrochar, caused by the degradation of

hemicellulose'**'*, leading to the reabsorption of water-soluble phosphates.

In addition to the principle lignocellulose components, hemp also contains a wide
assortment of other biochemicals, including nucleic acids, sterols, phenols, and lipids. These
extraneous biochemicals, collectively termed “aqueous extractives” make up just under 30% of

each tissue. In keeping with previous methods and literature'®'*

, aqueous extractives are
assumed for the purposes of estimating the carbonaceous char content to degrade instantly
upon exposure to hydrothermal water. This char content, although reasonably constant at
around 25% for hulls and 20% for stems from a whole system perspective (Figure 22A and 22B),
quickly establishes itself as the dominant fraction in the hydrochars (Figure 22C and 22D).
After 60 minutes at 200 °C, 230 °C and 260 °C, this char fraction makes up 30%, 42% and 80% of

stem hydrochars, and 38%, 50% and 58% of hull hydrochars.

Figure 23A and 23B shows the elemental changes that the hemp biomass underwent

during the HTC reaction on a dry, ash-free basis. In both tissues, carbon was enriched in the
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solid phase, with this increased carbonisation being driven by the purging of oxygen. The

greater the reaction severity, the higher the carbon content, and the lower the oxygen content.
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Figure 23: Ultimate analysis of untreated feedstock and HTC hydrochars of hemp stems (A) and
seed hulls (B) on a dry, ash-free basis, and calculated higher heating values of untreated feedstock
and hydrochars of hemp stem (C) and seed husks (D) produced at different temperatures (200 °C —
260 °C) and different isothermal holding times (0 min — 60 min). Error bars represent a single

standard deviation.

Both tissues undergo rather similar degrees of carbonisation, with initial carbon
contents for untreated stems and hulls of 45% and 49% respectively rising to 73% and 70%
respectively after 60 minutes at 260 °C. In a mirrored fashion, oxygen losses are also very
similar between the two biomasses, with initial oxygen contents of 49% for stems and 43% for
hulls falling to 23% and 21% respectively under the same conditions. Hydrogen is almost

constant, falling very slightly from 6.5% to 5.7% for hulls and from 6.2% to 5.6% for stems under

100



Hydrothermal Carbonisation of Novel Biomasses

the most severe conditions. These trends are expected from the hydrothermal carbonisation
reaction, and are driven by dewatering and decarboxylation reactions that remove oxygen from

the feedstock in the form of water and carbon dioxide?3293120.153

. As expected, this reduction in
oxygen content lead to an increase in the higher heating values (HHV) for the hemp biomass,
as shown in Figures 23C and 23D. The rise in higher heating values is again of a similar
magnitude between the two tissues, with stem rising from 18 M] kg™ for the untreated
feedstock to 30 MJ kg™ after 60 minutes at 260 °C, and hulls rising from 20 MJ kg™ to 30 MJ kg™
under the same conditions. Given how Australian lignites typically exhibit HHVs in the range

of 24 - 30 MJ kg" °, this demonstrates that these hydrochars can potentially be used as a

renewable solid fuel replacement for coal.

5.3.2 Mechanism of hydrochar production

The solid product of the HTC reaction is on the whole termed “hydrochar”, yet it is
made up of two different kinds of char product; the unreacted or partially converted remains of

885 These two

the feedstock, and an aromatic condensate that forms carbonaceous nanospheres
kinds of char have been termed “primary char” and “secondary char” respectively, and are
produced by two separate, yet interconnected mechanisms: Mechanism 1 involves the solid-
solid conversion of biomass into primary char, whilst Mechanism 2 involves the two-step
process of the degradation of biomass into soluble intermediates, followed by the

polymerisation of these intermediates to secondary char®****'"*. This is illustrated in Figure 24.

Using this twin-pathway model as an overall framework of the HTC reaction individual
biochemical components are believed to preferentially undergo different mechanisms, although
it is apparent that there is a great deal of overlap between them. Hemicellulose and cellulose
are assumed to primarily undergo Mechanism 2, while lignin is assumed to undergo both 1 and
2. Lignin, as detailed below, is made up of hydrothemally soluble and insoluble fractions, and
as such contributes to the formation of both primary and secondary char. The reaction
mechanisms of protein within biomass during HTC are poorly understood, but protein is
assumed to denature and become incorporated into the primary char, and may then undergo
subsequent Maillard reactions with carbohydrates to form soluble intermediates'*'¥. Detailed

protein analysis is beyond the scope of this study, however. Finally, aqueous extractives are
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108,186

assumed to instantly degrade to soluble and gaseous products These pathways are

described in Equations 27 — 32:

(1) (2)
Biomass
Degradation
-------- \d

: T k
Solid-Sold /..
Conversion /" Soluble

D Intermediates
"""""""" Repolymerisation
Primary Char Secondary Char

Figure 24: Proposed mechanism for the conversion of biomass into hydrochar during HTC

Hemicellulose — 1° char + Monosaccharides — 2° Char + Gas (27)
Crystalline Cellulose — 1° Char + Glucose — 2° Char + Gas (28)
Lignin — Solublised Monolignols — 2° Char (29)
Insoluble Lignin — 1° Char (30)
Protein — Denatured 1° Char — Maillard Intermediates — 2° Char + Gas (31)
Aqueous Extractives — Soluble Intermediates — 2° Char + Gas (32)
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Table 5: Kinetic parameters for the degradation of key biochemical components during HIC of
hemp. k: Reaction rate constant at given temperature; E,: Activation energy; A, Arrhenius
constant. Rate constants presented as averages over the holding time at reaction temperature, not

including heat-up phase.

Reaction SSE 200 °C 230 °C 260 °C E. A,
Order (n) k()| v k(s * [k(s?)| r* [(kJmol”)| (s7)
Stem | Hemicellulose 1.3 21 | 0.02 099 | 0.04 | 097 | 0.10 | 0.98 58 5.0x10*
Cellulose 1.0 70 | 0.002 |-3.97| 0.012 |-1.15| 0.047 | 0.99 113 6.6x10°
Lignin
1.0 86 | 0.02 1094 0.09 | 0.50| 0.31 |0.33 98 1.5x10°
(34% inert)
Lignin
2.0 89 10.0003| 0.92 | 0.001 | 0.66 | 0.003 | 0.18 81 2.5x10°
(21% inert)
Hull | Hemicellulose 1.3 45 0.03 [095] 0.09 | 0.99| 0.20 | 0.16 67 8.7x10°
Cellulose 1.5 54 10.0003|-2.05|0.0015| 0.90 | 0.0038| 0.98 112 4.2x10°
Lignin 1.0 88 0.08 {095 0.11 | 0.74 | 0.14 |-0.26 22 1.9x10!

Figure 25 shows the degradation of hemicellulose over the course of HTC, which is
more rapid and more comprehensive than any other major biochemical component. All
reaction temperatures for both tissues trend very rapidly towards zero, with almost all
hemicellulose lost in both tissues after only 15 minutes. This includes substantial loss during
the heat-up period, especially at high temperatures; at 260 °C, where both feedstocks lost almost
80% of their hemicellulose before even reaching the holding temperature. It appears that stem
hemicellulose is slightly more resistant to hydrothermal degradation than its seed hull
counterpart, particularly at 200 °C. After 15 minutes, hull hemicellulose falls below 10%, and
eventually comes to rest at 4% after an hour at 200 °C, while stem hemicellulose just barely falls
below 10% after the same time and temperature. At 230 °C, hull hemicellulose falls to 30% after
15 minutes, while stem hemicellulose only reaches 49% under the same conditions. After 15
minutes at 230 °C, and at all time points at 260 °C, the hemicellulose of both tissues undergoes
near total hydroloysis. This is due to the autocatalytic hydrolysis of the f-(1—4) and B-(1—3)
glycosidic linkages between the monosaccharide moeties, which releases the monosaccharides
into the hydrothermal medium as solubilised sugars. The freed sugars then undergo

aromatisation to form furfural and 5-(hydroxymethyl)furfural. Under continued exposure the
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hydrothermal conditions, 5-HMF undergoes sequential aldol condensation reactions to form the
secondary char*. As such, the hydrolysis of hemicellulose is an important contribution to the

formation of secondary char.
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Figure 25: Degradation and Arrhenius kinetic modeling of hemicellulose within hemp following
HTC at different temperatures (200 ‘C — 260 C) and different isothermal holding times (0 min — 60
min). (A) 1.3 order kinetic model of stem hemicellulose. (B) 1.3" kinetic model of seed hull

hemicellulose. Error bars represent one standard deviation.

Both hull and stem hemicellulose had a closer fit to a first order kinetic model than a
second order model, judged by a lowest square sum error (SSE), although both tissues had their
closest fit to a model with a reaction order of 1.3 (Table 5). Regardless of reaction order, stem
hemicellulose consistently had much closer fits to the models, with coefficients of variance (r?)
over 0.90 for every reaction order tested. By comparison, seed hull hemicellulose had a
relatively less good fit across the board, with a consistently higher SSE at each reaction order as
well as wide variation in coefficients of variance. Compared to saltbush hemicellulose, which
undergoes a first order hydrolysis reaction during HTC and was found to have an activation
energy of 66 kJ mol" and rate constants of 0.06 s™, 0.14 s™ and 0.35 s™ for 200 °C, 230 °C, and
260 °C respectively, both stem and hull tissues were found to have similar kinetics. Stems had
an activation energy of 58 kJ mol”, while seed hulls had an activation energy of 67 kJ mol™,
although both tissues consistently had slightly lower reaction rate constants than those

observed in saltbush (Table 5, Table 3).
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Figure 26 shows that the principle monosaccharide in both hemp tissues is xylose,
which by itself makes up a full 12% of seed hull (81% of total hull hemicellulose), and 7% of stem
tissue (52% of total stem hemicellulose). The second most prevalent monosaccharide in hemp
hemicellulose is glucose, which makes up less than 2% of the total composition of either tissue,
and all other monosaccharides are present in concentrations well below that. In comparison,
the monosaccharide profiles of both hemp tissues are very similar to saltbush, with high levels
of xylose, and other monosaccharides present at levels of around 2% or less. One notable point
of difference is that saltbush has high levels of arabinose (8% total concentration), higher even

than xylose, while in hemp arabinose is present only at trace levels.

That hull hemicellulose is notably more susceptible to hydrothermal degradation than
either hemp stem tissue or saltbush is interesting. A principle element of hemicellulose is
arabinoxylan, a polysaccaride with a predominately xylose backbone and numerous arabinose

substituents, which often carry further substitutions of other monosaccharides and various

187

acidic and acetyl side groups'”’. The composition of arabinoxylan directly influences the overall

structure of the polysaccharide, and determines the manner in which it integrates into the plant
cell wall. The higher the xylose to arabinose ratio, the more substituted and branched the

polysaccharide is likely to be, and the more soluble and labile it is as a result. Conversely, the

lower the xylose : arabinose ratio, the more linear, crystalline and insoluble the polymer '*"'%,

Less-substituted xylans, because of their higher crystallinity, tend to form closer associations

with cellulose due to the co-crystallisation of the linear polysaccharide with the cellulose

1189—192

microfibri . In contrast, highly branched arabinoxylans tend to form ferulate crosslinks to

lignin, thereby providing strong interconnections within the cell wall as a whole'”’.
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Figure 26: Monosaccharide profiles of untreated hemp stem and seed hull, and select hydrochars

following HTC at different temperatures (200 C — 260 ‘C) and one isothermal holding time (30

min). Error bars represent a single standard deviation.

The very low xylose :

arabinose ratio (0.04) and overall homogeneity of hull

hemicellulose imply a roughly linear xylan with very few substitutions, while the slightly

higher ratio (0.1) and greater diversity of monosaccharides present in stems suggests a more

substituted, but still xylose-dominant polysaccharide. Given the lower activation energy and

higher rate constants of the hull hemicellulose, it may be that any co-crystallisation with

cellulose is not enough to compensate for the loss of cross-linking with lignin.
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Figure 27 shows that cellulose was far more resistant to hydrothermal degradation than
hemicellulose for either tissue. There was very little degradation at 200 °C, with both stem and
hull losing only 15% — 17% respectively after a full hour at reaction temperature. At 230 °C,
cellulose degradation increased slightly but remained relatively slow for stem tissue, losing 31%
after an hour at reaction temperature, while hull tissue showed much greater degradation,
losing 56% under the same conditions. The greatest losses were observed at 260 °C, with both
tissues losing 70% of the initial cellulose content after 15 minutes at reaction temperature. After
the full hour at this high temperature, hull tissue eventually lost 84% of cellulose, and stem
tissue lost 95%. This greater resistance to the autohydrolytic effect of HT water is due to the
crystalline matrix that cellulose exhibits, which protects the B-(1—4) gylcosidic bonds from

26,194

hydrolysis**'™. Given the rapid acceleration of degradation at 260 °C, however, it seems that at
this higher temperature the crystalline structure may be weakened. This stands in contrast to
model compound experiments with purified cellulose, which demonstrate that cellulose is

stable up to 307 °C in HT water™.
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Figure 27: Degradation and Arrhenius kinetic modeling of cellulose within hemp following HTC at
different temperatures (200 C— 260 ‘C) and different isothermal holding times (0 min — 60 min). (A)
First order kinetic model of stem cellulose. (B) 1.5™ order kinetic model of seed hull cellulose. Error

bars represent one standard deviation.

In both tissues, the first order models produced an overall closer fit than the second

order models, although hulls had the closet fit of all cellulose models tested to a 1.5" order
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model (SSE: 53). Indeed, hull first and second order models had very similar square sum errors
at around 60, only slightly higher than the 1.5™ order model which may imply a certain amount
of complexity to the underlying mechanism that makes it difficult to tease out the precise
reaction order using the simple method presented here. All hull cellulose models have a very
close fit to the 260 °C series, with r? values of over 0.96 for any reaction order. Fits to the 230 °C
series are highly variable, ranging from 0.09 for the first order model, to 0.89 for the second
order model, while fits for the 200 °C are very poor, with negative coefficients of variance across
the board. The activation energies for hull cellulose ranged from 103 kJ mol™ (first order) to
117 kJ mol” (second order), while the reaction constants showed a very wide spread from first
to second order models (Table 5). In contrast to the somewhat opaque hull fits, the much closer
fit of stem cellulose to the first order model than the second order model convincingly indicates
that stem cellulose undergoes first order degradation. Under this first order model, stem
cellulose had an activation energy of 113 kJ mol™, and reaction constants of 0.002 s, 0.012 s™

and 0.047 s™ at 200 °C, 230 °C and 260 °C respectively.

Regardless of tissue or model, the activation energies of hemp celluloses were
consistently lower than those for saltbush, which was found to be 134 kJ mol™ for a first order
reaction. The rate constants for saltbush were also slightly lower than the ranges shown by any
of the hemp cellulose models. An additional difference is that saltbush cellulose was also found
to fit a 0.5™ order model the most closely; neither of the hemp tissues form a close fit with a
reaction order less than one. However, the differences between the three biomasses are far less
than the differences between cellulose and hemicellulose for any feedstock. Such differences in
the kinetic behaviours of cellulose could be explained by structural variance between the two
tissues. Hemp stem tissue contains a large amount of cellulose-reinforced fibres, which are not
only very difficult to mill finely, but are also highly insoluble. As a consequence, water may not
have had as ready access to stem cellulose than to that in the husk tissue. Another potential
factor could be the fact that the solid fraction in the hull experiments was much better at
retaining the inorganics than stems. Certain inorganic elements, especially sodium, have been
found to have a catalytic effect on hydrothermal reactions'”, and by retaining these in the solid
phase, this higher inorganics content could potentially have the effect of slightly increasing the

rates of cellulose hydrolysis at the cooler temperatures relative to stems. One final
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consideration concerns the interaction between cellulose and xylan. It has been established
that it is likely that hull hemicellulose consists of linear, non-substituted xylans that tend to co-
crystallise with the cellulose fibrils. It is possible that as the xylans are rapidly degraded, they
leave behind a more ragged, frayed, or otherwise weakened cellulose fibril surface, making hull
cellulose more susceptible to attack than its stem counterpart. X-ray diffraction experiments
investigating the differences in cellulose crystallinity between the two tissues would be

necessary to demonstrate this.

Figure 28 shows how the lignin within hemp degraded to a constant value, instead of
trending toward zero as for the polysaccharides. This is consistent with previous findings in
saltbush, where approximately 22% of the lignin was inert during HTC, and the remainder
possessed very similar reaction kinetics to hemicellulose. In seed hull, the inert portion was
calculated from the average of all lignin yield data points at 30 and 60 minutes at all
temperatures. The inert portion comprised approximately 31% of the total lignin, while the
remaining 69% proved to be highly reactive, fully depleting to the inert portion after 30 minutes
at 200 °C and 15 minutes at 230 °C. In stems, the inactive portion was more difficult to identify
due to slower degradation at 200 °C and 230 °C; two possible values are considered here. An
upper value for the inert portion, calculated from the average of lignin values for 15 to 60
minutes at 260 °C and 30 to 60 minutes at 230 °C, was found to be 34%, while a lower value,
taken from the lowest lignin value, 260 °C for 60 minutes, was found to be 21%. Degradation is
much lower at 200 °C for stem tissue than it is for any other condition in either tissue,
remaining above 60% after 30 minutes, and eventually falling to a minimum of 45% after the full
hour. At 230 °C, lignin degrades almost as slowly as the 200 °C series for the first fifteen
minutes at reaction temperature, falling to 77% after 15 minutes (compare 70% for 15 minutes at
200 °C), and then falls very sharply during the next fifteen minutes to 33%, where it remains for
the remaining duration of the reaction. At 260 °C, as with all previous tissues and biochemical
components, the loss is most severe, with 55% of the lignin removed during the heat up period,

and 79% removed after an hour at reaction temperature.
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Figure 28: Degradation and Arrhenius kinetic modeling of lignin within hemp following HTC at
different temperatures (200 C— 260 ‘C) and different isothermal holding times (0 min — 60 min). (A)
First order kinetic model of stem lignin cellulose (36% inert portion). (B) Second order kinetic model
of stem lignin (21% inert portion). (C) First order kinetic model of seed hull lignin. Error bars

represent one standard deviation.

Hydrothermally active hull lignin degrades in a first order reaction, with an activation
energy of 22 kJ mol”, and closely grouped reaction constants of 0.08 s*, 0.11 s and 0.19 s™ at
200 °C, 230 °C and 260 °C respectively. Each of the hull lignin curves are very similar, with
predicted lignin yields for 260 °C never more than 13% lower than those for 200 °C for any time
point. Kinetic modeling for stem lignin differed depending on what the proportion of HTC-
stable lignin was assumed to be. For the higher-bound estimate of 34%, HT-active lignin was

found to undergo first order degradation, with an activation energy of 98 kJ mol”, and rate
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constants of 0.02 s?, 0.09 s, and 0.31 s at 200 °C, 230 °C and 260 °C. For the lower-bound
estimate of 21% however, HT-active stem lignin was found to react via a second order reaction,

with a slightly lower activation energy of 81 kJ mol’, but much lower rate constants of

0.0003 s, 0.001 s™ and 0.003 s for 200 °C, 230 °C and 260 °C.

The HT-active lignin of saltbush was found to have almost identical kinetic parameters
to saltbush hemicellulose, and thus it was assumed that the reaction mechanism was the same
for the two components. This was found to be also true for hemp seed hulls, which had almost
the same activation energies and Arrhenius constants, although the rate constants were slightly
lower in the lignin model. In stem tissue, by comparison, the picture is more complex.
Assuming a 34% inert lignin portion and a first order reaction, the rate constants were similar
to those in the corresponding hemicellulose model, although again, slightly lower. However,
the activation energy and Arrhenius constant for lignin were much higher, almost double those
of the hemicellulose. And in comparing the model for stem 21% inert lignin and stem
hemicellulose, there is very little agreement between the first order hemicellulose and second

order lignin models, as might be expected.

The difference in the response between the two kinds of hemp lignins to HTC is wider
than any other biochemical component assayed here. That the two tissues have not only
varying portions of HTC- stable lignin, but also that the stem lignin is notably slower reacting
than the hull lignin strongly suggests that the composition of the lignins are different. Lignin is
mainly comprised of three phenolic alcohols, or monolignols: p-coumaryl alcohol, conferyl
alcohol, and sinapyl alcohol, each differentiated only by the degree of methylation. When
incorporated into the plant cell wall, these monolignols form p-hydroxyphenyl (H), guaiacyl (G)
and sinapyl (S) lignin subunits respectively’””. The manner in which the monolignols come
together is highly complex, and is driven by the radicalisation of the monolignols, which then
polymerise by forming covalent crosslinks at numerous points along the monomers. The points
at which crosslinks can form is determined by the locations of the resonance-stabilised free
radicals within the monolignols, which are in turn determined by the type of monolignol”™".
G-subunits form a rich amount of -5, 5-5 and B-f crosslinks, leading to more resilient lignin,

while lignin rich in S-subunits, which favour B-O-4 ether linkages, is slightly less so™®. H-
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lignin, formed from the unmethylated p-coumeryl acohol, does not form cross-links within the
lignin superstructure, but instead is only found in nature as “pendant chains” on the outside of
the polymer'”'*. The ratios of G and S subunits within lignin therefore have a profound impact
on the structural integrity of the macromolecule, and thus its propensity for degradation.
Because of the binding and reinforcing role that lignin plays in the plant cell wall, any changes
in the structural strength of lignin has knock-on effects for the stability of the whole biomass.
It was found in in vitro studies utilising blends of kraft lignin and cellulose that shifting from
pure G-lignin to various mixtures of G, S and H lignins, as well as other related lignic subunits
led to a reduction in the amount of sugars released during fungal digestion, while reducing the
amount of crosslinking lead to a large increase (in some cases over double) of sugar release ™.
In light of this, it is clear that the composition of lignin has a profound impact on the
degradation of lignocellulosic biomass during HTC. NMR studies on hemp lignin would allow
for the quantification of G and S lignin, and see if the G:S ratio was in some way responsible for
the different behaviours observed. Given the current reliance in the field on stock kraft lignin

as a lignin analogue, this is an area which is deeply understudied.

Almost all prior HTC literature on the HTC mechanisms of biomass conversion have
been conducted with idealised model compounds in order to make generalised statements
about the behaviour of whole biomass. And yet, it has been demonstrated that while there are
broad similarities between the various biochemical components across different biomasses, at a
more refined level there are substantial differences in the biochemical compositions even
between various tissues of the same species. The cumulative effect of these differences

produces substantial variation in the types and amounts of the reaction products.

5.4 Conclusion

The compositional changes that occur during the HTC of hemp were assessed, and
found to be broadly similar to those that occur in other lignocellulosic biomasses. While
hemicellulose was found to be the most sensitive to hydrothermal hydrolysis regardless of
tissue type, there were subtle differences in the behaviour of cellulose between stem and seed
hull tissues. Lignin was the most complex of the biochemical components investigated, and the

differences observed between the two discrete tissues of the same plant are indicative of the

112



Hydrothermal Carbonisation of Novel Biomasses

great interconnected complexity of biomass and the reactions that occur during HTC of whole
biomass. Further studies on other kinds of biomass, as well as more fine-grained analyses of
the degradation mechanism within whole biomass are necessary to more fully round out our
knowledge of the reaction mechanics. It is hoped that one day, with a more comprehensive
understanding of the HTC reaction, it may be possible to predict based on the composition of a

given biomass the products and ideal conditions for that feedstock.
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6.0 Abstract

Hydrothermal Carbonisation (HTC) is a thermochemical process by which biomass is
converted into an energy-dense “hydrochar”, which can possess very similar properties to fossil
lignites. Such hydrochars potentially represent a renewable replacement for coal. Despite
growing interest in HTC in recent years, there are many aspects that remain unknown about
the process, especially the mechanisms. Two species of macroalgae, the freshwater
Oedogonium intermedium and the saltwater Ulva ohnoi, were subjected to HTC at three reaction
temperatures (200 °C, 220 °C, 240 °C) and five retention times (0 min, 5 min, 15 min, 30 min, 60
min). The untreated feedstock and the hydrochars were assayed to determine levels of the
major biochemical components; hemicellulose, cellulose, protein, and ash. The degradation of
each biochemical component was modelled using Arrhenius reaction kinetics across a range of
reaction orders (n), and the activation energy (E,), Arrhenius pre-exponential factor (A, and
rate constant (k) were determined for each model. It was found that hydrochar yields for
Oedogonium were consistently higher than for Ulva for any temperature or time. Hemicellulose
degraded extremely rapidly, completely disappearing within minutes at any temperature (n = 1,
E.” = 136 kJ mol?, E,%«em = 115 kJ mol™). Cellulose degraded more slowly, and with
different mechanisms between the two species; Oedogonium cellulose degraded via a simple
first order reaction (E, = 130 kJ mol™), while Ulva cellulose appeared to degrade in two parallel
first order reactions, one fast and the other slow (E,”' = 148 kJ mol*, E,S°¥ = 112 k] mol™).
Protein appeared to undergo a similar parallel mechanism in both species, with Ulva (E,”' =
88 k] mol?, ESS° = 74 kJ mol™) proteins degrading faster on the whole than those in
Oedogonium (E,*' = 148 kJ mol’, E,S* = 112 kJ mol"). These complex behaviours of key
biochemical compounds are impossible to elucidate in idealised feedstock experiments, and

these findings highlight the need for whole biomass HTC compositional studies.

6.1 Introduction

As carbon emissions rise and natural resources deplete, there is a growing urgency to
move away from fossil fuels and adopt low-emission, renewable energy sources as soon as
possible. Biofuels, combustible fuels derived from biomass, have long been upheld as a

potential key weapon in the fight against climate change, due in large part to the high
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abundance and low cost of biomass as a feedstock. However, despite increased political and
industrial interest in biofuels, there remain numerous challenges and drawbacks with
conventional biofuel technology. Bioethanol and bio-diesel produced from crops such as corn,
sugar cane and palm oil make up the majority of the current biofuel market, but because these
fuels are produced from food crops, they attract controversy by competing directly with land
used for food production. The change in land-use from cropping to fuel production, or opening
virgin land to plantations can result in biofuels producing up to twice the carbon emissions
over their life cycle than fossil fuels®. If biofuels are to fulfill their promise as a truly

sustainable energy source, the chosen feedstock must have a low impact on land use.

Macroalgae are photosynthetic aquatic plants that occur widely across the world in both

fresh and salt water environments'®.

They are differentiated from microalgae in that they
possess a much more sophisticated multicellular structure that allows them to generate
complex tissues, and more commonly they are visible with the naked eye. Marine macroalgae,
or seaweeds, are already extensively cultivated as a source of food and phycocolloid food
additives, with an estimated annual production of 30 million tonnes in 2017*°. With a high
growth rate, strong capacity to fix atmospheric CO,, and ability to thrive on excess nitrogen
and phosphorus in waste water, macroalgae have attracted considerable interest into other uses,

2027206 Macroalgae are

such as bioremediation®”, and especially as a source of biofuels
considered a promising feedstock for a variety of biofuels, including conventional fuels such as
bioethanol, bio-diesel and biogas, and also more advanced thermochemical processes such as
pyrolysis and hydrothermal liquefaction. Much of this optimism is owed to the fact that as
aquatic plants, by their very nature they do not compete with food crops for arable land or
potable water®”. Macroalgae for biomass can be cultivated in the sea, or in enclosures (ponds,

d203,208

tanks) on non-productive lan , and could be utilised synergistically to treat waste water

from aquaculture, municipal waste water treatments, and agriculture. Algae can also be used to

209,210

capture the carbon emissions produced from coal and gas-fired power plants . They have a
higher photosynthetic efficiency than terrestrial plants (6 — 8%, compared to 1.8 - 2.2%)*", and
therefore have a higher productivity per unit area than many land-based plants®®. These

capabilities make macroalgae very attractive as a fuel biomass.
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One fuel option that has been little considered for macroalgal biofuels is hydrothermal
carbonisation (HTC). HTC is a thermochemical process wherein biomass is heated in high-
pressure, high-temperature subcritical water at temperatures between 180 °C and 260 °C**,
Under such conditions, the biomass is converted into a carbonaceous, porous char, or
hydrochar, with greatly improved thermal qualities. The changes that occur within biomass
during the HTC reaction are poorly understood, and almost all the literature on the subject is
concerned with terrestrial lignocellulosic biomass®. Typically, studies designed to investigate
the changes of lignocellulose have done so by taking a single purified component (such has
hemicellulose, cellulose, tannins, or glucose), and using it as an idealised feedstock?*-*-!1¢,
Such an approach, while simple and convenient, is sharply limited in that the reaction
environment of a single component does not accurately resemble the extremely complex

interactions that occur during HTC of whole biomass. This is a profound weakness when

attempting to model the kinetics of the breakdown of lignocellulose during HTC.

An alternative method is to take the biochemical compositional analysis of the whole
biomass prior to HTC, and then using the mass yield of the hydrochar product, combined with
assumptions about the carbonisation behaviour of each component within the biomass, to
model the degradation of each component as a first order Arrhenius reaction. One such study
on loblolly pine'®, estimating that hemicellulose degraded to liquid and gas, the cellulose
converted to char as well as liquid and gas, and lignin being inert, calculated that the activation
energies of cellulose and hemicellulose were a mere fraction of those calculated for pure
feedstock experiments. This approach, while more sophisticated than pure feedstock
experiences, remains imprecise, as the content and composition of the lignocellulose is
estimated based on the composition of the untreated feedstock. Additionally the untreated
biomass composition was determined using a crude fibre analysis, which was designed for
characterising animal feed, and therefore imprecise. An improved method is to independently
measure the content of each individual component as it degrades over the course of the HTC

reaction.

Previously, Australian saltbush was treated with HTC, and the untreated feedstock and

hydrochars were subjected to rigorous compositional analysis to accurately determine the
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content of hemicellulose, cellulose and lignin at each point during the HTC reaction '’*.

It was
found that hemicellulose was eliminated from the biomass within minutes at any reaction
temperature, and at higher temperatures was almost fully removed before the holding
temperature was even reached. Cellulose, protected by its more crystalline stucture®, was more
resistant to HTC degradation at lower temperatures, but still underwent considerable removal
at 260 °C. The accurate measurements of the remaining concentrations of each component were
then used directly to create models for the lignocellulosic degradation during HTC, and the

kinetic parameters were found again to be dramatically less than those obtained from pure

feedstock experiments.

Macroalgae are in some respects well suited for hydrothermal conversion, as they have

a very high water content, up to 88% in some species*”.

Many thermochemical pretreatments
such as torrefaction and pyrolysis require the feedstock to be dried down prior to processing,
which can be energy-intensive and costly. By virtue of taking place in water, HTC does not
require feedstocks to be pre-dried, and performs well with feedstocks with a solid content of 10
- 30%”. However, macroalgae also contains a large portion of inorganics*, which in a
combustible fuel manifests as ash. Ash in fuels presents serious problems during combustion,
and can lead to slagging and fouling of furnaces®. Such a high ash content renders other
thermochemical technologies problematic, but this issue can be mitigated by using HTC, which

43,130,153 However
. >

has been shown to be able to reduce the inorganics content of a given biomass
the extent to which the inorganics can be removed from the macroalgae is unknown. Indeed,
while both marine and freshwater macroalgae have already been studied using the related

205,206,212-214

procedure of hydrothermal liquefaction , which produces an oil product similar to

crude oil, there are very few studies on HTC of algae of any sort.

One recent study by Smith et al, 2016* performed HTC on three species of marine
macroalgae (seaweeds), Laminaria digitata, Laminaria hyperborea and Alaria esculenta, at 200 °C
and 250 °C for 60 minutes. The biomass underwent numerous changes, including an increase in
higher heating value (up to 26 MJ kg™), a decrease in the inorganic content, a purging of
molecular oxygen, and an altered elemental composition that closely resembled brown coal.

Each of these changes is consistent with the literature on HTC?®, although it was noted that
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compared to lignocellulosic biomass such as Miscanthus, the hydrochar yields were lower. This
was attributed to the differences in biochemical composition between terrestrial and aquatic
biomasses. In contrast to the lignocellulose of terrestrial plants, macroalgae has no lignin, and
contains a high proportion of polysaccharides, many of which are unique*>*°. Additionally,
there is considerable variation in macroalgae composition®”, not only between species, but also

within the same species seasonally and geographically**®

, and this is an important
consideration to take into account. There have also been limited studies on HTC of single-cell
microalgae, principally as means of processing the lipids within the microalgae as a precursor

for bio-diesel production'’**.

Although the results of these studies broadly align with our
basic understanding of the HTC process, key questions regarding the behaviour of the core

biochemical components that make up macroalgae remain outstanding.

Two species of macroalgae have been chosen for this study, the freshwater macroalga
Oedogonium intermedium and the marine macroalga Ulva ohnoi (commonly known as “sea
lettuce”). These were chosen for their high growth rates and robustness, making them suitable
for use in bioremediation®. There is compositional data on both species in the literature®*-?%,
however, it is not complete, and often does not distinguish between hemicellulose and cellulose
within “total carbohydrate” measurements. This distinction is important when considering the

different behaviours of the two polysaccharides under HTC conditions*?¢'%%#%,

As such, this study aimed to subject both O. intermedium and U. ohnoi to rigorous
compositional analysis to accurately determine hemicellulose, cellulose, and protein content,
prior to their use for HTC. The resultant hydrochars will then be subjected to the same
analysis, to determine the loss of each component over the course of the HTC reaction, and

allow kinetic calculation of the degradation of each component during the HTC reaction.

6.2 Methods and Materials

6.2.1 Hydrothermal Carbonisation

Two species of macroalgae, Oedogonium intermedium and Ulva ohnoi (hereafter referred

to by genus alone) were cultivated at the Marine and Aquaculture Research Facilities Unit
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(MARFU) at James Cook University. The biomass as supplied (containing approximately 10%
water content) was milled in a Retsch knife mill, and the 150 — 500um size fraction obtained via

sieving. The samples were subsequently fully dried in an oven at 105 °C for 24 hours.

The HTC reaction took place in a custom-built batch reactor, according to prior
methods' with minor modifications as outlined here. The reactions were performed using a
stainless steel reactor with a wall thickness of 3 mm, and a total volume of 50 mL. Macroalgae
was mixed with deionised water to create a 10% slurry by weight (25 g total weight) and added
to the reactor. The reactor was then sealed and pressurised according to prior methods and

heated in an electronically heated fluidised bed (Techne, model: SBL-2D)".

Three reaction temperatures (200 °C, 220 °C, and 240 °C) and five residence times (0 min,
5 mins, 15 min, 30 min, and 60 min) were used, with residence time beginning when the
internal temperature of the reactor reaches 98% of the chosen reaction temperature. These
temperatures were chosen based on observations during prior research with HTC of
macroalgae, where macroalgae (Oedogonium) processed at 260 °C resulted in very low mass
yields (>30%)". Thus, a lower maximum temperature of 240 °C was selected. All HTC

experiments were performed in duplicate.

Solid, liquid and gas yields of the HTC reaction were recorded. The gas yield is
determined from the change in mass of the reactor before and after the reactor is vented to

exhaust, as in Equation 33:

M yp—Mpy) —(my —m,
GasYleld(%)z( = Pvzn( v=m) (33)

Where m is the dry mass of the untreated macroalgae feedstock, max is the mass of the reactor
post-reaction, mpy is the mass of the reactor post-vent, my, is the mass of the reactor after

pressurising with nitrogen pre-reaction, and m; is the mass of the dry, empty reactor.

The solid yield is determined from the dry weight of the solid hydrochar product, as in
Equation 34. The solid product was separated by filtration through two filter papers. The bulk
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of the hydrochar product was collected in the first filter paper unwashed, to be used for
compositional analysis. The remainder of the hydrochar that was stuck to the walls of the
reactor, was rinsed out onto the second filter paper with water. Because of the potential of the
rinsing action to alter the concentration of the water-soluble contents of the hydrochar, the
char collected on the second filter paper was used only for calculating the total solid yield, and

then discarded.

Solid Yield(%):(mp1_mp1+s);(mP2_mP2+s) (34)

where m is again the dry mass of the untreated feedstock, mp; and my; are the masses of the first
and second filter papers respectively, and mp..s and mp,,s are the combined mass of the filter

papers and the hydrochar product.

The liquid yield was calculated from the difference between the solid and gas yields, as in

Equation 35:

Liquid Yield(%)=1— GasYield (%) —Solid Yield (%) (35)

6.2.2 Compositional Analysis

Hemicellulose, cellulose, and protein content were determined according to the methods
described in Keiller et al (2019)"%, and are recounted here in brief. All experiments were
conducted in duplicate, and in calculating the yields of the aforementioned macromolecules, the
total yield error was calculated via error propagation using the estimated error of the HTC solid

yield 1%,

Hemicellulose content was calculated from the sum concentration of acid-soluble
monosaccharides determined via HLPC; after incubation in 0.5M sulfuric acid for 3 hours at
100 °C, the acid-soluble monosaccharides were derivatised with 1-phenyl-3-methyl-5-
pyrazoline (PMP), and then quantified with liquid chomatography.
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Cellulose content was determined using a modified Updegraff method'®. The alcohol-insoluble
residue (AIR) was digested in a 4:6:1 water : glacial acetic acid : nitric acid mixture at 100 °C for

three hours. The cellulose content was then determined on a weight-by-weight basis.

Ultimate analysis (CHN) was performed on a Perkin Elmer 2400 series II CHNS analyser, and
the oxygen content determined by difference. The crude protein content of the untreated
feedstocks as well as the content of the proteinaceous degradation products within the

hydrochar were calculated by multiplying the nitrogen content by the conversion factor of 5 #**.

The higher heating value (HHV) was calculated using the Dulong Equation®, as in Equation 36:

HHV = (0.3383 x %Carbon) + (1.422 x %Hydrogen) - (%Oxygen + 8) (36)

The ash content was determined by incubating the samples at 550 °C for 5 hours in a Labec
laboratory muffle furnace'. The ash content was calculated on a weight-by-weight basis from

the difference between the pre-incubation sample mass and the post-heating remainder.

The remainder of the sample (the total dry weight less the sum of hemicellulose, cellulose,
protein, and ash) was termed aqueous extractives in the untreated feedstock'®, and secondary

char in the hydrochars.

6.2.3 Kinetics Method

The degradation of hemicellulose, cellulose and protein within macroalgae during HTC

was modeled using Arrhenius kinetics.

For a given, n™ order reaction, the concentration of a given biochemical component can be

modelled using Equation 37.

—dc, N
0 =k,c, (37)
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Where:

k is the temperature dependent reaction rate constant (J min™)
n is the reaction order

c: is the concentration of a particular biomass component (%)

t is time (mins)

Equation 37 can be integrated with a initial concentration of c;to give Equation 38 for a first

order reaction, and Equation 39 for a general n™ order reaction:

c,=c;exp (—kt) (38)

1 1 vt
=<

The batch reactor required a heat-up period prior to achieving the desired holding
temperature. To account for the attendant change in temperature-dependent rate k, the rate
was sequentially recalculated at 15 second intervals, using the temperature at that time point.

The rate constant was calculated using the Arrhenius Equation, as given in Equation 40:

k=A,exp( RTG) (40)

Where:

A, is the pre-exponential factor (s™)

E, is the activation energy (J),

R is the universal gas constant of (8.314 J mol™ K™)

T is the temperature (K)

The reaction rate presented here is the average k taken across the entire holding time
period, from 0 minutes to 60 minutes, and thus does not include the initial heat-up period. The
average k for each reaction temperature for each given reaction order n (in intervals of n = 0.1)

was used to calculate the activation energy E, and pre-exponential A,factor using a least sum of

128



Chapter 6 (Paper 1V) — Biochemical Composition & Kinetic Modelling of HTC of Macroalgae

squares methodology. The square root of the difference between the model and the
experimental data was minimised using DEPS evolutionary algorithm in LibreOffice Solver.
Goodness of fit was judged via the lowest square sum error (SSE) for a given reaction order. In

addition, the coefficient of determination (r?) was calculated.

6.3 Results and Discussion

Two species of macroalgae (Oedogonium intermedium and Ulva ohnoi) were subjected to
HTC at three reaction temperatures (200 °C, 220 °C, and 240 °C), and five residence times (0

minutes, 5 minutes, 15 minutes, 30 minutes, and 60 minutes).

Figure 29 shows how higher holding temperatures and longer reaction times lead to a
lower solid yield in both species. Under HTC conditions, water begins to autocatalyse reactions
such as hydrolysis, decarboxylation, dehydration and others, leading to a breakdown of the
principle components of biomass. Ulva consistently produced lower solid yields than
Oedogonium, with a significant amount of material lost during the initial heatup phase; even at
200 °C, 39% of starting material is lost before the holding temperature is reached. Oedogonium
by contrast seems to be more resistant, with only 10% lost under the same conditions. At the
highest temperature runs, Ulva loses 55% of starting material before reaching 240 °C, while
Oedogonium initial losses are much less at 28% loss. The highest reaction condition of 60
minutes at 240 °C produced the lowest solid yield for both species, at 15% yield for Ulva, and
32% yield for Oedogonium. The solid yields for both species of macroalgae are consistently
lower than those for lignocellulosic biomasses such as saltbush and hemp at every temperature
point. This is likely due to the presence of lignin in terrestrial plants, which reinforces the cell
wall, and is partially inert during HTC. Additionally, as detailed below, there may be
differences in the degree of crystallinity within macroalgal cellulose that impairs its ability to

withstand hydrothermal degradation, leading to lower solid yields.
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Figure 29: Global changes in macroalgae biomass composition during HTC. Total biochemical
composition of untreated Oedogonium (A) and Ulva (B) and hydrochars produced at different
temperatures (200 C — 240 C) and different isothermal holding times (0 min — 60 min), as well as
total liquid phase and gas phase products (Solid product yield corresponds to the sum of
hemicellulose, cellulose, proteinceous products, ash and 2° char). Total solid phase compositions of

Oedogonium (C) and Ulva (D)

In contrast with the solid yield, greater reaction severity leads to an increase in the
liquid and gas yields. In Ulva, a considerable amount of the solid material is converted into
aqueous products, with the liquid yield consistently exceeding the solid yield after only a few
minutes at the reaction temperature. Under each reaction condition, Ulva liquid yields are
consistently higher than the equivalent sample in Oedogonium, sometimes up to 30% greater, as

at 240 °C for 5 minutes. Oedogonium liquid yields only exceed 50% of the total HTC product at
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the most severe reaction condition of 240 °C for 60 minutes; under all other conditions, the
liquid yield makes up the minority of the total products. For Ulva, by contrast, the aqueous
product is the dominant product for all reaction conditions except the 0 minute samples. The
gas yields for both species are significantly lower than either solid or liquid yields, with the
single exception of Ulva at 240 °C for 60 minutes, where the solid yield is 15% and the gas yield
is 23%. This is also the highest gas yield observed in this study. The highest gas yield for

Oedogonium was 16% under the same conditions.

The difference in yields between the two species is a result of the difference in
biochemical composition. On the whole, Ulva had a lower carbohydrate content than
Oedogonium, with Ulva exhibiting a 14% hemicellulose content and a 9% cellulose content (23%
total carbohydrates), while Oedogonium possesses a 43% total carbohydrate content, split
roughly evenly between 20% hemicellulose and 23% cellulose. Macroalgae are rich in a wide
variety of phytochemicals, including carotenoids, phenolics, flavanoids, nucleic acids and
lipids®®, here collectively termed “aqueous extractives” and calculated by difference. The
aqueous extractive contents of the two algae are similar, at 26% for Ulva and 33% for
Oedogonium, while the protein contents of the two feedstocks were even closer, at 19% for Ulva
and 21% for Oedogonium. The biggest discrepancy between the two feedstocks was in the ash
content, which was 2.5 times higher in Ulva (25%) than in Oedogonium (10%). Consistent with
saltbush and hemp, all carbohydrates were subject to removal over the course of the HTC
reaction, with higher reaction severity leading to a higher rate of removal. As a fraction of the
solid phase, hemicellulose falls to 1% or below for Oedogonium after an hour at any
temperature, while in Ulva hemicellulose is reduced to a similar level at even relatively mild
conditions such as 15 minutes at 200 °C, and eventually is almost completely removed at just
0.05% of the hydrochar after 60 minutes at 240 °C. Cellulose levels, as a result of the rapid loss
of the hemicellulose and the assumed instantaneous hydrolysis of the aqueous extractives'*®'®,
briefly increase as a proportion of the hydrochar, before eventually falling to a minimum of
around 10% for both species under the highest severity. In contrast to the carbohydrates,
although there is an overall loss of “protein”, or proteinaceous material content as a proportion
of the entire hydrothermal system (Figures 29A and 29B), as a proportion of the solid product

the proteinaceous material content is mostly stable, or even increases slightly over the course of
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the HTC reaction. For Oedogonium, the proportion of proteinaceous material in the solid phase
is more or less constant at around 21%. For Ulva, the proteinaceous material content of the
hydrochars was concentrated at most reaction conditions, rising quickly to a maximum of 31%
after 5 minutes at 200 °C, although the median hydrochar protein content is 26% for this
feedstock. After a full hour at the highest temperature, the proteinaceous material content of

Ulva hydrochar declines to 14%.

Ash was also removed from the solid phase by the HTC reaction, one of the most well
studied and most important properties of the hydrothermal process with regards to any

eventual application in a fuel context'®*120133153,

Despite Ulva having a higher initial ash
content than Oedogonium, ash reduction was much faster and more comprehensive in Ulva,
with 70% to 75% of ash lost during the heat up period. After 60 minutes at 200 °C, 95% of the
total ash content had been removed from the hydrochar. Interestingly, although the 220 °C and
the 240 °C temperature series showed an even more rapid initial ash reduction, after 30 minutes
both higher temperatures began to show an increase in ash content, implying that the ash was
being reabsorbed back into the hydrochar from the liquid phase. By 60 minutes at 260 °C, the
ash content of the hydrochar had almost reached the same 25% level as the untreated biomass
(this particular condition was assayed for ash content for an additional two replicates to
confirm [standard deviation = 1.02%]). There is some precedent for this; it has been observed
that phosphorus is occasionally reabsorbed back into the hydrochar at high reaction severities
in experiments, possibly as a result of the increased porosity of highly processed

130,150,153

hydrochars Oedogonium does not show such a reabsorbtion, and indeed features a
consistently lower rate of ash removal; only 50% of ash is removed during the heat up period,
and all reaction temperatures converge on a maximum ash depletion of around 80% after an

hour at reaction temperature.
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Figure 30: Ultimate Analysis of untreated feedstock and HTC hydrochars of Oedogonium (A) and
Ulva (B) on a dry, ash free basis, and calculated higher heating values of untreated feedstock and
HTC hydrochars of Oedogonium (C) and Ulva (D) produced at different temperatures (200 °C —
240 °C) and different isothermal holding times (0 min — 60 min). Error bars indicate one standard
deviation.

Figures 30A and 30B show the changes in the elemental content of the biomass as a
result of hydrothermal treatment, on a dry, ash-free basis. Relative to the untreated feedstock,
carbon is enriched in the hydrochars in both species, especially in Oedogonium, where the
carbon content rises steadily from an initial 46% to 69% after 60 minutes at 240 °C. The rise in
carbon content in Oedogonium is concurrent with the rise in reaction severity, with more severe
conditions leading to a higher carbon content. In this manner, Oedogonium behaves in a very
similar manner to lignocellulosic biomasses such as saltbush and hemp. By contrast, the carbon
content of Ulva, although it does rise above the initial level of 37%, does not rise consistently

with increased reaction severity. Rather, the carbon content appears to peak at around 63%.
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After 30 minutes at 220 °C, the carbon content of Ulva hydrochars plateaus at 61%, while at
240 °C, the carbon content peaks at 63% after 15 minutes, and then actually decreases thereafter
to 58%. The rise in carbon content is driven by the loss of oxygen, caused by the removal of
water and carbon dioxide from the feedstock as a result of dehydration and decarboxylation

I.eactiorls25,32,93,120,153

. In Oedogonium, the oxygen content falls smoothly with increasing reaction
severity from 43% to 19%, while in Ulva the oxygen content falls from an initial 52% to a
minimum of 24% at the carbon peak of 15 minutes at 240 °C, an approximately 50% reduction
for both species. The hydrogen content of both species is small, with untreated Ulva containing
5%, while Oedogonium had 6%. Consistent with findings in other biomasses, the hydrogen
content is little affected by the HTC reaction compared to other elements, rising slightly to 6%
in Ulva and 7% in Oedogonium. Figures 30C and 30D show the dramatic rise of higher heating
value (HHV) as the reaction severity increases, in line with the changes in oxygen and carbon
content. Untreated macroalgae have a similar HHV to other kinds of biomass, including
lignocellulosic material, which typically lies between the ranges of 15 MJ kg™ to 20 MJ kg™ °.
Untreated Ulva has an HHV of 15 MJ kg™, while Oedogonium has a slightly higher value of
20 MJ kg, which is more similar to those of hemp stem and hulls. Over the course of the HTC
reaction, the HHVs of both species is increased, with Oedogonium rising consistently to a
maximum value of 31 MJ kg™ after 60 minutes at 240 °C, while in Ulva, the peak is 25 MJ kg™ at
15 minutes at 240 °C, under the same conditions that yield the lowest oxygen content. As with
saltbush and hemp, the highest HHVs are well within the range seen with Australian lignites”’,
meaning that hydrochars produced from macroalgae could well be utilised as a renewable
replacement for coal and coke. Additionally, the removal of ash from the macroalgae, especially
from Ulva, means that macroalgal hydrochars have a very low ash content compared to both
brown and black coals (3% — 12%)°, the result of which is lower risk of slagging and fouling of

furnaces in thermal applications

It has been observed that within hydrochar there are two broad types of solid product:
the unreacted or partially reacted remnant of the biomass feedstock, called primary char, and
carbonaceous nanospheres called secondary char®®. This has lead to the postulation of a twin-
pathway mechanistic model (Figure 31), where Mechanism 1 involves the solid-solid conversion

of biomass to primary char, and Mechanism 2 is a two-step process that involves the initial
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degradation of the biomass to soluble intermediates, followed by the repolymerisation of those

85,86,88,174

intermediates to secondary char . These reactions are not mutually exclusive, and there

is significant overlap and intermixing between the two mechanisms.

(1) (2)
Biomass
Degradation
-------- \d

: T k
Solid-Sold /..
Conversion /- Soluble

D Intermediates
"""""""" Repolymerisation
Primary Char Secondary Char

Figure 31: Proposed Mechanism of biomass degradation in HTC. (1) Mechanism 1. (2) Mechanism

2. Dotted lines represent the interconnectedness of the reactions.

Using this twin-pathway model as a conceptual framework, the reaction mechanisms of
each of the principle biomass components can be represented as follows. Hemicellulose, and
cellulose are assumed to degrade to their respective water-soluble monomers, which then
undergo repolymerisation reactions to form the secondary char. Protein, as discussed below, is
assumed to initially denature into a sticky mass (possibly becoming part of the primary char),
followed by the degradation of the denatured mass to soluble intermediates. Gaseous products

are assumed to be formed from the further decomposition of the water-soluble products.

This can be summarised in Equations 41 - 45

Hemicellulose — 1° char + Monosaccharides — 2° Char + Gas (41)
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Disordered Cellulose — Glucose — 2° Char + Gas

Crystalline Cellulose — 1° Char + Glucose + Oligoglucans — 2° Char + Gas

Protein — Denatured 1° Char — Maillard Intermediates — 2° Char + Gas

Aqueous Extractives — Soluble Intermediates — 2° Char + Gas

Table 6: Kinetic parameters for the degradation of key biochemical components during HTC of

macroalgae.

k: Reaction rate constant at a given temperature; Ea: Activation energy; A0:

Arrhenius constant; n: Reaction order; SSE: Sum of Squares Error. Rate constants presented as

averages over the holding time at reaction temperature, not including warm-up time.

n |SSE 200 °C 220 °C 240 °C E. A,
k(") | ©* | k(s") | | k(s") | ¥ [(KJmol?)| (s
Hemicellulose 1.2] 58 0.06 0.99| 0.21 0.21 0.89 0.98 138 4.5x10"
Cellulose (1-step) |4.8| 62 | 9.0x10° | 0.72| 8.1x10° | 0.99| 4.1x10° | 0.88 155 1.6x10°
Cellulose (Fast) 0.05 0.20 0.93 148 7.3x10™
- 1.0] 80 0.76 0.90 0.94
g‘ Cellulose (Slow) 0.002 0.005 0.016 113 3.7x10°
Protein (1-step) 3.8| 43 | 4.0x107 | 1.00| 9.1x107 | 0.98 | 2.4x10° | 0.82 92 4.0x10°
Protein (Fast) 0.13 0.27 0.68 88 4.7x10°
1.0| 53 0.98 0.96 0.94
Protein (Slow) 0.003 0.006 0.013 74 3.8x10°
Hemicellulose 1.0| 68 0.04 ]0.89| 0.13 0.88 0.46 0.67 115 1.7x10"
o Cellulose (1-step) |0.1| 67 0.19 |0.44| 0.57 (099 2.07 |N/A 130 5.3x10"
8, | Cellulose (Fast) 8.0x107 1.0x10 1.0x107 767 4.3x10"
s 1.0] 75 0.41 0.78 0.99
S Cellulose (Slow) 0.003 0.012 0.039 132 8.2x10"
§' Protein (1-step) | 5.4| 40 | 5.7x10" | 0.86| 1.4x10" | 0.99| 4.3x10° | 0.87| 104 | 1.3x10
Protein (Fast) 0.03 0.08 0.16 92 4.2x10"
1.0| 46 0.94 0.67 0.94
Protein (Slow) 0.0005 0.001 0.193 90 3.3x10°

Hemicellulose content was

determined via the quantification of acid-soluble

monosaccharides. Using standards for typical sugars in lignocellulosic vegetative material, the
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following sugars were quantified: mannose, ribose, rhamnose, glucose, galactose, xylose,
arabinose, fucose, and the acidic residues glycosidic and galactosidic acid. In addition to these
sugars, additional signal peaks were detected, likely manuronic and guluronic acid, components
of alginate. These additional signal peaks were quantified using xylose as an estimate for the
molecular weight. The hemicellulose content was determined by taking the sum of all

quantified monosaccharides.

Figure 32 shows how the monosaccharide profile of the two species is different, with
Oedogonium hemicellulose being comprised almost entirely of glucose and mannose (36% and
51% of the total Oedogonium hemicellulose profile respectively), with galactose and an
assortment of trace monosaccharides making up the remainder. Ulva exhibits a more varied
monosaccharide profile, with high amounts of rhamnose, glucuronic acid, and glucose,
moderate amounts of galactose and xylose, and a large collection of alginate monosaccharides.

5 Ulvans differ from

The high levels of rhamnose, glucuronic acid and xylose derive from ulvan
terrestrial hemicellulosic polysaccharides by consisting of a backbone of repeating sulphated
disaccharide units, referred to as ulvobiuronic acid and ulvanobioses. The principle glycosidic
bonds in ulvans are o- and P-(1—4), as in hemicellulose, although (1—3) and (1—2) bonds
also occur. The ionic nature of ulvans means that they are highly responsive to changes in pH
and solution conductivity, leading to an aggregated, particulate conformation at low pH, and a
more open conformation at high pH. This in turn leads to profound changes in the gelling
properties of the polysaccharide, with more open conformations leading to higher viscosities.
How these properties manifest in the subcritical water of an HTC system is unknown, and
likely complex. Given how subcritical conditions simultaneously lower the viscosity and raise
the ionic product of water, leading to higher quantities of OH™ and H;O" ions®, predicting how
ionic polysaccharides may behave in an HTC system is difficult, and is an understudied area of
HTC research. However, judging from the rapid loss of hemicellulose from Ulva, in a
comparable manner to Oedogonium and other feedstocks, it seems that on the whole ionic

polysaccharides degrade in much the same manner as other hemicelluloses.
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Figure 32: Monosaccharide profiles of untreated Oedogonium and Ulva, and select HTC
hydrochars following HTC at different temperatures (200 C — 240 C) and one isothermal holding

time (30 min). Error bars represent a single standard deviation.

Figure 33 shows this rapid degradation of hemicellulose during HTC, with hemicellulose
content trending towards zero across all reaction conditions and species. Ulva hemicellulose in
particular seems to be very susceptible to HTC degradation, more so than in Oedogonium. At
each time and temperature point, Ulva hemicellulose retentions are lower than in Oedogonium,
especially during the 200 °C series; after 5 minutes at 200 °C, Oedogonium retains 79% of

hemicellulose, while Ulva retains only 26%. For both species, degradation is especially rapid at
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240 °C, with both macroalgae strains losing 99% of their hemicellulose within 5 minutes at
reaction temperature. Of the biochemical components assayed here, hemicellulose was the
most obviously and consistently first order, while Ulva did have a slightly closer fit to a 1.2™

order model, however this may simply have been a measure of fitting to noise in the data.
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Figure 33: Degradation and Arrhenius kinetic modeling of hemicellulose within macroalgae
following HTC at different temperatures (200 C — 240 C) and different isothermal holding times (0
min — 60 min). (A) First order kinetic model of Oedogonium hemicellulose. (B) 1.2" order kinetic

model of Ulva hemicellulose. Error bars correspond to one standard deviation.

Compared to woody biomasses like saltbush, the rate constants of macroalgae
hemicellulose were largely comparable, with Oedogonium being very similar. At 200 °C, 220 °C,
and 240 °C, Oedogonium hemicellulose had k rate constants of 0.04 s, 0.13 s and 0.46 s™
respectively (Table 6), very similar to those of saltbush, especially at the lower temperatures'’*.
Ulva hemicellulose had an identical rate constant at 200 °C to both Oedogonium and saltbush,
but had rather higher reaction rates at higher temperatures, with 0.21 s™ at 220 °C and 0.89 s™ at
240 °C. This is possibly a result of the catalytic effect of the high ash content. Despite the
similarities in reaction rates to saltbush, both species of macroalgae showed much higher
hemicellulose activation energies than terrestrial plants, with Oedogonium showing 115 kJ mol™
and Ulva showing 138 kJ mol™”, compared to the 66 kJ mol™ of saltbush, 58 kJ mol™ for hemp
stem and 67 k] mol™ for hemp seed hull.
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Figure 34 shows how, compared to hemicellulose, cellulose is more resistant to
hydrothermal degradation, with Ulva cellulose again proving to be more readily hydrolysed
during HTC than its Oedogonium counterpart. In Ulva, all temperatures led to a rapid loss of
crystalline cellulose, with 40% of cellulose hydrolysed with 5 minutes at 200 °C, and up to 60%
lost across the same time at 240 °C. In contrast, Oedogonium cellulose reacts far more slowly,
especially at the cooler temperatures; after a full 60 minutes at 200 °C, Oedogonium loses only
17% of cellulose. Despite these differences at cooler temperatures, both species exhibit very

rapid cellulose loss at 240 °C, with both falling to just 15% of the initial cellulose content after 60

minutes.
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Figure 34: Degradation and Arrhenius kinetic modeling of cellulose within macroalgae following
HTC at different temperatures (200 C — 240 C) and different isothermal holding times (0 min — 60
min). (A) 0.1 order kinetic model of Oedogonium cellulose. (B) Parallel first-order kinetic model of
Oedogonium cellulose. (C) 4.8" order kinetic model of Ulva cellulose. (D) Parallel first order kinetic

model of Ulva cellulose. Error bars represent one standard deviation.
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This high degree of stability under hydrothermal conditions is due to the crystalline
nature of cellulose. By aggregating into a rigid, regular matrix, water is excluded from
accessing the B-(1—4) glycosidic linkages between the glucose monomers of cellulose, making
hydrolysis reactions more difficult. In addition, the interior of the cellulose fibril is highly
hydrophobic. Thus, any hydrolysis must occur from the outside of the fibril towards the
interior. By contrast, hemicellulose lacks the crystalline structure of cellulose, and thus the
constituent glycosidic linkages are exposed to water molecules on all sides, leaving it highly

prone to hydrolysis.

The fact that there is such a significant discrepancy of cellulose degradation between the
two species is noteworthy, as it might be expected that crystalline cellulose ought to behave in
a similar manner regardless of origin. One possible explanation for this could be that Ulva
contains a high amount of ash: 25% on a dry basis, compared to just 10% for Oedogonium.
Being a saltwater species, large portion of this ash in Ulva would be sodium, which has been
shown to have a catalytic effect on hydrothermal reactions'”. Another possibility is that there
are structural differences between the cellulose of either species. Cellulosic microfibrils as they
occur within the cell walls are not uniformly crystalline, but instead often contain amorphous
regions where the glucose strands are not arranged into a regular matrix®. Without the
protection of the crystal matrix, these disordered sections would be more exposed to hydrolytic
attack. Additionally, cellulose microfibrils in situ are not perfectly straight and smooth, but
contain numerous kinks, twists, nanopores and other morphological irregularities, the sum of
which lead to a significant increase in the total surface area of the entire cellulose body®. X-ray
diffraction analysis of U. lactuca cellulose fibrils did not find conclusive evidence for strong
crystallinity within the fibrils, suggesting that the fibril crystals may be very small®*. This has
been reported in other species of Ulva as well”’, and thus it appears likely that this is a

property shared with U. ohnoi as well.

Kinetically, this variance in crystallinity results in very different reaction rates. In Oedogonium,
the experimental data of cellulosic degradation fit much closer to a first order model (SSE = 76)
than a second order model (SSE = 81) (Figure 34A), although it is worth noting that the SSE

continues to drop with reaction orders less than 1.0, eventually reaching a minimum of 67 at an
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improbable reaction order of 0.1 (Table 6). Given the unlikelihood of a genuine reaction order
of 0.1 (the 240 °C model predicts a cellulose content of 0 after 30 minutes, while the real value is
31%, causing a failure of the r? calculation), it is assumed that Oedogonium reacts with at least a
pseudo-first order reaction. As with hemicellulose, the kinetics of Oedogonium cellulose are
rather similar to those of saltbush. The rate constants at 200 °C and 220 °C for saltbush are
0.0009 s and 0.005 s™, similar albeit slightly lower than those found for Oedogonium in a first
order reaction scheme (0.0003 s and 0.009 s respectively). At 240 °C, however, saltbush has a
reaction rate of 0.035 s, a near perfect match for the value found for Oedogonium at the same
temperature. In addition, the activation energies of saltbush (134.4 kJ mol™), hemp stem (113 kJ
mol’) and hemp seed hull (112 kJ mol”) are very close to the Oedogonium values

(130.4 kJ mol"), suggesting a very similar reaction scheme to lignocellulosic biomass.

Ulva, by contrast, is very different. The second order model fits the data more closely
(SSE = 95) than the first order model (SSE = 135), but even then the fit is far less good than for
Oedogonium cellulose, or indeed hemicellulose for either species. Indeed, the reaction order
that provides the closest fit is a 4.8" reaction order (SSE = 62) (Figure 34C), which entails
reaction rates in the range of 1 x 10”s™ (Table 6). As previously noted, Ulva cellulose is possibly
much less crystalline than the in Oedogonium, raising the possibility that a twin-parallel
degradation scheme may be present within Ulva cellulose, wherein one reaction involves the
rapid hydrolysis of the disordered cellulose and the second reaction involves slower hydrolysis
of the more crystalline portion. To this end, a second kinetic model was built to see if this was
more representative of the data. In this new model, two parallel first order reactions were
assumed, and the sum of the two models was fit to the experimental data in the same manner
as above. The kinetics of the slow crystalline degradation were initially set to be identical to
those of Oedogonium, while the initial settings of the fast reaction were set to those of Ulva
hemicellulose. The proportion between the two types of cellulose was initially estimated to be
60% : 40% crystalline : disordered, and was then computationally solved simultaneously with

the parallel reactions.

It was found that this parallel reaction model fit the data for Ulva cellulose more closely

than either first or second order single reaction models (SSE = 80) (Figure 34D). As well as the
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closest sum of squares difference, the r* values for each reaction temperature are significantly
greater than those for either first and second order models (Table 6). The proportion of
disordered cellulose was found to be slightly higher than crystalline cellulose, at 57% to 43%.
The kinetics of the fast and slow reactions did not deviate much from their initial settings after
the computational minimising, remaining similar to the values for Ulva hemicellulose and
Oedogonium cellulose respectively (Table 6). This may suggest that the kinetic characters for
these reactions do indeed resemble those of hemicellulose for the fast reaction and crystalline
cellulose for the slow reaction. However, if the kinetics of the hydrolysis of disordered cellulose
were so similar to hemicellulose, the question arises as to why this disordered cellulose
remained after the Updegraff hot acid hydrolysis used to quantify the crystalline cellulose
content, and did not degrade with the rest of the hemicellulose. It is possible, given the lower
temperature of the Updegraff assay compared to the HTC reaction (100 °C compared to 200 °C -
240 °C) that the structure of disordered cellulose, either through a partially crystalline nature, or
being protected by the truly crystalline portions of the fibril, was able to resist the milder
conditions when the fully amorphous and unprotected hemicellulose was not. When the same
parallel reaction model was applied to Oedogonium, it was found that the model produces a
slightly less good fit than the first order model (SSE = 75) (Figure 34B). In this model, it was
calculated that only 6% of the cellulose was disordered and that it reacted near instantaneously,
with reaction rate constants in excess of 10 s™ at all temperatures. Owing to the implausible
instantaneous reaction rates and the lower goodness of fit, this parallel reaction model was

rejected in the case of Oedogonium cellulose.

Protein, as calculated from the dry, ash-free nitrogen content, made up the single largest
portion in terms of dry weight percentage for both species, comprising 21% of Oedogonium, and
19% of Ulva (Figure 29). This is in contrast with terrestrial plants, especially woody plants,
which typically possess less than 5% protein on a dry weight basis®. The profile of nitrogen
(and thereby protein/proteinaceous reaction products) retention in macroalgae is noticeably
different from those of woody biomasses, such as saltbush and hemp, as shown in Figure 35.
While macroalgae nitrogen yield follows a curve, as with the carbohydrates, in woody
biomasses the nitrogen yield falls a small to moderate amount during the heat up phase (10-

30%), and then remains constant, regardless of time or temperature (Figures 13, 17 and 22). This
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may be a factor of the relative amount of protein in each biomass; in saltbush protein only
makes up a mere 8% of the dry weight of the biomass, while both species of macroalgae have
approximately one quarter of their dry weight as protein. In keeping with the trend observed
with the polysaccharides, Ulva is more susceptible to protein degradation than Oedogonium is,
with protein content falling by around 70% after an hour at 200 °C and 220 °C, and by 89% after
60 minutes at 240 °C. Oedogonium protein content fell by 50% after an hour at 200 °C, and by up
to 60% after a hour at 240 °C. As with carbohydrates, protein is lost from the biomass via
hydrolysis reactions, this time with the hydrolysis of the peptide bond between amino acids.
This C-N bond is more stable than the glycosidic bonds present in carbohydrates, resulting in a

2622 However, the manner in which the amino acids

slower hydrolysis rate of the peptides
breakdown further is complex, and appears to vary across different amino acids and different
pH ranges of the medium, with some amino acids, such as leucene, isoleucene, phenylalanine,
serine and threonine and histidine being less stable than others at lower pH ranges®*”. This

complexity is reflected in the kinetics observed here.

In a similar manner to the Ulva cellulose, the reaction orders with the lowest SSE were
implausibly high, at 3.8 for Ulva (SSE = 43) and 5.4 for Oedogonium (SSE = 40) (Table 6). It
seems unlikely, then, that the mechanism of protein degradation is a simple hydrolysis scheme.
Indeed, during the HTC reaction, it is likely that the proteins within the biomass quickly
denature to become a sticky, hydrophobic mass that does not hydrolyse easily'*. It has been
suggested that this nitrogenous, semi-solid material may undergo subsequent Maillard
reactions with carbohydrates to form heterocyclic compounds and piperazinediones, which

may contribute to the dehydrative formation of secondary char®'*'¥.
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Figure 35: Degradation and Arrhenius kinetic modeling of protein within macroalgae following
HTC at different temperatures (200 C — 240 C) and different isothermal holding times (0 min — 60
min). (A) 5.4™ order kinetic model of Oedogonium protein. (B) Parallel first order kinetic model of
Oedogonium protein. (C) 3.8" order kinetic model of Ulva protein. (D) Parallel first order kinetic

model of Ulva protein. Error bars represent one standard deviation.

A parallel reaction model, wherein the fast reaction corresponds to the hydrolysis of the
denatured protein mass, and the slow reaction corresponds to the Maillard and dehydration
reactions of the protein mass, was constructed and applied to the protein data for both species.
In this case, denaturation was assumed to have occurred instantaneously. For both species, the
parallel reaction models had much higher values of goodness of fit than the first and second
order models, but slightly less than the higher reaction order models (SSE yna = 53, SSE oedogonium =
46) (Figure 35B and 35D). In Oedogonium, the proportion between fast and slow reacting

protein was found to be almost half and half, at 51% to 48%. The activation energies for the two
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reactions were very similar, at around 90 kJ mol”, while the Arrhenius constant for the fast
reaction was higher than that for the slow reaction, at 4.17 x 10® compared to 3.32 x 10° (Table
6). The rate constants of the fast reaction begin at 200 °C at the same level as those for
hemicellulose at 0.03 s, but rises much more slowly with increasing temperature, reaching
only 0.19 s at 240 °C. The slow reaction is even slower, rising from just 0.0005 s™ at 200 °C to
0.003 s at 240 °C. In the Ulva parallel model, the proportion of fast to slow reacting protein
was much higher, at 63% fast to 37% slow. The activation energies of both reactions were
slightly lower in Ulva than in Oedogonium, at 88 kJ mol™ for the fast reaction and 74 kJ mol™ for
the slow reaction. The rate constants for both reactions were faster in Ulva than Oedogonium at
all temperatures, ranging from 0.12 s to 0.68 s over the temperature series for the fast

reaction, and 0.003 s to 0.012 s for the slow reaction.

The remainder of the total solid mass is assumed to comprise of so-called aqueous
extractives, a catch-all term referring to sterols, nucleic acids, phenolics and other biochemical
compounds dissolved in the cytoplasm of the cell. In Ulva, this was found to comprise 28% of
the dry weight of the alga, while in Oedogonium, this was found to be 17% (Figure 29). In
keeping with previous kinetic modeling in the literature, this portion of the biomass was

C'®174 After this assumption, the remaining

assumed to react instantaneously during HT
portion of the hydrochars was then assumed to be made up of secondary char. As the reaction
severity increased, the portion of secondary char also increases, until a full half of the total
weight of the hydrochar is made up of secondary char after 60 min at 240 °C (50% for
Oedogonium, and 48% for Ulva) (Figure 29). While determining the secondary char content by
difference may be a reasonable assumption at higher reaction severities, when the biomass is
highly disrupted and converted, at the very lowest severities the implication arises wherein the
aqueous extractives are instantly converted directly into secondary char. This makes it difficult

to accurately model the formation of secondary char formation as it condenses from the

aqueous phase.

Moving into the future, a fuller understanding of the products formed during the HTC

reaction, especially regarding the secondary char as distinct from the primary char would be
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extremely useful in building a whole-system kinetic model that not only describes the

degradation of the biomass, but also the formation of the products.

6.4 Conclusion

Two species of macroalgae, Oedogonium intermedium and Ulva ohnoi, were subjected to
hydrothermal carbonisation, and the biochemical composition of the resultant hydrochars was
finely characterised though a detailed analysis. A variety of kinetic models were built to
describe the degradation of these biochemical components. It was found that, while some
components such as hemicellulose and Oedogonium cellulose conform to a simple first order
hydrolysis reaction, other components such as protein and Ulva cellulose undergo more
complex reaction schemes, involving multiple simultaneous reactions. This consideration of
how the same macromolecule within different biomasses behaves during HTC has not been

well studied, and illustrates the importance of performing whole-biomass kinetic studies.
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7.1 Thesis Conclusions and Key Findings

This thesis explores the hydrothermal carbonisation of various novel biomasses, in
particular the mechanisms and kinetics by which the biomass is thermally converted into
hydrochar. Overall, it has been demonstrated that hydrothermal carbonisation is a highly
versatile process that is capable of generating energy-enriched hydrochars from a wide variety
of biomasses, both terrestrial and aquatic. Such novel biomasses as saltbush, hemp, and
macroalgae, exhibit numerous characteristics that make them favourable as a potential biofuel
feedstock. All of them have high growth rates, and can be readily grown on sub-optimal land,
either in semi-arid, salt-blighted locations as in saltbush, or in vats on non-productive land as in
macroalgae. In doing so, these biomasses avoid competing with food crops for resources and
land, and as such side-step the controversies associated with first-generation biofuels.
Additionally, these biomasses each have numerous different human applications, some of which
command a high market value. Saltbush cultivation as a means of soil remediation and as a
source of drought-resistant forage for sheep is growing, catering to a rising demand for
sustainable agriculture and upmarket saltbush lamb. Industrial and dietary hemp products such
as textiles, flour, food additives, building materials, insulation, plastics, and many others
besides, are rapidly gaining in popularity across the globe. And macroalgal products, especially
ulvans, are widely hailed for their remarkable bioactivity, while the macroalgae themselves can
be used to treat contaminated water, and also as a food source. Together, these novel biomasses
represent an important facet in an emerging bioeconomy, wherein biological material is
utilised holistically and sustainably in order to deliver new value and products in an

environmentally-friendly manner.

Hydrothermal carbonisation has the potential to be a keystone technology in this new
bioeceonomy, in converting waste or excess biomass into hydrochar and liquid products which
may utilised as a liquid fertiliser, soil enhancement, or as a renewable solid fuel source. The
present research has demonstrated that each of the biomasses studies here are suitable for the
production of hydrochar for thermal applications (Papers I, Il and IV), with longer residence
times at higher temperatures leading to hydrochars with greater higher heating values and
lower ash content than typical lignites. To understand the manner in which the biomass was

converted into hydrochar, a variety of biochemical analysis techniques were developed to
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accurately quantify the key biochemical components of the feedstocks, thus allowing the
changes within the feedstock to be tracked with accuracy (Papers II, Il and IV). Using this
information, a twin pathway mechanistic schematic was produced to describe the carbonisation
process, with Mechanism 1 involving solid-solid conversion of the biomass into primary char,
and Mechanism 2 involving a two-step process where the biomass degrades into soluble
intermediates which then condense and repolymerise into secondary char. Finally, the
degradation of the principle biochemical components in whole biomass, corresponding to the

initial degradation step of Mechanism 2, was described using a simple Arrhenius kinetic model.

7.1.1 Fuel Properties of HTC of novel biomasses

HTC of all three feedstocks lead to significant thermal upgrading of the biomass. The
more severe the reaction conditions, the higher the HHV of the hydrochars, with the most
severe conditions elevating the energy content of the hydrochar to levels observed in lignites,
at between 27 and 31 MJ kg'. This was chemically driven by the removal of oxygen from the
solid phase, as a result of dehydration and dewatering reactions. In the process, this lead to an
increase in the overall carbon content of the hydrochar. In addition to the boost in HHV, HTC
consistently lead to a reduction in the ash content of the solid phase, even in biomasses with
very high inorganic contents, such as marine seaweed. In general, as with HHV and oxygen
content, higher reaction severity lead to greater effect, with ash reduction at the higher
severities resulting in hydrochars with highly favourable ash levels compared to fossil coals.
However, it was noted in some cases, inorganics were absorbed back into the solid phase under
high reaction severities. In saltbush, phosphorous was reabsorbed at 260 °C, while in Ulva
ohnoi, enough inorganics were reabsorbed after 60 minutes at 220 °C and 240 °C that the total
ash content of the hydrochars was almost identical to that of the untreated feedstock, making
up a quarter of the entire solid fraction by mass. Obtaining the highest quality solid fuels from
these novel biomasses is therefore not as simple as merely processing the feedstocks at the
highest conditions possible. Another consideration for wider scale adoption of HTC of these
biomasses is that there is an inverse relationship between high heating value and hydrochar
yield; for most of the biomasses studied here, the mass yields after half an hour at 260 °C or
240 °C are less than 40%, and for Ulva, the mass yields at the highest reaction conditions are

less than 20%. With the necessarily low price of solid fuels, it remains an open question as to
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whether these low yields of high-quality fuel are more economically valuable than larger
quantities of lower-quality fuel. Such considerations are outside the scope of this thesis,

however.
7.1.2 Compositional Analysis of Hydrochars

The biomasses examined here, while each distinct from a taxonomic perspective, shared
numerous compositional properties (Table 7). Each had a hemicellulose content of between
14% and 20%, had crystalline cellulose as their largest compositional fraction at between 40%
and 25% (with the single exception of Ulva), and had an aqueous extractive content of around
30%. The lignocellulosic biomasses had similarly small amounts of lignin, at around 8-15%,
while also having similar protein contents of around 10% (hemp stem had a very small protein
content of 3%). The macroalgae both had protein levels of 20%. These broad similarities across
the different biomasses resulted in consistencies across the various hydrochars, as noted above
regarding their fuel properties. Where there was significant divergence in the composition,
such as in the low level of crystalline cellulose and high content of Ulva, there were greater

differences observed in the hydrochar yield, as well as the HHV of those hydrochars produced.

The physical structure of a biochemical component determines its behaviour during
hydrothermal carbonisation. The reaction rates of polysaccharides are principally determined
by their crystallinity, with non-crystalline polysaccharides hydrolysing extremely rapidly, while
crystalline polysaccharides, notably cellulose, are more resistant, especially at lower
temperatures. The crystallinity of cellulose, and the advantages it offers in resisting HTC
degradation are well known, but it appears that the degradation of hemicelluloses as well can
be slowed by increased crystallinity afforded by the structure of the arabinoxylan backbone.
The degradation of proteins is poorly understood, especially in a whole biomass system, but
appears to be more complex than a simple hydrolytic pathway, possibly involving Maillard
reactions with carbohydrates. Lignin is comprised of two fractions: HTC-soluble lignin, and
HTC-insoluble lignin, with soluble lignin being the dominant fraction in the feedstocks
investigated in this thesis. HTC-soluble lignin reacts very rapidly, frequently with similar

kinetic parameters to hemicellulose, implying that the mechanisms may be similar.
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Table 7: Summary of concentrations of each biochemical macromolecule (% w/w) in each feedstock

(untreated, and select hydrochars) studied in this thesis.

Aqueous
Hemicellulose | Cellulose | Lignin | Protein | Ash Char
Extractives

Untreated 20.7 24.4 15.4 7.7 5.6 26.2 0.0

g 200°C | 60 min 1.0 37.3 53 6.6 4.0 0.0 45.9
E:‘- 230°C | 60 min 0.6 30.5 5.5 9.1 4.7 0.0 49.6
260°C | 60 min 0.0 5.9 9.7 8.4 3.7 0.0 72.2

o Untreated 14.2 42.6 7.5 3.1 3.8 28.8 0.0
_§ 200°C | 60 min 1.9 57.4 53 3.1 1.8 0.0 30.5
% 230°C | 60 min 1.1 48.1 4.0 3.3 1.3 0.0 42.0
B 260°C | 60 min 0.0 7.0 5.0 5.5 1.9 0.0 80.7

e Untreated 15.0 31.3 10.2 10.3 3.6 29.6 0.0
g 200°C | 60 min 0.9 39.6 53 11.7 3.8 0.0 38.6
E 230°C | 60 min 0.5 24.6 6.2 13.2 5.4 0.0 50.2
= 260°C | 60 min 0.0 10.2 9.6 15.1 6.1 0.0 58.9

Untreated 13.6 9.0 0.0 19.3 253 27.7 0.0

< 200°C | 60 min 1.1 17.6 0.0 25.0 5.7 0.0 46.3
s 220°C | 60 min 0.7 13.6 0.0 23.7 12.2 0.0 45.6
240°C | 60 min 0.1 9.1 0.0 14.0 24.9 0.0 47.8

9 Untreated 20.2 22.7 0.0 21.2 9.6 17.3 0.0
og 200°C | 60 min 1.6 35.1 0.0 19.6 3.9 0.0 32.0
S. 220°C | 60 min 1.6 25.0 0.0 22.4 4.7 0.0 38.6
3 240°C | 60 min 0.6 10.4 0.0 25.9 5.5 0.0 50.0

An interesting finding of this study is that the same biochemical macromolecule can
behave differently within different biomasses. It is typically believed that cellulose for example
reacts in more or less the same way across all biomasses. However, it was found that Ulva
cellulose was far more susceptible to hydrothermal degradation than its Oegodonium and
lignocellulosic counterparts, likely playing a large role in Ulva subsequently having the lowest
hydrochar yields of any biomass studied here. Such a finding would be impossible to achieve
by relying entirely upon purified crystalline cellulose as an idealised feedstock, which is usually
sourced from wood pulp. Other important influences on the hydrochar yield are likely to be
the amount of HTC-inert lignin, the degree of cross-linking between the various cell wall

components, and the level of catalytic inorganics present in the feedstock.
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7.1.3 Kinetics of the Principle Biochemical Components of biomass

The degradation of the principle biochemical components was described using
simplified Arrhenius kinetic models, summarised in Table 8. In this manner, it was possible to
estimate the energy requirements of the HTC reaction, thus contributing to the design of more
efficient reactors and chemical processes. While the models presented here were calculated to
find the optimum reaction order, due to the tremendous complexity of the HTC reaction, it is
important to note that such orders are only pseudo-orders at best. Nevertheless, it is possible to
make some informed statements about the kinetics of the components. Hemicellulose, across
any biomass studied here, reacts with a pseudo-first order reaction, as does HTC-soluble lignin.
The only exception to this was hemp stems with an assumed 21% HT-insoluble content, which
formed the closest fit with a second order model, the only component to do so. Cellulose was
the most inconsistent of the compounds to model, with optimal reaction orders ranging from
0.1 to 1.5. This probably reflects the complex interaction of factors such as differing degrees of
crystallinity, the amount of catalytic inorganics, the morphology of the cellulose fibrils
themselves, any softening of the fibrils during the reaction, and the amount of cross-linking
between the cellulose fibrils and other cell wall components. For some components, such as
macroalgal protein and Ulva cellulose, a parallel reaction scheme involving two simultaneous
first order reactions produced a better fit to the data than a single order scheme, which
produced implausibly high reaction orders. In each model presented here though, the
activation energies of the components as measured in whole biomass were consistently lower
than those obtained from purified model compounds. In light of this, it is recommended that
future kinetic studies on HTC of biomass omit the use of model compounds, as they are not

representative of what occurs within whole biomass.
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Table 8: Summary of Kinetic Parameters of the biochemical macromolecules and feedstocks and
models examined within this thesis. k: Reaction rate constant at a given temperature; E:
Activation energy; Ao Arrhenius constant; n: Reaction order; SSE: Sum of Squares Error. Rate
constants presented as averages over the holding time at reaction temperature, not including

warm-up time.

200 °C 220 °C 240 °C E, Ay
Feedstock and Model n |SSE
k(s | 2 | k(s | | k(") | * [(Kfmol™)| (s7)

e Saltbush 1| 33 0.061 0.92 0.136 0.87 0.323 |-0.27 61 3.1x10°

g Hemp Stem 13| 21 0.02 0.99 0.04 0.97 0.1 0.98 58 5.0x10*

‘3 Hemp Hull 1.3| 45 0.03 0.95 0.09 0.99 0.2 0.16 67 8.7x10°

g‘ Ulva 1.2| 58 0.06 0.99 0.21 0.21 0.89 0.98 138 4.5x10"

«»

® Oedogonium 1| 68 0.04 0.89 0.13 0.88 0.46 0.67 115 1.7x10"
Saltbush 0.5| 49 0.009 0.3 0.048 0.81 0.29 0.98 127 8.8x10"
Hemp Stem 170 0.002 |-3.97| 0.012 |[-1.15| 0.047 0.99 113 6.6x10°
Hemp Hull 1.5| 54 | 0.0003 |-2.05| 0.0015 0.9 0.0038 | 0.98 112 4.2x10%

Q Ulva (1-step) 48| 62 | 9.0x10° | 0.72 | 8.1x10° | 0.99 | 4.1x10° | 0.88 155 1.6x108

E Ulva (Fast Reaction) 0.05 0.2 0.93 148 7.3x10"

) 1| 80 0.76 0.9 0.94

& | Ulva (Slow Reaction) 0.002 0.005 0.016 113 3.7x10°
Oedogonium (1-step) 0.1| 67 0.19 0.44 0.57 0.99 2.07 N/A 130 5.3x10"
Oedogonium (Fast Reaction) 8.0x107 1.0x10® 1.0x107 767 4.3x10"

1|75 0.41 0.78 0.99
Oedogonium (Slow Reaction) 0.003 0.012 0.039 132 8.2x10"
Saltbush 1] 32 0.053 0.99 0.127 0.66 0.323 0.37 66 9.5x10°

E Hemp Stem (34% Inert) 1| 86 0.02 0.94 0.09 0.5 0.31 0.33 98 1.5x10°

[=}

5 |Hemp Stem (21% Inert) 2 | 89 | 0.0003 | 0.92 0.001 0.66 0.003 0.18 81 2.5x10°
Hemp Hull 1| 88 0.08 0.95 0.11 0.74 0.14 -0.26 22 1.9x10'
Ulva (1-step) 3.8| 43 | 4.0x107 1 9.1x107 | 0.98 | 2.4x10° | 0.82 92 4.0x10°
Ulva (Fast Reaction) 0.13 0.27 0.68 38 4.7x10*

g 1] 53 0.98 0.96 0.94

g | Ulva (Slow Reaction) 0.003 0.006 0.013 74 3.8x10°

(=

g- Oedogonium (1-step) 54| 40 | 5.7x10" | 0.86 | 1.4x10" | 0.99 | 4.3x10" | 0.87 104 1.3x10"
Oedogonium (Fast Reaction) 0.03 0.08 0.16 92 4.2x10°

1| 46 0.94 0.67 0.94
Oedogonium (Slow Reaction) 0.0005 0.001 0.193 90 3.3x10°
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7.2 Future Directions

7.2.1 Develop a database on the compositions of different biomasses and hydrochars

The mass yield of the HTC reaction, as well as the properties of the hydrochars, is
highly reliant upon the composition of the feedstock. With the methods presented here, it is
possible to gain a more complete knowledge of the feedstocks as well as the hydrochars than
has been previously utilised in HTC research. By applying these methods to an ever wider
variety of biomasses, it will be possible to build a database containing information about not
only the compositions of different feedstocks, but also the products and the properties of those
products. From there, it should be possible to develop a model that could predict the ideal
conditions for generating a given product from a given biomass for which the composition was
known. Such a database would be an indispensable tool in scaling up hydrothermal

technologies in the coming years.

7.2.2 Develop better methods of differentiating primary and secondary char

At present, secondary char is calculated by difference from the sum of all other
components for which quantities are known. This is the same method used to calculate the
aqueous extractives, which are assumed to react instantaneously under HTC conditions.
However, this is merely an estimate, and the result of this is that for the lower reaction
severities, the “secondary char” content is almost identical to the aqueous extractive content.
While this does not present an issue with studying the degradation step of Mechanism 2,
without an accurate measure of the amount of secondary char being produced, it is impossible
to accurately describe the repolymerisation step. Additionally, by developing better means of
quantifying the secondary char, it may be possible to draw a finer distinction within the
primary char as well: truly unreacted biomass components, and thermally converted products.
With more accurate measures of the products, combined with the knowledge of the
degradation reactions, it should be possible to develop holistic kinetic and mechanistic models

that describe the entire HTC process.
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7.2.3 Investigate the mechanisms by which hydrochar reabsorbs inorganic elements

High levels of inorganic elements in the hydrochar are detrimental to not only fuels, but
also to other applications for hydrochars, such as soil amendment or activated carbons. While
under most conditions the inorganics of the feedstock are dissolved into the aqueous medium,
for certain biomasses, especially Ulva, significant amounts of inorganics were reabsorbed back
into the solid phase under very high reaction severities. Even for feedstocks that had an overall
decrease in total ash content, such as saltbush, certain elements like phosphorus are reabsorbed
under high temperatures even as other elements are purged. The mechanisms of this are little
understood, and may be related to increased porosity of hydrochars processed under high
temperatures. Understanding the manner in which the inorganics are reabsorbed is essential to

designing processes that produce hydrochars with the smallest ash content possible.



Appendix

Figure of Hydrothermal Carbonisation Reactor

Supplementary Figure 1: Schematic diagram of the custom HTC reactor. PT: Pressure Transducer.
PI: Pressure Indicator. TT: Thermocouple. TI: Temperature Indicator. 1: Reactor Tube. 2: Hand-
Operated Ball Valves. 3. Safety Pressure Relief Valve. 4: Sintered Stainless Steel Filter
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Temperature and pressure profiles of HTC of saltbush, 15 minute runs
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Supplementary Figure 2: Temperature and pressure profiles of saltbush HTC after 15 minute runs.
(A) Temperature profile (B) Pressure profile
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Appendix

Supplementary Table 1. Table of statistically significant groupings of various fuel properties and

chemical compositions of hydrochars produced from saltbush, determined via Student’s t-test

(p=0.05).

200 °C 230 °C 260 °C
Time (mins) Untreated| 0 |15 |30/ 60 | 0 | 15 (30| 60 | O | 15 | 30 |60
HHV a b d c|le|e e|lglglh
Volatile Matter a a|b|bc|b|lc|c|c|d|cd]e|f|g
Fixed Carbon a b|lc|c|cd|cedjcd|d| e |cd| f | g |h
Ash a bd|bc|ce| bf | c| ¢ |cd| bd | ¢ |bde|bde| f
Carbon a blc|d|e|d|efleflg | f|h]|i]|k
Hydrogen ad a| b |bc| b |ac|bcd| b | b | b |bde| be |be
Nitrogen a bla|c|d|e|f|g|lh|c|e]|f|fg
Sulphur a al a a alalalal|a|al|a
Oxygen a b|c|d| d e |e| f g | h|i
Sodium a b | bc [be| d c|b|d d | f
Chloride a bc|b|c| d|bc| e |bc| f g| f|h
Calcium a b| c|cd|de|d|de|de|ef |de|cd|fg|g
Potassium a bd| bf |bd|cdg|bd| b |bd|deg|bef| df |deg| g
Phosphorus a b|b|b|c |bdle|bdl f|b|g|h]|i
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