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Abstract

Mallee biomass is considered as an important feedstock for renewable biofuels and
biochemicals production. Therefore, a study is required to understand the mechanism
of hydrothermal conversion of mallee biomass for sustainable production of biofuels
and value-added biochemicals (i.e., sugars and organic acids), and also potential
applications for the production of renewable biofuels. Among the available
technologies for biomass utilization, hydrothermal processing in hot-compressed
water (HCW) has received increasing interest for sustainable production of biofuels
and value-added biochemicals (i.e., sugars and organic acids) from biomass, due to
the unique properties of HCW. However, the mechanism of biomass hydrothermal
decomposition in HCW has not been clearly understood, due to complex components

of biomass and complicated reaction pathways of biomass decomposition.

Therefore, this thesis aims to understand the hydrothermal decomposition behaviour
of mallee biomass and its main components in HCW, and the subsequent conversion
of various sugar products into organic acids as value-added biochemicals. The main
objectives are to (1) investigate the liquid products from hydrothermal
decomposition of mallee biomass and its main components (i.e., wood, leaf and bark)
using a semi-continuous reactor, focusing on the sugar recovery and the release of
inorganic species; (2) understand the formation mechanism of organic acids from
hydrothermal decomposition of cellobiose (as a model compound of glucose
oligomers); (3) elucidate the formation pathways of various organic acids from
hydrothermal decomposition of glucose and fructose (as key sugar monomers from
cellulose decomposition); (4) reveal the decomposition mechanism and formation
pathways of various organic acids from hydrothermal decomposition of mannose (as

a model compound of hemicellulose-derived sugars).

The main experiments conducted in this work included hydrothermal conversion of
mallee biomass and the main components of mallee biomass in HCW. The total
organic carbon, pH value, sugar and organic acids content of the liquid products were
analysed after each experiment. The concentrations of sugars were analysed by
higher performance anion exchange chromatography with pulsed amperometric
detection (HPAEC-PAD, model: Dionex ICS-3000, and CarboPac PA20 analytical



column), and the concentrations of organic acids in the liquid were analysed by high
performance anion exchange chromatography with conductivity detection and mass
spectrometry (HPAEC-CD-MS, model: Dionex 1CS-5000) equipped with a Dionex
lonPac AS11-HC analytical column and a Dionex AERS 500 suppressor.

The following work has been conducted to achieve mentioned goals.

Firstly, systematic experiments have been conducted to understand the compositions
of liquid products from hydrothermal decomposition of mallee biomass and its main
components (wood, leaf and bark), as well as the leaching characteristics of Ca and
Mg species for each mallee component. The results suggest that the recovery of
arabinose, galactose, glucose, and xylose are different for wood, leaf and bark, due to
different sugar compositions of mallee components. The recovery of arabinose,
galactose and xylose achieves >80% for all components at 270 °C, much higher than
the glucose recovery. For example, the maximum glucose recovery is 62% for wood,
compared to 30% and 40% for leaf and bark, respectively. The low glucose recovery
for all components is more likely due to the in situ structural changes of cellulose in
biomass during hydrothermal processing. The liquid products from wood samples at
different temperatures are analysed, and the results show that the formation of
oligosaccharides is more favoured compared to monosaccharides. Further results
suggest that the recovery of oligosaccharides is almost complete at high
temperatures, which confirms that the solubility of large oligomers increase with
temperature. Moreover, the contribution of saccharides to the total converted carbon
in wood sample decreases by increasing temperature, as more lignin participates in
hydrothermal conversion at higher temperatures. Also, the leaching of the water-
insoluble Ca from leaf and bark is slow as the majority of these water-insoluble Ca is

only soluble in acid.

Secondly, this thesis further reports the formation mechanism of organic acids as
important value-added chemicals from hydrothermal conversion of biomass under
non-catalytic condition. Since oligosaccharides are major sugar products from
biomass processing in HCW, cellobiose as the simplest glucose oligomer has been
used to understand the formation mechanism of organic acids using a continuous
reactor system. The liquid products produced during cellobiose decomposition in
HCW at 200-275 °C and a residence time of 866 s were collected and characterised

by high-performance anion exchange chromatography with conductivity detection
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and mass spectrometry (HPAEC-CD-MS). Various organic acids including
saccharinic, formic, lactic and glycolic acids were identified and quantified. The
yields of all organic acids increase with temperature. The selectivities of organic
acids are almost zero at early conversion, suggesting that these organic acids are not
primary products from cellobiose decomposition in HCW. Among the identified
organic acids, saccharinic acid, which is reported for the first time in the field under
non-catalytic conditions, has the highest yield (i.e., ~5.8% at 275 °C and ~66 s) on a
carbon basis, but formic acid has the highest contribution to total hydrogen ion in the
liquid product due to its high molar concentration and high dissociation constant. The
results also show that the hydrogen ion concentrations contributed by the identified
organic acids agree well with those calculated from the measured pH of the solutions
after the reaction, especially at cellobiose conversions <80%. The reaction pathways
for the production of these organic acids during cellobiose decomposition in HCW

are also summarised and discussed.

Thirdly, since organic acids are not primary products from cellobiose decomposition,
hydrothermal decomposition experiments of glucose and fructose have been
conducted to better understand the formation mechanism of organic acids during
biomass hydrothermal processing. Five organic acids including metasaccharinic,
formic, lactic, glycolic and 2,4-dihydroxybutyric acids were identified and quantified
via HPAEC-CD-MS. The yield and selectivities of all quantified organic acids from
fructose decomposition are higher than that of glucose decomposition.
Metasaccharinic acid (MSA) is the major organic acid in the liquid products with
maximal selectivities of ~12% and ~9.5% from fructose and glucose decomposition
in HCW, respectively. For the first time in the field, MSA is confirmed as a minor
primary product from fructose decomposition under non-catalytic conditions, but
only a secondary product from glucose decomposition. Lactic acid can be produced
from glyceraldehyde, a primary product of fructose decomposition, which explains
the higher selectivity of lactic acid from fructose decomposition compared to that
from glucose decomposition. Further analysis demonstrate that formic acid
contributes the highest to the total hydrogen ion dissociated during fructose and
glucose decomposition under all conditions, followed by MSA as the second
contributor. Since MSA can be directly produced from fructose decomposition, it is
suggested that the formation mechanism of MSA may be different from that

proposed under alkaline conditions (i.e., via diketo intermediates).



Fourthly, hydrothermal decomposition of mannose has also been investigated to
understand the formation of major products under non-catalytic conditions. Mannose
is an important monosaccharide due to two reasons. First, mannose can be produced
as a primary product from hydrothermal decomposition of glucose and fructose.
Second, mannose can be derived from hemicellulose, which is the second most
abundant component in biomass. The data clearly show that isomerisation reactions
to produce fructose and glucose are two primary reactions identified during mannose
hydrothermal decomposition, which contribute to ~82% and ~18% of mannose
primary decomposition reactions. Other products such as 5-HMF, glycolaldehyde,
glyceraldehyde and organic acids are also detected, but those products are all
secondary products during mannose decomposition in HCW. It can be clearly seen
that the pH value decreases substantially as mannose conversion increases under
current experimental conditions. Similar to glucose and fructose, formic acid has the
highest contribution to the hydrogen ion in the liquid product from mannose
decomposition, while MSA has the highest yield and selectivity on a carbon basis. A
close match between [H*] from quantified organic acid and pH measurement directly
after each experiment suggests that majority of organic acids produced during
mannose decomposition in HCW are identified. Reaction pathways for the
production of key compounds during mannose decomposition in HCW are also

summarised.

Overall, this study provides new understandings on the hydrothermal decomposition
behaviour of biomass and the main components under non-catalytic conditions. More
importantly, systematic research has been undertaken to understand the formation
mechanisms of various organic acids from key intermediates including cellobiose,
glucose, fructose and mannose. As the first time in this field, metasaccharinic acid is
identified as a minor primary product from fructose decomposition in HCW. The
reaction pathways for other key organic acids from various sugar model compounds

are revealed.

Based on the findings in this study, further research is required to understand the
mechanism of mallee biomass and its components during hydrothermal conversion in
HCW:

e Further development of kinetic model from biomass decomposition in

HCW, which can be used for proper reactor design,

Vi



e The decomposition behaviour from other key components of mallee

biomass such as lignin and hemicellulose in HCW,

e Since glucosyl-fructose (GF) and glucosyl-mannose (GM) are important
isomers of cellobiose decomposition in HCW, further studies are
required to understand the mechanism and primary products of those

isomers during hydrothermal conversion in HCW.
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Chapter 1: Introduction

1.1 Background and Motives

The main source of energy production and chemical synthesis relies on fossil fuels
feedstock such as petroleum, oil, coal and natural gas®. The increasing global demand
for using fossil fuels causes the environmental issues and significant rise in carbon
dioxide emission, which has the main contribution to the global warming and climate
change issues?. Additionally, the shortage of fossil fuel resources creates the energy
security concern. Therefore, it becomes increasingly important to find new

technologies for energy supply and sustainable development.

Biomass as a pivotal source of renewable energy, has attracted increasing attention to
address issues such as shortage of fossil fuels and its environmental problems arisen
from fossil fuel using. Recycle of carbon dioxide is a great advantage of using
biomass, which leads to little increase to greenhouse gases®. Another important
advantage of using biomass is to produce green chemicals and value-added
chemicals such as 5- hydroxymethylfurfural (5-HMF), lactic acid, formic acid* °.
National Renewable Energy Laboratory (NREL) National Renewable Energy
Laboratory listed organic acids as the top value chemicals from biomass* ©, and
sustainable production of these platform chemicals from biomass is highly attractive.
Therefore, a fundamental study is of great importance to understand the formation

mechanisms of organic acids as the high-value biochemicals from biomass.

Main components of lignocellulosic biomass are cellulose, hemicellulose and lignin,
which contribute to 40-60%, 20-40% and 10-25% of whole biomass, respectively’.
Hydrothermal processing of biomass in HCW has been identified as one of the
promising technologies to convert biomass and biomass components to
biochemicals®. Due to unique properties of HCW such as low dielectric constant and
high ion products, HCW can promote both acidic and alkaline reactions in biomass
conversion®!t, Hydrothermal conversion of biomass in HCW leads to the breakdown
of polymer components in biomass to sugars, followed by further conversion into

value-added chemicals such as organic acids?, or subsequently into bioethanol**-28,



This thesis aims to understand the formation mechanisms of organic acids during
biomass hydrothermal conversion. Organic acids are considered as the value-added
biochemicals which are obtained as the end-products or sometimes as the
intermediate components of a particular biochemical cycle. Generally, they are

produced commercially by chemical synthesis or fermentation? 2,

It has been widely reported that sugar oligomers with a wide range of degrees of
polymerization (DPs) were identified in the liquid products from hydrothermal
processing of biomass using a semi-continuous reactor system’-1°, The subsequent
conversion of high-DP oligomers produces low-DP oligomers and monomers such as
glucose and fructose, which can be further converted into value-added chemicals
such as organic acids®. In order to better understand the formation mechanism of
organic acids from biomass conversion in HCW, it is of great importance to study
hydrothermal conversion of sugar intermediates such as sugar oligomers and
monomers. Figure 1-1 shows schematic diagram of biomass conversion in HCW to
organic acids formation. Most of the previous studies conducted under catalytic
condition, and there are limited studies on the decomposition of biomass and its
derived sugars decomposition under non-catalystic conditions. Thus, further insights
on hydrothermal conversion of model compounds under non-catalytic conditions are

of significance.

In Australia, mallee biomass is a by-product from dryland salinity management and
considered as a potential second-generation feedstock. To date, approximately
15,000 hectare of mallee trees have been planted by over 1,000 farmers in Western
Australia.?*?® With its near carbon-neutral plantation, high energy output, short
harvesting cycle and potential for large scale production® 25, mallee biomass is

considered to be an important second-generation bioenergy feedstock?®: 2’
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Wood, leaf and bark are the main components of mallee tree, while decomposition
behaviour of various sugar components (e.g., arabinan, galactan, xylan, glucan) from
mallee wood, leaf and bark is still poorly understood?®. Furthermore, biomass
contains alkali and alkaline earth metallic (AAEM) species which the content and
leaching characteristic are different for each component?®®. Therefore, an
investigation is of great importance to understand the sugar recovery and leaching

characteristics of AAEM species from mallee wood, leaf and bark.

1.2  Scope and Objectives

The new findings provide some insights into the kinetics and reaction mechanism of
mallee biomass hydrolysis in HCW to achieve a proper reactor design and
consequently produce desired extracts and value-added chemicals (e.g. sugar and

organic acids products).

The main purpose of this study is to understand the hydrothermal decomposition
behaviour of mallee biomass and its main components in HCW, and the subsequent
conversion of various sugar products into organic acids as value-added biochemicals,

including the following works.

e To investigate the liquid products from hydrothermal decomposition of mallee
biomass and its main components (i.e., wood, leaf and bark) using a semi-
continuous reactor, focusing on the sugar recovery and the release of inorganic

species;

e To understand the formation mechanism of organic acids from hydrothermal
decomposition of cellobiose (as a model compound of glucose oligomers);

e To elucidate the formation pathways of various organic acids from hydrothermal
decomposition of glucose and fructose (as key sugar monomers from cellulose

decomposition);

e To reveal the decomposition mechanism and formation pathways of various

organic acids from hydrothermal decomposition of mannose (as both a key sugar
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from glucose decomposition and a model compound of hemicellulose-derived

sugars).

1.3 Thesis Outline

This thesis consists of 8 chapters including the current chapter. The thesis structure is

schematically presented in the thesis map (Figure 1-1):

e Chapter 1 introduces the background and objectives of present study;

e Chapter 2 reviews the existing literatures on the fundamental chemistry of
biomass, hydrothermal processing, the reaction mechanism of dimers,
mesocompounds and other compounds under hydrothermal condition. This

chapter identifies research gaps and specific objectives of this thesis;

e Chapter 3 provides an overview on the methodology employed to achieve the
research objectives and provided the details on the sample preparation,

experimental setup and analytical instrumentations and methods;

e Chapter 4 reveals sugar recovery and Mg and Ca leaching characteristics from
mallee wood, leaf and bark in HCW under non-catalytic condition;

e Chapter 5 reports organic acids formation and mechanism on cellobiose

decomposition in HCW;

e Chapter 6 explores the organic acids formation and identifies the primary and
non-primary organic acids produced on glucose and fructose decomposition in
HCW;

e Chapter 7 identify the major products during mannose conversion and

investigates the decomposition mechanism of mannose in HCW;

e Chapter 8 presents the conclusion obtained from current study and outlines

recommendations for future research.
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Chapter 2: Background and Literature Review

2.1 Introduction

Significant problems arising from fossil fuels to produce energy lead countries to
find alternative resources for supplying energy and valuable chemicals> 2.
Renewable energy is becoming an important option to address fossil fuel shortage
and environmental issues related to their usage. Lignocellulosic Biomass, one of the
main abundant sources of the renewable energy, is a promising feedstock for
sustainable production of biofuels and platform biochemicals such as sugars, furans,
polyols, and organic acids®® 3% 3L, In Western Australia, plantation of mallee tree was
introduced as a strategy for managing the serious dryland salinity issue in the
wheatbelt region.?® With its near carbon-neutral plantation, high energy output, short
harvesting cycle and potential for large scale production, mallee biomass is
considered to be an important second-generation bioenergy feedstock.32
Hydrothermal processing is an important technical route for biomass conversion.33 3
It can be deployed to effectively pretreat lignocellulosic biomass for subsequent
enzymatic hydrolysis to produce fermentable saccharides,' * or directly produce
some value-added chemicals such as furfural®® and hydroxymethylfurfural.®” Various
reactor systems including batch,®* % 3% semi-continuous flow* “° and continuous-
flow reactors** 42 may be employed for hydrothermal processing of biomass or its

model compounds, depending on experimental conditions.

As discussed earlier, mallee biomass is considered to be an important second-
generation bioenergy feedstock in WA. So far, there has been a lack of fundamental
understanding of its hydrothermal conversion in HCW. Therefore, a study is required
to understand the mechanism and primary products from mallee biomass hydrolysis
as a whole in HCW to provide new insights for sustainable production of biofuels

and value-added biochemicals (i.e., sugars and organic acids).



This chapter reviews the current literatures on hydrothermal decomposition of
biomass and various model compounds in HCW. It gives a brief structure of mallee
biomass and its main components, following by properties of hot compressed water
and overview of biomass and its components conversion in HCW. This chapter then
reviews the hydrothermal processing of monomers, dimers and some other
compounds in HCW. At the end, the main research gaps are identified, assisting in

the present study objectives.

2.2 Common Biomass Components

Common sources of biomass classified into four main categories including forest,
agriculture, municipal solid wastes and other sources like fast growing plants,
herbage plants and ocean biomass** 44, Key components for all types of biomass are
cellulose (consists of long chain of the 6-carbon sugar), hemicellulose (mainly 5-
carbon sugars and xylose) and lignin that the distribution of each component varies
in different types of biomass* %6, A typical plant cell wall is shown in Figure 2-1. A
common wood biomass consists of ~40-50% cellulose, ~20-30% hemicellulose, ~20-
28% lignin and less percentage for other components such as organic and inorganic
extractives “°*7. Table 2-1 summarized the content of each component in various

biomass types based on the literatures.

———Cellulose

Lignin

Hemicellulose

Cellulose Bundles

Figure 2-1: Typical plant cell wall arrangement 4.



2.2.1 Cellulose

Cellulose comprises ~35-50% of total dry mass of lignocellulosic biomass. As shown
in figure 2-2, it is a polysaccharide consisting of glucose units attached to each other
by B-1,4-glycosidic bonds*®. The number of glucose units in the cellulose chain
determines DP which indicates many properties of cellulose. The simplest model of
cellulose is Cellobiose consists of two bound glucose units. In nature, the value of
DP varies between approximately 7000-10000 glucose units in wood cellulose and

around 15000 in cotton cellulose®® #°.

Table 2-1: The content of cellulose, hemicellulose, lignin and ash in various

lignocellulosic biomass 4>,

Lignocellulosic ~ Cellulose ~ Hemicellulose Lignin Ash
Hard Woods

White poplar 49.0 25.6 23.1 0.2

European birch 48.5 25.1 194 0.3

White willow 49.6 26.7 22.7 0.3

Soft woods

White spruce 44.8 30.9 27.1 0.3

Europ. Spruce 40.4 31.1 28.2 0.3

Douglas fir 42.0 23.5 27.8 0.4

Agricultural

Corn Stover 37.1 24.2 18.2 5.2

Sugarcane 39.0 24.9 23.1 3.7

Wheat straw 44.5 24.3 21.3 3.1

Other wastes

Maize stalk 38.0 26.0 11.0 3.0

Newspaper 40-55 25-40 18-30 NA
Primary 8-15 NA 24-29 NA
wastewater

solids
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Cellulose comprises of two fractions, (1) crystalline structure which is portion of
cellulose bound together by hydrogen network formed by hydroxyl groups in
glucose, (2) amorphous cellulose which is less ordered portion. While crystalline
cellulose is water insoluble due to the low surface area, amorphous part is more
easily degraded under hydrolysis and other biomass pretreatment due to having more
accessible surface area®°2. However, strong acids and bases are required to swell or
dissolve the cellulose with high portion of crystalline fraction. The proportion of
each part in cellulose depends on its origin and treatment. The percentage of
crystalline part in cotton (70%) is more than of wood (40%) which is consequently
less ordered®3.

2.2.2 Hemicellulose

Hemicellulose consists approximately 35% of total mass of lignocellulosic biomass.
Different types of hemicellulose normally account for 25%-35% of mass of dry
wood, 28% in softwood and 35% in hardwood. It comprises of various aldopentoses
(mainly xylose and arabinose), aldohexoses (glucose, mannose and galactose), 4-O-
methyl glucuronic acid and galacturonic acid residues*® °*. Main components of

various types of hemicellulose is shown in Figure 2-3.

GHE-DH ,::, GHE"::'H 0 EHJC‘H 0
Ao TR
‘~ -EIH
HO-% D
Glucose Galacioss fanose
(8]
H SO0 C'
H s, OH ///—Z_—_ﬂ-{-. DH
CH,OH OH
Kilose Arabinosa Glucuronic ackd

Figure 2-3: Main Components of hemicellulose?®

The structure of hemicellulose in hardwood consists of mainly xylan and small
amount of glucomannan as a backbone chain which is usually branched with various
saccharides. Different monomer units at the backbone position, variety of

monosaccharides or oligosaccharides in sidechains and variety of linkages contribute
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to the construction of various types of hemicellulose which may result in different
properties and decomposition behaviour. The structure of softwood contains a small
amount of xylan and large quantity of galactoglucomannan®. Figure 2-4 illustrates

an example of hemicellulose structure.

Due to its branched structure and lower molecular weight, hemicellulose is relatively
more easily to decompose than cellulose under treatment of lignocellulosic biomass
and its hydrolysis starts at lower temperature compared to cellulose®® 5 %6 |t is
water-insoluble at low temperature, but by increasing temperature becomes soluble
and the presence the acids significantly improve the solubility of hemicellulose in

water.

G X G
1 1 1
4 2 5
FeA-5A A X A FeA—->5A A X A A X A
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1 1
X X

Figure 2-4: Schematic of the basic structure of hemicellulose. A: Arabinose; FeA:

Ferulic acid; G: Galactose; Glc: Glucuronic acid; X: Xylose®®.

2.2.3 Lignin

Lignin by filling the spaces between cellulose and hemicellulose is cross-linked
polymer of the cell wall formation, and accounts for 23%-33% of the mass of
softwood and 16%-25% of hardwood. Its amorphous structure leads to a large
number of possible interkages between individual unit. Lignin units linked together

with ether bonds, unlike cellulose and hemicellulose with acetal functions®.
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Lignin is an amorphous cross-linked resin, provides a shield that preserves cellulosic
fibres against microbial and fungal attacks*® . Lignin is branched aromatic
phenolic polymer, compromises of phenylpropane units, which main building blocks
as shown in Figure 2-5 are p-coumaryl, coniferyl and sinapyl with various types of
interlinkages®® > %8, The structure of lignin is different in hardwood and softwood.
Generally, softwood lignin is rich in coniferyl units while hardwoods lignin is a
copolymer of both the coniferyl and sinapyl units with higher fraction of sinapyl

units compared than that in softwood*®.

OH OH
OCH,
CH OH OH
p-Coumaryl Coniferyl Sinapyl
aleohaol aleahiol alcohol

Figure 2-5: p-coumaryl, coniferyl and sinapyl Structures®,

The linkages of Lignin is broken down before cellulose and hemicellulose become
accessible while lignocellulosic biomass is subjected to decomposition or
hydrolysis®. Figure 2-6 presents chemical linkages in a small section of the lignin

polymer.
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2.2.4 Other Components
Organic Extractives

Other components of biomass include minor low-molar-mass extraneous species
mostly organic extractives and inorganic minerals. These organic extractives mostly
include fats, phenolics, waxes, alkaloids, proteins, fatty acids, simple sugars, pectins,
gums, glycosides, terpenes, starches, resin, saponins, and essential oils*: %3 5,
Organic extractives can be extracted with polar solvents (such as water, methylene
chloride, or alcohol) or nonpolar solvents (such as toluene or hexane). Extractives
have several roles in biomass structure, it acts as intermediates in metabolism,
reserve the energy, and protect the biomass against microbial and insect attack. The
amount of extractives varies between different components of biomass®. Depending
on biomass species, the ash content of biomass is typically < 1% for wood, while it is
~3.8% and ~5.5% for leaf and bark respectively and as high as ~20% for agriculture
residue?.
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Biomass Inorganic Species

Another component of biomass is inorganic species. Biomass contains various
inorganic species include AAEM species (Na, K, Mg and Ca), Si, Fe, Al, CI, P, Ti
and other elements which are up taken during growth. The amount of these elements
is different depending on the type of biomass and environmental condition®®: 60,
Table 2-2 shows amount of these elements in mallee biomass used in this study?®.

Table 2-2: Inorganic species content in different biomass component (Na, K, Mg, Ca,
Fe, Si, Al, and P in wt% db; wt% daf for S, Cl and N)%.

Element (wt%) Wood Leaf Bark
Na 0.0212 0.5537 0.2094
K 0.0744 0.3797 0.1105
Mg 0.0364 0.1447 0.0796
Ca 0.1236 0.7652 2.6591
Si 0.0026 0.0550 0.0099
Al 0.0025 0.0192 0.0028
Fe 0.0001 0.0142 0.0019
P 0.0182 0.1075 0.0235
S 0.0183 0.1181 0.0509
N 0.1910 14574 0.3918
Cl 0.0323 0.1839 0.2601

The inorganic species may also be present in very different occurrence forms (e.g.
dissolved salts, organically-bound species that are ion-exchangeable or others such
acid-soluble but not ion exchangeable). The dissolved salts typically consist ions
such as K*, Na*, Ca%*, CI- and SO4> while organically-bound species consist of
cations (e.g. Na*, K*, Mg?" and Ca?*) bound to organic functional groups within

biomass® 61,

Wu et al.?® studied mallee biomass and found out while the majority of Na, K and ClI
is water soluble, the amount of water-soluble form of Mg, P and S is less and varies
between different components of biomass. Some part of these water soluble AAEM
species is in the form of water-soluble salt with CI-, SO4% and Pos*. They also appear
as the cation of water-soluble organic compounds like carboxylates®® 1. They also
reported the occurrence of Mg and Ca in the form of carboxylate is mainly water-

insoluble.
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They also reported that most of the water-insoluble Mg in wood and bark is
organically bounded and ion exchangeable form and only part of the water-insoluble
form of Mg is acid soluble. Conversely, the majority of water-insoluble form of Mg

in leaf is acid soluble which is not ion exchangeable?®.

On the other hand, small part of Ca in mallee biomass is water soluble, the majority
of water insoluble Ca in the wood is in the form of ion exchangeable via ammonium
acetate, but those in leaf and bark are acid soluble and not ion exchangeable which
are likely to be in various forms of calcium oxalate (i.e. calcium oxalate

monohydrate or dehydrate)®? 2,

Chlorine mainly present in the form of chloride of AAEM species like NaCl and KCI
in biomass, and it is water-soluble®®. The water-soluble part of P and S is mainly in
the form of sulphate and phosphate of AAEM species. However, the source of some
part of P is organic compound that contains phosphorous like phytic acids®® and
some part of P and S presented in the form of sulphate and phosphate leachable by

ammonium acetate and acid®.

2.3 Biomass Conversion

Several technologies are deployed to pretreat lignocellulosic biomass for subsequent
enzymatic hydrolysis and produce fermentable saccharides,*™ % or directly produce
some value-added chemicals such as furfural®® and 5-hydroxymethylfurfural (5-
HMF)®. Pretreatment step is a way to make the components of lignocellulosic
biomass more accessible to the enzymes through altering the biomass structure and
break down the available carbohydrate as cellulose or hemicellulose to desired

biomass products?®: 6465,

Biomass can be used as the energy source for production of biofuels. The main
pretreatment techniques for overcoming biomass recalcitrance are divided into three
categories: (1) thermochemical include pyrolysis and gasification technologies
(based on operating temperature), which produce a synthesis gas (CO+H>) and then
leading to reforming of various types of long carbon chain biofuels such as bio-oils,
(2) hydrothermal, where water at high temperature such as supercritical water acts as

a medium to convert biomass to fermentable sugars and (3) biochemical, which uses
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enzymes and microorganisms to convert cellulose and hemicellulose parts of
biomass to alcohols® ®’. Figure 2-7 shows the pathway for biomass conversion to

biofuels.

Biomass

Biochemical pathway |-_ | Hydrothermal pathway | —-| Thermochemical pathway |

SCW gasification Gasification, | Liguefaction | ‘ Pyrolysis ; |
i

co-gasification y& \
58 ? e ] (o]

Pretreatment

‘ Cellulose, hemicellulose ‘

Fermentation

M

‘ Syngas fermentation ‘ | Fischer-Tropsch catalysis | ‘ Combined heat-power ‘

S [ Bioethanol

Figure 2-7: Pathways of biomass conversion to bio-oil production using biochemical,

\L

hydrothermal and thermochemical routes °°.

2.3.1 Pyrolysis of Biomass

Pyrolysis of biomass is a thermal degradation process which biomass heated at high
temperature (generally 500°C -800°C) under oxygen depleted environment. At this
high temperature, cellulose part of biomass decomposes to produce pyrolysis oil,
biochar and gaseous substances %8, Mild acid hydrolysis (1 N sulfuric acid, 97°C and
2.5 h) on residue of biomass after pyrolysis resulted ~85% cellulose conversion and

>5% glucose .

Pyrolysis process is categorised to (1) conventional pyrolysis (slow pyrolysis), (2)
fast pyrolysis and (3) flash pyrolysis. Slow-pyrolysis produces 35% biochar, 30%
bio-oil and 35% fuel gas which generally favours biochar production. In fast
pyrolysis, bio-oil is the desired product. In this reactor system, thermal
decomposition of biomass to produce vapour, aerosols and light gases occurs due to
the high heating rate. short vapour residence time (<1s) and rapid cooling of vapour
product, produces higher yield of bio-oil compared to slow pyrolysis (50-70% bio-
oil, 10-30% biochar and 15-20% gas product by mass) ° ™. Flash pyrolysis requires
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biomass with fine particles compared to fast and slow pyrolysis, and gaseous
compound is the major product under this pyrolysis condition. Generally, the
products distribution depends on the type of pyrolysis, characteristics of biomass and
reaction parameters ¢ 72 %8 Table 2-3 listed the range of operating condition for

slow, fast and flash pyrolysis.

Table 2-3: The operation condition for pyrolysis processes 8.

Slow Pyrolysis Fast Pyrolysis  Flash Pyrolysis

Pyrolysis Temperature (K)  550-950 850-1250 1050-1300
Heating Rate (K/s) 0.1-1 10-200 >1000
Particle Size (mm) 5-50 <1 <0.2
Solid Residence Time (s)  450-550 0.5-1.0 <0.5

2.3.2 Gasification of Biomass

Gasification is a technology which converted solid and liquid into useful gaseous
fuels or chemicals that can be used as feedstock to release energy by burning, or used
for value-added chemicals formation. Gasification converts biomass into high
quantities of mixture of gaseous products (carbon dioxide, carbon monoxide,
hydrogen, water and gaseous hydrocarbons), small amounts of char and condensable
compounds (tars and oils) through partial thermal oxidation. It involves a variety of

chemical reactions, heat and mass transfer processes and pressure changes 2 74 7>,

Oxidizing agent or gasifying agent are generally air, steam, oxygen, nitrogen, carbon
dioxide or combination of these. Gasifier exposed to high temperature directly or
indirectly leads to increasing the gasification temperature to reach 600-1000°C, then
in the presence of oxidizing agent molecular structure of biomass rearrange to lighter
molecules and eventually convert to permanent gaseous fuel with higher hydrogen-
to-carbon (H/C) ratio .

The main steps involved in gasification process are drying, pyrolysis, oxidation
(combustion)and reduction (char gasification). In a typical gasifier, drying undergoes
at lower temperature (<150 °C), pyrolysis occurs at temperature range of 150-170
°C, oxidation occurs at 700-1500 °C and reduction takes place at 800-1100 °C. In the
drying step, steam is released by evaporating the moisture of the fuel. The pyrolysis

step involves volatile component of feedstock which is vaporized while heated. The
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volatile vapour produced and main components are hydrogen, carbon monoxide,
carbon dioxide, methane, hydrocarbon gases, tar and water vapour. As biomass
feedstock has high quantities of volatile components (70-86% on a dry basis),
pyrolysis step plays an important role in biomass gasification. Then oxygen supplied
to the gasifier reacts with the available combustible substances and CO- is formed.
Hydrogen component of biomass also undergoes oxidation to produce water, leading
to release of large amount of heat produced by oxidation of carbon and hydrogen.
Partial oxidation of carbon also may occur and carbon monoxide produced. H,O and
CO; subsequently undergo reduction through contact with the char (product from
pyrolysis) in the absence of oxygen " 7 . The temperature ranges of each step and
the Kkinetics parameters of the degradation products, depend on the characterisation of

biomass, the heat transfer rate and the degree of the oxidizing environment.

2.3.3 Biological Pre-Treatment of Biomass

Biological pretreatment of biomass employed microorganism such as brown, white
and soft rot-fungi to degraded hemicellulose, lignin and small part of cellulose.
Although this pretreatment requires low energy and mild operation condition, the
hydrolysis rate is very slow and long residence time is required®” ’®. The ability of
Microorganisms for ethanol fermentation categorised based on the process
parameters, compatibility with existing products, type of fermentation and
equipment. Wide range of microorganisms used in the fermentation of biomass to
bioethanol. For example, fungi can decompose cellulose, hemicellulose and lignin

through series of enzymatic reactions®®.

2.3.4 Hydrothermal Conversion of Biomass

Hydrothermal conversion of biomass is defined as an effective pathway to
decompose biomass, whether wet or dry, into renewable fuels’’. Among the available
technologies for biomass conversion, hydrothermal liquification of biomass is
reported a suitable process that tackle the wet biomass conversion to fuels. The major
difference between wet biomass (such as microalgae and forest biomass residues)

and dry biomass treatments is pre-treatment step elimination®. Hydrothermal
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conversion operated by two ways: (a) biomass first converted to syngas and then
subsequently produce fuels, (b) biomass converted to liquid fuels directly through
using solvents such as sub/supercritical water, alcohols and ionic liquid. The second
option has the priority due to the mild operational condition, higher yield of products

and outstanding characteristics’®.

Hydrothermal conversion of biomass in water has numerous advantages (over other
technologies) such as being eco-friendly technology, additionally natural occurrence
of water in biomass eliminates pre-treatment step’®. Moreover, the consumption of
water is less and the efficiency is more compared to pyrolysis, due to the fact that
bio-oil produced from hydrothermal conversion which has lower content of oxygen,
smaller molecular weight and higher heating value, has higher quality and better
chemical and physical characteristics®® 8. However the key factors such as
temperature, solvent, pressure, time and catalyst affect significantly the yield of

products’®. Figure 2-8 presented the schematic overview of hydrothermal conversion

of biomass.
» Gas
A
degradation
Slonii ' of Water-dls.solved : 5 Cha
/ \ materials
= degradation = T =
5 oil Polymerization

Polymerization

Figure 2-8: schematic overview of hydrothermal conversion of biomass’®

Acid hydrolysis, alkaline hydrolysis and hydrolysis in HCW are used to convert
biomass component such as cellulose to its monomer or oligomers and make biomass
ready for enzymic hydrolysis. Although dilute acid hydrolysis resulted in high
glucose vyield, the degradation rate is also massive and there is a limitation of heat
transfer at higher temperature®® 8, On the other hand, concentrated acid hydrolysis
produces high glucose yield and minimal glucose degradation, but it has some
disadvantages such as cost, environmental and corrosion issues that makes this

technology economically unviable® 84, Similarly, in alkaline hydrolysis the yield of
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sugar is low particularly at temperature lower than 100 °C due to the degradation.
Additionally, organic acids produced during hydrolysis consume the alkali*® 3,

Hydrolysis in HCW is a pretreatment with water at high temperature and pressure.
Unlike acid hydrolysis and alkaline hydrolysis, environmental and corrosion
problems can be avoided as no catalyst or chemicals involve in hydrothermal

conversion in HCW?3,
2.3.4.1 Properties of Hot Compressed Water (HCW)

At condition near the critical point, water has attractive properties that make it as a
promising reaction medium 88, The main properties of water that can determine the
identity of the reaction medium are density, ion product (Kw), dielectric constant and
miscibility®”. These properties can be modified by variations in temperature and
pressure of water near critical point which consequently provide different reaction
conditions to produce desired products®. HCW is defined as water above 150 °C and
at sufficiently high pressure®. By changing the temperature, the nature of reactions
governed by HCW changed. Regarding the critical point of water (Tc = 374 °C, pc=
22.1 MPa, pc = 320 kg/m3), HCW is divided to subcritical (below its critical point)
and supercritical (above the critical point) water. Table 2.4 summarizes the properties
of normal water, subcritical and supercritical water. Subcritical water is pressurized
water in condition below at critical point, above its boiling point temperature and at
ambient pressure (>100°C and 0.1 MPa)®°. The ion product of water, Kw, (self-
ionization constant) increases by three orders of magnitude from Kw=10"* mol?/Kg?
at 25°C to approximately Kw~10"1' mol?/Kg? at 300°C which has the decreasing
trend by increasing temperature above the critical point® 8. High ionic products lead
to high concentration of H" and OH™ ions which convert water to excellent reaction
medium that can act as an acid or base catalyst for homogenous reactions such as
biomass hydrolysis®®. In subcritical region, dielectric constant decreases by
increasing temperature from 78.5 (normal water) to 27.1 at 250 °C which gives rise to
solubility for organic compounds 8 8 S Generally ionic reactions such as
dehydration of carbohydrates, are favoured at subcritical region due to the high

density and high dissociation constant of water,
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Table 2-4: Different properties of ambient water, subcritical and supercritical water®
10

Properties Normal Subcritical Supercritical
water Water Water

Temperature T (°C) 25 250 400 400
Pressure p (MPa) 0.1 5 25 50
Density p (gcm™) 0.997 0.80 0.17 0.58
pKw 78.5 27.1 5.9 10.5
Dielectric constant & 14.0 11.2 194 11.9
Heat capacity Cp 4.22 4.86 13.0 6.8
(kJ kgt K1)
Dynamic viscosity # (mPas) 0.89 0.11 0.03 0.07
Heat conductivity A 608 620 160 438
(MWm?K?)

On the other hand, supercritical water is above the critical point and the dielectric
constant varies in the range of 3.7~19% %, Density of water at this range varies
continuously, changing from the liquid phase values to gas phase values without any
transition occurred between phases®®. From macroscopic point of view, supercritical
water has non-polar solvent properties and supports free radical reactions, On the
other hand, the single water molecule is still available which makes water act as
polar solvent and interact with ionic compounds® %, In addition, gases are complete
miscible in supercritical water, makes water to be considered as a good solvent in the
reactions involved organic compounds and gases®. By variation of the temperature
and pressure and consequently the density in supercritical region, supercritical water
can cover a wide range of reaction of free radical to ionic reactions due to the
different ionic product values®. Figure 2-9 shows the properties of water as a

function of temperature®,
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Figure 2-9: Properties of water at different temperatures. (A): Density, (B): Dielectric

Constant, (C): lon product. Dashed line: 25 MPa; solid line: 50 MPa; dotted line: 100
MPa®.

2.4 Lignocellulosic Biomass Hydrolysis in HCW

The large volume of previous studies have witnessed significant research efforts in
Lignocellulosic biomass hydrolysis in HCW 19 33 65929495 The main objective of
hydrothermal degradation of biomass is production of platform chemicals and a
pretreatment step for fermentation process to produce ethanol®. Generally, the
hydrothermal conversion of biomass comprises three major steps: (i)

depolymerisation of the biomass, (ii) decomposition of biomass monomers (iii)
recombination of reactive fragments’® €,

As lignocellulosic biomass consists of different components (cellulose,

hydrocellulose and lignin) with different hydrolysis behaviour, finding the optimised
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condition with the high yield of target products would be difficult. Figure 2-10 shows
some of the products from degradation of lignocellulosic biomass main components

during hydrothermal conversion.
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Figure 2-10: summary reaction routes for the degradation of main components of

lignocellulosic biomass during hydrothermal conversion®.

Hydrothermal degradation of biomass can be carried out in batch3 979
semicontinuous 1% 19 34 100102 ang continuous reactor systems?® 4% 6103 1n patch
system3* 97%° piomass particles are mixed with HCW in the reactor and hold at
desired pressure and temperature, the reaction residence time is long leading to
degradation of liquid products, low sugar yields and high yields of oil and char. In
semicontinuous reactor system 1 19 34 100-102 " the feedstock is charged in a reactor
and a stream of HCW is fed and flows through the bed of feedstock. In continuous
reactor system 20 4165103 "the slurry of feedstock particles and HCW is fed to the
reactor at the same time. In both semicontinuous and continuous reactor systems, the
reaction effluent is rapidly quenched to stop the reactions immediately and the liquid
products are collected to analyse. The residence time is short compared to batch

reactor system, leads to less degradation and higher yield of sugar products*: 65,
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Bobleter et al.*® 194 reported that semi continuous reactor system produce more
digestible cellulose, hemicellulose with higher sugar content and higher lignin

removal.

To understand the hydrolysis behaviour of lignocellulosic biomass and optimize the
experimental condition to increase the yield of target products, component
fractionation of biomass provides great knowledge. Various biomass model
compounds 33 3% % studied to investigate the reaction mechanism of biomass
hydrolysis and liquid product characterisation. Ando et al.>® studied decomposition
of three biomass model compounds in HCW and found out that most of
hemicellulose solubilized and flow out at 180°C, whereas cellulose starts to
decompose at temperature above 230°C. It is also reported that lignin removal
depends on the amount of lignin available in biomass, relatively moderate lignin
content results the extraction of lignin at low temperature with hemicellulose.
Another study® reported the degradation of willow as a biomass model compound at
200-350°C and found out that hemicellulose and lignin dissolve at 200°C, while
cellulose decomposes at 280-320°C. On the other hand, part of the cellulose that
available in amorphous form dissolve at 215-230°C. It is noteworthy to say that at
temperature >230°C, precipitation formed as a result of the re-condensation reactions
of primary products from lignin and hemicellulose. Therefore, cellulose blocked in
the reactor and become inaccessible for the hydrolysis, leading to cellulose

dehydration reactions and char-like solids form inside the reactor.

Several attempts have been made to separate biomass components using two step
hydrolysis process in HCW. Previous studies* 119 conducted two step hydrolysis
by semicontinuous reactor system in HCW and found that while hemicellulose and
lignin solubilised in a recoverable form in the first step at 230°C, crystalline cellulose
decomposed in the second step at 270°C. Lu et al.1% analysed the liquid products at
both steps, concluded that products from first step comprise xylose, Xxylo-
oligosaccharides, glucuronic and acetic acid from hemicellulose and also lignin
products including guaiacyl and syringyl units and the second step accounted for

cellulose hydrolysis products, glucose and cello-oligosaccharides.

Treating of lignocellulosic biomass in combined supercritical and subcritical

condition studied by Zhao et al.**® ™! to increase the yield of fermentable hexoses
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and production of valuable chemicals including furfural and 5-HMF. At the first step
in supercritical water, lignin removed from lignocellulosic biomass and cellulose
decomposed into oligomers, followed by second step in subcritical water which
oligomers turned to fermentable hexose!!?. On the other hand, this method has
adverse effect on fermentable sugars production such as xylose in hemicellulose
which were degraded when the glucose yield reached the maximum.

Sugar recovery varies between hydrolysis of different biomass model compounds in
HCW. Sugar recovery is low from hydrothermal decomposition of lignocellulosic
biomass in HCW, mainly due to its complex structure. Additionally, most of the
previous studies utilised batch reactor system to hydrolyse lignocellulosic biomass in
HCW which resulted in sugar products degradation due to the long residence time
during heating up and cooling down processes. On the other hand, hydrolysis in
continues and semi continues reactor system resulted in higher amount of sugar
products due to the shorter residence time which prohibits the degradation of sugar
products. Sakaki reported 40% of glucose recovery from hydrolysis of cellulose
under continuous reactor system. Hashaikeh studied hydrothermal dissolution of
willow (with 50% cellulose content) at two stages under continuous reactor system
and 20% glucose recovery obtained at 95% dissolution of willow.

Using continuous and semi continuous reactor system produce large amount of sugar
oligomers in the liquid products, therefore it is preferable to combine HCW with
another treatment i.e. enzymes to convert sugar oligomers to monomers as the

fermentable sugars.

2.5 Cellulose Hydrolysis in HCW

The mechanism and temperature of decomposition of cellulose, hemicellulose and
lignin are different due to the difference in their structures. Li and Saka studied the
hydrolysis of lignocellulosic at 170-290°C treated by semi flow and batch hot
compressed water, the maximum saccharides production (16.1%) reported from
cellulose obtained at 270°C when treated by semi flow hot compressed water which
was much higher than 2.1% obtained from batch type reactor at 230°C>*.
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Series of studies carried out by Yu and Wu®® 113 14 o investigate the primary
reactions of cellulose in HCW and evolution of cellulose structure at 180-270°C and
10M Pa. They used the semi continues reactor system to minimize the secondary
reactions of primary liquid products. The results suggested that glucose oligomers
with high DP (>25) produced from primary reactions of cellulose. It is also observed
that reactive components are consumed at 180-200°C and 230°C at amorphous and
microcrystalline part of cellulose respectively. Other parallel reactions including
breaking the hydrogen bond, degradation reactions and cross-linking reactions are
also involved in hydrolysis of cellulose at HCW. It has also been inferred that
glucose oligomers accounted for 31-34% (on a carbon basis) of the liquid products
and post hydrolysis of the primary liquid product resulting in ~80% glucose recovery
during hydrolysis of cellulose at 270°C under HCW. It is important to note that the
amount of hydrolysis reaction can be influenced by some cross linking reactions
which occur during hydrolysis'®. Monosaccharides or oligosaccharides in liquid
products are prone to decompose through dehydration or fragmentation reactions and
form compounds such as furfural, 5-HMF, levoglucosan, glycoaldehyde and

erythrose*.

Sasaki et al.?% 9% 115118 carried out a comprehensive research on hydrothermal
conversion of cellulose at higher temperature at subcritical and supercritical water,
290-400°C and a pressure of 25 MPa. The main degradation products are hydrolysis
products including oligomers (cellohexaose, cellopentaose,...) and monomers
(glucose and fructose), degradation products including furfural, 5-HMF, erythrose,
glycoaldehyde,  dihydroxyacetone,  glyceraldehyde,  pyruvaldehyde, 1,6-
anhydroglucose and organic acids®® 7 19 Figure 2-11 illustrated the proposed

reaction mechanism of cellulose at subcritical and supercritical region?°.

The distribution of products is different at various temperatures. At 320°C, with
retention time at around 10 s, all the cellulose converted, along with pH value
reduction, and most of the products are glucose degradation products. At 350°C, the
retention time is shorter and it took 2-4 s for complete degradation of cellulose but
the products are similar, mainly degradation products. At supercritical region, at
400°C and 35 MPa, cellulose was completely converted at 0.05 s and hydrolysis

products including oligosaccharides and monosaccharides accounted for most of the
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products. It has also been shown that at lower range of temperatures, the
decomposition rate of hydrolysis products (oligomers and glucose) is faster than
cellulose hydrolysis rate, while at supercritical region the cellulose conversion rate is

higher leading to higher yield of hydrolysis products?® 65 103, 118,120,
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Figure 2-11: Proposed reaction pathway of cellulose hydrolysis at subcritical and

supercritical region 2.
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It can be inferred that the contribution of hydrolysis products to the overall cellulose
conversion rate increased at higher temperature and pressurg®® 103 118 120 Thege
results suggest that the reaction atmosphere is different at subcritical and
supercritical water. Although the liquid products obtained after the reaction is clear
transplant, precipitation occurred after a while, when the solution is maintained at
room temperature and the detailed analysis prove that structure of solid residue is the

same as cellulose!®®

. At subcritical region cellulose | crystal appeared, while at near
and supercritical condition the formation of cellulose Il crystal approved which
suggested the dissolution and swelling of microcrystalline structure of cellulose at
high temperature. This dissolution takes place at surface area of cellulose leads to the
formation of amorphous part which easily hydrolyse to low DP oligosaccharides and
high formation rate of hydrolysis products at supercritical region!'®>. On the other
hand, hydrolysis of cellulose takes place at the surface area without dissolution and

swelling at subcritical region resulted the formation of higher DP sugar oligomers %
115,116

While production of fermentable sugars is more favoured from cellulose hydrolysis
in supercritical water, these sugars turned to degradation products faster compared to
subcritical water. On the other hand, the degradation rate of fermentation sugars is
lower in subcritical water, however hydrolysis of cellulose is more difficult?.
Therefore, Enhara and Saka® treated cellulose in the combination of subcritical ad

supercritical water to take advantage of both conditions.

2.5.1 Factors Influencing the Reaction Pathway of Cellulose
Hydrolysis in HCW

Different products from cellulose hydrolysis in HCW produce through various
reaction pathways, and it is necessary to control these reaction pathways to have
desired products. Therefore, it is worthwhile to understand the factors influence the
reaction pathway under hydrothermal condition. The following sections summarize

the major factors from hydrothermal decomposition of model compounds in HCW.
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2.5.1.1 Type of Feedstock

Microcrystalline cellulose contains both amorphous and crystalline parts with various
compositions, leading to different water accessibilities. Saka et al.'??> studied
hydrolysis of cellulose with different compositions and the degree of crystallinity
under supercritical condition at 500 °C and pressure of 35 MPa in semi batch type
reactor system. They found out although the proportion of amorphous and
crystallinity parts are not the same for various types of cellulose, the hydrolysis
pattern is similar. However, the glucose yield achieved is higher in cellulose 1l (48%)
compared to cellulose | (32%) after 10 s. Hydrolysis reaction of starch under
supercritical water occurs faster than cellulose, due to the fact that starch is rich in
amorphous structure compared to cellulose which composes mainly of crystalline

microfibrils.

Another study reported the different hydrolysis behaviour of cellulose and chitin in
HCW at 300-400 °C and pressure of 15-30 MPa, and explained it due to the different

intra and intermolecular hydrogen bonding structure!?,
2.5.1.2 Reactor Configuration

Cellulose and/or biomass hydrolysis in HCW studied under different reactor system,
including batch, semicontinuous and continuous?® 33 %4 101, 124-127 “1n hatch reactor
system, the hydrolysis products exposed to long residence time, therefore glucose
undergoes decomposition reactions®® 124 128 On the other hand, under continuous and
semi-continuous reactor system conditions, the heating, treating and cooling times
are short leads to less degradation of sugar products. Another study** compared
cellulose hydrolysis under batch-type and flow type (continuous and semi-
continuous) reactor systems condition. It is reported that after settling, higher yield of
hydrolysis products including sugar oligomers precipitate from fresh liquid product

under flow type reactor system.

As batch-type reactor system is not sufficient to decrystallized crystalline structure of
cellulose under subcritical condition, a two-steps water treatment that consists both

supercritical (i.e. 0.1 s) and subsequent subcritical (i.e. 30 s) conditions using flow-
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type reactor system was used. By this method, higher yield of hydrolysis products
(66.8%) achieved at 30.1 s,

Therefore, the type of the reactor system significantly influences the characteristics
of the biomass products. For example, high amounts of secondary products produced
in batch reactor system, leads to low yield of sugar products. On the other hand,
flow-type reactor system generally reduces the intermediates degradation in the

liquid phase®® 124,

2.5.1.3 Temperature

Changes in temperature leads to changes in reaction pathway, distribution of
products and consequently reaction rates which follows Arrhenius equation [k= Ae”
EY(RT)]. Generally cellulose conversion increased at higher temperatures, such as
several hours in subcritical condition accelerates to a few seconds in the supercritical

condition.

Sasaki?® 19 reported that the hydrolysis products are higher at temperature above
critical point and declared supercritical water promotes the dissolution of cellulose
compared to subcritical water. Another study!?® showed the cellulose particle
dissolution dependence on temperature and water density, which minimum
temperature of cellulose dissolution occurs at water densities around 800 kg/m?.
Cellulose particles swelled by increasing the temperatures at densities from 600-800
kg/m?. The accessibility of water to cellulose particles increased by swelling. High
water densities (>900 kg/m®) causes higher dissolution temperature and reached

those at the lower densities (500 kg/m?).
2.5.1.4 Catalysts

Catalysts are generally used to promote the formation of desired products and
enhance the reaction rate of biomass or model compounds in HCW?®. Typically, two
types of catalysts are used, homogenous catalysts and heterogenous catalysts. Wide
range of homogenous catalysts, including Bronsted acids™® 3, organic acids'®? 132,
Lewis acids®**137 and bases'*®, are used in hydrothermal conversion of cellulose in
HCW. On the other hand, the most common heterogenous catalysts used for

cellulose conversion are solid acid/based catalysts, because the solid catalysts are
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environmentally friendly and it can be easily separated from solvent and reactant®.
Additionally, solid catalysts tackled the corrosion issues arising from using

homogenous acid/base catalysts®: 38,

It is reported that solid acid catalyst such as sulfonated activated carbon (AC-SO3H)
was used for cellulose hydrolysis, and more than 90% glucose selectivity on a carbon
basis achieved at 423K.

2.6 Hemicellulose Hydrolysis in HCW

Hemicellulose demonstrates lower thermal stability than cellulose. Hydrothermal
degradation of xylan, as a model substance of hemicellulose, in subcritical water was
studied by Pinkowska et al**. Liquid product fraction includes saccharides (xylose is
dominant), carboxylic acids (formic and acetic acid are dominants), furfurals (2-FA
is dominant), aldehydes and dihydroxyacetone. By increasing the reaction time, the
yield of furfural and other degradation products increased. The reaction pathway
started with depolymerisation of xylan and cleavage of acetyl group leading to
formation of xylose, arabinose and acetic acid. At the next step, pentoses subjected to
dehydration and retro-aldol condensation. While furfural is a product of dehydration
which consequently form other intermediates like formic acid, glycoaldehyde and
glyceraldehyde are the products of retro-aldol condensation of xylose and arabinose.
Glyceraldehyde further converted to dihydroxyacetone through keto-enol
tautomerism which in turn dehydrated to pyruvaldehyde by dehydration which can

produce lactic acid3% 140,

In another report, Sasaki conducted xylose degradation in the range of subcritical and
supercritical temperature (360-420°C and 25-40 MPa) in the continuous flow-type
reactor and concluded that retro-aldol condensation and dehydration reactions are the
main primary decomposition reactions. The results suggested that retro-aldol
condensation is the dominant reaction and the contribution of dehydration reaction is
very small. By increasing the temperature and decreasing the pressure in the
supercritical range, the rate of retro-aldol reaction become higher, while it has a little
effect on the rate of dehydration reaction to produce furfural, on the other hand

furfural formation is promoted at lower temperature°.
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Another study, treated different biomass species in hot compressed water at 200-
230°C for 0-15 min and observed that 40-60% of the mass of all the sample species
solubilized, considering that 100% of hemicellulose component for all of them

solubilised and ~90% of that is recovered in the form of monomeric sugars**!,

The effect of hemicellulose with different xylan structures on hydrolysis behaviour at
179°C studied by Nabarlatz et al'*2. It has been inferred that however all of the
substrates produce xylo-oligomers, the yield and composition of oligomers are
different due to the various contents of xylan and acetyl groups in the raw material. It
Is important to note that acetic acid produced from cleavage of acetyl group and
capable to catalyse the depolymerisation of xylan in to xylo-oligomers as the primary
products and subsequent secondary products, as a result, higher content of acetyl

group leads to higher yield of xylose oligomers*#?,

Hemicellulose is a copolymer of pentoses (arabinose and xylose) and hexoses
(galactose and mannose) units. Srokol et al.1*® conducted hydrothermal reaction of
some pentoses and hexoses monosaccharides model compounds at 340°C and 27.7
MPa during 25-204 s. However, there are some differences on the amount and the
formation rates of products, the nature of compounds formed from the studied model
samples are the same. The main acid-catalyzed product is 5-HMF and base catalyzed
reaction result in glycoaldehyde and glyceraldehyde and other lower molecular
compounds such as organic acids are the products of fragmentation and dehydration
reactions'® 144 Therefore it has been concluded that the reaction pathways of
hemicellulose with five-carbon sugars and six-carbon sugars structures are similar
under HCW3,

2.7 Lignin Hydrolysis in HCW

Lignin decomposes into three main monomeric parts in HCW, syingyl (S), guaiacyl
(G)and p-hydroxyphenyl (H) units*. Various phenols and methoxy phenols can be
produced through lignin decomposition in HCW via cleavage of ether-bond®.
Guaiacol was studied as the model compound of lignin in HCW at 380-400°C and
various pressures!®. The production of phenolic compounds including catechol,

phenol and o-cresol was observed which their amounts increase by increasing time
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and pressure. Additionally, by increasing the reaction time, the production of

guaiacol oligomers and low-molecular-weight compounds increased*°.

The products yield clearly depends on the nature of the lignin and its structure.
Zhang et al.** studied hydrothermal decomposition of five types of lignin at 300-
374°C and found out ~33-79 wt% of liquids and ~12-49% of solids produced from

hydrothermal decomposition of different types of lignin.

Figure 2-12 presents the simplified hydrothermal degradation of lignin in subcritical
water into methanol soluble (MS) fraction including catechol, phenol and cresol

compounds and methanol soluble (M1) fraction including residual solid.*.
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Figure 2-12: Proposed scheme for lignin decomposition in subcritical water®®.
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2.8 Hydrothermal Decomposition of Dimers in HCW

As it mentioned in 2.5, hydrothermal decomposition of cellulose in HCW primarily
produce glucose oligomers with a wide range DPs, which further decompose to
glucose and other monomers. The monomers subsequently undergo secondary

reactions and produce smaller molecules and value added chemicals % 113,

Due to the complexity of biomass structure, a broad range of starting materials were
employed to investigate the mechanism of cellulose and biomass decomposition in
hot compressed water under different conditions. In this section, hydrothermal
decomposition of dimers, as the simplest sugar oligomer, studied to understand the

decomposition mechanism of sugar oligomers.

2.8.1 Hydrothermal Decomposition of Cellobiose in HCW

Hydrothermal decomposition of cellobiose, as the simplest glucose oligomer with the
glycosidic bond, studied significantly. Bobleter and Bonn** conducted one of the
first studies on cellobiose in batch reactor at 180-249 °C. They found out that
glucose is the main product with the high vyield (~60%) from cellobiose
decomposition in HCW but the reaction pathway and mechanism were still unclear.
Investigation of mechanism and reaction rate of cellobiose at 300-420 °C conducted
by Kabyemela et al.'}’ and Sasaki et al.'*® using a continuous reactor. They
suggested hydrolysis reaction to form two molecules of glucose and retro-aldol
condensation reaction to produce glucosyl-erythrose (GE) and glycolaldehyde are the
main degradation reactions of cellobiose decomposition. Glucose and erythrose
formed from GE by hydrolysis reaction which subsequently turn into glucosyl-
glycolaldehyde (GG) through retro-aldol condensation reaction. GG is also
transformed into glucose and glycolaldehyde via the hydrolysis reaction. As the
decomposition proceeds, glucose (the product of hydrolysis reaction of cellobiose,

GE and GG) turns into fructose, glycolaldehyde and other degradation products®4°.

Yun Yu et al.*® studied cellobiose decomposition in HCW at 200-275°C using
continuous reactor system. They found out that isomerisation is the main primary
reaction under experimental condition and cellobiulose (GF) and glucosyl mannose

(GM) are the primary products of isomerisation reaction and small portion of
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cellobiose hydrolysis into glucose in HCW. The isomerisation reaction to produce
GF and GM account for 64-76% and 8-11% respectively and hydrolysis reaction to
produce glucose account for 10-20% of cellobiose decomposition reactions
depending on temperature. Glucosyl erythrose (GE) and glycolaldehyde are also
primary products from retro aldol condensation reaction, but their contribution is
very small (only <5%) compared to the isomerisation and even hydrolysis reactions
of cellobiose under non-catalytic condition in HCW. The maximum selectivity of
these products reach ~10% and ~ 3% for glycolaldehyde and erythrose respectively
at 275°C. The study also reported the formation of organic acids as the reaction
proceeds, leading to acidic condition (pH~4) which is subsequently promotes the
acid-catalysed reactions like dehydration reaction to produce 5-HMF particularly at
the middle and later stages of hydrothermal decomposition of cellobiose. The main

reaction pathways of cellobiose decomposition at 200-275 °C shown in Figure 2-13.
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Figure 2-13: Main reaction pathway of cellobiose degradation in HCW*

As discussed earlier, saccharinic acids are the products from alkaline degradation of
carbohydrates through peeling and stopping reactions, so they are also reported to
produce from di- and poly-saccharides treatment in HCW. In a case of alkaline
degradation of 1,4-linked polysaccharides, B-alkoxy-carbonyl elimination leads to
splitting off the reducing end group and generates ISA. Additionally, 1,4-linked
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polysaccharides undergoes stopping reaction leading to the formation of a and f
forms of MSA, via B-hydroxycarbonyl elimination at Cz atom at reducing end group
and subsequent rearrangement of the enol through keto-enol tautomerism (figure 2-

16)151-154_

Xiao et al*® also reported the proposed reaction mechanism and kinetics data of
cellobiose decomposition in HCW. The main products are glucose, GF, GM and
glucosyl-erythrose from hydrolysis, isomerisation and retro-aldol condensation, and
further products produced from retro-aldol reaction of these products and
intermediates. Table 2-5 presents the kinetic data of main products from cellobiose
reactions in HCW™>®

Table 2-5: Kinetic parameters of various reaction pathways of cellobiose

decomposition in HCW,

Products Reaction Pathway Activation Frequency Factor
Energy (sh
(Kcal/mol)
GF Isomerisation 16.5 3.95 x 10°
GM Isomerisation 28.3 2.27 x 10°
Glucose Hydrolysis 25.0 1.26 x 107
glucosyl- Retro-aldol condensation 29.3 1.26 x 10'°
erythrose

The effect of initial pH is also investigated on hydrothermal decomposition of
cellobiose in HCW by Zainun Mohd Shafie et al.’>®. However, Isomerisation and
hydrolysis reactions to produce GF, GM and glucose are the main reactions similar
to non-catalytic condition, acidic condition promoted the glucose formation and

supressed isomerisation reaction to produce GF and GM.
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2.8.2 Hydrothermal Decomposition of Cellobiulose in HCW

As mentioned earlier, GF is the main primary product from isomerisation reaction of

cellobiose in HCW. Rashedul et al.™®" investigated the hydrothermal decomposition

of Cellobiulose at 200-275 °C using continuous reactor system in HCW. They found

out primary reactions are hydrolysis reaction to produce glucose and fructose,

isomerisation reaction to produce cellobiose and GM, and retro aldol condensation

reaction to produce glucosyl-erythrose and glycolaldehyde. In contrast to cellobiose

decomposition in HCW that isomerisation reaction to GF and GM has the highest

contribution among other primary products, for GF decomposition hydrolysis

reaction to glucose and fructose contributes to ~60% at 200 °C*®* 157, Figure 2-14

presents the main reaction pathways of GF decomposition in HCW.
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Figure 2-14: Main reaction pathway of GF decomposition in HCW. ISM:

Isomerization; DHD:

dehydration; RAC:

retro-aldol condensation; BHE: f-

hydroxycarbonyl elimination; BAR: benzilic acid rearrangement; ADC: o -

dicarbonyl cleavage®®’.

2.9 Hydrothermal Decomposition of Mono-Compounds in HCW

A number of researches have studied the detailed analysis of products from

hydrothermal decomposition of different model compounds including monomers in
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HCW under various catalytic or non-catalytic conditions!*® %8161 The major
products from hydrothermal decomposition of monomers under HCW are: 5-HMF,
furfural, glycolaldehyde, glyceraldehyde, pyrovaldehyde, dihydroxyacetone,
erythrose and organic acids® 143 162164 The contribution of each product and their
rates of formation depend on the nature of starting monomer. The similarity of the
products from hydrothermal decomposition of monomers can be explained by base
catalysed Lobry de Bruyn-Alberda van Ekenstein rearrangement, resulting in
interconversion of glucose, mannose and fructose through 1,2 enediol anion** (see
Figure 2-15). Generally, in monosaccharides isomerization, the yield of ketoses is
higher than the yield of aldoses. While mannose is isomerized to both glucose and
fructose, in glucose isomerization no mannose or very little is produced compared to

fructose®®,

o.M
< O
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CH,0H
HO
D-fructose
Hg{l:_OH H
o0
HO—C !
| \
HC—OH HO— X
OH oH
H?_OH D-galactose
CH,0H

Figure 2-15: Lobry de Bruyn-Alberda van Ekenstein rearrangement during

hydrothermal decomposition of monomers'4,

The general reaction mechanism of the monomeric sugars in HCW is summarised in
Figure 2-16.
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Figure 2-16: Decomposition of biomass derived monomers and their products in
HCW?®,

2.9.1 Hydrothermal Decomposition of Glucose and Fructose in

HCW

Most of the previous literatures studied the decomposition of glucose, as the most
abundant biomass derived monomeric sugars, under subcritical and supercritical
conditions with and without any catalyst to understand the reaction mechanism in
order to increase the yield of target products!® 149 150. 166-169 Frctose, mannose!®?,
erythrose!’®, glyceraldehyde, glycolaldehyde, dihydroxyacetone, levoglucosan,
pyrovaldehyde, 5-HMF?2% [evulinic!™* and formic acids are the main products
from hydrothermal decomposition of glucose in HCW**® 72, Figure 2-17 presents the
main reaction pathways of hydrothermal decomposition of glucose in HCW?™,

Generally, glucose decomposes through the following major reactions in HCW:
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a) Glucose isomerises to fructose and mannose by Lobry-de Bruyn-van
Ekenstein transformation®® 14 |t is found out that the rate of fructose into
glucose formation is slower compared to glucose to fructose at 300-400°C and 25-
40 MPa*®. Yu and Wu'" also reported the isomerisation to fructose as one of the
main primary reactions with the highest selectivity (>90%) of glucose
decomposition at 175-275 °C and pressure of 10 MPa. Additionally, by increasing
the temperature and pressure to 350 °C and 25 MPa, the isomerisation reaction is
contributing >50% of the primary reactions.

b) Dehydration reaction to produce levoglucosan by losing one molecule of
water''®, Kabyemela et al.»™ studied fructose decomposition at 300-400 °C and
25-40 MPa and no levoglucosan reported in the liquid products suggesting it is
not the decomposition product of fructose, but only glucose. On the other hand,
dehydration of fructose produces 5-HMF by losing three molecules of water
which further decomposes to levulinic and formic acids by rehydration!’ and

furfural is also reported as decomposition product of 5-HMF.

Glucose undergoes retro-aldol condensation reaction to produce aldehyde and
ketones including glycolaldehyde, erythrose, glyceraldehyde and
dihydroxyacetone!”™. Erythrose consequently decomposes to glycolaldehyde via
retro-aldol condensation!” and glyceraldehyde form dihydroxyacetone by reversible

isomerisation which both turn to pyrovaldehyde by dehydration®®.
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Figure 2-17: Mechanism of hydrothermal decomposition of glucose in HCW?°,

The formation of furfural from glucose treatment in HCW is also reported through
fragmentation to pentoses and formaldehyde via retro-aldol condensation of glucose
and consequently pentoses dehydrated to furfural®®. It is also reported that furfural is

also produced when hexoses such as glucose treated in hot compressed water.

Decomposition of glucose at higher temperature (400-500 °C) and pressure (40MPa)
studied by Sinag et al.}”" 1"® and they presented the simplified reaction pathway for
glucose decomposition under this condition as shown in Figure 2-18. They reported
two reactions mainly contribute to the total glucose decomposition: (a) glucose first
dehydrated via C-O breakage to produce furfural which further undergoes
dehydration into phenols, (b) C-C bond breaking via different reactions such as retro-
aldol condensation to produce acids and aldehydes'® 18 which further decomposed

to gases such as CO2, Hz and CH,1"™> 178,
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Figure 2-18: Reaction pathway of glucose decomposition under supercritical

condition™,

Significant studies reported hydrothermal degradation of glucose under acidic
conditions®3® 179182 |t js found out that while the production of 5-HMF and
levoglucosan is more favourable under acidic condition, the isomerisation reaction
forming fructose is suppressed!®® 14 On the other hand, degradation of 5-HMF
catalysed under acidic condition resulting to other products including levulinic acid
and formic acid'#® 18, The effect of acid concentration studied by McKibbins et al.*8
by treating glucose with different concentration of sulphuric acid (0.025-8 N) at 140-
250 °C. It is shown that the yield of 5-HMF and levulinic acid increased by
increasing the acid concentration'®, Xiang et al.'®® and Kupiainen et al.}’”® treated
glucose under acidic condition in HCW. Both studies found out the concentration of
acid which determines the hydrogen ion concentration has the important effect on the
reaction pathway of glucose decomposition since protonation (adding proton to the
hydroxyl group on the glucose ring from water) is the important reaction of glucose

decomposition®®,

Hydrothermal decomposition of glucose also studied under alkaline condition. In
contrast to the acidic condition, while 5-HMF and levoglucosan formation is
suppressed, isomerisation reaction to produce fructose and mannose and retro-aldol

condensation reaction into glycolaldehyde, erythrose and glyceraldehyde become the
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important reactions® 13 143 The formation of pyrovaldehyde, lactic and acetic acids

also promote under alkaline condition.

lactic acid is reported to produce from glycolaldehyde (the degradation product of
glucose by retro aldol condensation) via the formation of pyrovaldehyde through
series of reaction. The possible reaction pathway of lactic acid formation from

glucose can be proposed as shown in Figure 2-19.
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Figure 2-19: Proposed reaction pathway of lactic acid formation from hydrothermal

conversion of glucose'®.

Turning to fructose decomposition, it is reported that glucose, mannose, 5-HMF and
glyceraldehyde are the major products in hot compressed water through
isomerisation, dehydration and reverse aldol reactions® 8’  Figure 2-20 illustrates
the reaction pathway of fructose and the main products in water at high temperature

and high pressure based on previous literatures.
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Dihydroxyacetone and glyceraldehyde are produced from reverse aldol reaction of
fructose decomposition, and pyrovaldehyde is the dehydration product of
glyceraldehyde leading to formation of lactic acid through benzilic acid
rearrangement®® 187 Figure 2-21 shows the proposed reaction mechanism from
pyrovaldehyde to lactic acid via benzilic acid-rearrangement in water at high
temperature and high pressure.
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Figure 2-21: Proposed reaction pathway from pyrovaldehyde to lactic acid®,

Kobayashi et al. reported the formation of glucose and mannose is not observed in
the treatment of fructose in the salty subcritical water condition, due to the formation
of organic acids that prohibits the base-catalysed reaction like LEAB
transformation?®®. It is also reported that the value of pH decreases as temperature
and pressure increase in fructose decomposition in HCW which is attributed to the
formation of organic acids such as lactic acid and levulinic acid, additionally high
values of water density and longer residence time can possibly promote organic acids

formation!®,

As it can be seen in Figure 2-22, It is generally reported that formic acid and
levulinic acid are rehydration products of 5-HMF in acid catalysed reactions of

fructose90-192,
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“on dehydration rehydration ) + H OH
H N
Fructose SHMF Levulinic Acid Formic Acid

Figure 2-22: Proposed reaction pathway of formic acid from hydrothermal

conversion of fructose!®°,

It is also reported that the presence of acid significantly improve the yield of 5-HMF
under identical condition, while fructofuranosyl cation is an important intermediate

in the formation of 5-HMF from fructose®’. Kuster and van der Baan'®! concluded
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that the reaction rate of fructose decomposition and 5-HMF production is first order

in fructose concentration.

Formic acid is also reported as the basic product from hydrothermal oxidation of
carbohydrates including glucose and fructose in hot compressed water which
involves some reactions including thermal degradation, oxidation and hydrolysis®*
19 It has been found that yield and purity of formic acid improved by addition the
alkali. The addition of alkali can prevent the decomposition of formed formic acid

and also has the catalytic role in facilitating oxidation®®’.

The proposed reaction pathway of production of formic acid from monosaccharides
oxidation in the presence of an alkali is shown in Figure 2-23. At first, H.O2 and OH"
react to produce active species of HOO". Then HOO" attacks the carbon on the
carbonyl group of the aldose (glucose) to form formic acid and H-C(O)-R by
breaking C1-C2 bond. On the other hand, HOO" attacks the carbon on the carbonyl
group of the ketose (fructose) and form glycolic acid, H-C(O)-R’ and OH™ by
breaking C2-C3 bond. Both H-C(O)-R and H-C(O)-R’ from aldose and ketose
respectively, react with reactive HOO™ again via Root (1) until all the carbon
transformed to formic acid. It is reported that 1 mol of glucose (aldose) and fructose

(ketose) could generate 6 mol and 4 mol of formic acid respectively.194 198-202
H,0, +OH" —= HOO +H,0

¥ H

¢=0 L0—C i 0

{~ 0 +HOO" —= H=070-C=0 __. ¢=0 +y—C—0OH+OH- (1)
HO—C—H HO—C—H '

| | R

- 3

' ! |

c;::o +HOO' —= H—040-C—0 —= C=0 + H,&—t—0H + on- P
HO—C—H HO—(E—H ;'q-

|

R R

Figure 2-23: Proposed Reaction pathway of formic acid production from oxidation of

monosaccharides in HCW in the presence of an alkali®’.

Previous literatures®® 152 154 203, 204 3150 reported the formation of saccharinic acids
from carbohydrates including monosaccharides degradation in HCW which is the
characteristic of alkaline condition. Three structurally isomeric forms have been

stablished for saccharinic acids: saccharinic or 2-methylpentonic acids,
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isosaccharinic or 3-deoxy-2-hydroxymethylpentonic acids, metasaccharinic or 3-

deoxyhexonic acids (Figure 2-24).

TQGH

CH
CH(OH) |
| C(OH)(COOH) C{OH)(COOH)
i : H(I: o
H =DM

MG~ OM " i

HC = OH HGC —OH
HITI.'—DH 1 1

CH,OH H
CH30H . L

(a) (b) (c)

Figure 2-24: Three isomers of Saccharinic acid, (a): Metasaccharinic acid, (b):

Isosaccharinic acid, (c): Saccharinic acid.

The Nef-Isbell mechanism for the saccharinic acids formation in alkali involve
following steps: (a) the formation of enediol via keto-enol tautomerism followed by
production and isomerisation of anion, (b) B-hydroxycarbonyl elimination to form
diketo intermediate, (c) dicarbonyl intermediate formation via keto-enol tautomerism
(d) benzylic acid rearrangement of the intermediate to produce the corresponding

saccharinic acid (Figure 2-25)11 152,203,204

On the other hand, it is widely reported that two types of reaction compete during
low temperature alkaline degradation of cellulose, end-wise degradation (peeling)
and termination (stopping) reactions (Figure 2-26). Isosaccharinic acid (ISA) and
metasaccharinic acid (MSA) are the most important products of peeling and stopping
reactions respectively%-1%3 205 206 - 3_deoxy-D-arabino-hexonic acid and 3-deoxy-D-
ribo-hexonic acid (o, p metasaccharinic acids) are well known products from alkaline

degradation of monosaccharides and di- and polysaccharides™*.
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Figure 2-25: Alkaline degradation of glucose to produce saccharinic acids*®.
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Figure 2-26: Alkaline Degradation of Polysaccharides to produce saccharinic

acids?%.

De Bruijn et al.2%-?% jnvestigated the effect of reaction variables on the hydrothermal
degradation of monomers including glucose, fructose and mannose under alkaline
condition. They found out that enediol anion intermediates produced which involved
in isomerisation and other degradation products of monomers. By increasing the
hydroxyl anion concentration, the rate of enolization is increased which promotes
isomerisation and degradation reactions, and subsequently increase the overall
decomposition of sugar monomers?’’. Maclaurin and Green?' studied the glucose,
fructose and mannose decomposition at 22 °C and 1M sodium hydroxide. They
found out that isomerisation reaction of glucose, fructose and mannose is a reversible

reaction.
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2.9.2 Hydrothermal Decomposition of Xylose in HCW

Previous literatures®®® 2! studied the hydrothermal decomposition of xylose as the
main building block monomer of hemicellulose. The degradation of xylose at 200-
300 °C and 200 bar studied and identified a range of acidic and base catalysed
reactions leading to fragmentation products including formic acid, glyceraldehyde,

glycolaldehyde, dihydroxyacetone, formic acid, glycolic acid and lactic acid.

The dehydration reaction of xylose to furfural illustrated in Figure 2-27, which the

yield of furfural increased by residence time and temperature up to 260°C.

0

O~ OH o

Yy — [)_< L o
HO q

OH

Xylose Furfural

Figure 2-27: Dehydration reaction of xylose to furfural in HCW?2%,

Glycolaldehyde and glyceraldehyde are produced from retro-aldol reaction of xylose
which is observed in Figure 2-28, minor amounts of glyceraldehyde isomerised to

dihydroxyacetone at temperatures < 240°C?!%,

O« . OH M
+ HO
1 OH _ 0 H AN

HO » OH O
OH
Xylose Glyceraldehyde Glycoaldehyde
Figure 2-28: Retro-aldol reaction of xylose to glycolaldehyde and glyceraldehyde in
HCW?,

At temperatures > 240°C, glyceraldehyde produces lactic acid through benzilic acid

rearrangement (BR) and hydration via intermediate methylglyoxal (see Figure 2-29).
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Figure 2-29: Series of reaction from glyceraldehyde to lactic acid during

hydrothermal decomposition of xylose?'!,

Formation of formic acid is the main reason of pH reduction at all temperatures and
residence times from xylose decomposition. At temperatures above 280°C and

residence times ~10 seconds, formic acid decomposes to other products!3®-21,

Previous study reported that small amount of 5-HMF is also produced from xylose
treatment in HCW, suggesting its formation passes through glyceraldehyde through

cyclic intermediate.

2.10 Hydrothermal Decomposition of Other Compounds in HCW

2.10.1 Hydrothermal Decomposition of Glyceraldehyde and
Dihydroxyacetone

Many previous researches studied the decomposition of model compounds to
understand the reaction characteristics of biomass. One of the important reactions of
monomeric sugars decomposition in HCW, is retro-aldol condensation reaction. To
better understand the nature of retro-aldol reaction undergoes during decomposition
of sugars under hydrothermal decomposition, glyceraldehyde as the simple aldol
sugar employed. It is elucidated that the nature of retro-aldol reaction of
glyceraldehyde is a radical reaction under sub- and supercritical condition, and
formic acid and acetaldehyde formed which are the products of the radical

reaction?!2,

Kabyemela et al. Y®studied glyceraldehyde and dihydroxyacetone decomposition in
subcritical and supercritical water condition, and found out that isomerization

reaction between them occur and pyrovaldehyde produced through subsequent
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dehydration. It was clearly indicated that the rate of dihydroxyacetone is higher than
those of pyrovaldehyde in glyceraldehyde reaction, but the yield of pyrovaldehyde is
higher than glyceraldehyde when dihydroxyacetone decomposed in HCW, Then
on one hand, pyrovaldehyde undergoes benzilic rearrangements to form lactic acid,
and on the other hand, formic acid, acetaldehyde and acetic acid produced through o
-dicarbonyl cleavage of pyrovaldehyde. Formaldehyde with high reactivity also
formed with acetic acid'*®. The proposed pathway for glyceraldehyde decomposition

in subcritical condition is summarized as below!3:

@]

0 o o 0 H o
H Il Ml | 4
HO H —> CHy — 1y o> O —> C_——>H—C—C
3 HsC™ "H H” ~OH H™ "H [
OH 0 H OH
Glyceraldehyde Pyrovaldehyde Acetaldehyde  Formic Acid Formaldehvde  Acetic Acid

As discussed earlier in xylose decomposition, small quantity of 5-HMF is also
reported to produce possibly through cyclic intermediate, when glyceraldehyde

treated in hot compressed water®®,

A mixture of products contained low molecular weight acids and aldehydes including
glyceraldehyde, glycolic acid, lactic acid, acetic acid and methylglyoxal identified
from hydrothermal decomposition of dihydroxyacetone under subcritical water
condition®®. A reduction of pH occurred as dihydroxyacetone decomposition
progressed by increasing residence time and reaction temperature suggesting the
formation of organic acids particularly lactic acid at more severe condition and
higher residence time. The reaction pathway consists of isomerisation reaction to
glyceraldehyde through keto-enol tautomerisation which plays an important role at
higher temperatures, then dehydrated to methylglyoxal and fragmented to glycolic
acid. Methylglyoxal further decomposed to lactic acid, acetic acid and
formaldehyde?®'®. Table 2-6 presents the Kinetics parameters of dihydroxyacetone

decomposition under subcritical water condition.
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Table 2-6: Kinetics parameters of dihydroxyacetone decomposition under Subcritical
Condition, DHA: dihydroxyacetone; GCA: glyceraldehyde; MGX: methylglyoxal;
GLYA: glycolic acid; MEOH: methanol; AA: acetic acid; FAD: formaldehyde?®®2.

Products Ea Ln(A)
DHA = GCA 87.3+4.4 14.93+1.10 s
DHA = MGX + H,O 725+ 2.0 13.20+ 0.47 s
DHA + H,O= GLYA + MEOH 72.3+24 7.69+0.54 s M1
GCA = MGX + H.0 63.9+ 0.1 11.81+0.01 s
MGX + H.0 = LA 64.3t 5.4 6.87 +0.48 st M
MGX + H20 = AA+ FAD 139.8+19.1 22.52+4.40s1 M

2.10.2 Hydrothermal Decomposition of 5-Hydroxymethylfurfural (5-
HMF)

Srokol et. al.**® studied 5-HMF decomposition under subcritical condition and found
out that the concentration of 5-HMF decreased by the reaction time. It is also
reported that while the formation of several products reported, 1,2,4-Benzenetriol is
the most abundant and major product which is stable under hydrothermal
condition®** %4, Figure 2-30 demonstrates the proposed pathway for the formation of

1,2,4-Benzenetriol from hydrothermal conversion of 5-HMF.

No 2-furaldehyde identified from 5-HMF decomposition, suggesting 2-furaldehyde
formed through another pathway in hydrothermal decomposition of C6 monomers,
most likely via C5 ketoses. 1,2 enediol is the intermediate from C6 monomers, which
converted to 1,2 diketone via a-elimination and subsequently undergoes a-dicarbonyl
cleavage to form formic acid and C5 monomers, then C5 monomers dehydrated to 2-
furaldehyde#® 187,
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Figure 2-30: Proposed pathway from 5-MHF to 1,2,4,Benzentriol*4,

2.11 Reaction Kinetics of Biomass Decomposition in HCW

2.11.1 Global Reaction Kinetics of Biomass and Model Compounds
Decomposition in HCW

Several studiest’: 119 125 127, 149, 139, 161, 170, 176, 214, 215 renorted the global reaction
kinetics from hydrolysis of different model compounds and biomass in HCW.
Matsumura et al. reported the reaction kinetics of glucose decomposition in HCW.
Glucose decomposition reaction consists of parallel reactions at different
temperatures and they found out that the reaction order of glucose decomposition
decreases as temperature increases from 448 to 673 K, mainly due to the shifting of
reaction mechanism from ionic to radicalic. Different Kinetic parameters are reported
for the various reaction pathways of glucose decomposition as shown in table 2-7.

Sasaki et al. studied the kinetics of cellulose decomposition at 290-400 and 25 MPa.
They revealed that the hydrolysis reaction rate is higher in supercritical water
compared to subcritical water due to the swelling of cellulose. However higher sugar
yield is obtained in supercritical water, they also decompose rapidly which makes the

reaction difficult to control.
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Table 2-7: Kinetic parameters of various reaction pathways of glucose
decomposition in HCW?2t°,

Products Reaction Pathway Activation Energy Frequency
(KJ/mol) Factor
(s

Fructose Isomerisation 78.6 5.71 x 10*

Erythrose Retro-aldol condensation 96.2 2.7 x 106
Glyceraldehyde Retro-aldol condensation 95.6 6.59 x 108
5-HMF Dehydration 125.9 8.19 x 108
Levoglucosan Dehydration 193.2 1.21 x 10Y

To better understand the reaction kinetics of cellulose hydrolysis, Sasaki and
Kabyemela!*® employed cellobiose as the simplest cellulose oligomer. They
considered hydrolysis and retro-aldol condensation as the main reactions. The
contribution of hydrolysis reaction to the total decomposition of cellobiose decreased
by decreasing of pressure at near and supercritical condition. Zainun Mohd Shafie et
al.?" investigated the Kinetic parameters of cellobiose decomposition at lower
temperatures (200-275°C) and different initial cellobiose concentration (10-10,000
mg L?). They reported that cellobiose decomposition is faster at lower initial
concentration and the apparent activation energy of cellobiose decomposition
increased (73-131 KJ mol™) at higher initial concentration (10-10,000 mg L™).
Isomerisation reaction to GF production has the higher activation energy (68-133 KJ
mol™) by increasing the initial cellobiose concentration compared to isomerisation
reaction to produce GM (68-122 KJ mol™). Activation energy of hydrolysis reaction
is higher (81-151 KJ mol™) compared to both isomerisation reactions at the same

initial cellobiose concentration?'’.

Sasaki et al.!'® also studied the differences in decomposition rate between glucose
and cellulose. In subcritical condition, the reaction rate constant of glucose
decomposition is higher compared the value for cellulose decomposition which leads
to low glucose yield from cellulose hydrolysis in this condition. In transition from
subcritical to supercritical water, the cellulose decomposition rate exceeded the
glucose decomposition rate, leading to a higher yield of glucose in supercritical

water.
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Several studiest!’: 119 149, 199, 173, 218-220 jnyyestigated the kinetic parameters of glucose
and cellobiose decomposition in HCW and reported that they follow the law of first
order Kkinetic. The rate of decomposition reaction under non-catalytic condition of
HCW can be controlled by changing the reaction parameters like pressure,
temperature and the initial concentration of feedstock. Mochidzuki et al.??% 22
investigated the kinetic parameters of cellulose and hemicellulose from solid wastes
with plant biomass source. They reported that activation energy of hemicellulose
and cellulose decomposition are 85~150 kJ/mol and 130~220 kJ/mol respectively.
Although it is a wide range depending on the source of the biomass, cellulose
decomposition always has the higher activation energy compared to hemicellulose

decomposition.

Several studies reported the Kinetics data of various model compounds
decomposition in HCW which follow the law of first order kinetic!!’: 119 148, 149, 158,
161,173,218, 219, 222, 223 Thg kinetics parameters can be controlled by reaction parameters
like temperature, pressure, reactor type and initial concentration of the feedstock.
Some of the results were concluded in table 2-8. Some studies report the kinetics of
hemicellulose decomposition in HCW. Generally, the reaction rate of hemicellulose
degradation is higher compared to cellulose degradation. The global activation
energy for hemicellulose decomposition is 59-161 kJ mol?, however is 149-230 kJ
mol™? for cellulose decomposition reaction®> 127 139, 221, 224 These wide range of
activation energy probably due to the different reaction conditions and various origin
of feedstock.

Few studies reported the kinetics of lignocellulosic biomass decomposition in HCW.
The Kinetics parameters studied for rice straw and palm shell decomposition in HCW
at 160-220 °C and pressure of 4 MPa by Zhuang et al.??*, and they found out the
value is 68.76 and 95.15 kJ mol respectively. Lignocellulosic biomass composition
and structure lead to different reaction rate and activation energy values. Table 2-9
collected some kinetics data for hemicellulose, lignin and lignocellulosic biomass

decomposition in HCW.
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Table 2-8: Summary of Kinetic parameters of glucose, cellulose and cellobiose decomposition in HCW under different reaction condition.

Feedstock Reactor Initial Temperature Pressure  Residence  Activatio Frequency Reference
Type Concentration (°C) (MPa) Time n Energy Factor (s-1)
(KJ/mol)

Glucose Continuous 1.2 g/L 300-400 25-40 0.02-2s 96 N/A Kabyemela et al.*°

Glucose Continuous  3.6-21.6 g/L 175-400 25 < 350s 121 1.33x10'°  Matsumara et al.!

Glucose Continuous 15 g/L 300-460 25 < 60s 95.5 6.9x107 Promdej and

Matsumara?®*®

Glucose Batch 10.8 g/L 180-220 10 < 180 min 118.8 1.4x10  Jing and Lu??®

Glucose Continuous  0.00001-1 g/L 175-275 10 1-56s 90-109 2-10x10®  Yuetal.l”
Cellulose  Continuous 100 g/L 290-400 30 0.02-13.1s 136 7.28x10°  Sasaki et al.!t®
Cellulose  Continuous 240-310 25 0.5-1.6 min 147 Lv et al.?®
Cellulose  Semi-Batch 200-400 25 190 Adschiri et al 1%
Cellulose Batch 250-300 10 215 2.33x10®  Mochidzuki et al??°
Cellulose Batch 250-300 10 180 5.9x10*  Mochidzuki et al.??
Cellulose Batch 250-300 10 150 1.2x10*  Mochidzuki et al.??
Cellulose Semi 10 g/L 240-310 20-25 0-3 min 147.9 5.32x10'?  Rogalinski et al.*?’

Continuous

Cellulose Batch 250-300 10 230 1.6x10'°  Mochidzuki et al.??!
Cellobiose  Continuous  0.01-1.0 g/L 200-275 10 1-250s 73-131 N/A Yu et al. 1>
Cellobiose ~ Continuous  9.8-24.4 g/L 325-400 25-40 0.01-0.54s 111.2 1x10%4  Sasaki et al.1*
Cellobiose  Continuous 10 g/L 320-420 25-40 <3s 51 N/A Park et al .28
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Cellobiose  Continuous 0.824 g/L 300-400 25 0.04-2s 96.4 Kabyemela et al.1'’
Cellobiose  Batch 10 g/L 180-249 < 14 min 136 Bobleter et al.14®

Table 2-9: Summary of kinetic parameters from previous literature

Feedstock Reactor Reaction Temperature Pressure Residence Activation Frequency Reference
Type (°C) (MPa) Time Energy  Factor (s?)
(KJ/mol)
Beech wood xylan Batch Hemicellulose 160-220 4 5-60 min 65.58 2.46x10°  Zhuang et al.?*
Decomposition
Beech wood xylan Batch Hemicellulose 180-300 2-30 min 58.89 2.22x10°  Pinkowska et al.1%
Decomposition
Spent Malt Batch Hemicellulose 250-300 10 96 4.4x10®  Mochidzuki et al.
Decomposition
Rice Straw Batch Biomass 160-220 4 5-60 min 68.76 6.89x10°  Zhuang et al.??*
Decomposition
Palm shell Batch Biomass 160-220 4 5-60 min 95.19 3.13x108  Zhuang et al.??*
Decomposition
Kraft pine lignin Batch Lignin 300-374 10-22 Up to 30 37 70.2 Zhuang et al.*4
Decomposition min
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2.11.2 Kinetic Modelling of Monocompounds Decomposition in Hot

Compressed Water

The global kinetics data of biomass and model compounds fails to reveal the
complexity of mechanism of feedstock decomposition and various products
formation. Kinetic model of biomass decomposition in HCW is developed on the
basis of numerous parameters including product analysed and global kinetic data.
However, analysing of reaction pathways of biomass, main components and model
compounds is difficult under hydrothermal condition, due to the intricacy of the
reaction network, short lifetime of primary products and formation of various organic

compounds which cause complex reaction environments®,

Liang et al.™® presented detailed kinetic data as shown in Table 2-10 for cellobiose
decomposition in HCW based on the proposed mechanism shown in Figure 2-31.
These data provided detailed insights into the mechanism of hydrothermal

decomposition of cellobiose and formation of different products in HCW.
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Figure 2-31: Proposed cellobiose decomposition in HCW®,
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Table 2-10: Detailed reactions kinetic data from cellobiose decomposition in HCW,

the numbers listed are in accordance with the reaction numbers in Figure 2-31°,

Reaction At Ef AGaq

1 CB+H;0+H30" <+ 31.5/9.025.0 -3.8
2GLU+H30"

2 CB+H,O «—» 2GLU 1.26 x10’ 25.0 -3.8

3 CB <«—» GERY+GOA 1.26x10%° 29.3 11.3

4 CB «—» CBU 3.95x10° 16.5 -0.7

5 GMe—> CB 2.27x10° 28.3 -04

6 GM <« CBU 1.15x10° 25.3 -1.1

7 CBU <> GERY + GOA 1.26x10%0 29.3 12.1

8 GM <> GERY + GOA 1.26x10%° 29.3 11.0

9 GERY<+>» GGOA+GOA 29.3 10.3

10 GERY + H20 + H30" «—» 31.5/9.0 -3.2
GLU+ERY+H30"

11 GG + H20 + H30" > 31.5/9.0 -4.6
GLU+GOA+H30"

12 CBU + H20 + H3O" +—» 31.5/9.0 -2.6
GLU+FRU+H30*

13 GM + H20 + H30" «—>» 31.5/9.0 -3.4
GLU + MAN + H30"

14 GERY +H,0 «» GLU + 1.26x10’ 25.0 -3.2
ERY

15 GGOA + H,O «—>» GLU + 1.26x10’ 25.0 -4.6
GOA

16 CBU + H,O0<«—>» GLU + 1.26x10° 25.0 -2.6
FRU

17 GM + H,O<«=>» GLU + 1.26x10° 25.0 -3.4
MAN

18 GLU<—> FRU 3.95x10° 16.5 0.5

19 MAN<+—> GLU 2.27x10° 28.3 0.8

20 MAN<«—>» FRU 1.15x10° 25.3 0.3

21 GLU<>» ERY + GOA 2.70x1068 23.0 11.9

22 GLU<—=> 2GCA 6.59x10° 22.8 14.4

23 GLU + H30" «—» 5-HMF + 30.0 -26.1
3H,0 + H30*

24 GLU<>» AHG + H20 8.0x10’ 28.9 -2.9

25 FRU<—>» 2GCA 4.90x108 25.4 13.9

26 FRU<?>» ERY+GOA 1.80x10%° 29.5 114

27 FRU + H30" «—» 8.4x1016 38.0 -26.6
5-HMF+3H,0+H30*

28 FRU<«—» FF+ FAD + 3H20 1.27x10 31.8 -23.2

29 MAN<=> ERY + GOA 2.70x10° 23.0 11.1

30 MAN<—=> 2GCA 6.59x10° 22.8 13.6

31 MAN + H3O" <> 5-HMF + 30.0 -26.9
3H,0 + H30"

32 5-HMF<«—>» BTO 3.41x10° 18.1 -24.5

33 5-HMF + 2H20 «—» 1300+4.l><106C_H30+ 13.4 -26.9
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LEVA + FA

34 DHA<> GCA 3.05%10° 20.9 2.6

35 GCA<+>» MGX+H20 1.35x10° 15.3 -12.7
36 DHA<+>» MGX + H:0 5.40x10° 17.3 -10.2
37 DHA + HO<+>» GLYA +ME 2.19x103 17.3 -3.3
38 MGX + H.0¢>» AA+FAD 6.03x10° 334 -1.1
39 MGX + H,O0«> LA 1.00x10° 154 -12.1
40 ERY<>» 2GOA 2.70x10% 30.1 8.9

Several studies have been conducted to investigate the reaction Kkinetics data of
various biomass and model compounds. However, to the best of authors’ knowledge,
there is a research gap for the detailed kinetic modelling of other model compounds

rather than cellobiose decomposition described in this section.

2.12 Conclusion and Research Gap

Hydrothermal conversion of biomass in HCW as one of the environmentally friendly
technologies has received large research interest for the sustainable production of
biofuels and value-added biochemicals such as organic acids. Due to the complexity
of biomass structure, a series of model compounds were employed to investigate the
mechanism of biomass decomposition in HCW. While hydrothermal conversion of
various biomass had been carried out, little data is available for lignocellulosic
biomass and main components of lignocellulosic biomass. Previous studies also
reported the formation of organic acids during hydrothermal conversion of biomass
which were mostly conducted under catalytic conditions, and little has been reported
on the systematic study of the formation of organic acids during hydrothermal
processing of monosaccharides or disaccharides under non-catalytic conditions.
Therefore, further research is required to obtain fundamental understanding of
lignocellulosic biomass and its components during hydrothermal decomposition in
HCW, including:

e Understanding of the decomposition behavior of different components of
lignocellulosic biomass in HCW under catalytic and non-catalytic conditions;
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e The role of AAEM species on sugar recovery during hydrothermal
decomposition of lignocellulosic biomass in HCW under catalytic and non-
catalytic conditions;

e Formation mechanism of organic acids from key products of biomass
decomposition in HCW including sugar oligomers and sugar monomers under
non-catalytic condition;

e Fundamental studies on organic acids production from hydrothermal

decomposition of hemicellulose and lignin in HCW.

2.13 Research Objectives of Present Study

From the literature review conducted in this study, several research gaps have been
identified. However, it is impossible to address all identified research gaps in a PhD
study. Therefore, this study focuses on hydrothermal conversion of lignocellulosic
biomass and different components in HCW. Cellobiose, glucose, fructose and
mannose as the model compounds employed to understand the mechanism for sugar
and organic acid production from biomass in HCW under non-catalytic condition.

The main objectives of this study are:

e To study the sugar recovery and role of AAEM species on sugar recovery from
lignocellulosic biomass and different components of lignocellulosic biomass in
HCW under non-catalytic condition

e To understand organic acid formation mechanism as the value-added chemicals
from cellobiose (the simplest oligomer) decomposition under catalyst free
condition of HCW using semi continuous reactor system

e To investigate the difference in glucose and fructose decomposition in HCW via
quantification of produced organic acid with analytical tools

e To understand mannose decomposition mechanism in HCW under catalyst-free

condition by quantification of sugar and organic acid products

63



Chapter 3: Experimental Set-up and Methods

3.1 Introduction

This chapter discusses the overall research methodology utilised to gain all of the
thesis goals outlines in section 2.9. The experimental and analytical methods are also
comprehensively explained in this chapter.

3.2 Methodology

To reach the principle objectives mentioned in section 2.8, a series of tests had been
conducted. All of the experiments carried out in a semi continues reactor system at

different temperatures and pressure of 10MPa.
Experiments include:

e Hydrothermal Processing of Mallee biomass and the main components in hot
compressed water

e Hydrothermal decomposition of cellobiose, as the simplest oligomer in
primary products of biomass conversion in HCW, to study organic acids
production mechanism.

e Hydrothermal decomposition of glucose and fructose, as the products of
cellobiose conversion in HCW, to investigate the production of organic acids.

e Hydrothermal decomposition of mannose in Hot Compressed Water to study

the sugar and organic acid produced.

In this research all of the experiments and analytical analysis were conducted at least
in duplicates to ensure the repeatability of the results. The overall methodology used

to attain the research goals in this thesis is illustrated in Figure 3-1.
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Figure 3-1: Overall research and methodology.
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3.21 Hydrothermal Processing of Mallee Biomass and the Main
Components in HCW

Mallee biomass Hydrothermal processing was performed utilising a semi-continuous
flow reactor system to minimize the secondary reactions of liquid products. The
components were separated from mallee treess (Eucalyptus Loxophleba, subspecies
Lissophoia) harvested from Narrogin in Western Australia. The samples were cut
using a cutting mill (model: Fritsch Pulverisette 15) and the size fraction of 150-250

pum were used in this study.

The reactor was filled in with ~80 mg of leaf and bark and ~50 mg of wood samples.
Prior to heating-up the reactor system, the water-soluble compounds (both inorganic
and organic) in biomass were leached at room temperature using ultrapure water for
30 min. Then the reactor system was rapidly heated to reaction temperature
(150270 °C) in 2 min and held at reaction temperature for 70 min. The pressure of
the reactor system was controlled at 10 MPa for all experiments. The reactor effluent
was immediately quenched in an ice water bath to minimise secondary reactions of
the liquid product, and then sampled at designated time intervals. This study
investigates the recovery of the sugars from mallee wood, leaf, and bark and the
leaching characteristics of AAEM species (mainly Mg and Ca) from different

biomass component at a wider range of temperatures (100-270 °C).

The total organic carbon (TOC), pH and sugar content of the liquid product were

assed and examined immediately after each experiment.

3.2.2 Cellobiose, Glucose, Fructose and Mannose Decomposition in

HCW

A continuous flow reactor system was used for cellobiose, glucose, fructose and
mannose decomposition experiments in HCW at different temperatures, with the
semi continues reactor system. The details of the reactor system are given in section
3.3.2.

To quantify the organic acids in the liquid products collected at different residence

times, the liquid sample was analysed by high performance anion exchange
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chromatography with conductivity detection and mass spectrometry (HPAEC-CD-
MS, model: Dionex 1CS-5000) equipped with a Dionex lonPac AS11-HC analytical
column and a Dionex AERS 500 suppressor, using a gradient program developed in
our previous study ??° to separate the organic acids. Selected ion monitoring (SIM)
was used for quantification of organic acids in the liquid products. The yield and
selectivity of each organic acid were calculated on a carbon basis, according to the

method described in our previous study 2%°.

3.3 Experimental

3.3.1 Raw Material and Chemicals

Chemicals including cellobiose (purity >98%), D-(+)-mannose (purity>99%),
glucose (purity>99%) fructose (purity>99%), together with other sugar standards
used in this study (Glyceraldehyde, Glycolaldehyde, 5SHMF) were obtained from
Sigma-Aldrich. Organic acids standards including formic acid (purity>99%),
glycolic acid (purity>99%), 2,4 dihydroxybutyric acid (Lithium Salt Hydrate) were
obtained also from Sigma-Aldrich. Lactic acid stock standard solution (2 g/L) was
sourced from Chem supply (Australia). The standards of a-metasaccharinic acid (3-
deoxy-D-ribo-hexono-1,4-lactone), B-metasaccharinic acid (3-deoxy-D-arabino-
hexonic acid, calcium salt), a-isosaccharinic acid ((2S,4S)-2,4,5-Trihydroxy-2-
(hydroxymethyl) pentanoic acid, calcium salt) and B -isosaccharinic acid ((2R,4S)-
2,4,5-Trihydroxy-2-(hydroxymethyl) pentanoic acid, calcium salt) were synthesized
by Synthose Inc. (Canada).

3.3.2 Reactor System

Cellobiose, glucose, fructose and mannose solution with a concentration of 3 g/L and
a waste stream were fed by two separate HPLC pumps at flow rates of 10 and 20
mL/min, respectively. Before the sugar solution and the water stream were mixed,
the water stream was preheated in a sand bath so the sugar solution can be rapidly
heated to a desired reaction temperature. The reaction temperature was monitored by

a thermocouple placed at the inlet of the stainless steel tube reactor to ensure the
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desired reaction temperature was reached before entering the reactor. After the
reaction, the liquid product at the outlet of the reactor was quenched rapidly in an ice
water bath, and then collected for further analysis. The reaction pressure of 10 MPa
was maintained by a back-pressure regulator. The residence time (t) was controlled
by changing the tube length according to T = Vp/F, where V is reactor volume (m?), p
is water density at the reaction temperature (kg/m?), and F is total mass flow rate
(kg/s). Figure 3-2 present the schematic diagram of continuous reactor used in the

experiments'’3,

2

Figure 3-2: Schematic representation of the continues reactor system used: (1)
Container of feedstock Solution; (2) container of deionised water; (3,4) HPLC pump;
(4) sample chamber; (5) fluidized sand bath; (6) preheating tube; (7) continuous

reactor; (8) cooling bath; (9) back pressure regulator; (10) sample collection’.

Decomposition of Mallee biomass components occurred in HCW utilising semi-
continuous reactor system which the contact between feedstock reaction particles and
liquid product is continuous. All of the experiments were undertaken after the ageing
of the reactor, so the effect of reactor walls can be neglected in our study during

hydrothermal conversion of biomass and biomass-derived sugars in HCW.

The reactor system mainly consists of a HPLC pump (Alltech 627 HPLC pump) to
provide water constant flow, an infrared gold image furnace (ULVAC-RIKO INC.,
Japan) to heat the reactor, ice water to rapidly quell the liquid products and back

pressure regulator to regulate the reaction pressure (10 MPa). The biomass samples
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retained in SUS316 stainless steel tubular reactor cell that sintered stainless still
gasket filters placed at both ends of the reactor. The reactor cell was placed inside the
gold furnace, and water was preheated in the furnace to the reaction temperature
before entering to the reactor cell. Two thermocouples were used to monitor the
reactor inlet and outlet temperatures. Figure 3-3 present the illustrative diagram of

semi continuous reactor utilised in the experiments?’.
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Figure 3-3: Schematic representation of the semi continues reactor system used in
this study. (1) water reservoir; (2) HPLC pump; (3) infrared image furnace; (4)
sample chamber; (5) stinted stainless steel filter; (6) thermocouple; (7) ice water

bath; (8) pressure regulator; (9) liquid product collector!’.

3.4 Sample Analysis

3.4.1 Total Organic Carbon Analysis

TOC Analyzer (Shimadzu TOC-VcpH) was utilised to analyse total organic carbon of
the liquid samples. TOC analyser performed oxidation by employing the powerful
oxidation reagent (peroxodisulfuric acid) and also the ability to combine UV

radiation and heating. Generally, the sample injected into the combustion tube
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through sample injection system, then the carbon content in the test sample is
oxidised to water and carbon dioxide. The moisture removes and the gas launch into
the sample side of the non-dispersive infrared detector (NDIR) where can find
carbon dioxide with a detection limit of 0.5 pg/L. The peak area can be calculated by

converting NDIR signal to a peak profile.

3.4.2 Quantification of Biomass Structural Carbohydrate, Sugar

Content and Monosaccharides in Liquid Products

The total sugars (i.e., arabinan, galactan, glucan, xylan, mannan) in the biomass
sample and the liquid samples were examined via acid hydrolysis based on a NREL
method.??’ Briefly, about 100 mg of biomass was charged into a pressure tube which
was then added 1 mL of 72% sulphuric acid. The content was plunged in 30 °C water
bath for an hour. The concentration of acid was later calibrated to 4% by adding
ultrapure water before it was autoclaved for 1 hour at 121 °C. For every round of
analysis, a recovery standard containing arabinose, galactose, glucose, xylose and
mannose was worked out to rectify the loss of saccharides throughout hydrolysis.

The recovery standard was autoclaved along with the samples.

Post hydrolysis of liquid products conducted and the same method for the recovery
standard was followed to decompose total saccharides to monosaccharides. After
necessary dilution to reduce the sulfuric acid concentration < 0.8wt% in the acid
hydrolysed samples, the concentrations of sugars were analysed by higher
performance anion exchange chromatography with pulsed amperometric detection
(HPAEC-PAD, model: Dionex 1CS-3000, PAD with Au electrode and Ag/AgCI
reference). A CarboPac PA20 analytical column was used to separate arabinose,
galactose, glucose, xylose and mannose, with water at a flow rate of 0.5 mL/min
used as the eluent. To achieve an adequate separation of monosaccharides, a gradient
program was utilised as listed in Table 3-1. Post column addition of NaOH was
required to ensure sufficient linearity of the PAD detector response. PEEK flow path
HPLC pump was used to add 0.4 mL/min of 300 mM NaOH to analytical discharge

column.
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Table 3-1: HPAEC-PAD gradient program for monosaccharides separation.

Eluent
Time A (%) B (%) C (%)
0.3 M NaAc in 0.1M 0.3 M NaOH Water
NaOH
0.0 0 0 100
30.0 0 0 100
30.5 100 0 0
335 100 0 0
34.0 0 100 0
40.0 0 100 0
40.5 0 0 100
55.0 0 0 100

3.4.3 Quantification of Inorganic Species in Liquid Products

The AAEM Species (Mg and Ca) in the liquid products quantified by ion
chromatography (IC, model Dionex ICS3000) with suppressed conductivity
detection system. lonPac CS12A 4x250mm column and lonPac CS12AG 4x50 mm
guard column with 0.02M methasulphonic acid as the eluent used to separate Mg and
Ca ions.

3.4.4 Quantification of Organic Acids in Liquid Products

To quantify the organic acids in the liquid products collected at various residence
times, the liquid sample was examined by high performance anion exchange
chromatography with conductivity detection and mass spectrometry (HPAEC-CD-
MS, model: Dionex 1CS-5000) equipped with a Dionex lonPac AS11-HC analytical
column and a Dionex AERS 500 suppressor. The system is equipped with Dionex
ATC-3 trap column for removal of carbonate eluent, Dionex lonPac AS11-HC
analytical column for separation and an AERS500 suppressor for removal of eluent
prior to analysis by MS. A gradient program consists of initial elution of 1 mM

NaOH for 8 min, followed by a linear increase of NaOH concentration to 60 mM for
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20 min then holding at 60 mM NaOH for 20 min for adequate separation of organic

acids.

For all identified organic acids with accessible standards, the calibration curves were
drawn according to their peak areas as presented in Figure 3-4. For all standards, the

detection limit was below 10 ppm, so various dilution factors applied for every

sample to ensure all identified organic acids in the samples fall at detection limit.
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Figure
HPAEC-CD for formic acid and HPAEC-CD-MS for other identified organic acids

using gradient method.

3-4: Calibration curves for all organic acids with available standards by

MS detector is utilised to point out any unfamiliar peaks on the chromatogram
according to the molecular weight to determine the chemical structure. SIM scanning
mode is used for detection and quantification of organic acids. Figure 3-5 shows the
schematic diagram of MSA detector system. Generally, the sample requires to be
ionised after the column to be detectable by Mass detector and the ions in the liquid
droplets turn into gas stage by Electrospray (ESI1)?2%. Then the sample passes through
stainless steel insert capillary at the high potential that can produce strong electric
field by combining with nitrogen gas flow. Electric field forms highly charged
droplets at the tip of the probe. The heated nitrogen gas evaporates the solvent, leads
to increasing the charge density on the surface, until the droplets turn to smaller
droplets by columbic explosion and only charged ions left??°, The ions flow into the
focusing region via the way in cone by the force through high electric field and the

flow of gas. The quadrupole mass analyser is able to adjust the voltage of the four
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rods in the quadrupole, to control the ions to pass through the detector based on the
specific mass to charge ratio. Then electrons formed after hitting the ions from
analyser with conversion dynode. The electrons go towards the channeltron electron
multiplier and produce electron cascade. The formed current then converted in to the

signal of voltage and more examined through data acquisition system?28: 229,

Rotary
Split flow pump
turbomolecular "

pump

Quadrupole
mass analyzer

\ Cone wash
by

| | /ﬁ
/ Square
Detector quadrupole
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Entrance cone introduction probe
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Figure 3-5: Schematic diagram of MSQ detector system??,

3.5 Data Acquisition and Processing

3.5.1 Conversion, Yield and Selectivity

The below equations were implemented to determine the conversion (X;), yield (Yi)

and selectivity (S;) of a compound (i) at a time of reaction (t):

_ (Co—=Cy)
X = NTOR (3.0
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- (Cixay)
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(3.2)

(Cixay)

5i = [-cioyxal

(3.3)
where Cj is the compound concentration i in product, C(0) is the initial concentration
of compound (mgL™) in reactant, C(t) is the compound concentration in product at
reaction time t, aj and a are the carbon content (mass fraction) of a compound i and

the carbon content of the feedstock respectively.

All experiments were performed at least in duplicates to confirm the results
repeatability. The average value of the data presented along with the error bar.

3.5.2 Kinetics

Assuming the decomposition of feedstock in this study follows the first-order
kinetics, the reaction rate of feedstock decomposition was calculated using equation
(3.4):

c@ _
- Tlm =kt (34)

where 7 (S) is the reaction time.

The first rank delplot method determines the initial and non-initial products for each
feedstock decomposition in HCW in current study. According to first rank delplot
method, each product selectivity is plotted versus conversion and the intercept of
product selectivity at X — 0 determines if the product is a primary product (if the

intercept is non-zero) or non-primary product (if the intercept is zero).

The rate of certain reaction calculated using the following equation:

%= lim §; = lim = (3.5)

X-0 n-0 X
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3.5.3 Calculation of Total Hydrogen Ion Concentration [H'] from

the Quantified Organic Acids Concentration

To further understand if majority of organic acids were identified, the pH values of
all liquid samples were also measured. Then, the hydrogen ion concentrations
calculated from quantified organic acids were compared to the hydrogen ion
concentrations calculated from measured pH of the liquid products. The total
hydrogen ion concentration [H*] dissociated from all quantified organic acids in
liquid products was calculated by considering the common ion (H™) effect and the
dissociation constants (K,) of these organic acids, as detailed in our recent work 2%,
In water, an organic acid, HA can ionise to form a hydrogen ion H* and an anion of
the organic acid A~, according to the reaction HA = H* + A~. However, quantified
organic acids do not fully ionise in water. The amount of organic acid i, dissociated

at equilibrium can be defined the dissociation constant, K, ; in Eq. 3.6:

_ AT

Ka,i [HA];

(3.6)

where [H*], [A™]; and [HA]; are the concentrations of the hydrogen ion, the organic
acid i anion and the undissociated organic acid i in the solution at equilibrium,
respectively The K ; is 1.8 x 10~* for formic acid, 9.5 x 10~ for saccharinic acid,
1.48 x 10~* for glycolic acid, 1.99 x 10~* for 2,4-dihydroxybutanoic acid and
1.38 x 10~* for lactic acid 22°%%2, |t is important to note that the self-ionisation of
water is not considered due to its low dissociation constant (K, = 1 x 1071%)
compared to the organic acids quantified. In addition, [HA] can also be expressed
as, [HA] = [HA]; — [A~1], where [HA]; is the concentration of the organic acid
quantified. Therefore, Eq. (3.6) for each organic acid can be rewritten as Eq. (3.7)
below:

_ ([HY][AT])
Kai = ([HAlr;—[A71) (3.7)

The total hydrogen ion in the solution can be calculated from Eq. (3.8):

[H*] = X[A7]; (3.8)
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The concentration of the total dissociated H* from formic, saccharinic, glycolic, 2,4-
dihydroxybutanoic and lactic acids can be obtained by solving Eq. 3.7 and Eqg. 3.8

simultaneously.

3.6 Summary

Mallee biomass was used in this study to figure out the process of its decomposition
in HCW in a semi-flow reactor system. This study investigated the recovery of sugar
products and the leaching of some AAEM species from different components of
mallee biomass (leaf, bark and wood) under hydrothermal condition at various

temperatures and 10 MPa.

Furthermore, cellobiose, glucose, fructose and mannose were hydrothermally treated
as model compounds, in order to figure out the mechanism of organic acids produced
through decomposition of biomass in HCW at different temperatures and residence
times. The liquid products gathered through the experiments, examined applying
HPAEC-PAD and HPAEC-CD-MS for identifying and quantifying the desired
compounds. The yield and selectivity of each product were calculated and discussed

according to experimental results.
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Chapter 4 : Hydrothermal Processing of Different Biomass

Components of Mallee Tree in Hot-Compressed Water

4.1 Introduction

As introduced in Chapter 2, lignocellulosic biomass is recognised as a consequential
alternative source for producing biofuels and green chemicals.!® Via the biomass
hydrothermal conversion in HCW, different liquid products containing important
chemicals such as sugars, furfural®®® and organic acids can be directly synthesized.™®
14,234,235 As discussed, Organic acids considered as one of the value added chemicals
from biomass decomposition in HCW, and it is important to understand the primary
products produced from biomass to explore the mechanism of organic acids
formation.

Mallee tree as a lignocellulosic biomass source, can be employed as a feedstock for
hydrothermal processing. In despite of previous studies on the recovery of sugar
product from different biomass,'! 33 thus far, no study has reported the recovery of
sugar products from whole biomass or its various components. The sugar contents
vary in different mallee biomass components (wood, leaf and bark), leading to their
different decomposition behaviour in HCW. Also, the contents and occurrences of
AAEM species vary in wood, leaf and bark?. Therefore, an investigation is required
to obtain better understanding of the recovery of sugar products and the leaching
characteristics of AAEM species from hydrothermal conversion of mallee biomass in
HCW. Also, it helps design a proper reactor to achieve higher yields of desired
products. This chapter investigates the recovery of the sugars from mallee wood,
leaf, and bark and the leaching characteristics of AAEM species (mainly Mg and Ca)

from different biomass component at a wider range of temperatures (100-270 °C).

The characteristics of the wood, leaf and bark samples are noted in Tables 4-1 and 4-
2.
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Table 4-1: Proximate and ultimate analysis of mallee tree components used in this

study.
Component Moisture?*  Proximate (wt%, db) Ultimate (wt%, daf®)
(Wt%) Ash  VMP FC° C H N 0°
Wood 4.0 0.5 83.6 15.9 477 6.2 051 456
Leaf 54 3.6 76.5 19.9 591 7.4 130 32.08
Bark 5.9 3.9 70.2 25.8 50.3 5.7 031 437

3 air dried; ® VM-volatile matter; ¢ FC—fixed carbon; ¢ daf-dry ash free; ¢ by
difference

Table 4-2: Sugar and inorganic species content (wt% in dry basis) of mallee tree

components.
Structural carbohydrate content Inorganic species content
Component (wt%, db) (wt%, db)
Arabinan Galactan Glucan Xylan Manan Na K Mg Ca
Wood 0.93 1.99 36.60 15.80 0.34 0.024 0.066 0.033 0.128
Leaf 3.65 1.17 6.54 196 0.26 0.517 0.295 0.150 0.666

Bark 3.71 1.33 18.16 9.52 0.18 0.217 0.103 0.102 1514
Whole 2.58 1.54 21.47 9.39 0.27 0.245 0.155 0.091 0.663
Biomass?

& The contents of sugar and inorganic species of whole biomass are estimated on the
basis that the whole mallee tree consists of 40% wood, 35% leaf and 25% bark.

4.2  Sugar Recovery in Various Mallee Biomass Components

Figure 4-1 indicates the arabinose, galactose, glucose, and xylose recovery from leaf,
bark and wood in the time of hydrothermal processing at 100-270 °C. As shown in
the figure, slow but appreciable recovery of arabinose from leaf and bark is observed
at 100 °C and wood at 120 °C. This suggested that the arabinan begin to decompose
in HCW at a temperature as low as 100 °C for leaf and bark and 120 °C for wood.
The arabinose recovery in leaf is close to its maximum recovery after 70 min
reaction at 120 °C. For bark, >50% of arabinose can be recovered at 120 °C. On the
other hand, only ~25% of arabinose is recovered from wood at this temperature.
These observations also indicate that arabinan in leaf and bark are more susceptible
to decomposition reaction compared to that in wood. The arabinan in all three
components is found to be fully decomposed in 10 minutes at temperature >180 °C
as little or no increase in arabinose recovery are observed. For galactan, small but

appreciable galactose can be recovered from leaf and bark at 100-120 °C but its
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recovery is <4% for wood. However, while a significant increase in recovery is
observed at 150 °C for leaf and wood, its recovery from bark remained low.
Likewise, >80% of the recoverable galactose is recovered within 20 min at reaction
temperatures >180 °C. In addition, the data in Figure 4-1 also clearly shows that the
decomposition of xylan in all three components started at 150 °C as negligible xylose
is recovered at lower temperatures and can be fully recovered at 180°C except for
xylan in leaf. On the other hand, while only around 10% of glucose can be recovered
from leaf and bark at temperatures <230 °C, only <4% of glucose in wood is
recovered at these temperatures. The glucose recovered at these temperatures is
associated with the decomposition of glucan in hemicellulose as decomposition
temperature of glucan in cellulose reported is >230 °C.*® A significant increase in
glucose recovery from wood and bark is observed at 230 °C and 270 °C for leaf. The
maximum recovery of glucose reaches ~30% and ~40% for leaf (~7% glucan
content) and bark (~18% glucan content) respectively, compared to 62% for wood
(~37% glucan content). Inorganic species such as Mg and Ca is known to promote
the isomerisation reaction under hydrothermal condition.®** The low glucose
recovery from leaf and bark compared to wood might be due to a more severe
structural changes possibly catalysed by higher Mg and Ca content in leaf and bark
(see Table 4-2).

Such a glucose recovery is lower compared to that of ~80% attained from
microcrystalline cellulose under the similar situation.’® A low recovery of glucose
was also noted by Phaiboonsilpa and co-workers?® utilising a similar reactor system
for Japanese cedar hydrothermal processing. The low glucose recovery is not
promising expected because of the secondary reactions of initial liquid product, as
the xylose recovery is about to 100% at 270 °C. It is very probable because of the in
situ structural variations of cellulose in biomass during hydrothermal treatment,!*3
due to the decomposition of cellulose structure before conversion into the liquid

product.

The observed differences in the decomposition of sugars (e.g., arabinan and galactan)
between wood, leaf and bark might be due to significant difference in sugar content
between these components as indicated in Table 4-2. Compared to wood (~56%),

leaf (~14%) and bark (~22%) have significant lower sugar content. While xylan is
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the dominant sugar component in wood hemicellulose (<5% arabinan), the
hemicellulose in leaf and bark is rich in arabinan. This suggests the hemicellulose of
wood is in the form of glucoronoxylans while hemicellulose in leaf and bark are
likely to be in the form of high arabinose containing polysaccharides such as
glucuronoarabinoxylan.

The different plateaus in recovery of arabinose and galactose in leaf and bark at
different temperature might also indicate the hemicellulose in leaf and bark consists

more than single type of hemicellulose.?%
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Figure 4-1: Recovery of arabinose, galactose, glucose and xylose recovery from
wood, leaf and bark as a function of time during hydrothermal processing at 100-270
°C.

The specific reactivity of the organic matter (on a carbon basis) in wood biomass at
different temperatures is shown in Figure 4-2. At 150 °C, the low specific reactivity
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and its gradual growth with conversion of carbon display the slow decomposition of
biomass organic matter. While reaction temperature increases to 180 °C, the specific
reactivity and carbon conversion increases, denoting a more rapid decomposition of
some reactive biomass components (such as hemicellulose and lignin). A further
increase in temperature to 230 °C extends to speed up the decomposition of those
reactive components in biomass. Nevertheless, the specific reactivity decreases
outstandingly at biomass conversions of 40-60%, indicating the reactivity of the
remaining biomass component (mostly cellulose) is slow at 230 °C. At 270 °C,
although the specific reactivity also reduces at biomass conversions of 40-60%, but
the particular reactivity is higher than that at 230 °C, approving the promotion of

biomass conversion at increased temperatures.

0.06 (a) 150°C (b) 180°C 4

0.04

0.02 5

| st g iy
|(c) 230°C (d) 270°C
0.12 o =

oo
=)
oo

0094 &

0.06 o

Specific reactivity of biomass (min™)

0.03 + o o
0.00 - R qé

T * T J T ¥ T v T T . T 4 T K T

SR | LI
0 20 40 60 80 100 0O 20 40 60 80 100

Biomass conversion, as % C in biomass
Figure 4-2: Specific reactivity of wood biomass as a function of biomass conversion
(on a carbon basis) during hydrothermal processing at various reaction temperatures:
(a) 150 °C, (b) 180 °C, (c) 230 °C and (d) 270 °C.

Figure 4-3 demonstrates the wood biomass hydrothermal conversion on a carbon
basis at different temperatures. At 150 °C, the total carbon conversion increases
marginally with reaction time, noting part of the biomass structure begins to
decompose even at 150 °C. The carbon conversion is ~34% after 70 minutes. At 180
°C, there is a steep incline of carbon conversion at time < 15 minutes followed by a

gradual increase to settle at ~56% after 70 min. The carbon conversion for hydrolysis
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at 230°C and 270°C follows a similar trend with the conversion of ~69% at 230 °C
and ~88% at 270 °C after 70 min.

Extra effort was taken to evaluate the contribution of saccharides to the total carbon
converted from wood biomass during hydrothermal processing in the semi-
continuous flow reactor. After hydrothermal processing of 70 min at 150 °C, over
30% of the total carbon in the biomass is recovered but less than half of the
recovered carbon are contributed by sugar products (panel a). Under similar
conditions at 180 °C, the recovery of total carbon in the biomass is close to 60%, in
which about two-third (~60%) are non-sugar products (panel b). At 180 °C, the data
wood in Figure 4-1 further shows that the recovery of sugar products in the biomass
is almost complete (>90% for arabinan, galactan, and xylan), indicating that a
considerable amount of lignin starts to hydrolyse under the prevailing conditions.
Panel b also shows that at 180 °C there is a gradual increase in total carbon recovery
after hydrothermal processing of 20 minutes, at which carbon recovery from
saccharides have already levelled off, suggesting that an increasing amount of lignin
participates in hydrothermal conversion with increasing reaction time. Similar
observations can also be made at 230°C and 270 °C, albeit with increasing

contribution of the reaction products from lignin.

Although almost all of the hemicellulose and significant amount of cellulose are
recovered, only a small amount exists in their monosaccharides form. Figure 4-4
depicts the distribution of monosaccharides in the liquid product collected from
wood biomass at various temperatures for 70 min. At 150 °C, ~12% of arabinan and
galactan in mallee wood were recovered as arabinose and galactose. Only ~38% of
xylan was recovered, and <1% is xylose. When the temperature increases to 180 °C,
~16-18% of arabinan, galactan and xylan were recovered as monomeric arabinose,
galactose and xylose. At 230-270°C, ~20% of arabinan and galactan were recovered
as arabinose and galactose. However, only ~2% of xylan in mallee wood was
recovered as xylose. This indicates that xylan is more likely to be recovered as larger
oligomers at higher temperatures under the current continuous-flow conditions. This
is plausible due to the promoted formation of larger oligomers and/or the increased
solubility of larger oligomers as a result of lower dielectric constant of hot-
compressed water (HCW) at increased temperatures, % 2%
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Figure 4-3: Carbon conversion as a function of reaction time during hydrothermal
processing at different reaction temperatures: (a) 150 °C, (b) 180 °C, (c) 230 °C and

(d) 270 °C, expressed as % of total C in mallee wood.

As opposed to reaction at lower temperatures, these oligomers have limited solubility
in HCW thus remained in the reactor and further cleaved into smaller oligomers or
xylose. As arabinan and galactan mostly present in hemicellulose as side chains to
xylan backbone,®® 2° more arabinose and galactose can be produced as arabinose
and galactose have lower degree of polymerisation (DP) compared to xylan. As
cellulose only begins to decompose at ~230 °C,* only a small amount of glucose
(~0.8%) was detected in liquid samples collected from wood sample at temperatures
below 230 °C. Even at 230 °C and 270 °C, only ~6% of glucan in biomass was
recovered as glucose. This might be due to the formation of high-DP glucose
oligomers is favoured at high temperatures, similar as the formation of xylose

oligomers.°
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mallee wood. The light gray bars indicate the total oligosaccharides quantified via
the post-hydrolysis of the liquid products while the dark gray bars indicate the total

monosaccharides in the liquid products.

4.3 Leaching of Mg and Ca in Various Mallee Biomass

Components

During hydrothermal processing of biomass, significant portion of the inherent
inorganic species (mainly Na, K, Mg and Ca) in mallee biomass can be leached by
HCW.%: 240 This work further investigated the leaching of the water-insoluble Mg
and Ca from mallee leaf, bark and wood during hydrothermal processing at 150-270
°C. Figure 4-5 shows the release of the water-insoluble Mg and Ca in wood, leaf, and
bark against reaction time at 100-270 °C. It is important to note that the
concentrations of Mg and Ca in liquid samples collected from hydrothermal
conversion of wood at 100 °C are too low to be quantified thus not reported. At 120
°C, only <15% of the water-insoluble Mg was leached from wood. However, it is

interesting to observe that ~50% of the water-insoluble Mg in leaf was leached
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during hydrothermal conversion even at 120 °C. Similarly, ~35% of water-insoluble
Mg in bark can be leached even at 120 °C, doubled of that from wood. On the other
hand, although Ca also can be leached from wood, leaf and bark at low temperature,
no significant different is observed between these three components. Only about 25%
of water-insoluble Ca was leached from wood, leaf and bark during hydrothermal
conversion at 120 °C. The leaching of the water-insoluble but ion-exchangeable Mg
and Ca in biomass during hydrothermal processing is known to be correlated to the
decomposition of arabinan.?® 24 Therefore, it is not surprising that more water-
insoluble Mg can be leached from leaf and bark and at a high rate compared to that in
wood because the arabinan in leaf and bark is decomposed at lower temperatures and
its decomposition is faster compared to that in wood. The decomposition of leaf and
bark hemicellulose at lower temperatures removes the water-insoluble Mg bounded
on hemicellulose acid functional groups, thus resulting in higher Mg leachability for
leaf and bark at low temperatures.?® This however, does not lead to more Ca being
leached during hydrothermal processing of leaf and bark at low temperatures. This is
might due majority of the water-insoluble Ca (>80%) in leaf and bark are only
soluble in acid and the leaching of the water-insoluble but acid-soluble Ca does not
correlate to the decomposition of arabinan.?® Therefore, no significant difference is
observed in leaching characteristic of water-insoluble Ca between wood, leaf and
bark at low temperatures.

A further increase in the reaction temperature increases the leachability of water-
insoluble Mg and Ca in biomass. At 180 °C, majority of the water-insoluble Mg from
all three components and Ca from wood are leached within 20 min. A further
increase in the reaction temperature to 270 °C only leads to a small increase in the
amount of water-insoluble Mg leached from leaf and bark as majority of the
hemicellulose sugars were decomposed at 180°C. On the contrary, the leaching of
water-insoluble Ca (>80% only soluble in acids) in leaf and bark is lower compared
to that in wood. Substantial increase in the amount of water-insoluble Ca from leaf
and bark is observed at 180°C and higher, possibly resulted from leaching of acid-
soluble salt (e.g. calcium oxalate) present in cell cytoplasm as the cell wall structure
was compromised with significant decomposition of hemicellulose at high

temperatures.?®
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Figure 4-5: Leaching of water-insoluble Mg and Ca as a function of time from wood,

leaf and bark during hydrothermal processing at 100-270 °C.

4.4 Further Discussion

The results presented thus far only confine to the recovery of sugar and the leaching
of inorganic species during hydrothermal processing of each components in mallee
biomass. Further calculation is also carried out to estimate the decomposition of
sugars and the leaching of Mg and Ca during hydrothermal processing of whole
mallee tree at temperatures of 120-270 °C. The result is presented in Figure 4-6, 4-7
and 4-8. The calculation is carried out based on the assumption that wood, bark and
leaf contribute to 40%, 25% and 35% of a mallee tree, respectively,? and there are

no interactions between each component during hydrothermal processing.
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Figure 4-6: Recovery and yield of (a) arabinose, (b) galactose, (c) glucose, (d) xylose
oligomers from the hydrothermal processing of the whole mallee biomass at 120-270
°C.

As shown in Figure 4-6, ~63% of arabinose can be recovered at 120 °C from mallee
biomass, mainly due to the decomposition of arabinan especially in leaf and bark
components. More than 85% of arabinose is recovered when temperature increase to
> 180 °C. On the other hand, only ~15% of galactose is recovered at 120 °C but the
recovery increases to ~68% at 150 °C and reaches close to 90% at higher
temperatures (>180 °C). A similar trend is observed for xylose where the recovery
increases from <3% at 120 °C to ~50% at 150 °C and reached its maximum
conversion of approximately 95% at higher temperatures (>180 °C). Likewise, as
cellulose in all three components also decomposed at temperature around 230 °C,
<6% glucose is recovered at temperatures <180 °C. As not all the glucose in all three
components can be recovered, the maximum glucose recovery during hydrothermal
conversion of whole mallee biomass at 270 °C is estimated to be around 55%. This
data also demonstrates that ~70% of sugars in biomass (see Figure 4-7) can be
recovered by hydrothermal processing of mallee tree in HCW, mainly in the form of

sugar oligomers. Arabinose-oligomers are the major sugars in liquid product at 120
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°C. Xylose oligomers are the major sugars in liquid product at 150 — 180 °C while
xylose and glucose oligomers are the major sugars in liquid product for higher
reaction temperatures (230-270 °C).
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Figure 4-7: Overall recovery and yield of sugars from the hydrothermal processing of
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Figure 4-8: Leaching of (a) Mg and (b) Ca in biomass during hydrothermal
processing at 120-270 °C.

The data in Figure 4-8 demonstrates that ~63% of Mg can be removed from biomass
during hydrothermal processing at 120 °C but only ~30% of Ca are leached as
majority of the Ca in mallee tree are acid-soluble fraction.?® More than 80% and 70%

of the Mg and Ca, respectively, are released during hydrothermal processing of
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mallee tree at 180 °C. Nevertheless, there are ~10% of Mg and Ca in mallee tree that

cannot be removed even at reaction temperature as high as 270 °C.

The results in Figure 4-6 and 4-8 also illustrated that hydrothermal processing at 180
°C can be effectively used as the pre-treatment strategy to remove hemicellulose
sugars (e.g. arabinose, galactose and xylose) and inorganic species. The removal of
hemicellulose can be crucial prior to hydrolysis of cellulose as pentose such as
xylose and arabinose can inhibit the activity of some yeasts and bacteria used for bio-
ethanol fermentation.?*® The removal of inorganic species, especially Mg and Ca can
be important when the pre-treated biomass are subjected to hydrothermal processing
at higher temperature for glucose production as Mg and Ca are known to reduce the

selectivity of glucose during hydrolysis process.3

4.5 Conclusions

This study investigates sugar products and the leaching of water-insoluble Mg and
Ca from malle wood, leaf and bark under hydrothermal condition in a semi-flow
reactor at 100-270 °C and 10 MPa. The result indicates that arabinan and galactan in
leaf and bark are more susceptible to decomposition at lower temperatures compared
to those in wood, evident from higher arabinose and galactose recovery from leaf and
bark compared to wood at 120 °C. Xylan in all three components only begins to
decompose at 150 °C with the conversion of arabinan and galactan prior to xylan in

wood sample, while significant glucan decomposition occurs at > 230 °C.

The recovery of arabinan, galactan and xylan are close to 100% in wood sample at
270 °C, mainly in the form of oligomers as the formation of large xylose oligomers
and solubility of these oligomers are increased at high temperatures. Although >80%
of arabinose, galactose and xylose can be recovered from leaf, bark and wood, the
recovery of glucose is between 30 — 62% in the order of wood > bark > leaf. The low
recovery probably due to the significant in-situ structural changes during
hydrothermal treatment. The lower glucose recovery in leaf and bark are likely due
to its higher Mg and Ca content. This study also demonstrates that the leaching of the
water-insoluble Mg and Ca during hydrothermal processing can start at 100 — 120

°C. About 50% and 35% of water-insoluble Mg in leaf and bark are released during
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hydrothermal processing at 120 °C compared to just ~13% for wood. About 25% of
water-insoluble Ca is leached from leaf, bark and wood at 120 °C. Majority of the
water-insoluble Mg in wood, leaf and bark and water-insoluble Ca in wood are
leached rapidly at 180°C and higher but the leaching of water-insoluble Ca from leaf
and bark remained slow as >80% of these water-insoluble Ca is only soluble in acid.
Further calculation considering decomposition of whole mallee tree shows that ~70%
of sugar can be recovered at 270 °C. Hydrothermal processing of mallee biomass at
180 °C is shown to be an effective pre-treatment technique for hemicellulose and

inorganic species removal prior to further processing.

This chapter explored the main products and sugar recovery from the main
components of mallee biomass and also the whole biomass during hydrolysis in
HCW, which is essential to understand the mechanism of organic acids formation as
the value-added biochemicals from hydrothermal conversion of biomass in HCW as

discussed in following chapters.

90



Chapter 5 : Formation of Organic Acids During Cellobiose
Decomposition in HCW

5.1 Introduction

As concluded in chapter 2, Mallee biomass is an important alternative in WA for
renewable biofuels and value added biochemicals (i.e. organic acids) production.
Therefore, a study on Kkinetics and reaction pathways from primary products
decomposition in HCW should be well understood to provide insights for proper
reactor design and achieve desired products. In HCW, Biomass/cellulose is primarily
decomposed into glucose oligomers with a wide range of degrees of polymerization
(DPs), which are then converted into low-molecular-weight compounds via a series
of reactions such as isomerization, hydrolysis, retro-aldol and dehydration reactions
1942 Furthermore, previous chapter demonstrated that sugar oligomers are more
favoured to produce compared to sugar monomers from mallee biomass
decomposition in HCW. Due to the complex structure of sugar oligomers, cellobiose
as the simplest oligomer has been employed to understand the mechanism of organic
acids formation from sugar oligomer decomposition in HCW. Previous studies
conducted a series of systematic investigations to understand the primary reactions of
cellobiose under various catalytic or non-catalytic hydrothermal conditions 134 150. 156,
217 The pH value of the liquid product decreases substantially (i.e., from ~7 to ~4) as
cellobiose conversion increases 1°% 1°6. 217 241 anq it was evident that some organic
acids appears to be produced even at the early stage of cellobiose conversion 6 241,
Several studies investigated the formation of various organic acids (i.e., formic acid,
acetic acid, glycolic acid, lactic acid, levulinic acid, saccharinic acid) from cellulose
and glucose decomposition under alkaline hydrothermal conditions 8% 203242243 The
composition of degradation products depends on the experimental condition, such as
temperature, the nature and concentration of alkali is used. It is well known in the
literature that saccharinic acids which has three isomeric forms, are one of the

important organic acids produced under alkaline degradation of cellulose 2 153 205,
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244248 Fyrthermore, the reaction conditions such as alkali metal cation, pH and
treatment affect which isomer of the saccharinic acid formed in the reaction. The
previous studies outline that under alkaline degradation of cellulose, fB-
hydroxycarbonyl and p-alkoxycarbonyl elimination from reducing ends of the
cellulose molecules take place, resulting in a rearrangement and formation of
different types of saccharinic acids °11°3 206. 245 Until now, there has been no studies
on the nature and quantity of organic acids produced during cellobiose
decomposition under non-catalytic hydrothermal conditions. Yet, it is known that the
initial pH can significantly influence the primary reactions of cellobiose
decomposition in HCW **, Therefore, this chapter aims to identify and quantify the
formation of various organic acids during cellobiose decomposition in HCW at 200 —
275 °C. It is noteworthy that this study has successfully identified the formation of
metasaccharinic acid (MSA), which was seldom reported under non-catalytic

conditions.

5.2 Typical HPAEC-CD-MS Chromatogram of the Liquid Sample

Figure 5-1 presents a typical HPAEC-CD-MS chromatogram of the liquid sample
from cellobiose decomposition at 275 °C and a residence time of 66 s. Various
organic acids including saccharinic (m/z=179), formic(m/z=45), lactic (m/z=89) and
glycolic (m/z=75) acids can be clearly detected in the liquid sample. It is noteworthy
that two saccharinic acids are detected. To the authors’ knowledge, this is the first
time in the field that the formation of saccharinic acid is reported under non-catalytic

conditions.

It is known that there are three types of saccharinic acids (i.e., isosaccharinic,
metasaccharinic and parasaccharinic acid), but the formation of parasaccharinic acid
is rarely reported from carbohydrate decomposition in HCW. To further identify the
saccharinic acids from cellobiose decomposition, three different saccharinic acids

tested: a-isosaccharinic, a-metasaccharinic and B-metasaccharinic acids.
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Figure 5-1: HPAEC-CD-MS chromatogram of a typical sample from cellobiose

decomposition at 275 °C and a residence time of 66 s. MS detection mode: negative

ion; needle voltage: —4 kV; ESI probe temperature: 450 °C; cone voltage: 45 V.

As shown in Figure 5-2, both a- and f-metasaccharinic acids match well with Peak 2,

while a-isosaccharinic acid doesn’t match with Peakl. Thus, it is very likely that

Peak 1 is B-isosaccharinic acid. However, this study didn’t identify Peak 1 due to the

unavailability of standard. Further analysis of the calibration curves for the three

saccharinic acids indicates that the saccharinic acids have almost same response for

MS detection with SIM scan mode at m/z=179, so total saccharinic acid produced

from cellobiose decomposition can be quantified.
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Figure 5-2: Identification of organic acids from cellobiose decomposition using
available standards. 1: unidentified saccharinic acid; 2: metasaccharinic acid (o and
B); 3: unidentified organic acid with molecular weight of 120 g/mol; 4: lactic Acid;
5: glycolic Acid and 6: formic acid.

5.3 Yields and Selectivities of Organic Acids from Cellobiose

Decomposition

The concentrations of four major organic acids (i.e., saccharinic, formic, lactic and
glycolic acids) in liquid products from cellobiose decomposition in HCW at 200-275
°C were quantified via HPAEC-CDMS. The yields and selectivities of those organic
acids on a carbon basis are presented in Figure 5-3. The results clearly indicate that
the yields of organic acids are low at 200 °C, i.e., ~0.53% for saccharinic acid,
~0.07% for formic acid, ~0.02% for glycolic acid and almost no lactic acid after a
residence time of ~66 s. However, the yields of organic acids increase with reaction
temperature. For example, the yields of saccharinic, formic, lactic and glycolic acids
at 275 °C and~66 s residence time substantially increase t0~5.8%, ~2.5%, ~0.8%
and~0.8%, respectively. Based on the concentrations of organic acids in the
products, the selectivities of organic acids were further calculated and plotted as a
function of cellobiose conversion in Figure 5-3. It can be seen that the selectivities of
organic acids are initially zero and the organic acids only start to appear after a
conversion of 5-10%, indicating that the organic acids are unlikely to be the primary

products during cellobiose decomposition in HCW. The selectivities of organic acids
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increase with cellobiose conversion, and the maximal selectivities achieved in this
study are ~5.8% for saccharinic acid, ~2.0% for formic acid, ~1.0% for lactic acid
and ~0.9% for glycolic acid at 275 °C and ~66 s. Among the organic acids
quantified in this study, saccharinic acid has the highest yield and selectivity on a
carbon basis. However, formic acid is the most abundant acid due to its high molar

concentration, thus contributing significantly to the hydrogen ion in the liquid

product.
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Figure 5-3. Yield and selectivity of organic acids produced from cellobiose

decomposition at 200 — 275 °C. (a) Formic acid yield, (b) MSA yield, (c) Lactic acid
yield, (d) Glycolic acid yield, (e) Formic acid selectivity, (f) ISA selectivity, (g)
Lactic acid selectivity, (h) Glycolic acid selectivity.
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Figure 5-4 shows the contributions of saccharinic, formic, lactic and glycolic acids to
the total H* dissociated from the quantified organic acids at 200-275 °C. The total
dissociated H* concentration was calculated based on the dissociation constants (Ka)
of the acids at room temperature (see more details in section 3-5-3). The data indicate
that the total dissociated H* is mainly contributed by formic acid especially at low
cellobiose conversions, due to its higher molar concentration and higher dissociation
constant compared to those for other organic acids. For example, formic acid
contributes to~90% of the total dissociated H™ at ~12% cellobiose conversion, but
its contribution decreases as cellobiose conversion increases and stabilisesat~50—
60% at cellobiose conversions >40%. In contrast, the contribution of saccharinic acid
is only ~8% of the total dissociated H* at~12% cellobiose conversion, but increases
to ~20-35% at cellobiose conversions >25%. The contributions of lactic acid and

glycolic acid are < 10% under all conditions.
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Figure 5-4: Contribution of MSA, formic acid, lactic acid and glycolic acid to total
hydrogen ion dissociated by four quantified organic acids during cellobiose
decomposition in HCW at 200 — 275 °C. (a) 200 °C, (b) 225 °C, (c) 250 °C, (d) 275
°C.
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54 Comparisons Between [H'] Calculated from Quantified

Organic Acids and Measured pH

Figure 5-5 further compares the hydrogen ion concentration ([H']) from the
quantified organic acids with the [H*] from direct pH measurement of the liquid

product right after the experiment at various conversions.

Measured [H'], 200 °C
Measured [H'], 225 °C
Measured [H'], 250 °C
Measured [H], 275 °C
Calculated [H'], 200 °C
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Figure 5-5: Comparisons of the hydrogen ion concentrations calculated from total
concentrations of the quantified organic acids and the measured pH after cellobiose

decomposition in HCW at various conversions.

A relatively close match between the calculated and measured [H*] (within
experimental error) at cellobiose conversions <80% suggests that the quantified
organic acids account for the majority of the organic acids produced during
cellobiose decomposition in HCW. At a cellobiose conversion >80%, the gaps
between the calculated and measured [H*] widen, suggesting that other organics
acids might be produced due to more pronounced secondary reactions at high
cellobiose conversions. Nevertheless, other organic acids such as acetic and levulinic
acids were not detected in the product under the current conditions. The above results
indicate that small amount of organic acids can be produced even at low cellobiose
conversions and become significant at increased cellobiose conversions. For
example, the total hydrogen ion concentration increases from ~0.018mM at ~19%
cellobiose conversion to ~0.56mM at ~99% cellobiose conversion, leading to the pH

of the product reducing from 4.7 to 3.3. As pH can substantially alter the reaction

97



pathway of cellobiose decomposition in HCW, it is important to understand the
reaction pathways leading to the formation of these organic acids.

5.5 Reaction Pathways of Organic Acids During Cellobiose

Decomposition

Considering the new data in this study and those in the existing literature, Figure 5-6
presents the possible reaction pathways leading to the formation of these organic
acids during cellobiose decomposition in HCW under non-catalytic conditions.
Previous studies %% 1% 217 demonstrated that the primary reactions for decomposition
of cellobiose in HCW are isomerisation of cellobiose to cellobiulose (glucosyl-
fructose, GF) and glucosyl-mannose (GM) and hydrolysis of cellobiose to glucose.
GF and GM are then further hydrolysed to monomeric sugars such as glucose,
fructose and mannose. The monomeric sugars can also isomerise into each other in
HCW via formation of 1,2-enediol anion®°. As saccharinic acid, formic, lactic and
glycolic acids are not the primary products, these organic acids are formed through
the decomposition of monomeric sugars or its decomposed products. While
saccharinic acid was reported to be formed during alkaline degradation of cellulose
152, 205, 206, 245 there was no report on the formation of saccharinic acid from the
decomposition of cellobiose or cellulose under non-catalytic conditions. Based on the
widely-accepted Nef-Isbell mechanism 2, monomeric sugars (i.e., glucose, mannose
or fructose) can form diketone intermediate (compound 7 and 13 in Figure 5-6) via a
series of reactions including keto-enol tautomerisation, isomerisation and [-
hydroxycarbonyl elimination, followed by benzillic acid rearrangement to form
different types of saccharinic acids (i.e., isosaccharinic and metasaccharinic acids).

It is also noted that while benzilic acid rearrangement is widely regarded as a base-
catalysed reaction, such reaction can also be catalysed by the hydroxyl ions in HCW.
Furthermore, glycolic acid can also be produced from diketone intermediate

(compound 7 in Figure 5-6) via a dicarbonyl cleavage.

Regarding the reaction pathway of formic acid formation, it is well known that 5-
HMF can be rehydrated into formic and levulinic acid under acidic conditions %2 250,

However, in this study, no levulinic acid was detected in the products from
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cellobiose decomposition under the current conditions. Regarding the reaction
pathway of formic acid formation, it is well known that 5-HMF can be rehydrated
into formic and levulinic acid under acidic conditions %2 2%°, However, in this study,
no levulinic acid was detected in the products from cellobiose decomposition under

the current conditions.
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Figure 5-6: Summarised reaction pathways for saccharinic, formic, lactic and
glycolic acids during cellobiose decomposition in HCW based on the reports in the
literature!43: 151, 152, 205, 206 anq this study. R1: Isomerisation, R2: Hydrolysis, R3:
Keto-enol tautomerisation, R4: B-hydroxycarbonyl elimination, R5: Benzilic acid
rearrangement, R6: a-dicarbonyl cleavage, R7: Retro-aldol condensation, R8: Lobry
de Bruyn-Alberda van Ekenstein transformation (LBAE), R9: Aldol condensation
and R10: Dehydration. Compound (1): Cellobiose; (2): Glucosylmannose; (3):
Cellobiulose; (4): Glucose; (5): Mannose; (6): Fructose; (7): Diketones Intermediate;
(8): Glyceraldehyde; (9): Dihydroxyacetone; (10): Glycolaldehyde; (11): Erythrose
and (12): Pyruvaldehyde; (13): Diketones Intermediate.

First, monomeric sugars (i.e., glucose, mannose and fructose) can easily decompose
to glycolaldehyde, erythrose and glyceraldehyde through retro-aldol condensation
reaction %°, Erythrose is known to undergo Lobry de Bruyn-Alberda Van Ekenstein
(LBAE) transformation to form glyceraldehyde and formic acid *4. Second,

glyceraldehyde is also known to undergo LBAE transformation to form
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dihydroxyacetone, which then produces pyrovaldehyde through dehydration,
followed by the formation of formic acid via a-carbonyl cleavage 4. In addition,
pyrovaldehyde is also known to undergo benzilic rearrangement to form lactic acid
143 Figure 5-1 shows substantial increases in the selectivities of formic and lactic
acids at high temperatures (i.e., 275 °C), suggesting that these organic acids are
likely to be formed from the products (i.e., glyceraldehyde, erythrose) from retro-
aldol condensation reactions that are known to be more prevalent at high

temperatures 150159,

5.6 Conclusions

This chapter provides direct evidences on the formation of organic acids during
cellobiose decomposition in HCW at 200 — 275 °C. For the first time the formation
of saccharinic acid as a major organic acid produced during -cellobiose
decomposition under non-catalytic conditions identified. Other organic acids such as
formic acid, lactic acid and glycolic acid are also formed. The yields of organic acids
increase with cellobiose conversion, i.e., from ~0.17% at ~18% conversion to ~9.6%
at ~99% conversion. Among the four organic acids analysed, MSA has the highest
yield on a carbon basis, but the low pH of liquid product is mainly contributed by
formic acid due to its higher molar concentration and higher dissociation constant
thus accounting for the majority of the dissociated hydrogen ions in the liquid
product. A close match between the [H*] calculated from the quantified organic acids
and the [H*] calculated from measured pH suggests that these acids are the majority
organic acids produced during decomposition of cellobiose in HCW. However, the
gaps between these two values become larger at higher conversions (i.e., >80%),
indicating that other organics acids are produced due to more pronounced secondary
reactions. Possible reaction pathways for those organic acids are also summarized

and discussed.

This chapter demonstrates that organic acids are not the primary products from
cellobiose decomposition in HCW, and they are more likely produced from

monomeric sugars which are discussed in the following chapters.
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Chapter 6 : Formation of Organic Acids During Glucose
and Fructose Decomposition in HCW

6.1 Introduction

Hydrothermal conversion of biomass in hot-compressed water (HCW), as one of the
environmentally friendly technologies, has received large research interest for the
sustainable production of biofuels and value-added biochemicals such as sugars,
alcohols and organic acids > %, HCW as a reaction medium is capable of enhancing
both acid- and base-catalysed reactions due to its unique properties ** 2°1, Because of
the complexity of biomass structure, a series of model compounds have been
employed to investigate the mechanism of biomass decomposition in HCW,
including polymeric sugars (i.e., cellulose and hemicellulose) and monomeric sugars
(i.e., glucose and xylose) under various catalytic or non-catalytic conditions 43 158
181 Previous studies also reported the formation of organic acids during
hydrothermal conversion of biomass, which may influence the reaction mechanism

of biomass decomposition and change the product distribution %6 1%0. 217,252

As discussed in Chapter 2, Our recent study reported the formation of some organic
acids (i.e., saccharinic, formic, glycolic and lactic acids) from hydrothermal
decomposition of cellobiose (as the simplest glucose oligomer linked by glycosidic
bond) under non-catalytic conditions 2%. It has been clearly shown that all organic
acids are not the primary products from cellobiose hydrothermal decomposition.
Instead, organic acids are more likely produced from monomeric sugars such as
glucose and fructose 22°. Several previous studies 144 1°2.192.245 reported the formation
of these organic acids from hydrothermal conversion of monosaccharides under
catalytic conditions using various reactor systems. For example, saccharinic acid was
mainly reported to form from carbohydrate decomposition under alkaline conditions,
while formic acid could be produced from the rehydration of 5-
hydroxymethylfurfural (5-HMF) under acidic conditions 44 152,192,245,

101



Previous studies on the formation of organic acids from hydrothermal decomposition
of monosaccharides were mostly conducted under catalytic conditions, and little has
been reported on the formation of organic acids under non-catalytic conditions.
However, the formation of organic acids can play a key role in the formation of some
products (i.e., 5-HMF 2°3) during monosaccharide decomposition under non-catalytic

conditions.

As discussed earlier because of the complex structure of biomass, model compounds
have been employed to understand the mechanism of organic acids formation from
hydrothermal conversion of biomass in HCW. In chapter 5, it has been shown that
organic acids are not the primary products from hydrothermal decomposition of
cellobiose. Therefore, monomeric sugars (glucose and fructose) as the hydrolysis
products from cellobiose are studied in chapter 6 to understand the mechanism of

organic acids formation from hydrothermal conversion of biomass.

6.2 Yields and Selectivities of Organic Acids from Glucose and

Fructose Decomposition in HCW

Various organic acids including saccharinic acid, formic acid, glycolic acid, lactic
acid and 2,4-dihydroxy butyric acid (DHBA) can be identified from the liquid
products from glucose and fructose decomposition in HCW via HPAEC-CD-MS. In
our previous work 2%, two saccharinic acids (m/z = 179) have been identified from
hydrothermal decomposition of cellobiose under non-catalytic condition. These are
likely the isomers of saccharinic acid, since there are three different isomers of
saccharinic acid as reported previously °1 254 In this study, the similar method was
used to detect the saccharides from glucose and fructose decomposition, but only one
peak was identified for saccharinic acid (m/z = 179). Four isomer standards of
saccharinic acids (o-isosaccharinic acid, P-isosaccharinic acid, a-metasaccharinic
acid, B-metasaccharinic acid) were further tested to identify the type of saccharinic
acid. It was confirmed that metasaccharinic acids (MSA) are the major saccharinic
acids in the liquid products during hydrothermal decomposition of glucose and

fructose under non-catalytic conditions.
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Figure 6-1 presents the yields and selectivities (on a carbon basis) of organic acids
during glucose and fructose decomposition in HCW at 225-275 °C. The yields of all
quantified organic acids are low for both glucose and fructose at 225 °C, but their
yields increase with temperature and residence time. Thus, the maximal organic acids
are obtained at 275 °C and ~58s. Among all quantified organic acids from glucose
decomposition, MSA has the maximal yield of ~8.4%, much higher than those for
other organic acids, i.e., ~3.2% for formic acids, ~2.2% for glycolic acid, ~6.2% for
lactic acid, and ~5.1% for DHBA. For fructose, the trends of organic acids are
similar to those for glucose, but some differences can be found. For example, the
yields of some organic acids (i.e., formic acid, MSA and lactic acid) from fructose
decomposition are higher than those from glucose decomposition, indicating that
those organic acids can be more easily produced from fructose. For example, the
maximal yields of formic acid, MSA and lactic acid for fructose decomposition at
275 °C and ~58 s are ~4.6, ~10.1 and ~8.2 %, respectively, much higher those for
glucose. While the maximal yields of other organic acids are similar, i.e., ~2.6% for
glycolic acid, and ~4.9% for DHBA. This indicates that the formation pathways of
organic acids may be quite different for glucose and fructose.

The selectivities of organic acids were further calculated, and the results are
presented as function of conversion in Figure 2f-j. It can be see that the selectivities
of all organic acids increase with conversion for both glucose and fructose. For
glucose, the maximal selectivities of organic acids achieved under the current
reaction conditions are ~3.5% for formic acid, ~9.5% for MSA, ~6.9% for lactic
acid, ~5.7% for DHBA and ~2.5% for glycolic acid. For fructose, the maximal
selectivities of organic acids achieved are ~4.8% for formic acid, ~11.5% for MSA,
~8.6% for lactic acid, ~5.1% for DHBA and ~2.7% for glycolic acid. While the
selectivity trends of organic acids are similar for glucose and fructose, some
differences can be observed. First, according to the Delplot method?®, MSA is
identified as a minor primary product from fructose decomposition (see Figure 29)
but not from glucose decomposition, which is an important finding of this study. This
is reasonable since MSA is a saccharinic acid with 6 carbons, which can be only
produced from some sugar compounds. However, the selectivity of MSA from
fructose decomposition is very low, only ~3% based on the intercept at zero

conversion. Other organic acids are all secondary products. Second, the selectivities
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of formic acid and MSA for fructose are higher than those for glucose at the same
conversion, indicating that formic acid and MSA can be easily formed from fructose.
In comparison, the selectivities for other organic acids have similar trends as a

function of conversion.
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Figure 6-1: Yields and selectivities of organic acids produced from glucose (hollow)
and fructose (solid) decomposition in HCW at 225-275 °C. (a) Formic acid yield, (b)
MSA vyield, (c) Glycolic acid yield, (d) Lactic acid yield, (¢) DHBA vyield, (f) Formic
acid selectivity, (g) MSA selectivity, (h) Glycolic acid selectivity, (i) Lactic acid
selectivity, (j) DHBA selectivity.
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6.3 Comparisons Between [H'] Calculated from Quantified

Organic Acids and Measured pH

The calculation of total hydrogen ion dissociated is based on the dissociation constant
for each organic acid, with the detailed method presented in the Experimental
Section. Figure 6-2 compares the hydrogen ion concentrations calculated from the
quantified organic acids and the direct pH measurement of the product solution after
each experiment for hydrothermal decomposition of glucose and fructose. It can be
seen that the hydrogen ion concentration increases as sugar conversion increases,
suggesting more organic acids are produced at increased conversions during
hydrothermal decomposition of both glucose and fructose. For example, the
concentration of hydrogen ion during glucose decomposition increases from ~0.02
mM at ~10% conversion to ~0.38 mM at ~93% conversion. While for fructose, the
concentration of hydrogen ion increases from ~0.05 mM at ~20% conversion to
~0.45 mM at ~ 98% conversion. Although the hydrogen concentrations are similar at
same conversion during hydrothermal decomposition of glucose and fructose, the
hydrogen concentrations for fructose are slightly higher at higher conversions (i.e.,
>80%). Moreover, the data show that the differences between the calculated and
measured [H*] are small during glucose and fructose decomposition in HCW,
suggesting that majority of the organic acids produced are quantified in this study. At
higher conversions, more secondary reactions lead to the formation of other organic
acids which contribute to a small percentage of the total hydrogen concentration.

The calculation of total hydrogen ion dissociated is based on the dissociation constant
for each organic acid, with the detailed method presented in Chapter 3.
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Figure 6-2: Comparisons of the hydrogen ion concentrations calculated from total
concentrations of the quantified organic acids and the measured pH of the liquid
products after (a) glucose and (b) fructose decomposition in HCW at various

temperatures.

Further analysis was conducted to understand the contribution of each organic acid to
the total [H*] concentration dissociated from the identified organic acids from
glucose and fructose decomposition in HCW at 225-275 °C, as shown in Figure 6-3.
It can be seen that formic acid contributes the highest to the total hydrogen ion
dissociated for glucose decomposition. At 225 °C, the contribution of formic acid is
~75% at early conversions (i.e., at ~12% conversion), but decreases as conversion
increases and stabilises at ~40-50% at conversions >40%. In contrast, the
contribution of MSA to the total hydrogen ion dissociated stabilises at ~25% at 225
°C, but reduces to ~15% as glucose conversion further increases at higher
temperatures. Another observation is that the contribution of lactic acid is ~20% at
225 °C, but increases to ~25% at 250 °C during glucose decomposition, making
lactic acid the second largest contributor of the total hydrogen ion at temperatures
>250 °C, followed by MSA, DHBA and glycolic acid. The contributions of DHBA

and glycolic acid are generally low (<15%).

For fructose decomposition, the contributions of organic acids generally follow
similar trends, but with some differences. While formic acid still contributes the
highest to the total hydrogen ion dissociated, its contribution is slightly lower due to
the increased contributions of MSA and lactic acid, especially at high temperatures.
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For example, the contribution of MSA for fructose is ~22% and ~25% at 250 and
275 °C, slightly higher those of ~15% for glucose. This is due to that MSA becomes
a primary product during fructose decomposition. For lactic acid, it contributes to
~27% and ~30% of total hydrogen ion at 250 and 275 °C, respectively, slightly
higher those of ~25% for glucose. This is mainly because glyceraldehyde (as a
precursor of lactic acid) becomes a primary product during fructose decomposition.
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Figure 6-3: Contributions of formic acid, MSA, glycolic acid, DHBA and lactic acid

to the total [H*] dissociated calculated by the quantified organic acids from glucose
and fructose decomposition in HCW at 225-275 °C. (a) glucose at 225 °C, (b)
glucose at 250 °C, (c) glucose at 275 °C, (d) fructose at 225 °C, (e) fructose at 250
°C, (f) fructose at 275 °C.
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6.4 Reaction Pathways of Organic Acids During Glucose and

Fructose Decomposition

The results in this study clearly show that various organic acids are generated during
glucose and fructose decomposition in HCW. Considering the formation of organic
acids can affect the products distribution, it is important to understand the reaction
pathways of organic acids during hydrothermal decomposition of glucose and
fructose. Based on our current data and previous literatures, Figure 6-4 presents the
reaction pathways for identified organic acids during glucose and fructose

decomposition in HCW under non-catalytic condition.

Formic acid is one of the most important organic acids produced from glucose and
fructose, since it greatly contributes to the hydrogen ion in the liquid product. There
are several reaction pathways for formic acid formation. First, it was mainly reported
as a rehydration product of 5-hydroxymethylfurfural during acid hydrolysis of
monosaccharides!®? 202 2% Second, it can be also produced from hydrothermal
oxidation by alfa-scission or alkaline hydrothermal treatment of monosaccharides'®®
201 Third, it can be produced through the Lobry de Bruyn—Albeda van Ekenstein
transformation (LBAE) of erythrose to produce formic acid and glyceraldehyde
under alkaline condition'®® 144 Fourth, formic acid can be formed through
pyruvaldehyde via a-dicarbonyl cleavage. However, it is more likely that the last
reaction pathway is responsible for the formic acid formation under current reaction

conditions.

Saccharinic acid is also an important organic acid with high yields (on a carbon
basis) from both glucose and fructose decomposition. However, its contribution to
the hydrogen ion in the liquid product is much lower compared to formic acid, due to
its lower molar concentration and lower dissociation constant. As discussed earlier,
saccharinic acid is mainly produced during hydrothermal conversion of
monosaccharides under alkaline conditions. Based on existing literature, three
isomeric forms have been reported for saccharinic acids: saccharinic (or 2-
methylpentonic) acids, isosaccharinic (or 3-deoxy-2-hydroxymethylpentonic) acids,
metasaccharinic (or 3-deoxyhexonic) acids. This study is the first in the field to

identify the formation of MSA during hydrothermal decomposition of glucose and
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fructose under non-catalytic conditions. Under alkaline condition the Nef-Isbell
mechanism for the saccharinic acid formation involves several key steps: (a) the
formation of enediol via keto-enol tautomerism followed by production and
isomerisation of anion, (b) B-hydroxycarbonyl elimination to form diketo
intermediate, (c) dicarbonyl intermediate formation via keto-enol tautomerism (d)
benzylic acid rearrangement of the intermediate to produce the saccharinic acid %
152,203,204 This study also clearly demonstrates that MSA is a minor primary product
from fructose decomposition, but only a secondary product from glucose
decomposition under non-catalytic HCW. Therefore, it is suggested that the
mechanism of metasaccharinic acid formation may be different from Nef-Isbell
mechanism via diketo intermediate under alkaline condition. It is more likely due to
the similar structure of fructose to MSA or diketo intermediate as the important

precursor for MSA formation.

Lactic acid also contributes largely to the hydrogen ion in the liquid product from
both glucose and fructose decomposition. Lactic acid is generally formed via benzilic
acid rearrangement of pyruvaldehyde 144 159202, 243,257 '\whjch can be easily produced
from aldehydes (i.e., glyceraldehyde, erythrose). Particularly, glyceraldehyde is
reported as a primary product from fructose decomposition'®®, which explains a
higher yield of lactic acid from fructose. Although lactic acid can also be formed
from glycolaldehyde via the formation of pyruvaldehyde through series of reaction,
glyceraldehyde can produce more lactic acid with a higher efficiency compared to
glycolaldehyde and erythrose®®” 258 Previous literatures also reported DHBA
produce from aldol condensation of glycolaldehyde®®. The reaction pathway of
Glycolic acid also consists of isomerisation between glyceraldehyde and
dihydroxyacetone, which dihydroxyacetone undergoes C-C bond hydrolytic cleavage
to produce glycolic acid?®,
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OH

Figure 6-4: Summarised reaction pathways for saccharinic, formic, lactic, glycolic
and 2,4 dihydroxy butyric acids during glucose and fructose decomposition in HCW
based on the previous literatures!4® 151, 152, 205 206, 245, 259-261 anq this study. (1):
Glucose; (2): fructose; (3): erythrose; (4): glyceraldehyde; (5): dihydroxyacetone;
(6): pyruvaldehyde; (7): glycolaldehyde; (8): formic acid; (9): lactic Acid; (10): 2,4
dihydroxy butyric acid; (11) metasaccharinic acid; (12) glycolic acid. R1:
Isomerisation; R2: Retro-aldol condensation; R3: Rehydration; R4: Dehydration; R5:

a-dicarbonyl cleavage; R6: Benzilic acid rearrangement; R7: aldol condensation.

6.5 Conclusions

This chapter reports the formation of organic acids during glucose and fructose
decomposition in HCW under non-catalytic condition at 225-275 °C. Five organic
acids including metasaccharinic, formic, lactic, glycolic and 2,4 dihydroxy butyric
acids are identified from both glucose and fructose decomposition. As the first time
in the field, MSA from glucose and fructose decomposition under non-catalytic
condition is successfully identified and quantified. The data indicate that MSA is a
minor primary product from fructose decomposition, but only a secondary product
from glucose decomposition. Among the identified organic acids, MSA has the

highest yield and selectivity on a carbon basis, i.e., with the selectivity of ~9.5% and
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~11.5% at ~90-95% conversion for glucose and fructose, respectively. However,
formic acid has the highest contribution to the total hydrogen ion dissociated,
resulted in a reduction in the pH of the liquid product, due to its highest molar
concentration and highest dissociation constant. The hydrogen ion concentrations
calculated from the quantified organic acids are also compared with those calculated
from pH directly measured after each experiment. A close match between the
calculated and measured hydrogen ion concentration indicates that majority of
organic acids produced during glucose and fructose decomposition have been
identified. Possible reaction pathways of the identified organic acids during glucose

and fructose decomposition in HCW are also summarised and discussed.

In next chapter, the decomposition behaviour of mannose, as an important
monomeric sugar produced from cellobiose decomposition in HCW, will be
investigated to better understand its decomposition mechanism and reaction

pathways.
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Chapter 7: Reaction Mechanism and Pathways of Mannose

Decomposition in HCW

7.1 Introduction

Lignocellulosic biomass as a renewable source of energy has attracted increasing
attention to address the issues and concerns arise from fossil fuel using® 30 31,
Among the technologies for utilisation of biomass, hydrothermal processing of
biomass HCW is a promising technology to convert biomass to biofuels and platform
chemicals. Various reactor systems and different reaction conditions have been
employed for studying hydrothermal conversion of biomass in HCW %% 251,
Lignocellulosic biomass consists of three major components: cellulose,
hemicellulose and lignin. Cellulose and hemicellulose account for up to two thirds of
lignocellulosic biomass 26 263, Hemicellulose is the second most abundant
component of plant biomass after cellulose and with its amorphous structure
comprises 15-35% of plant biomass and consists of different sugars, mainly pentoses
(xylose and arabinose) and hexoses (mannose, galactose and glucose) 262 263, The
structure of hemicellulose is complex as a result of different ratio of its monomers
from various plant types. The sugars in hemicellulose may be converted to acids and
furan derivatives which may act as inhibitors during biofuel production 25% 264 The
proportion of hemicellulose is 10-15%, in softwood, 18-23% in hardwood and 20-
25% in herbaceous plants. Compared to cellulose, hemicellulose with more
amorphous structure, easily hydrolyse into its monomer sugars. The most abundant
sugars in hemicellulose are xylose and mannose, and mannose (C-2 epimer of
glucose) is the major component of hemicelluloses in soft wood 283 264 While
previous studies mainly focused on the hydrothermal conversion of cellulose, as part
of lignocellulosic biomass, hemicellulose received far less attention "> 26°, Raisanen
et al.?%® reported the degradation products from mannose pyrolysis at 500 °C and 550

°C. Another study?®’ also investigated the catalytic gasification of mannose at 500-
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700 °C and the obtained findings were in accordance with results of glucose and
fructose gasification under supercritical water condition. Srokol** reported the
hydrothermal treatment of dilute solution of some monosaccharides including
mannose at 340 °C and 27.5 MPa. The identified products are quite similar due to the
occurrence of Lobry de Bruyn-Alberda van Ekenstein rearrangement between
studied monosaccharides.

As discussed in previous chapters, organic acids are one of the value-added
chemicals from biomass decomposition. Oligomers as the primary products of
hydrothermal conversion of biomass/cellulose, further decomposed into sugar
monomers and other value-added compounds including organic acids. Previous
chapter provided direct evidences on the formation of organic acids during glucose
and fructose decomposition. So far, there is no fundamental study on the formation
of degradation products from mannose decomposition under non-catalytic HCW.
Therefore, a study of hydrothermal conversion of mannose (C-2 epimer of glucose)
as one of the major components of hemicellulose is of great importance to better
understand the hemicellulose behaviour. Consequently, this study focuses on
hydrothermal conversion of mannose to provide new insights into all major mannose

decomposition products in HCW under non-catalytic conditions.

7.2  Mannose Conversion and Yields of Major Products During

Mannose Decomposition in HCW

The liquid samples were analysed by HPAEC-PAD-MS, and various products can be
identified, including glucose and fructose produced via isomerization reactions, 5-
HMF produced via dehydration reaction, glycolaldehyde (GA) and glyceraldehyde
(GCA) produced via retro-aldol condensation reactions, as well as various organic
acids such as formic acid, saccharinic acid, formic acid, glycolic acid, lactic acid and
2,4-dihydroxy butyric acid (DHBA). Since four isomer standards of saccharinic acids
(o-isosaccharinic  acid, p-isosaccharinic acid, o-metasaccharinic acid, J-
metasaccharinic acid) are present, this study confirms that both isomers of MSA are
the major saccharinic acids in the liquid products from mannose decomposition in

HCW. Also, 1,6-anhydro-B-D-mannopyranose was identified in the liquid product
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from mannose decomposition, but its yield is very low (max 0.1%) so its yield was
not quantified in this study.

Figure 7-1 presents the conversions of mannose during its decomposition in HCW at
200 —275 °C and various residence times. It can be seen that mannose decomposition
is slow at 200 °C, with a conversion of ~15% at a residence time of ~66 s. However,
the mannose conversion increases rapidly with temperature. At 275 °C, the mannose

conversion increases from ~50% at ~7 s to ~95% at ~58 s.
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Figure 7-1: Mannose conversion during decomposition in HCW at 200 — 275 °C.

All major products from mannose decomposition in HCW at 200 — 275 °C were
quantified, and their yields (on a carbon basis) are presented in Figure 7-2. For
glucose and fructose, similar trends can be found but the yield of fructose is much
higher than the yield of glucose. At 200 °C, both the glucose and fructose yields
increase with residence time, i.e., from ~0.6 and ~3.4 % to ~1.5 and ~7.1% when the
residence time increases from ~8 to ~66 s, respectively. At a higher temperature of
225 °C, the yields of glucose and fructose increase from ~1.4 and ~6.8% at 8 s to
~2.8 and ~11.4% at ~63 s, respectively. When the temperature increases to 250 °C,
their yields first increase with residence time and then reach the maximal yields,
followed by reductions when the residence time further increases. For example, the
glucose and fructose yields increase from ~2.1 and ~9.4 % at 8 s to ~3.2 and ~12.5%
at ~31 s, but reduces to ~2.8 and ~10.8% at ~61 s, respectively. At 275 °C, both the

glucose and fructose yields decrease with increasing the residence time, i.e., from
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~2.7 and ~11.3% to ~1.3 and ~3.7% when the residence time increases from ~7 to
~58 s, respectively. The data indicate that glucose and fructose are likely the primary
products from mannose decomposition in HCW, but they can be easily decomposed
at higher temperatures.

For other products, their yields all increase with residence time at all temperatures,
indicating that those products are more likely the secondary products from mannose
decomposition in HCW. Under the current conditions, the maximal yields are
obtained at 275 °C and ~58 s, i.e., ~16 %, ~5% and ~23% for 5-HMF, GCA and GA,
respectively. As for organic acids, their yields also increase with residence time at all
temperatures, thus all organic acids are also the secondary products from mannose
decomposition in HCW. Under the current conditions, the maximal yields are also
obtained at 275 °C and ~58 s, i.e., ~3%, ~7.5%, ~1.5%, ~3.5% and ~4% for formic
acid, MSA, glycolic acid, lactic acid and DHBA, respectively.
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Figure 7-2: Yields of major products during mannose conversion during
decomposition in HCW at 200 — 275 °C. (a) Yield of glucose; (b) yield of fructose;
(c) yield of GCA,; (d) yield of 5-HMF; (e) yield of GA; (f) yield of formic acid; (g)
yield of saccharinic acid; (h) yield of glycolic acid; (i) yield of lactic acid and (j)
yield of DHBA.

7.3  Selectivities of Major Products During Mannose

Decomposition in HCW

Based on the above data, the selectivities of major products during mannose
decomposition in HCW at 200 — 275 °C were further calculated on a carbon basis,
and the selectivity results are presented as a function of mannose conversion in

Figure 7-3. Clearly, the selectivities of glucose and fructose decrease continuously
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with increasing the mannose conversion, confirming that glucose and fructose are
indeed the primary products from mannose decomposition. The initial selectivity of
fructose is ~80% at a low mannose conversion of 5%, much higher than that of
glucose (~17%) under the same condition. This demonstrate that the isomerization
reaction to produce fructose is a dominant primary reaction during mannose
decomposition in HCW, while the isomerization reaction to produce glucose is only
a minor primary reaction. Compared to those of glucose and fructose, the
selectivities of other products are low at early conversions, but increase continuously
with mannose conversion, demonstrating that all other products are indeed the
secondary products from mannose decomposition in HCW. Under the current
conditions, their maximal selectivities obtained are ~20%, ~40% and ~12% at ~90%
mannose conversion for 5-HMF, GA and GCA, respectively. The results suggest that
retro-aldol condensation reactions of mannose are difficult to take place, especially at
low temperatures. GA and GCA are more likely produced from the primary products
fructose 8. Similarly, the selectivities of organic acids also increase with mannose
conversion. Under the current conditions, the maximal selectivity of MSA obtained
is ~8.5%, much higher than those for other organic acids, i.e., by ~5%, ~4%, ~3%,
~1.6% for DHBA, lactic acid, formic acid and glycolic acid, respectively.

To further understand the contributions of two primary reactions during mannose
decomposition in HCW, the delplot method 2° %8 was employed to obtain the
selectivities of glucose and fructose at mannose conversion X — 0. According to the
delplot method, the intercept of product selectivity at mannose conversion X — 0
determines the ratio of primary reaction to overall mannose decomposition. It can be
seen that the selectivities of glucose and fructose at mannose conversion X — 0 are
~18% and ~82%, respectively. This clearly demonstrate that isomerization reactions
to produce glucose and fructose are the only two primary reactions during mannose
decomposition in HCW, since the total contribution of two isomerization reactions
are close to 100%. Therefore, all other products (i.e., 5-HMF, GA, GCA and organic
acids) cannot be directly produced from mannose under the current conditions.
Rather, those products are more likely produced from glucose and fructose. The
formation pathways of 5-HMF, GA and GCA can be found in our previous works 17>

186 while those of organic acids have been elucidated in previous chapters.
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Figure 7-3: Selectivities of major products during mannose conversion during
decomposition in HCW at 200 — 275 °C. (a) Selectivity of glucose; (b) selectivity of
fructose; (c) selectivity of GCA; (d) selectivity of 5-HMF; (e) selectivity of GA; (f)
selectivity of formic acid; (g) selectivity of saccharinic acid; (h) selectivity of

glycolic acid; (i) selectivity of lactic acid and (j) selectivity of DHBA.

7.4  Kinetics of Mannose Decomposition in HCW

The reaction rate constants of mannose decomposition in HCW at 200-275 °C can be
calculated based on the mannose conversion data. Assuming the mannose
decomposition follows first-order kinetics, the reaction rate constant k (s) can be

determined using the following equation:
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—In[C(t)/C(0)] = kt (7.1)
where C(t) and C(0) (mg L™) are the mannose concentrations before and after
decomposition, and t (s) is the residence time.

The correlations between -In[C(t)/C(0)] and residence time t at different temperatures
are plotted in Figure 7-4. Linear relationships between -In[C(t)/C(0)] and residence
time t can be observed for all temperatures, suggesting that mannose decomposition
at HCW indeed follows first order kinetics. It can be found that the reaction rate
constant increases with temperature, i.e., from 0.0018 at 200 °C to 0.0318 at 275 °C.
According to the Arrhenius plots of mannose decomposition (see Figure 7-5), the
activation energy and pre-exponential factor are further calculated to be 83 kJ/mol

and 2.7x106 s-1, respectively.
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Figure 7-4: Correlations between -In[C(t)/C(0)] and residence time during mannose
decomposition in HCW at 200 — 275 °C.
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Figure 7-5: Arrhenius plots during mannose decomposition in HCW at 200 — 275 °C.

7.5 Formation of Organic Acids During Mannose Decomposition

in HCW.

According to the yields of major organic acids, the contribution of each quantified
organic acid to the total hydrogen ion dissociated from mannose decomposition in
HCW at 200 — 275 °C were further estimated, and the results are presented in Figure
7-6. It can be seen that formic acid contributes to the most of the total hydrogen ion
dissociated particularly at all conditions, which might be due to its high molar
concentration and dissociation constant. For example, formic acid contributes to
~70% of the total [H*] dissociated at ~6% mannose conversion. However, its
contribution decreases with mannose conversion, and becomes stable at ~40% at
mannose conversions >15%. In contrast, the contribution of MSA increases with
mannose conversion and reaches ~40% at ~17% conversion, followed by a decrease
as the mannose conversion further increases and stabilises at ~20% at mannose
conversions >40%. The contribution of other organic acids to the total hydrogen
dissociated is low at all temperatures and the maximal value is <20% under all

conditions.
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Figure 7-6: Contribution of organic acids to the total [H*] dissociated calculated by
the quantified organic acids from mannose decomposition in HCW at 200 — 275 °C.
(a) 200 °C, (b) 225 °C, (c) 250 °C, (d) 275 °C.

The pH value of the liquid product was also measured right after the experiments for
all conditions and the results are presented as a function of mannose conversion in
Figure 7-7. It can be clearly seen that the pH value decreases substantially as
mannose conversion increases under current experimental conditions, i.e., from ~6 at
~10% conversions to ~3 at ~85% conversions. Such results are consistent with
previous studies 10 217226 The formation of organic acids can take place at the early
stage of mannose decomposition, leading to a rapid reduction of pH in the product.
The formation of organic acids may affect the reaction mechanism of mannose

decomposition as well as the product distribution.
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Figure 7-7: pH value of liquid product as a function of mannose conversion during

mannose decomposition in HCW at 200 — 275 °C

Further comparisons between hydrogen ion concentrations calculated from the
quantified organic acids and measured from direct pH measurement of the liquid
product after each experiment are presented in Figure 7-8. It can be seen that the
hydrogen ion concentration increases as mannose conversions increase, suggesting
more organic acids are produced at increased conversions during mannose
decomposition in HCW. For example, the concentration of hydrogen ion is ~0.05
mM at ~10% mannose conversion and increases to ~0.35 mM at ~90% mannose
conversion. Moreover, the differences between the calculated and measured [H*] are
small at low conversions, suggesting that majority of the organic acids produced
during mannose decomposition in HCW are quantified in this study. At higher
conversions, the gap between the calculated and measured [H*] becomes larger,
indicating that other organic acids are formed due to enhanced secondary reactions.

Overall, the contributions of unquantified organic acids are small.
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Figure 7-8: Comparisons of the hydrogen ion concentrations calculated from total
concentrations of the quantified organic acids and the measured pH of the liquid

products during mannose decomposition in HCW at 200 — 275 °C.

7.6 Mechanism and Reaction Pathways of Mannose

Decomposition in HCW.

This study provides new insights into the primary decomposition mechanism of
mannose in HCW. Our data clearly demonstrate that isomerization reactions to
produce fructose and glucose are the only two primary reactions during mannose
decomposition in HCW. According to the Delplot method, isomerization reactions to
produce fructose and glucose are found to contribute to ~82% and ~18% of the
primary decomposition reactions of mannose. Other products such as 5-HMF, GA,
GCA and organic acids are also detected, but those products are all secondary

products during mannose decomposition in HCW.

Based on the data in this study and previous literature, Figure 7-9 presents the
reaction pathways of mannose decomposition in HCW, including the key compounds
detected in this study. Mannose can be isomerised into glucose and fructose via
Lobry de Bruyn-Alberda van Ekenstein transformation through enediol intermediate
143, 165 WWhile the retro-aldol condensation reaction is not a primary reaction of
mannose decomposition, it is a primary reaction of fructose decomposition to
produce aldehydes such as GCA8, Also, 5-HMF can be produced from fructose via

dehydration!™, most likely catalysed by the formed organic acids. Previously,
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formation of saccharinic acid was mainly reported under alkaline conditions, i.e., by
the Nef-Isbell mechanism through a series of reactionst®: 152 203. 204 "1n oyr
experimental condition MSA produced through fructose decomposition, as
demonstrated in previous chapter MSA is a minor primary product of fructose

decomposition.

Formic acid is more likely formed through pyruvaldehyde (dehydration product of
dihydroxyacetone) by a-carbonyl cleavage, while lactic acid is another product of
pyruvaldehyde via benzilic acid rearrangement 143 144 202 257 = Ag mentioned in
previous chapter, previous literatures reported DHBA produce from aldol
condensation of glycolaldehyde®®®, and glycolic acid produced from glyceraldehyde

via cleavage of C-C bond?%3,
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Figure 7-9: Reaction pathways of mannose decomposition in HCW based on the
previous literatures®30: 147, 148, 200, 201, 240, 253-255 gnq this study. (1): Mannose; (2):
Glucose; (3): Fructose; (4): Erythrose; (5): Glycolaldehyde; (6) Glyceraldehyde: (7):
Dihydroxyacetone; (8): Pyrovaldehyde ; (9): Formic Acid; (10) 2,4 dihydroxy
butyric acid; (11): Lactic Acid; (12): Glycolic Acid; (13): Meta saccharinic Acid;
(14): 5-HMF; R1: Isomerisation; R2: Retro-aldol condensation; R3: Rehydration;
R4: Dehydration, R5: a-dicarbonyl cleavage; R6: Benzilic acid rearrangement;

R7:Aldol condensation.
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7.7 Conclusions

Chapter 7 studied mechanism, Kinetics and reaction pathways of mannose
decomposition in HCW, and all data can be used practically for proper reactor design
and optimization of final products.

Isomerization reactions to produce fructose and glucose are the only two primary
reactions during mannose decomposition in HCW, and contribute to ~82 and ~18%
of the primary decomposition reactions of mannose, respectively. Other products
including glyceraldehyde, glycolaldehyde, 5-HMF and organic acids (i.e., formic
acid, MSA, lactic acid, glycolic acid and DHBA) are also identified, but they are all
secondary products of mannose decomposition. Among all identified organic acids,
formic acid has the highest contribution to the hydrogen ion in the liquid product
from mannose decomposition, while MSA has the highest yield and selectivity on a
carbon basis. A close match between [H*] from quantified organic acid and pH
measurement directly after each experiment suggests that majority of organic acids
produced during mannose decomposition in HCW are identified. Reaction pathways
for the production of key compounds during mannose decomposition in HCW are

also summarised.
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Chapter 8: Conclusions and Recommendations

8.1 Introduction

Overall this PhD study provides new understanding in hydrothermal decomposition
of biomass and its main components into various sugars, and the formation
mechanisms of organic acids from key sugar products from biomass decomposition
under non-catalytic condition. Decomposition behaviour of wood, leaf and bark as
the main components of biomass have been studied, focusing on the recovery of
different sugars and the leaching of Mg and Ca from each component. Moreover, the
formation mechanisms of organic acids as the important platform biochemicals from
key sugar products (i.e., cellobiose, glucose, fructose and mannose) are studied. This
chapter summarises the main findings and suggests recommendations for future

work.

8.2 Conclusions

8.2.1 Hydrothermal Processing of Different Biomass Components of

Mallee Tree in Hot-Compressed Water

e The sugar recovery (arabinose, galactose, glucose xylose) between wood, leaf
and bark is different due to the significant difference in sugar content
between these components;

e Although >80% of arabinose, galactose and xylose can be recovered from
leaf, bark and wood, the recovery of glucose is the lowest (30-62%) for all
components in the order of wood > bark > leaf due to the significant in-situ
structural changes during hydrothermal treatment. Decomposition

temperature of glucan in cellulose started at >230 °C;
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Less than half of the recovered carbon are contributed by sugar products at
different temperatures for three components, indicating that considerable
amount of lignin hydrolysed under the prevailing conditions;

As the leaching of water-insoluble Mg correlates to the decomposition of
arabinan, only <15% water-insoluble Mg was leached from wood at 120°C,
compared to ~35% and ~50% in bark and leaf respectively. In comparison to
wood, arabinan in leaf and bark is decomposed at lower temperatures and its
decomposition is faster;

No significant difference is observed in leaching characteristic of water-
insoluble Ca between wood, leaf and bark at low temperatures, as the
majority of the water-insoluble Ca (>80%) are only soluble in acid.

8.2.2 Formation of Organic Acids During Cellobiose Decomposition

in HCW

Saccharinic, formic, lactic and glycolic acids were identified and quantified
during cellobiose decomposition in HCW, and all identified organic acids are
secondary products from cellobiose decomposition;

Saccharinic acid is reported as the major organic acid produced from
cellobiose decomposition under non-catalytic HCW, with the highest
selectivity (~5.8% at 275 °C) compared to other identified organic acids;
Although saccharinic acid has the highest yield and selectivity during
cellobiose decomposition at different temperatures, formic acid is the main
contributor to the total hydrogen ion dissociated due to its high molar
concentration and higher dissociation constant;

At cellobiose conversions <80%, a close match between the [H*] calculated
from the quantified organic acids and the [H*] calculated from measured pH
suggests that these acids are the majority organic acids produced during
decomposition of cellobiose in HCW. At higher cellobiose conversions, other
organic acids might be produced due to more pronounced secondary

reactions.
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8.2.3 Formation of Organic Acids During Glucose and Fructose

Decomposition in HCW

Various organic acids including metasaccharinic, formic, glycolic, lactic and
2,4-dihydroxy  butyric acids were identified from hydrothermal
decomposition of glucose and fructose under non-catalytic conditions;
Metasaccharinic acid (MSA) has the highest yield and selectivity compared
to other quantified organic acids. However, formic acid has the highest
contribution to total organic acids during glucose and fructose decomposition.
As the first time in the field, MSA has been identified as the minor primary
product from fructose decomposition under non-catalytic conditions, but only
a secondary product from glucose decomposition;

At glucose and fructose conversions <80%, the calculated hydrogen ion
concentrations from the quantified organic acids match well with the
hydrogen ion concentrations from pH directly measured after each
experiment, indicating that majority of organic acids produced during glucose
and fructose decomposition have been identified. At higher conversions,
more secondary reactions lead to the formation of other organic acids which
contribute to a small percentage of the total hydrogen concentration;

As MSA is the primary product from fructose decomposition, the formation
mechanism of MSA under non-catalytic HCW may be different to that

reported in previous literatures under alkaline conditions.

8.2.4 Mechanism and Reaction Pathways of Mannose

Decomposition in HCW

Isomerization reactions to produce fructose and glucose are the only two
primary reactions during mannose decomposition in HCW, contributing to
~82 and ~18% of the primary decomposition reactions of mannose,
respectively;

Other products including glyceraldehyde, glycolaldehyde, 5-HMF and
organic acids (i.e., formic acid, MSA, lactic acid, glycolic acid and DHBA)

are identified, but they are all secondary products of mannose decomposition;
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8.3

Mannose decomposition at HCW follows first order kinetics, and the reaction
rate constant increases with temperature;

pH value decreases substantially from ~6 at ~10% mannose conversions to
~3 at ~85% conversions under current experimental conditions;

MSA is the major organic acid identified with the highest yield and
selectivity, and formic acids has the highest contribution to the total hydrogen

oil concentration during mannose decomposition.

Recommendations

Based on the findings in this study, the following recommendations have been

proposed for future research:

In Chapter 4, the sugar products from biomass hydrolysis are mainly in the
form of oligomers. It is important to develop advanced techniques to
characterise the sugar oligomers from different components in lignocellulosic
biomass.

In Chapter 4, various non-sugar products are produced during biomass
decomposition in HCW, including those products from lignin. It is critical to
identify and characterise the lignin-derived compounds during lignocellulosic
biomass decomposition in HCW,

In Chapters 5-7, the formation of organic acids has been systematically
investigated from cellobiose, glucose, fructose and mannose as the key
compounds from cellulose decomposition in HCW. More works need to be
carried out to understand the decomposition of other key compounds from
hemicellulose decomposition in HCW.

Since oligomers are the main sugar products from cellulose/hemicellulose
decomposition, further studies are required for to understand the
decomposition mechanisms of high-DP oligomers and their isomers. For
example, glucosyl-fructose (GF) and glucosyl-mannose (GM) are important
isomers produced during cellobiose decomposition.

Further development of the kinetic model developed in chapter 7 and its

applications in real reactor design.
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