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Abstract

The anticipated transition of our society from a fossil resource-dependent linear economy to a
bio-based circular economy requires considerable research efforts on valorising waste-based
feedstock such as lignocellulosic biomass and food waste for greener production of value-
added products, energy, and chemicals. These wastes are enriched in polysaccharides such as
cellulose and starch that are deemed suitable and potential for value-added chemical
production. However, it is crucial to develop cost-effective and time-efficient valorisation
technologies for complex waste substrates. This thesis focused on the development of facile
and efficient technology to valorise polysaccharide-rich waste to value-added chemicals

through catalytic conversion under diverse green solvent systems.

Solvent is a significant parameter that influences catalytic conversion through interactions with
reactants and regulation of product selectivity in the system. Therefore, appropriate solvents
could enhance the conversion of polysaccharide-rich waste to bio-based chemicals. However,
high-performance industrial solvents often pose direct and indirect risks to health, safety, and
environmental components, which should be addressed by finding green yet reactive solvents
for biorefinery applications. This research demonstrated that cellulosic paper wastes and
starchy food waste could be efficiently valorised into sugars, levulinic acid (LA),
hydroxymethylfurfural (HMF), and other valuable chemicals through tandem hydrolysis and
dehydration/rehydration using the dilute sulphuric acid catalyst in green solvent systems under

microwave heating.

Gamma-valerolactone (GVL) (used as a co-solvent, GVL/H20) as a bio-derived, renewable,
and green solvent demonstrated excellent performance as a reaction medium for LA production
(32 mol%) from highly cellulosic paper towel waste. Further, diverse paper waste substrates
with variable properties (feedstock characteristics originated due to varied paper manufacturing

operations) were also deemed viable for platform chemical production under GVL/H.O solvent



generating up to 27 wt% LA vyield along with a considerable amount of HMF, and furfural,
which is attractive to foster paper waste valorisation at industrial scale. Such notable
performance of GVL solvent could be attributed to its positive enhancement in cellulose
solvation, maintaining the solubility of the desired products, while preventing

polymerisation/condensation of derivatives and by-product formation.

Depolymerisation, which is a bottleneck for the efficient valorisation of cellulosic waste, could
be enhanced by using CO»-derived organic carbonate solvents (i.e., propylene carbonate (PC),
ethylene carbonate (EC), and dimethyl carbonate (DMC)) as reaction medium. This research
demonstrated the efficiency of these emerging green solvents for sugar production, up to 25
mol% in PC/H20 compared to 11 mol% in H20-only solvent under mild reaction conditions
(130 °C, 20 min). Enhanced sugar yield could be attributed to the higher availability of reactive
protons in the catalytic system comprising carbonate solvents that facilitated efficient acid
hydrolysis of recalcitrant cellulosic fibres. Moreover, a substantial build-up of auto-generated

pressure in PC/H2O might be favourable for cellulose depolymerisation.

Furthermore, the valorisation of starch-rich food waste was optimised based on the knowledge
acquired regarding catalytic conversion green solvent systems. This research highlighted that
solvent effects, reaction pressure, and phase separation could be the critical factors for
determining levulinic acid production from bread waste. The presence of polar aprotic solvents
such as GVL and PC were instrumental in maintaining proton reactivity during catalytic
conversion. In PC/H,0 solvent, CO.-derived pressure generated by PC decomposition favours
starch hydrolysis and subsequent dehydration (15-20 mol% LA, 130 °C, 20 min, 0.5 M H2S0Os).
Besides, LA yield was significantly increased by using biphasic GVL/H.O solvent (28 mol%,
150 °C, 15 min), promoted by NaCl as the phase modifier. These research efforts elucidated
the roles and performance of green solvents, which could be potential alternatives to

conventional industrial solvents for valorising polysaccharide-rich wastes in biorefineries.
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Chapter 1: Introduction

1.1 Background

In recent decades, the growing demand for energy and resources has stimulated interest
to recover materials and energy from waste biomass and provide sustainable alternatives to
diminishing fossil-based resources (Savage, 2011; Luterbacher et al., 2014). Waste biomass
generated in significant amounts might play an important role in our transition to a circular
economy (Mak et al., 2020). Food waste is one of the major waste streams with an estimated
annual generation of 931 million tons (at the consumer level) is turning into a significant
environmental concern (UNEP, 2021), which should be managed to prevent pollution and
associated resource loss. Besides, lignocellulosic biomass, such as woody waste and
agricultural residues, is the most abundant resource with an estimated annual global production
of approximately 170 billion tons (Petridis and Smith, 2018). Valorisation of these vast
renewable resources is necessary to close the resource loop and ensure sustainability. However,
the anticipated transition of our society from a natural resource-dependent linear economy to a
bio-based circular economy would require considerable research efforts on valorising

inexpensive and abundant waste-based feedstock (Mohan et al., 2019).

Compared to waste handling approaches such as incineration, and landfilling, various
valorisation options using physical, chemical, and biological processing technologies have
been preferred and investigated (Maina et al., 2017; Xiong et al., 2019). Conventional waste
recycling techniques such as composting and anaerobic digestion were widely investigated for
the production of biofertliser and biogas from food waste/organic wastes (Taherzadeh et al.,
2019). Besides, microbial/enzymatic conversion is generally preferred for valorising food
waste considering the reliability of the process and high selectivity for target products (P.
Sharma et al., 2020). However, the above-mentioned valorisation process involves

considerable time to achieve target products yet is very prone to be influenced by
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climatic/process conditions, and therefore requires vigorous control (Tanger et al., 2013).
However, the composition of polysaccharide-rich biomass/food waste makes them suitable
candidates as starting materials for the production of biofuels and chemicals through
thermochemical conversion (Yu and Tsang, 2017). Innovative valorisation processes are being
investigated using various thermocatalytic conversions such as catalytic hydrolysis and
dehydration, hydrothermal carbonisation, pyrolysis etc. Multiple value-added products/bio-
based chemicals could be achieved using catalytic hydrolysis and dehydration of biomass/food
waste in a cost-effective and timely manner, including sugars, hydroxymethylfurfural (HMF),

levulinic acid (LA), formic acid (FA) etc. (Chen et al., 2017b).

Considerable research interests were devoted to exploring innovative and effective
ways to recycle food waste into useful materials and energy (Xiong et al., 2019). However,
their facile, efficient, and greener production would be necessary for fostering sustainable
production at the industrial scale (Soh and Eckelman, 2016). Sustainable biorefinery depends
on the development of efficient processes to convert locally abundant, energy-rich renewable
biomass into fuels, chemicals, and materials (Clark, 2019). Therefore, this thesis scrutinises
the influential factors for catalytic conversion of polysaccharide-rich wastes through tuning
system components, i.e., feedstock, catalytic conditions, and solvent effects, to develop green

and efficient waste valorisation processes.

1.2 Scope and objectives

Various polysaccharide-rich wastes were upcycled for the production of value-added
chemicals using mineral acid (e.g., H2SO4) and metal chloride (e.g., FeCls) catalysts under
microwave heating. Considering the abundance of cellulose yet an underutilised waste-based
feedstock, paper waste was employed as a substrate for producing sugars, HMF, and LA.

Besides, bread waste served as the representative starch-rich feedstock for catalytic

12



valorisation. The investigations particularly focused on the application of green solvents as
reaction medium, and a variety of binary green solvent systems (organic solvent/water) were
explored during catalytic valorisation of the selected polysaccharide-rich wastes. Detailed
experimental evidence was provided and discussed considering product yields and solid

characterisation to elucidate solvent effects and associated influential factors.

The objectives of the thesis are listed below:

> To develop facile and green approaches for polysaccharide-rich waste valorisation
through enhancing catalytic hydrolysis and dehydration/rehydration;

» To scrutinise the influences of the complex and diverse nature of the paper waste
feedstock and demonstrate the viability of chemical production from different paper
wastes with variable properties under diverse catalytic systems;

» To enhance catalytic depolymerisation of highly crystalline cellulose in paper waste;

» To identify potential organic solvents with desirable green characteristics and
demonstrate/elucidate their performance/contribution regarding chemical production;

» To reveal critical factors for optimising levulinic acid production.

1.3 Thesis overview

This thesis contains eight chapters in total (Figure 1.1). Following Chapter 1 as the
introduction, Chapter 2 is the literature review presenting a summary of conventional and
emerging waste valorisation technologies directed toward value-added chemical production
from polysaccharide-rich wastes. It discusses the potential of lignocellulosic paper waste and
starch-rich food waste for catalytic production of sugars and platform chemicals such as HMF
and LA. The chapter focuses on the identification of emerging green solvents and emphasises

their potential role to design safe, facile, and effective valorisation technologies. As such,
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research gaps are highlighted, which lay the cornerstone of this thesis. The overview of this

thesis is presented in Figure 1.1.

Chapter 3 describes the methodology, including collection and characterisation of
waste substrates, experimental procedures including catalytic conversion process, sample
preparation, and adopted analytical and characterisation methods for soluble and solid samples,

solvent selection, which were designed based on the corresponding research questions.

Chapters 4 — 7 investigate the influential factors for the catalytic valorisation of
polysaccharide-rich waste substrates, i.e., feedstock characteristics, reaction conditions, and
solvent effects in determining effective conversion. The first step is to design facile approaches
for the efficient valorisation of highly cellulosic paper waste by tuning reaction conditions with
a particular focus on using green solvent as a reaction medium (Chapter 4), followed by
investigating the influences of feedstock characteristics and catalytic systems on chemical
production through exploring the conversion of different paper waste with variable properties
(Chapter 5). Further, to enhance depolymerisation of highly crystalline cellulose under
moderate conditions, paper waste conversion was conducted using emerging green solvents,
i.e., organic carbonate solvents (Chapter 6). Apart from the safety and greenness of the
reaction medium, process intensification would be necessary for fostering chemical production
on an industrial scale. Therefore, Chapter 7 focuses on revealing critical factors for optimising
levulinic acid production from starch-rich food waste by controlling the interplay of reaction

conditions/ system components.

Chapter 8 concludes the key findings in this thesis and suggests research prospects to
achieve sustainable valorisation of biomass waste/food waste for closing the resource loop and

realising a circular bioeconomy.
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Chapter 2: Literature Review

Abstract

The growing demand for energy and resources is driving society to recover materials
and energy from waste biomass and provide sustainable alternatives to fossil-based resources.
Diverse valorisation pathways could be adopted for value-added products and energy
production from waste biomass. Currently, considerable research interests have been directed
towards the effective utilisation of waste biomass for the production of chemicals and fuels in
the emerging biorefinery industry. Various polysaccharide-rich waste biomass such as
lignocellulosic waste and food waste are deemed suitable for platform chemical production
(e.g., levulinic acid, hydroxymethylfurfural, etc.). However, their cost-effective and greener
production would be necessary for fostering production at the industrial scale. This chapter
briefly summarises various recognised and emerging valorisation technologies, then describes
potential value-added chemicals that could be obtained through the catalytic valorisation of
polysaccharide-rich waste biomass, and highlights the knowledge gap regarding their greener

production in the biorefinery.

2.1 Introduction

Waste generation from anthropogenic activities and industrial/agricultural production
processes adversely affect the natural environment. To maintain a sustainable environment,
waste should be managed considering the 3R principle, i.e., reduce, reuse, and recycle (Joshi
and Visvanathan, 2019). Prevention of waste generation should be prioritised. Besides,
generated wastes could be transformed into resources using appropriate technologies. Waste
valorisation is the process of converting waste materials into more useful products including

chemicals, materials, and fuels. Valorisation is a sustainable technique that converts waste into
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value-added products, which limits their disposal in landfills and eliminates greenhouse gas
emissions (Mak et al., 2020). Valorising waste biomass might deliver double benefits through
lessening the burden of waste management problems and providing useful bio-based products
thereby turning bio-wastes into resources (Clark, 2019). Nevertheless, the transformation of
our society from a fossil-dependent to a sustainable one would take considerable endeavours
on valorising waste-based feedstock such as lignocellulosic biomass, food waste etc. for
greener production of value-added products, energy and chemicals (Morone et al., 2019; Cao

etal., 2021).

2.2 Waste biomass substrates

2.2.1 Raw lignocellulosic biomass

Lignocellulosic biomass, such as grass, woody waste, and agricultural residues, is the
most abundant resource with an estimated annual global production of approximately 170
billion tons, and the utilisation of these renewable resources ensures a more sustainable society
(Petridis and Smith, 2018). In terms of environmental protection, using lignocellulosic biomass
could effectively abate greenhouse gas (GHGSs) emissions, contributing to the mitigation of
climate change by carbon sequestration (Yang and Tilman, 2020). The major components of
lignocellulosic biomass are cellulose, hemicellulose, lignin, and extractives (proteins and
inorganic compounds) (Yu et al., 2020a). Cellulose is the most abundant polysaccharide in
nature (making up 40-50% of the dry weight of lignocellulose), mainly consisting of D-
glucopyranose units linked by B-glycosidic bonds (Zheng et al., 2017; Fan et al., 2018).
Hemicellulose is an amorphous biopolymer consisting of pentoses and hexoses (other than
glucose), accounting for 30-50% of lignocellulose (Z. Chen et al., 2018; Zhou et al., 2018),
whereas, lignin (10-30%) is an amorphous polymer composed of diverse building blocks (Cao

etal., 2020; Liu et al., 2021).
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Most of the frontier chemical/biofuel production strategies focused on the conversion
of cellulosic and hemicellulosic fractions contained in biomass (Liu et al., 2020b; Usmani et
al., 2020). These precursors are promising sources for producing lignocellulose-derived sugars
(e.g., glucose, xylose) and valuable chemicals such as bioethanol, hydroxymethylfurfural
(HMF), levulinic acid (LA), furfural etc. (Chen et al., 2017b; Yu et al., 2018b, 2019). The
valorisation of lignocellulosic biomass as a renewable feedstock has attracted considerable
research interest in producing value-added chemicals and energy in recent years (Chen et al.,
2017b; Yu et al., 2020a). Biomass offers numerous benefits as a sustainable alternative to
diminishing petroleum-derived feedstock considering its abundance, low cost, renewability,
and diversified applications. In addition, the utilisation of waste biomass contributes further
toward sustainability as it does not compete with food production yet caters for the growing

need for biorefinery (Serrano-Ruiz et al., 2011; Mak et al., 2020).

2.2.2 Food waste

Appropriate and sustainable management of the growing amount of food waste (FW)
is a big issue around the world. Approximately 931 million tonnes of food waste were globally
generated in the year 2019 at the retail and consumer level (households and commercial food
services), excluding food loss during post-harvest to distribution in the food supply chain
(UNEP, 2021). Such an enormous amount of FW requires proper handling to minimise
pollution risks and be diverted from landfill disposal (Xiong et al., 2019). Transforming FW
into value-added products and energy offers a sustainable opportunity to utilise the vast waste
stream for biorefinery applications and pave the way forward to realising a circular bioeconomy

(Mak et al., 2020).

The conventional approaches applied for handling and treatment of FW include
composting, incineration, and landfilling (C. Zhang et al., 2014). Landfilling is a conventional
approach for FW disposal yet many countries restricted FW landfilling due to limited space,

18



emission of greenhouse gases, leachate pollution, etc. (Wambugu et al., 2019). For example,
the EU has revised the landfill directive to reduce the dumping of organic waste at landfills to
35% and below, and Germany bans the dumping of all biodegradable waste at landfill sites
(Cozzolino et al., 2017). Restricting FW landfilling is not only beneficial for the environment
but also encourages a zero-waste approach toward sustainable development (Unger and Razza,
2018). Incineration of FWs is also common yet it is expensive and energy-intensive, which is
not widely feasible, especially in low-income countries (C. Zhang et al., 2014). Considering
the high water content in FW (70-90%) and the generation of air pollutants during incineration,
this approach is not sustainable (Wambugu et al., 2019). Considering the projected increase in
FW generation, environmental cost of waste disposal, and stringent environmental protocols,
novel strategies would be required to advance the FW management practices around the world
(Oladejo et al., 2019). At present, considerable interest is growing to utilise FW as feedstock
to generate bioenergy/biofuel and valuable products via various biological and thermochemical

methods (Yu and Tsang, 2017; Xiong et al., 2019).

Starch-rich foods such as rice, bread, and potatoes are commonly consumed around the
world and constitute a significant proportion of global food waste (Yu et al., 2020b), which can
serve as a potential feedstock for biorefineries. Recent studies demonstrated that catalytic
production of sugars and platform chemicals could be an effective technique for
recycling/valorising a considerable amount of starch-rich food waste generated globally (Yu et
al., 2018b). In this research, bread waste was selected as the representative starch-rich

feedstock for the catalytic production of LA.

2.2.3 Paper waste

Paper waste is unavoidable in the modern world and constitutes a major waste stream
accounting on average ~17% of the total solid waste generated globally (Kaza et al., 2018).
The waste paper generated every year is accelerating rapidly and burdening landfills, whereas
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a fraction of generated paper waste is being recycled for pulp production or other uses (Van
Ewijk et al., 2018; Xu et al., 2021). Efficient recycling of paper waste could be even more
challenging when proper recycling facility is scarce, such as in the case of Hong Kong. For
instance, in the year 2020, 68% of the total generated waste paper ended up in landfills
amounting to 0.95 million tons, whereas ~0.45 million tons of paper waste was recovered for
recycling using local and non-local facilities (EDP HK, 2020). This situation drives society to
find cost-effective and sustainable approaches to recycling and reusing paper waste for diverse

value-added production.

Paper is typically manufactured from lignocellulosic raw materials, such as wood,
bamboo, and non-wood agricultural residues (e.g., straw and bagasse) and therefore contains a
high proportion of cellulosic fibres. Commonly used treatment (e.g., anaerobic digestion)
techniques are deemed unsuitable due to the low degradability of cellulosic fibres in the paper.
Therefore, developing efficient technology is necessary for paper waste treatment and
valorisation (Antonetti et al., 2016; S. S. Chen et al., 2018). For example, paper towel is a
widely used sanitary product, and a considerable amount of paper towel waste is generated
worldwide, for example, it contributed to 5% of total waste generated at the Hong Kong
International Airport. These waste papers could be readily separated at the source (e.g.,
commercial buildings, institutions, airport terminals), and hence easy to collect and transfer for
potential valorisation. However, hygiene concerns and the low biodegradability of highly
cellulosic fibres make paper towel waste unsuitable for pulp recycling and biological treatment
options, e.g., anaerobic digestion and composting (Alvarez et al., 2009; S. S. Chen et al., 2018).
In this case, thermo-catalytic treatment can be an effective and efficient way for the sanitation
and valorisation of paper towel waste in a single process. Due to the high proportion of

cellulose, paper waste could be potentially valorised in biorefineries (Jahan et al., 2021).

20



Although paper waste could be an attractive biorefinery substrate, its potential conversion to

platform chemicals is yet to be explored to a large extent (Nzediegwu et al., 2021).

2.3 Valorisation technologies

2.3.1 Composting

Composting is a biological process by which organic waste could be managed and the
generated product could be used as a fertiliser for plant growth. Composting refers to the
breakdown of organic matter and humic substances by microorganisms under aerobic
conditions. Composting of food waste and other feedstock occurs in the presence of water and
oxygen and results in the release of dissolved organic matter. Composting can be optimised by
the addition of biological inoculates such as bacteria and fungi (Ameen et al., 2016). The
complete breakdown of organic matter eventually produces a mature, stable, and nutrient-dense
compost product, making it beneficial to plant growth (Insam and De Bertoldi, 2007).
Composting requires close monitoring of certain parameters including pH, oxygen, particle
size, temperature, time, curing, moisture content, and C/N ratio to optimise its potential to be
used as a fertiliser (Adhikari et al., 2008; Wagas et al., 2018a). However, considering
heterogeneous characteristics and moisture content of food waste, controlling process
parameters and producing quality compost would require significant efforts (Cerda et al.,

2018).

2.3.2 Enzymatic conversion

Wastes containing polysaccharides (e.g., cellulose, hemicellulose, and starch) could be
valorised through microbial/enzymatic. In this biochemical pathway, polysaccharide-rich
feedstock should undergo enzymatic or catalytic hydrolysis at first to release soluble sugars
followed by microbial fermentation to generate target products (e.g., ethanol, lactic acid, etc.)

(Nguyen et al., 2013; Xiong et al., 2019). At present, simultaneous saccharification and
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fermentation are often adopted to prevent the inhibition of enzymes by the products from the
hydrolysis step. However, in the case of lignocellulosic feedstock, pre-treatment of the
substrate is required to disrupt the lignin-carbohydrate complex and expose the cellulosic fibres
for sugar production (Abdel-Rahman et al., 2011) thereby raising the process cost. Lignin may
deposit on cellulose or interfere with enzymatic activity during hydrolysis. Besides, harsh
conditions might be required to break down highly crystalline cellulosic fibres in the
lignocellulosic feedstock. Lignocellulosic recalcitrance is a major bottleneck in terms of

biochemical valorisation (Liu et al., 2019).

2.3.3 Anaerobic digestion

Anaerobic digestion has increasingly become a preferable treatment option for
sustainable organic waste management. Production of biogas via anaerobic digestion (AD) of
organic wastes such as food waste (Giwa et al., 2019), and organic fraction of MSW (Rasapoor
et al., 2020) have been investigated considerably. The produced biogas from AD can be
upgraded to biomethane (CHa) and/or used in the generation of heat/energy (Chiappero et al.,
2020), and the digestate residue can be utilized as fertilizer (Sanchez-Monedero et al., 2018).
AD has been considered one of the suitable processes for waste biovalorisation built on the
syntrophic mechanisms of microbial communities. Hydrolysis, acidogenesis, and
methanogenesis are three key phases of AD, involving a diverse group of microbial
communities (Fagbohungbe et al., 2017). Influential factors include feedstock concentration,
inoculum (microbial) size, process temperature, solution pH, selection of additives, etc., which
can regulate process parameters during AD (Pan et al., 2019). In comparison to composting,
the use of FW as feedstock for the generation of bioenergy at the commercial level has the
advantages of low carbon emissions, less secondary pollution generation, low operational

costs, and less global warming potential (GWP) (Li et al., 2019).
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2.3.5 Integrated valorisation of anaerobic digestate

Digestate is the major byproduct of the AD process, which is a semi-stabilised solid
mixture consisting of partially degraded organic matter, minerals, microbial biomass,
carbohydrate, lipids, protein, etc. (Cesaro, 2021). For instance, food waste digestate (FWD) is
characterised by the high contents of moisture, organic matter, nutrients, and protein (Grigatti
et al., 2020; Opatokun et al., 2017). Owing to the rich amounts of salts and proteins in food
waste, the FWD generated from the AD process contained a high concentration of phosphate
(PO+*), ammonium (NH4"), Na*, K*, and CI~ ions (Cheong et al., 2020). Thus, recycling the
FWD into renewable and value-added products such as biofertiliser, solid biofuel, and carbon-
based materials shows great potential for diverse environmental applications. Composting is
considered an effective strategy for valorising FWD into biofertiliser (Du et al., 2018).
Furthermore, pyrolysis is an emerging option for digestate conversion into biochar, bio-oil, and
pyrolytic gas in an oxygen-limited environment. Hydrothermal carbonisation is another
increasingly popular alternative to stabilise the waste biomass with high moisture content using
relatively low energy input. The concept of the Back to Earth Alternative (BEA) can be adopted
for digestate management with a well-designed strategy to meet specific requirements (Peng
and Pivato, 2019). Compared to AD alone, integration of AD with digestate
pyrolysis/hydrothermal carbonisation can boost the net energy generation and elevate its soil
amendment quality with environmental and economic advantages (Antoniou et al.,

2019)(Antoniou et al., 2019).

2.3.6 Pyrolysis

Biochar production through pyrolysis could be an attractive option for waste biomass
management, where the substrate is dried and heated at 300-950 °C in an oxygen-limited
environment. In recent years, biochar as a carbon-negative material has attracted extensive

public interest and scientific attention application considering diverse applications, especially
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for soil amendment, synthesis of functionalised materials, and renewable energy sources.
(Xiong et al., 2017). Pore size, pore volume, specific surface area, pH, elemental composition,
surface functional groups, etc. are key physicochemical properties of biochar, which affect its
environmental applicability and functionality (Saffari et al., 2020; Wan et al., 2020). Biochar
characteristics are critically influenced by the types of selected feedstock, such as food waste
and lignocellulosic waste. Tuneable physicochemical characteristics of biochar make it a
promising material as fertilizer, soil amendment, catalyst support, adsorbent, microbial
habitats, pH buffer, and electron carrier for enhancing the efficiency of the AD process
(Oliveira et al., 2017; Ponnusamy et al., 2020). However, considering high moisture content,
pyrolysis of lignocellulosic and food waste would be challenging as a considerable amount of

energy is required for feedstock drying ultimately raising the process cost.

2.3.7 Hydrothermal conversion

Lignocellulosic biomass and food waste, though abundant in reserve for bioenergy
production, have their drawbacks due to high moisture, bulk volume, and low heating value
(H. B. Sharma et al., 2020). Hydrothermal processing is an effective and advanced technology
that can directly convert carbon-rich et high moisture content feedstock into water medium,
thus eliminating the energy-intensive feedstock drying step which is a pre-requisite for
pyrolysis and gasification (Yang et al., 2020). This process is endothermic and usually carried
out under subcritical or supercritical water conditions, where the feedstock is fractionated into
valuable constituents through hydrolysis, depolymerisation, and condensation. Water is the
greenest solvent, and it can simultaneously act as a reactant and a suitable medium for acid-
catalysed reactions to break down the biomass into small fractions by the high concentration
of H™ ions generated from subcritical water (Zhao et al., 2019). Hydrothermal carbonisation
(HTC), hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG) are involved

in the processes for the selective production of carbonised solids (i.e., hydrochar), liquid bio-
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oils, and fuel gases depending on the operating temperatures (Gu et al., 2020; Tekin et al.,
2014). HTC is usually conducted at a relatively moderate temperature (180-250 °C) and with
auto-generated pressure (Akarsu et al., 2019). HTC could offer advantages in energy efficiency
and emission control compared with pyrolysis and gasification. Potential uses of hydrochar
include soil amendment, functional materials for catalysis and remediation, and use as a solid
fuel. HTC could customise hydrochar as a carbon-rich functional material with a tunable
structure through various controlled chemical processes. However, technological difficulties
may be encountered during the reactions at a high solid loading rate, such as high energy
consumption and rate-limiting heat and mass transfer. By contrast, in the case of the HTL
process, the high-pressure requirement may present a major technical challenge for scaling up

due to the safety consideration and capital-intensive equipment requirement. (Cao et al., 2021).

2.3.8 Catalytic hydrolysis and dehydration

Thermochemical conversion such as catalytic hydrolysis and dehydration is a potential
pathway for valorising polysaccharide-rich waste in an efficient and timely manner (Tanger et
al., 2013). Acid-catalysed hydrolysis of lignocellulose is preferred over enzymatic hydrolysis
due to facile penetration of acid catalyst into the lignocellulosic structure, lower resistance from
lignin, and faster production of sugars (Lenihan et al., 2010). Recent studies demonstrated that
catalytic production of sugars and platform chemicals could be an effective technique for
recycling/valorising a considerable amount of lignocellulosic waste (Figure. 2.1) and starch-
rich food waste generated globally (Yu et al., 2017b). The chemical conversion process of
cellulose/starch conversion involves multiple consequential reactions that are often accelerated
over acidic or basic catalysts. Releasing sugars through acid hydrolysis of lignocellulose or
starch is the entry point for valorisation (Rinaldi and Schuth, 2009), followed by isomerisation
or direct dehydration of sugars to furanic derivatives such as HMF, which is subsequently

rehydrated to form LA and FA. Hydrolysis of polysaccharides to glucose and dehydration
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reactions are commonly catalysed by Brgnsted acidic sites, whereas glucose isomerisation to
fructose can be promoted over Lewis acids or Brgnsted bases (Yu and Tsang, 2017; S. S. Chen

et al., 2020).
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Figure. 2.1 Conversion of lignocellulosic waste biomass into sugars and chemicals under
Brensted acidic catalysis.

The feedstock characteristics and variability of biomass/food waste, the reactivity of
substrates (e.g., crystalline or amorphous cellulose), degree of polymerisation etc. might
significantly influence hydrolysis and subsequent dehydration reaction (Cheng et al., 2011; Li
et al., 2016). To attain sustainable production of sugars and chemicals, appropriate feedstock
selection is necessary. Besides, reaction conditions such as solution acidity, temperature,
duration, solvents etc. directly influence the selectivity and yield of products (Yu and Tsang,
2017). Catalytic conversions are often accompanied by side reactions under high temperature
and acidity, which generate heterogeneous solid residues, denoted as humins, via
repolymerisation and irreversible aldol condensation among sugars and derivatives (Cheng et
al., 2018; Filiciotto et al., 2019). Therefore, it is imperative to carefully design the process and
tune the reaction conditions to maximise the desired product yields (Chen et al., 2017b; Xiong

etal., 2019).
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2.4 Value-added chemicals

The composition and characteristics of polysaccharide-rich wastes make them suitable
as a starting material for catalytic production of value-added chemicals. C5 or/and C6 sugars
(mainly glucose and xylose) could be obtained through the hydrolysis of lignocellulosic waste
and starchy food waste that could be turned into platform chemicals such as HMF, LA, FA,
and furfural through subsequent dehydration/rehydration reactions (Chen et al., 2017b; Yu and
Tsang, 2017). These bio-based chemicals are highly potential for diverse applications as

discussed below.

2.4.1 Levulinic acid

LA is one of the top bio-derived platform chemicals with diverse applications, e.g.,
pharmaceuticals, plasticisers, solvents, fuels, and personal care products (Chen et al., 2017b;
Hayes and Becer, 2020). Besides, LA serves as a building block for the production of various
value-added derivatives such as gamma-valerolactone (GVL),(Dutta et al., 2019) succinic acid,
diphenolic acid, (Antonetti et al., 2016; Pileidis and Titirici, 2016), alkyl levulinates, 2-methyl-
tetrahydrofuran, etc. (Hayes and Becer, 2020). LA could be generated by the acid catalysis of
cellulose or C6 sugars involving the production of HMF as an intermediate (Antonetti et al.,
2016; Chen et al., 2017b). Alternatively, it can form via the acid catalysis of hemicellulose or
C5 sugars with furfural as an intermediate (Alonso et al., 2013b). Polysaccharide-rich wastes
have a high potential for LA production through tandem hydrolysis and dehydration (Chen et
al., 2017a, 2017b) following the pathways mentioned above. A variety of waste biomass has
been explored for the production of LA, for instance, food waste (Chen et al., 2017a; Wang et
al., 2015), paper waste (S. S. Chen et al., 2018; Nzediegwu et al., 2021), rice husk and straw
(Bevilagua et al., 2013) and so on. Representative studies regarding LA production from waste

biomass are presented in Table 2.1.
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Starting from C6 sugar, sucrose, and cellulose, the maximum theoretical yield of LA
could be achieved is 64.4 wt%, 67.8 wt%, and 71.6 wt% assuming complete conversion
(Antonetti et al., 2016). Nevertheless, the actual achievable yield of LA from sugars or biomass
might be significantly lower as the catalytic process is prone to be influenced by system
components such as feedstock characteristics, reaction temperature and duration, catalyst
concentration, and solvent system (Mukherjee et al., 2015; Chen et al., 2017b). For instance,
concerning LA production from biomass, feedstock with high carbohydrate content, low
recalcitrance possibly low lignin content is preferred (Rivas et al., 2016). Regarding catalyst
selection, mineral acids are still the most cost-effective and efficient for LA production, while
solid acid catalysts have been explored yet their efficiency for LA production is often restricted
by mass transfer, catalyst deactivation and recycling issues (Antonetti et al., 2020b). However,
efficient separation and purification of LA are necessary for the possible recovery of mineral
acid catalysts and further conversion of LA to valuable derivatives such as GVL, which can be
negatively affected by the presence of mineral acid (Wettstein et al., 2012; Lui et al., 2019). A
viable strategy could be using the biphasic solvent system comprising two immiscible layers.
The aqueous layer contains the acid catalyst and serves as the reactive phase, while the organic
layer acts as the extractive phase, facilitating simultaneous production and extraction of LA,

which might enhance LA yield and selectivity (Wettstein et al., 2012; Wang et al., 2020).

Besides, solid by-byproduct or humin formation through side reactions is an issue,
which should be essentially addressed to achieve a higher yield and selectivity for LA
(Boonyakarn et al., 2019). Therefore, the time/cost-efficient production of LA while keeping
the by-product formation at a minimum needs significant research effort to design a high-

performance system by manipulating system parameters.
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Table 2.1 Representative studies on levulinic acid production from polysaccharide-rich wastes

Reaction

Heating

Substrate Catalyst . Solvent LA yield Reference
condition system
: o : . (Antonetti et al.,

Giant reed HCI (1.68 wt%) 190 °C, 20 min  H20 microwave 22 Wt% 2015)

HCl 200°C, 1 h H.0 conventional  19.3 wt% g%i"z'ft“ etal,
Wheat straw 5093 °C 376

H2S04 min. A H20 conventional 19.9 wt% (Chang et al., 2007)

o ) . 4.7 wt% / 50.8 (Antonetti et al.,

Grape pomace HCI 190 °C, 20 min  H20 microwave mol% 2020a)

H2S04 (1 M) 150 °C, 60 min microwave 40 mol% (S. S. Chen et al.
Paper towel waste i H20 ’

Amberlyst 36 150 °C, 20 min 30 mol% 2018)

microwave

\é\i’gfggs‘;'a”t H2S04 (1 M) 150 °C, 60 min  GVL/H0 20 mol% (Guan et al., 2020)
Cotton straw SBA-SOsH 180 °C,6h H.0 conventional 18 mol% (Lai et al., 2011)
Vegetable waste ~ Amberlyst 36 150 °C, 5 min H20 microwave 17 mol% (Chen et al., 2017a)
Corncob residue  FeCls 180°C,2h H.0 conventional 48.5 mol% (Wang et al., 2018)
Food waste H2S04 130°C,8h GVL/H20  conventional 30.2 wt% (Lui etal., 2019)
Delignified rice MnsOas/hierarchical ZSM-5 o 40% . 0 (Pratama et al.,
husk seolite 130°C,8h HsPO. conventional 39.7 wt% 2020)
Bagasse HCI (4.45 wt%) 220 °C,45min  H.0O conventional 22.8 Wt% (Yanetal., 2008)
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2.4.2 Hydroxymethylfurfural

Besides, HMF is the intermediate product generated during sugar conversion to LA,
which is by itself a high potential C6-platform chemical that concerned comprehensive
investigation in recent years (Yabushita et al., 2014; Mika et al., 2018). HMF is a versatile
chemical which can be further upgraded to multiple derivatives such as 2,5 furandicarboxylic
acid, dimethylfuran, ethoxymethylfurfural and many more valuable chemicals following
selective catalytic schemes. These derivatives served as building blocks for diversified
applications such as biofuels, resins, polymers, solvents, pharmaceuticals etc., and such diverse
applications of HMF make it an attractive and high-value product (market price 100 USD kg
1 source: Alibaba) (Mukherjee et al., 2015; Yu and Tsang, 2017). Considerable research efforts
have been invested in HMF production in recent years from C6 sugars (glucose, fructose) and
biomass/food waste using Brensted and/or Lewis acid catalysts (Yang et al., 2015; Yu et al.,

2016; Xiong et al., 2018).

2.4.3 Formic acid and furfural

In contrast, FA, another valuable product is coproduced simultaneously with LA during
HMF rehydration in equimolar concentration (Li et al., 2012; Yang et al., 2015). FA as a low
molecular organic acid can act as a hydrogen storage platform and provide it during
hydrogenation reactions for specific applications (Moret et al.,, 2014), such as LA
hydrogenation to GVL (Varkolu et al., 2016). However, A non-stoichiometric formation of
FA could also be expected during catalytic conversion of carbohydrates through alternative
pathways in addition to HMF rehydration (Flannelly et al., 2016). Besides, furfural is generated
from the hemicellulosic fraction of lignocellulosic waste mainly through acid catalysed
conversion of xylose, which could serve as a building block for a great variety of chemicals
thereby making furfural a top C5-platform molecule derived from biomass (Gurbiz et al., 2013,

Mika et al., 2018).
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2.5 Influential reaction conditions

2.5.1 Microwave heating

A variety of heating systems have been employed for catalytic conversion including oil
bath, hydrothermal system, microwave etc. Among them, microwave reactors are recognised
to be more energy-efficient, which can directly heat the reactant solution compared to
traditional reactors that involve convection and conduction for heat dispersal (Yu and Tsang,
2017). Therefore, a microwave reactor could be helpful for process intensification considering
efficient heat transfer and rapid decomposition of recalcitrant and complex lignocellulosic
substrates (Chen et al., 2017b). A higher sugar yield was reported using microwave-assisted
cellulose hydrolysis compared to that of conventional heating under the same reaction
conditions attributed to the interactions between microwave radiation and the CH2OH group of
cellulose (Fan et al., 2013). Besides, a recent study demonstrated positive interactions between
microwave and starch specifically during the starch gelatinisation stage (Yu et al., 2020c)
which is promising and could be utilised for the effective valorisation of starch-rich wastes.
However, careful attention should be paid to solvent selection for microwave conversion as the
heating of the reactants is directly influenced by the solvent's ability to absorb microwave

radiation (Yu and Tsang, 2017; Pandey and Shrivastava, 2018).

2.5.3 Catalytic systems

Considering the low cost and high catalytic activity for tandem hydrolysis and
dehydration reactions, mineral acids such as H2SO4 and HCI are generally used for catalytic
conversion from diverse biomass feedstock including food waste, paper waste, etc. (Xu and
Huang, 2014; Antonetti et al., 2016; Chen et al., 2017a). For sugar production, dilute acid
hydrolysis is preferred over concentrated acidic one considering low acid consumption, less
reactor corrosion, and facile separation of acid and sugars end of the process (Zhou et al., 2021).
Furthermore, metal chlorides have attracted considerable attention for catalytic performance
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due to their Lewis acidity and generated Brgnsted acidity in solution, safety, low cost, and
recoverability compared to mineral acids (Yu et al., 2016; Di Fidio et al., 2020). Specifically,
chlorides can promote the dehydration of fructose to HMF through stabilisation of the
protonated transition state by CI- (Mellmer et al., 2019). Fe-based catalyst has been widely
used for biomass pretreatment, emphasising its influence on the degradation of cellulose and
hemicellulose (Du et al., 2020; Yao et al., 2021). For instance, FeCls was reported for
hydrolysis and dehydration of various cellulose-rich biomass substrates to produce LA (Wang
et al., 2018; Di Fidio et al., 2020). Various laboratory-prepared and commercial solid acid
catalysts (sulphonated resins) also demonstrated potential for catalytic conversion of
polysaccharide-rich substrates (Cao et al., 2018b; Yu et al., 2019). However, the efficacy of
solid catalysts is still far behind the activity of homogenous mineral acid catalysts, which needs

considerable improvement before their large-scale applications (Zhou et al., 2021).

2.5.4 Solvents systems

The solvent is a significant parameter that influences catalytic conversion through
interactions with reactants and regulation of product selectivity in the reaction system,
therefore, appropriate solvents can enhance the valorisation of lignocellulosic waste to
chemicals. The selection of a suitable solvent is necessary, as it not only serves as a reaction
medium but also influences the catalytic process through solvent-solute interactions, adjusting

the reactivity of proton, suppressing the byproduct formation, etc. (Dyson and Jessop, 2016).

Appropriate reaction conditions and solvent selection are critical for selective and cost-
effective production of value-added chemicals (Antonetti et al., 2020b). As an environmentally
benign and green solvent, water has been preferred and utilised extensively for biomass
fractionation and chemical production (Cao et al., 2018b; Licursi D. et al., 2018). However,
harsh reaction conditions, i.e., high temperature and acidity, are required when using water as

the reaction medium resulting in an energy-intensive process and high byproduct (humin)
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formation. Besides, various conventional organic solvents such as dimethylsulfoxide (DMSO)
(Chen et al., 2017a), tetrahydrofuran (THF), dimethylformamide (DMF) (Antonetti et al.,
2016), and ionic liquids have been employed as reaction medium owing to their influence on
the acidic protons, high reactivity of reagents and product selectivity, as well as their capability
to enhance tandem catalytic reactions for biomass conversion (Antonetti et al., 2016; Chen et

al., 2017a; Yu et al., 2018b)

Despite excellent performance and wide applications, conventional organic solvents
DMSO, DMF, THF, etc., are widely considered “non-green” due to their direct or indirect
detrimental effects considering safety (handling and application, volatile organic carbon
(VOC) emission), health and environmental criteria (toxicity and bioaccumulation). Therefore,
the use of alternative “green” solvents, especially those which are renewable/bio-derived, safe
for handling/application, and involve less emission and environmental impact are
recommended for biorefinery applications (Prat et al., 2016; Gao et al., 2020). However, apart
from the green characteristics of solvents, it is imperative to identify suitable and high-
performance solvents for the effective and efficient catalytic production of value-added
chemicals. In this case, it is vital to evaluate solvent performance considering their effect on
the solubility of reagent, mass transfer during catalytic reaction that affects reaction rate and
selectivity, and solvent interaction with catalysts and substrates (Dyson and Jessop, 2016).

Properties and applications of selected green solvents are discussed below.

2.5.4.1 Gamma-valerolactone (GVL)

The distinct physicochemical properties and renewable origin of gamma-valerolactone
(GVL) have provided opportunities for diversifying its applications. GVL is a C5-cyclic ester
(CsHg0O»), naturally existing, safe, biodegradable, and nontoxic chemical which can be utilised
as a food additive; green solvent, and fuel additive (T. Horvath et al., 2008; Bereczky et al.,

2014). Researchers have investigated the catalytic hydrogenation of LA to obtain GVL by
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using various catalysts, solvents, and hydrogen donors, resulting in different reaction pathways
and yields of GVL. Noble metal catalysts, such as ruthenium (Ru) (Abdelrahman et al., 2014;
Molleti et al., 2018), iridium (Ir) (Deng et al., 2013), palladium (Pd) (Amarasekara and Hasan,
2015), and platinum (Pt) (Putro et al., 2015), have been extensively explored owing to their
high activity during LA hydrogenation, with carbon-supported Ru catalysts being the most
extensively used. Besides, non-noble metal catalysts, such as Cu, Ni, Fe, Al, Mg, and Zr-based
catalysts are preferred over precious metal catalysts because of their abundance in nature and
economic sustainability and are potentially examined for GVL synthesis (Chia and Dumesic,
2011; Obregon et al., 2014; Gupta and Kantam, 2018). GVL is a potential fuel additive, and its
combustion energy is similar to that of ethanol (29.7 MJ/kg) (Alonso et al., 2013a). However,
GVL has lower energy density and cetane number and higher water solubility, which limit its
direct application in transportation fuel production (Tang et al.,, 2014). However, the
performance of GVL as a fuel additive was very similar to that of common biofuel ethanol
(T. Horvath et al., 2008). GVL could be mixed with gasoline and diesel fuels and useful for
emission reduction (Bereczky et al., 2014). Furthermore, GVL is a potential precursor for
producing other chemicals, including methyl-tetrahydrofuran (Me-THF) and 1,4-pentandiol
(Choi et al., 2015), alkyl valerates (Lange et al., 2010), adipic acid (precursor for nylon) via

pentanoic acids (Tuck et al., 2012), and other derivatives.

Apart from its application as a chemical derivative and fuel additive, GVL has been
recognised as a green, nontoxic, and efficient solvent because of its high biodegradability, low
toxicity (Lethal Dose 50% (LDso), oral for rat 8800 mg kg2), very low peroxide formation
rate, useful polarity properties, and could be derived from biomass feedstock (T. Horvéath et
al., 2008; Moity et al., 2012). GVL has a low melting point (-31 °C), a high boiling point (207
°C), and a high flash point (96 °C) that minimizes the ignition hazard. Further, its vapour

pressure is considerably low at high temperatures (3.5 kPa at 80 °C), which minimises emission
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hazard and safeguard the handling of the chemical. In the CHEM21 solvent selection guide
(Prat et al., 2016), GVL exhibits a better score in terms of safety compared to tetrahydrofuran
(THF) which is a popular solvent for chemical conversion. While THF is very prone to peroxide
formation, i.e., 160 mg Lt in 20 days at room temperature (> 100 mg L™ as the safety limit),
it has been reported that GVL does not form peroxides for a month at 60 °C (Fabos et al., 2009).
However, for health and environment criteria, GVL was assigned health and environmental
scores of 5 or higher by default (Table A.1) considering its high boiling point that reflects the
energy-intensive separation process, and its comprehensive health and environmental

assessment is yet to be conducted following the standard protocol (Prat et al., 2016).

The use of GVL has been reported for enhancing various biorefinery reactions and
synthesising biomass-derived chemicals (Table 2.2). Organosolv pretreatments using
GVL/water solvent are reported to deconstruct the biomass to separate C5/C6 sugar and lignin
(Timokhin et al., 2020), which may overcome the recalcitrance of lignin fractions in
lignocellulosic biomass. In an experiment conducted by Lé and co-workers, a GVL/water
mixture was used for the fractionation of Eucalyptus globulus, resulting in 80% total recovery
of cellulose, hemicellulose, and lignin (L& et al., 2016a). Meanwhile, Luterbacher et al. (2014)
reported a high yield of carbohydrates (70% to 90%) based on corn stover, hardwood, and
softwood using bio-derived GVL, water as the solvent, and dilute H2SOaas the catalyst. Recent
studies reported the favourable effects of GVL solvent for acid or salt-catalysed transformation
of carbohydrates to LA and HMF, e.g., achieving a high yield of levulinic acid (Alonso et al.,
2013a; Mellmer et al., 2014a). The high polarity of GVL solvent can increase hydrolysis rates
compared to the reaction carried out in the water (Mellmer et al., 2014a, 2019). A GVL-
containing medium was reported to maintain the activity of the Sn catalyst in bread waste
conversion to HMF (yield of 20 mol%) (Yu et al., 2018b). Wettstein et al. (2012) developed a

biphasic system that comprised GVL and an aqueous solution of HCI for cellulose
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Table 2.2 Representative studies on biomass/sugar conversion using GVL as the solvent

Experiment Catalyst Yield Reference
(Wettstein et
0
Cellulose to LA and FA HCI 70% al., 2012)
Carbohydrates from corn
stover, hardwood, and H2SO4 70% to 90% (Luterbacher et
al., 2014)
softwood
Fructose, glucose, and
sucrose to HMF 75% (Qietal., 2014)
H2SO4
Fructose, glucose, and 50% to 70%
sucrose to LA and FA
. 0 (Song et al.,
CO. to amines GVL 84% 2016)
0
Fractionation of 80% recovery rate o
for cellulose, (Léetal.,
Eucalyptus globulus wood :
. hemicellulose, and 2016a)
in GVL/water - X
lignin combined
0 (Yuetal,
Bread waste to HMF SnCls 20 mol% 2018b)
. (Mellmer et al.,
0
Xylose to furfural H2SO4 75% (selectivity) 2014b)
Hemicellulose to furfural H-Modernite 80% (Gurbiz etal,

2013)

Xylose and cornstalk to Sulphonated 0 0 (Zhang et al.,

furfural carbon 78.5%, 60.6% 2016)
Amberlyst 70, Sn- 0 (Gallo et al.,

Glucose to HMF beta 59% 2013)

Corncob, xylan, and

66.8%, 68.6%, anf

(L. Zhang et al.,

xylose to furfural FeCls 6H.0 86.5% respectively  2014)
Biomass (from plant 0 (Guan et al.,
microbial fuel cell) to LA 1250 20 mol% 2020)
Wood biomass i 40.3% cellulose with  (Fang and
fractionation ~90% purity Sixta, 2015)

(Lui etal.,

0,

Food waste to LA H2SO4 30.2 wt% 2019)
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deconstruction to form LA and FA, which eventually produced GVL in a high yield (70% from
LA/FA) and the higher product yield was attributed to the enhanced solubilisation of cellulose
in GVL solvent. Representative studies regarding the applications of GVL as a solvent are
summarised in Table 2.2, highlighting its versatility in serving a wide variety of biorefinery
reactions involving bio-based chemicals and feedstocks. In view of the green attributes and
efficiency for the valorisation of lignocellulose to chemicals reported in the literature, GVL
could be potentially investigated as a reaction medium to obtain high LA production from

complex lignocellulosic and starchy food waste substrates.

2.5.4.2 Organic carbonate solvents

Among the recommended less ‘classical’ solvents listed in the CHEM21 solvent
selection guide (Table A.1), organic carbonates are considered highly potential green solvents
for the replacement of traditional industrial solvents. Organic carbonate solvents, such as
propylene carbonate (PC), ethylene carbonate (EC), and dimethyl carbonate (DMC) exhibit
high biodegradability, low toxicity, and good safety score (stable under ambient conditions,
low volatility, and flammability) (Table 6.1), while their synthesis involves the utilisation of
carbon dioxide (CO2) (Schéffner et al., 2008; Parker et al., 2014; Prat et al., 2016). Such
environment-friendly features and CO> exploitation in manufacture make organic carbonates

attractive for potential biorefinery applications.

According to the safety, health and environmental ranking, DMC is recognised as a
non-toxic and the greenest carbonate solvent (Prat et al., 2016) and reagent for multiple
applications (Arico and Tundo, 2010). For instance, DMC was used as a solvent for base-
catalysed depolymerisation of lignin (Dabral et al., 2018), and transformation/synthesis of bio-
based molecules/polymers as an agent for methylation or methoxycarbonylation (Fiorani et al.,

2018). In contrast, cyclic carbonates such as PC and EC possess remarkable polarity (it = 0.83)

which is a desirable attribute of solvents for catalytic hydrolysis and dehydration (Jessop et al.,
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2012; Prat et al., 2016). The polar and aprotic nature of PC and EC solvents suggests their
potentiality as alternatives for highly polar yet non-green industrial solvents such as DMSO,
THF, DMF etc. A few studies have reported an improved rate of catalytic biomass conversion
using PC (Yu et al., 2018b), EC (Yamada et al., 2007; Shin et al., 2009), and DMC (Dabral et
al., 2018) in the reaction media. However, there is a lack of comparison among these carbonate
solvents to understand their prospective roles in assisting the catalytic conversion of
recalcitrant and complex lignocellulosic wastes and starchy food wastes, which requires a

comprehensive investigation.

2.5.4.3 Other potential solvents

Common/classical solvents such as alcohols and acetone are recommended for
industrial synthesis (Prat et al., 2016). The utilisation of alcohols particularly isopropanol and
isobutanol could be sustainable considering their potential manufacture from renewable
biomass resources. Several studies demonstrated the effectiveness of those solvents for
catalytic conversion of carbohydrates to vital platform chemical HMF (Mushrif et al., 2012;
Moity et al., 2012; Agutaya et al., 2020). In contrast, acetone is a low-cost solvent which is
mostly used for effective fractionation of lignocellulose (Smit and Huijgen, 2017) and
conversion of biomass to platform chemicals (Hu et al., 2012; Motagamwala et al., 2019).
Besides, deep eutectic solvents (DES) are gaining attention recently as a reaction medium for
platform chemical production considering their environment-friendly properties,
biodegradability, favourable effects on cellulose de-crystallisation etc. Besides, DES can serve
as both solvent and reagents, and mild reaction conditions might be adopted for catalytic
conversion considering the low melting point of DES attributed to hydrogen bonding in the
solvent system (Smith et al., 2014; Gunny et al., 2015; Morais et al., 2020). However, the
application of DES for the effective valorisation of complex waste-based substrates warrants

further investigation.
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2.6 Research gaps and hypothesis

Though considerable research efforts have been directed toward valorising waste for
the production of valuable products, finding high-value and sustainable approaches for
polysaccharide-rich waste recycling/upcycling would be necessary for cost-/time-efficient
production of diverse chemical and biofuel. This review suggested rigorous research efforts to
manipulate the reaction system for the highly efficient production of value-added chemicals.
Besides, it is necessary to understand the feedstock characteristics to evaluate their viability for
targeted chemical synthesis. Moreover, considering its crucial contribution to catalysis, it is
important to devote research efforts to identifying potential solvents as safe yet reactive
reaction mediums targeted at catalytic valorisation of waste substrates. Therefore, this thesis
aims to investigate and elucidate the critical system parameters for the green and efficient

valorisation of polysaccharide-rich waste for value-added chemical production.

In Chapter 4, facile and efficient valorisation technology was developed for the
selective production of platform chemicals from cellulosic paper waste through manipulating
system parameters, i.e., reaction temperature and solvent system. The viability of diverse paper
feedstock for platform chemical production was assessed in Chapter 5 reflecting on the
influence of substrate composition and characteristics under multiple catalytic conditions.
Chapter 6 focused on the depolymerisation of highly cellulosic and crystalline feedstock,
which is a bottleneck for sugar production and subsequent up-gradation to platform chemicals.
Then in Chapter 7, critical factors for the production of vital platform chemical levulinic acid
from starchy food waste were scrutinised under green solvent systems. This thesis provides a
crucial understanding of system components for developing green and efficient biorefinery

technology.
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Chapter 3: Materials and Methods

Abstract

This chapter presents the description of various polysaccharide-rich waste substrates and a list
of chemicals used for investigation. Experimental procedures including catalytic conversion
process, sample preparation, and adopted analytical technics and characterisation methods for

soluble and solid samples are documented in detail.

3.1 Waste substrates

Chapter 4: Virgin pulp (VPT) and recycled pulp paper towel (RPT) wastes collected from the
Terminal Hall of the Hong Kong International Airport waste papers were utilised for the
experiment. Paper towel wastes were dried in an oven at 105°C for 48 h and milled (German
Pool, Pro-6) to achieve fibre-like consistency and stored in airtight bags for further
characterisation and catalytic conversion. The lignocellulosic composition and crystallinity of

VPT and RPT as determined following existing protocols are presented in Table 4.1.

Chapter 5: Papers were purchased from commercial suppliers and utilised as feedstock in the
experiment to distinguish the characteristics of various paper types, paper raw materials,
pulping processes, and other relevant treatments. Various paper feedstock were selected
considering information about paper characteristics from literature and their availability in the
market. Besides, paper towel wastes collected from the Hong Kong International Airport
(HKIA) were also used for investigation. In total, nine types of paper feedstock were
investigated in this study, i.e., HKIA paper towels, napkins (wood-derived), napkins (bamboo-
derived), printing/office paper, newspaper, packaging paper, tracing/parchment paper, paper
food box (sugarcane derived), and paper mould. All papers were processed following the
methods reported above. To facilitate the experimental results and discussion, paper substrates

were grouped into two categories. Relevant information about paper properties was collected
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as revealed by the suppliers or otherwise collected from existing literature as applicable,
measured crystallinity and lignocellulosic compositions of various paper wastes are presented

in Table 5.1.

Chapter 6: Virgin pulp paper towel waste collected from the Terminal Hall of the Hong Kong

International Airport was used for the investigation.

Chapter 7: In this chapter, bread waste served as the representative starch-rich feedstock for
the catalytic production of LA. Bread waste was collected from catering outlets in the Hong
Kong International Airport (HKIA) and dried, ground, sieved through a 0.3 mm mesh, and
stored in an airtight container for further experimental use. The bread waste contained 72.6%
available carbohydrates, 4.2% total dietary fibre, 14.8% protein, 6.1% total fat, 2.3% ash, and

41.5% total organic carbon (TOC) on a dry mass basis (Yu et al., 2018b).

3.2 Chemicals

3.2.1 Standard compounds

The standard compounds/chemicals for catalytic reaction (supplementary tests for
improved understanding of conversion process) and calibration of analytical equipment
included levulinic acid (98%), formic acid (98%), mannose (98%), and cellobiose (Alfa Aesar);
glucose (99%, UNI-chem, China); fructose (>99%) and maltose monohydrate (98%) (WAKO);
a-cellulose, furfural (99%) and hydroxymethylfurfural (HMF; >99%) (Sigma Aldrich); and
levoglucosan (98%, Fluorochem). All standard compounds/chemicals were used as received

without any alteration.

3.2.2 Catalysts
Various concentrations (0.135 to 0.5 M) of sulphuric acid (H2SO4, 98%, Honeywell

Fluka) and FeClz-6H,0 (98%, Sigma Aldrich). were employed as catalysts for paper and food
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waste conversion. Concentrations of catalyst were selected based on the catalytic activity
reported in the existing literature and as required to achieve target products (sugars and

derivatives) from selected paper and food waste.

3.2.3 Solvents

As introduced in Chapter 2, the greenest solvent H.O and other conventional and
emerging green organic solvents were utilised for the catalytic valorisation of paper and food
waste, such as gamma-valerolactone (GVL) (99%, Sigma-Aldrich), acetone (99%, Anaqua,
USA), propylene carbonate (99%, Aladdin), ethylene carbonate (99%), dimethyl carbonate
(99%) (Alfa Aesar), and isopropanol (IPA) (99%, Honeywell). Binary solvent systems (organic
solvent-water) were used to improve the green attribute of solvent systems for polysaccharide-
rich waste valorisation. For catalytic conversions (except for selected cases of biphasic
reaction), a 1:1 ratio of organic solvent-water was used, i.e., 50% water was replaced by organic
solvent thereby reducing the use of expensive organic solvent, which is comparatively greener
than using 100% organic solvent. Besides, water plays an important role in biomass conversion
by directly taking part in reactions such as catalytic hydrolysis for the production of sugars.
Furthermore, our previous research demonstrated 1:1 ratio of an organic solvent-water system
could be conducive to bio-based chemical production. Solvents were selected based on the

following criteria:

» Recommended green attributes based on health, safety, and environmental
criteria presented in the CHEMZ21 solvent selection guide (Prat et al., 2016)

» Activity/performance reported in the literature

> Renewable origin: bio-derived, CO--derived

» Polarity for microwave absorption

42



Chapter 4. Gamma-valerolactone, and acetone as green co-solvents were employed in this

study and the solvent systems are denoted as GVL/H-0, and acetone/HO respectively.

Chapter 5: Gamma-valerolactone, as the green co-solvent was employed in this study and the

solvent systems, are denoted as GVL/H.O.

Chapter 6: Propylene carbonate, ethylene carbonate, and dimethyl carbonate as green co-
solvents were employed in this study and the solvent systems are denoted as PC/H.0, EC/H.O

and DMC/H20 respectively.

Chapter 7: Gamma-valerolactone, propylene carbonate, and isopropanol as green co-solvents
were employed in this study and the solvent systems are denoted as GVL/H.0, PC/H20, and

IPA/H-0 respectively.

3.3 Catalytic valorisation

3.3.1 Major experiments

Chapter 4, 5, and 6: The catalytic conversion of paper waste substrates was conducted under
microwave heating (EthosUp Microwave Reactor, Milestone, at maximum power of 1.9 kW,
100 ml vessel). To perform catalytic tests, the selected paper or food waste substrate (5 wt/v
%) was loaded to water or a mixture of organic solvent and water (solvent ratio, 1:1; total
volume, 10 ml), and selected catalyst within a Teflon vessel and sealed, then heated (using
microwave control settings) to reach the desired reaction temperature (ranges between 120 to
200 °C for different studies) following a constant ramping rate (32 °C min™t), followed by a
holding period of 1-20 min, and cooling period of 15-30 min using mechanical ventilation.
The in-vessel reaction temperature and autogenous pressure were recorded using a standard
thermocouple and pressure data-logger, respectively in the microwave reactor. The reacting

vessels were subjected to autogenous pressure with a maximum pressure set as 50 bar for the
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microwave reactor, and no external pressure was applied during catalytic conversion. Each

experimental run was conducted in duplicates to ensure reliable analysis.

Chapter 7: To perform catalytic tests using a monophasic system, 0.5 g bread waste (5
wt/v%), a mixture of organic solvent (PC/GVL/IPA) and water (total volume 10 ml; solvent
ratio 1:1 for monophasic reaction), and 0.5 M H2SO4 were loaded in Teflon vessel and sealed,
then heated to reach the desired reaction temperature (110-150°C) following the procedures
described in the previous section. The reaction conditions were selected based on the latest
studies on starch-rich food waste conversion (Yu et al., 2018b, 2020b) and adjusted if necessary
based on the experimental observations. After analysing the results obtained from different
monophasic solvent systems, GVL/H20 and IPA/H20 solvents were investigated for biphasic
reactions. As GVL and IPA were completely miscible in water, 30 wt%q) NaCl was applied
as a phase modifier to prepare the biphasic system (Wettstein et al., 2012; Jiang et al., 2019),
and catalytic tests were conducted following the conditions mentioned above. It should be
noted that the concentration of H2SO4 referred to the whole solvent system (i.e., consistent for
all experimental runs with different solvents, both monophasic and biphasic), whereas the
concentration of NaCl refers to the reaction phase only, which was denoted as NaClg). To
analyse the influence of the reaction phase and extraction phase on catalytic performance in
the biphasic system, different ratios of water and organic solvent (1:1, 1:3, 3:1) were applied
for the conversion. Control runs without bread waste substrate were performed for solvent
systems under the selected conditions. Standard thermocouple and pressure data-logger were
used during catalytic reactions to monitor and record the in-vessel reaction temperature and

autogenous pressure, respectively.

3.3.2 Supplementary and control experiments
Chapters 4: Conversion of standard sugars (i.e., glucose and xylose) were conducted in
different solvent systems following the method mentioned above (Section 3.3.1) at 180°C to
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understand the solvent effect on model compounds and to compare with paper towel
conversion. Control experiments without paper towels were carried out in all solvent systems

at 200°C for comparative analysis.

Chapter 6: Paper towel waste conversion in DMSO/H»0 and standard cellulose conversion in
PC/H20O were conducted for comparative assessment following the above-stated method
(Section 3.3.1). To explore the role of carbonate solvents in depolymerisation, paper towel
waste was treated in PC/H20 (140°C, 10 min) without acid addition and then oven-dried at
60°C overnight. Then the pre-treated substrate was dried and subjected to microwave-assisted
conversion in H20 (100%) (140°C, 10 min, 0.135 M H»S0Oa). Control runs without paper towel
waste were carried out in all solvent systems at the same acid loading (0.135 M H2SOa) under

selected reaction conditions.

Chapter 7: To substantiate the experimental results obtained in PC/H20 solvent, additional
tests under the selected conditions were conducted using propylene glycol (PG) and water

(PG/H0, 1:1) for comparison.

3.4 Sample analysis

3.4.1 Soluble products

After the catalytic run, reacted solution was centrifuged to separate liquid and solids,
and a soluble sample was withdrawn from each replicate, diluted with deionised water (DIW),
and filtered through a membrane filter (0.45 um) before analysis. Soluble products were
detected and quantified through high-performance liquid chromatography (HPLC). To ensure
the reliability of the analysis, blank and spiked samples with known concentrations of standard

compounds were injected into the HPLC before analysing the samples.
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Chapters 4 and 7: Detection and quantification of all soluble products were conducted
employing an Aminex HPX-87 HPLC column (Bio-Rad) and Chromaster equipment
consisting of a refractive index detector (Hitachi, Japan). The mobile phase comprises 0.01 M

H2S04 at a 0.5 ml min* flow rate at 50°C column temperature (Yu et al., 2017a).

Chapter 5: Detection and quantification of sugars, LA, and FA were conducted employing an
Aminex HPX-87 HPLC column (Bio-Rad) (0.01 M H2SO4 mobile phase, 0.5 ml min** flow
rate, 50°C) and Chromaster equipment consisting of a refractive index detector (Hitachi,
Japan), while HMF and furfural were analysed by using ultraviolet and visible

spectrophotometry (UV-VIS) detector with a UV wavelength set at 280 nm.

Chapter 6: Sugars were quantified by using an Agilent Hi-Plex Ca column and DIW (100%)
as the mobile phase (0.4 ml min, 80 °C), after pH adjustment of samples (~7) by NaOH, while
derivatives of sugars, including HMF, furfural, FA, and LA, were quantified using an Aminex

HPX-87H column (Bio-Rad) (0.01 M H2SO4 mobile phase, 0.5 ml min™* flow rate, 50°C).
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Reaction conditions:

Feedstock: 5 wt/v% waste
Reactant volume: 10 ml
Solvent composition:
organic solvent-water (1:1,
monophasic); (1:1, 1:3, 3:1,
biphasic only)

Catalyst: H,SO4 (0.135 - 0.5
M); FeCls (0.25—0.5 M)
Duration: 1-20 min
Temperature: 130-200 °C

Microwave heating in controlled conditions
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Figure 3.1 Summary of experimental methodology illustrating catalytic conversion of polysaccharide-rich wastes, soluble product analysis, and
solid characterisation technics used in this research
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The yield of soluble products was calculated based on the carbon content (Egn. 1) (S.
S. Chenetal., 2018; Yu et al., 2018b) of the cellulosic or hemicellulosic fraction of a particular
paper substrate,

Conc, (mg ml™') x Vol (ml) /MW, x C,

Product yield (C mol%) = Cs (mol)
S

x 100

where Concp denotes the concentration of products (including disaccharide, glucose, fructose,
LG, HMF, LA, FA, and furfural); MW, and C;, represent the molecular mass and mole number
of carbons in the corresponding product, respectively; Cs represent the mole number of carbon
in the selected paper and food substrate, or mole number of sugars when using standard

compounds for supplementary experiments (0.5 wt/v%).

Chapters 4: Soluble product yields were calculated based on the total organic carbon contents
of a particular paper waste substrate. Notably, a volume loss varying from 5 to 20% (at different
temperatures) was recorded for the acetone/H-O solvent system, which was accounted for in

the yield calculation.

Chapter 5: The yield of C6 sugars, LA, FA, and HMF was calculated based on the cellulosic
carbon content, while the yield of C5 sugars and furfural was calculated based on the

hemicellulosic carbon content of the respective paper substrate.

Chapters 6: Soluble product yields were calculated based on the total organic carbon contents
of the paper waste substrate. A volume loss of 5-20% (at different temperatures) was recorded
for the binary organic carbonate solvent-water systems, which was taken into account for the

product yield calculation.

Chapters 7: Soluble product yields were calculated based on the total organic carbon contents
of a bread waste substrate. Notably, a volume loss of 5-15% (following various reaction
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duration) was recorded for PC/H.O solvent, which was taken into account for calculating the
soluble product yields. For biphasic systems, samples were obtained from each layer and
prepared separately for analysis after dilution in DIW. Partition coefficients (Rx) for a particular

product such as LA (Ria) and FA (Rra) were calculated following Eq. (2),

C mol% of product in the organic layer
Partition coef ficient (R,) = bof p g 4

C mol% of product in the aqueous layer

3.4.2 Characterisation of solids

The total organic carbon content (TOC) of paper substrates and bread waste was
analysed by a TOC-L analyzer (Shimadzu Corporation). The contents of hemicellulose,
cellulose, and lignin in various types of papers were measured using the standard methods
(GB/T 20805-2006, NY/T 1459-2007, and GB/T 20806-2006) (Cui et al., 2022), and the ash
content in respective paper substrates was analysed following National Renewable Energy
(NREL) protocol on a dry mass basis (Sluiter, 2008). The thermal behaviour of the papers was
examined by a thermogravimetric analyzer (TGA, Rigaku Thermo plus EVO2) at a ramp rate
of 10 °C min to 550 °C under the N, atmosphere, and the derivative thermogravimetric (DTG)

curves were prepared for further analysis.

For selected reaction conditions, post-reaction solid residues were collected through
centrifugation, decantation, washing with DIW (3 times), oven drying (48 h at 60°C), grinding,
and afterwards stored in airtight containers for further characterisation. Untreated paper and
bread waste samples and post-reaction solid residues were characterized by an X-ray
diffractometer (XRD) (Rigaku Smartlab, 10-50° 20, rate: 10° min™ at 45 kV and 200 mA) and
the crystallinity index (Crl) was calculated from the XRD patterns of respective paper
following the method reported in the literature (S. S. Chen et al., 2018). Solid residues from

paper waste conversion were also characterised through a scanning electron microscope (SEM)

49



(TESCAN VEGA3 XM), Brunauer-Emmett-Teller (BET) surface area analyzer
(Micromeritics ASAP 2020 Plus WVersion 1.02.01), and Fourier-transform infrared

spectroscopy (FTIR) (PerkinElmer, range: 4000cm™* to 400 cm™?, total 25 scans).

For paper and bread waste conversion, selected solid and liquid samples were examined
using 3C nuclear magnetic resonance (NMR) on a Jeol INM-ECZ500R MHz spectrometer. A
commercial 3.2 mm magic-angle spinning (MAS) NMR probe was used with a standard cross-
polarisation MAS (CPMAS) pulse sequence. Paper waste residues were subjected to solid-state
13C NMR (recorded with bulk powder samples) with the magnetic field strength of 11.6 T at
500 MHz involving 32.7 ms acquisition time, 2 ms contact time, and 5 s relaxation delay. Solid
13C NMR of bread waste samples (both untreated and post-reaction solid residues) were
performed using the MAS frequency was 10 kHz with relaxation delay, scan times, and contact
timeat5s, 1200-2000, and 2 ms, respectively. Liquid samples subjected to the selected reaction
conditions were also analysed by **C NMR using D0 solution. Chemical shifts (8) were given

in ppm and measured relative to tetramethylsilane (TMS) as the internal standard.

50



Chapter 4: Valorisation of Paper Waste in Green Solvents

Abstract

This chapter focuses on the catalytic valorisation of lignocellulosic paper waste, which
constitutes a major portion of municipal solid waste (MSW) to synthesise value-added
chemicals. Green solvent systems comprising H20 and y-valerolactone (GVL) or acetone were
evaluated to produce levulinic acid (LA) from lignocellulosic paper towel waste at different
temperatures using dilute H.SO4. At the highest reaction temperature (200°C), the H.O-only
system achieved ~15 mol% of LA at maximum. while GVL/H20 and acetone/H>O co-solvent
systems enhanced the depolymerisation of paper towel waste and the subsequent conversion to
LA, with the highest yield amounted to ~32 mol%. The acetone/H20 solvent system yielded
~17 mol% LA at a lower temperature (180°C), while higher temperature-induced
polymerisation of soluble sugars and intermediates, hindered further conversion to LA. In
contrast, the availability of soluble sugars was higher in the GVL/H20 system, which favoured
the production of LA at higher temperatures. A maximum ~32 mol% LA vyield generated from
paper towel waste in GVL/H20 (200°C, 5 min) could be attributed to the favourable effect of
GVL solvent in disrupting cellulose crystallinity and enhancing solubility of generated

products and preventing by-product formation during catalytic conversion.
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Figure 4.1 Graphical abstract of Chapter 4

4.1 Research questions

As introduced in Chapter 2, valorisation of lignocellulosic biomass remained
challenging considering the complex nature and recalcitrance of cellulosic fibres. Paper waste
represents a waste stream that can be easily separated at the source (e.g.,
commercial/institutional buildings) yet commonly used treatment techniques (e.g., anaerobic
digestion) were deemed unsuitable due to the low degradability of cellulosic fibres. Besides,
hygiene concerns particularly for sanitary papers such as paper towels further challenged its
potential valorisation. Therefore, developing efficient technology was necessary for paper
waste treatment and valorisation. However, considering the high content of cellulosic fibres
(~70%) in paper towels, it could be utilised as feedstock for thermocatalytic production of LA
generally employing mineral acids such as H2SO4, HCI, or solid acid catalysts, and the acidic
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conversion process could ensure the proper sanitisation of waste paper towels (Antonetti et al.,
2016; S. S. Chen et al., 2018). Although paper waste could be an attractive biorefinery

substrate, its potential conversion to platform chemicals was yet to be explored to a large extent.

The solvent is a significant parameter that influences catalytic conversion through
interactions with reactants and regulation of product selectivity in the system, therefore,
appropriate solvents could enhance the valorisation of lignocellulosic waste to chemicals
(Dyson and Jessop, 2016; Yu et al., 2018b). Owing to the crucial contribution to catalysis, it
was important to devote research effort to identifying potential solvents for specific catalytic
reactions. As an environmentally benign and green solvent, water has been preferred and
utilised extensively for biomass fractionation and chemical production yet harsh reaction
condition is required to obtain considerable product yield, and additionally, high by-product
formation might influence the product yield negatively (Cao et al., 2018a; Licursi D. et al.,
2018). Besides, conventional organic solvents (e.g., dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF)) and ionic liquids were employed owing to their influence on the acidic
protons, high reactivity of reagents and product selectivity, as well as their capability, to
enhance tandem catalytic reactions for biomass conversion (Chen et al., 2017c; Yu et al.,
2017a). However, these conventional solvents were considered problematic or even hazardous
due to safety, health, and environmental implications (Prat et al., 2016). Therefore, the selection
of an appropriate solvent is necessary for addressing their green characteristics while
maintaining reactivity and product selectivity to achieve efficient and sustainable LA

production.

This chapter examined the catalytic valorisation of lignocellulosic paper towel waste
into LA in green co-solvents in a binary organic solvent-water (1:1 v/v) system (GVL/H20 and
acetone/H,0) using dilute sulphuric acid (0.135 M H2SO.) as the catalyst at different

temperatures. This chapter provides insights into the potential roles of green solvents in a
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catalytic biorefinery in addition to serving as a reaction medium and discusses interactions
between the solvents and substrates to elucidate their significance in determining the

depolymerisation of lignocellulosic fibre and the formation of LA.

4.2 Results and discussion

4.2.1 Depolymerisation of paper towel

The addition of the organic co-solvent to water medium (GVL/H20 and acetone/H>0)
enhanced the depolymerisation of cellulose and hemicellulose in view of the higher total sugar
yields, e.g., ~30-36% at 160-170 °C compared to ~18-22% in H>O only system (Figure 4.2).
The maximum sugar yield at the H>O-only system observed at 190 °C (~35 mol%) was
comparable to the total sugar yield at 170 °C in green co-solvent systems (~30-36 mol%),
which suggests that the addition of green co-solvent increased the level of hydrolysis and
decreased the energy required for reaction (a comparative discussion on energy consumption
for LA production in different solvent systems is given in Section 3.4). Previous studies
reported that binary organic solvent-water systems such as GVL/H.0 and acetone/H,O provide
a local phase separation near cellulose surfaces, where molecules of organic solvent
preferentially bind to the hydrophobic surface while H,O molecules create bonds with the
hydrophilic surface. Thus, organic solvent-water binary systems might lead to chemical
modification at the cellulose surfaces inducing bond cleavage that improves cellulose
hydrolysis (Smith et al., 2017; Song et al., 2018). However, detailed investigation through
computational simulation would be needed to uncover mechanisms for specific catalytic

reactions in future studies.

Considering the high yield of sugars, GVL/H20 was the most efficient co-solvent for
the depolymerisation of paper towel waste (~36-40 mol% at 170-180 °C). Enhanced

depolymerisation of paper towel waste in the GVL/H20 can be attributed to the combined
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effects of GVL solvent on solvation of cellulose, disruption of cellulose crystallinity, and
positive influence on glycosidic bond cleavage (Luterbacher et al., 2014; Mellmer et al.,
2014a). It was reported that GVL can solubilise lignocellulosic biomass and disrupt the
structure of crystalline cellulose, leading to increased production of sugars (Luterbacher et al.,
2014). Besides, the polar aprotic nature of GVL helps to enhance the reactivity of protons
through stabilisation of solvated protons compared to reaction conditions in H20, thereby
accelerating the reaction rate for biomass conversion during acid hydrolysis. GVL/H,0 solvent
has been reported to significantly decrease the activation energy for disaccharide (e.g.,
cellobiose, maltose) hydrolysis by promoting glycosidic bond (B-1,4 and a-1,4) cleavage,
thereby providing a higher reaction rate compared to using 100% H.O as the solvent; the

analogous effect was anticipated for cellulose hydrolysis (Mellmer et al., 2014a, 2014b).
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Figure 4.2 The yield of total sugars at different temperatures (160-200°C) in H20, GVL/H-0,
and acetone/H-O solvent systems from virgin pulp paper towels (reaction conditions: 5 wt%
substrates, 0.135 M H2SOs, 5 min, solvent mixture 1:1).
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A steady increase in total soluble products from VPT conversion was observed with
increasing temperature (Figure 4.3) in the H20-only system (~60 mol% at 200°C). In
comparison, the yield of total soluble products for VPT (Figure 4.3) reached the maximum at
180°C for GVL/H20 (~51 mol%) and acetone/H20 (~47 mol%) which was ~20% higher than
that of H2O-only system (~38 mol%) at the given temperature (180°C). The yield was
comparable between green co-solvent systems, indicating similar reactivity of both co-solvent
systems toward soluble products at 180°C. The total soluble product yield remained stable at
180-200°C for GVL/H20 solvent (~50 mol%), while for acetone/H.O solvent, a considerable
drop in the total soluble product yield was detected at higher reaction temperatures (~39 mol%
at 190-200°C). The decrease in total detectable products might indicate a higher tendency for
insoluble by-products formation (e.g., humins) through polymerisation in acetone/H20 solvent
at higher temperatures, in contrast, GVL/H20 system might have stabilised product solubility
by preventing polymerisation of sugars and derivatives. For acetone/H,O solvent on average,
5-20% of the solvent loss was recorded during the experiment at different temperatures and
char formation was observed at 180-200°C. Solvent loss in the acetone/H.O system might
occur due to self-condensation of acetone or direct condensation of acetone with sugars and
sugar derivatives (Smit and Huijgen, 2017), which might be related to lower total sugar yield
in acetone/H20 co-solvent system. A previous study demonstrated that acetone generated the
highest fraction of insoluble polymers among various organic solvents tested (e.g., alcohols,
chloroform, DMSO) for acid-treatment of levoglucosan. In acid-catalysed reactions, acetone
could produce different products through intramolecular aldol condensation that ultimately
forms polymers, and condensation products can react with sugars leading to polymer formation
(Hu et al., 2012). An isolated phase of products can form through precipitation in the system if
the solvent cannot dissolve kinetic products during the reaction (Dyson and Jessop, 2016). In

the acetone/H»0 system, polymerisation might have restricted the amount of soluble sugars in
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the reaction medium, and the solid polymers could result in char formation at higher

temperatures, thus resulting in lower soluble product yield detected in liquid samples in the

experiment.
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Figure 4.3 Product yields from paper towel conversion in (a) H20, (b) GVL/H20 and (c)
acetone/H.O solvent system at different temperatures utilizing VPT and RPT (reaction
conditions: 5 wt% substrate, 0.135 M H2SOs, 5 min, solvent mixture 1:1).

4.2.2 Effects of green co-solvent on LA production

In general, all solvent systems showed an increasing trend for LA yields from paper

towel waste with increasing temperature in the presence of dilute H.SO4 (0.135M) catalyst

57



(Figure 4.4), in accordance with the literature (Wettstein et al., 2012; Chen et al., 2017c). The
lower temperature of 160-180°C was efficient for sugar production, and LA emerged at a
higher temperature of 180-200°C. At the highest reaction temperature (200°C), LA vyields of
15-32 mol% were obtained in this study that is comparable to those reported in the previous
studies on biomass conversion, such as paper towel waste (LA yield ~30-46 mol%) (S. S. Chen
et al., 2018), paddy straw (LA yield ~24 wt%) (Yan et al., 2008), and paper sludge (LA yield
~15-32 wt%) (Galletti et al., 2012); though a precise comparison of results achieved in different
studies was difficult considering different reaction conditions employed (e.g., temperature,

solvent, catalyst loading).
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Figure 4.4 LA vyield at different temperatures (160-200°C) in H.O, GVL/H20, and
acetone/H.O solvent systems from virgin pulp paper towel (reaction conditions: 5 wt%
substrates, 0.135 M H2SO4, 5 min, solvent mixture 1:1).
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Although H20-only solvent generated a considerable yield of sugars (~60 mol% at
180°C) with 0.135 M H»SO4 catalyst, it generated only ~2-15% LA yield at 180-200°C (Figure
4.3), which was similar to the values mentioned in previous studies (Chen et al., 2017b; Alonso
et al., 2013a). In comparison, GVL/H,0 and acetone/H,O green co-solvent systems achieved
higher LA yields, which were approximately 29-32 mol% at maximum, highlighting the
presence of GVL and acetone favoured the tandem dehydration-rehydration reactions.
Comparing the co-solvent systems, acetone/H2O gave a considerable yield of LA (~17 mol%)
from VPT at a lower temperature (180°C), whereas GVL/H20 could not generate a significant
LA yield until 190°C (~20 mol%). Although GVL/H20 provided the most efficient sugar yield
(e.g., ~40 mol% at 170°C), the system generated insignificant LA yield at lower temperatures
(~2 to 4 mol% at 160-180°C), which suggested that dehydration of sugars to HMF might be
the bottleneck during paper towel conversion in GVL/H20 at the given reaction temperature.
In contrast, considerable LA yield was observed for acetone/H.O at 180°C, suggesting that
dehydration of sugar to HMF was faster in acetone/H>O compared to rehydration of HMF to
LA. Our recent study showed that acetone/H.O could provide a faster sugar-to-HMF
conversion compared to other organic solvent-water systems such as DMSO/H.O and
THF/H20 (Yu et al., 2017a). Moreover, faster sugar conversion in the acetone/H.O system
could be attributed to the significant pressure build-up in the reaction vessel, which was ~30
bar on average during the reaction at 180°C (Figure 4.5), as the boiling point of acetone is low
(56°C). High in-situ pressure was found to accelerate the conversion of biomass/sugars (Duo
et al., 2016; Yu et al., 2018b). In comparison, the average in-vessel pressure recorded for
GVL/H20 system was ~12 bar during reaction at 180°C (Figure 4.5), so in situ pressure might
not have a noticeable effect on catalytic conversion in the system. Apart from the pressure
effect, acetone/H>O solvent might contribute to and enhance tandem catalytic steps during

sugar dehydration to HMF and subsequent rehydration to LA. However, further experimental
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evidence supplemented with mechanistic simulation would be needed to support the

postulation and uncover the role and contribution of solvents to facilitate catalytic reactions.
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Figure 4.5 Temperature and pressure profile during the reaction (paper towel conversion) in
(@) GVL/H20 and (b) acetone/H.O system (reaction conditions: 5 wt% substrates, 0.135 M
H>S04, 5 min, 180°C, solvent mixture 1:1).

For GVL/H:0 solvent, the reactions were accelerated with an increase in temperature
(190-200°C), and a higher yield was achieved (LA yield ~20-32 mol%). Despite the faster
conversion of sugars to LA (17 mol%) at 180°C, the acetone/H20 system did not provide a

significant increase in LA yield (~29 mol%) when the reaction temperature was further
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increased to 200°C. In comparison, GVL/H20 system generated 8 times higher yield (~32
mol%) at 200°C compared to that of 180°C (~4 mol%). The lower yield of LA in acetone/H.0O
could be attributed to the polymerisation of sugars and condensation products in the solvent
system, which might have restricted the availability of soluble sugars during catalytic reactions
at a higher temperature (Hu et al., 2012). In contrast, the good performance of the GVL/H.O
solvent system for tandem catalytic reactions could be attributed to the interactions among
substrate, solvent, and an acid catalyst, as GVL was reported to solubilise recalcitrant cellulose
and products generated during the deconstruction of cellulose (Alonso et al., 2013b; Mellmer

etal., 2014a).
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Figure 4.6 Conversion of standard sugars (glucose and xylose) in different solvent systems
(reaction conditions: 5 wt% substrate, 0.135 M H2SOs, 5 min, 180°C, solvent mixture 1:1).

To probe the effect of solvent on paper towel conversion, supplementary tests were
done with glucose (standard compound) at 180°C in all solvent systems. Using glucose as

feedstock, both GVL/H20 and acetone/H.O solvent systems produced ~16 mol% of LA at
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180°C (Figure 4.6). In comparison, the LA vyield from paper towel waste was lower in
GVL/H20 (~4 mol%) than that in acetone/H>O (~17 mol%). Generally, standard sugars are
easier to be converted to HMF and LA compared to lignocellulosic substrates considering the
complex structure combining cellulose, hemicellulose, and lignin. Considering the faster
conversion of lignocellulosic paper wastes observed in acetone/H2O solvent, it might be
possible that a fraction of the LA produced was subsequently degraded when standard sugar

(glucose) was used as the substrate.

In general, the conversion of RPT was slightly higher than that of VPT in H.O and
acetone/H>0 solvent systems (Figure 4.3a, c). This could be ascribed to the relatively shorter
fibre length and lower crystallinity of RPT fibres (65.5%) compared to VPT (67.1%
crystallinity), as amorphous cellulose and short fibres are easier to be deconstructed (S. S. Chen
etal., 2018). In contrast, GVL/H20 showed slightly lower conversion for recycled pulp at 160-
170°C, while at higher temperatures GVL/H20 provided almost the same conversion for both
types of paper towel wastes (Figure 4.3b). It should be noted that RPT contained more lignin
(11.8%) (Table 4.1) and lignin solubility is high in GVL/H20 solution in the case of GVL
concentration ranging between 50-65 wt% (L€ et al., 2016b), and reactions may slow down
due to high solute-solvent solvent interactions (Dyson and Jessop, 2016) between lignin and

GVL.

Table 4.1 Characteristics of the paper towel waste used for catalytic conversion

Type Cellulose Hemicellulose Lignin Crystallinity index (Crl)
VPT 78.1% (13.03)° 20.6% (3.44)" 1.3% 67.1
RPT  67.4% (11.23)° 20.8% (3.45)" 11.8% 65.5

* Number in the parentheses represents the mole number of carbon for 0.5 g of corresponding paper towel waste;
VPT and RPT were manufactured from different raw materials/sources
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Results from paper towel waste conversion revealed that hemicellulose conversion
remained facile in all solvent systems for both VPT and RPT (Figure 4.3), as efficient
production of xylose was recognised and consequently dehydrated to furfural. Furfural
production occurred to a greater extent at a lower temperature (160°C) than that of LA,
indicating that deconstruction of hemicellulose and subsequent conversion to furfural were less
energy-intensive compared to cellulose. At 190-200°C a higher yield of furfural was observed
for GVL/H20 (~9-11 mol%) while a lower furfural yield was observed for acetone/H,0 (~3-4
Col%). It was worth noting that GVL could decrease the rate of furfural degradation (Alonso
et al., 2013b), which was reflected by the results of this study. In contrast, acetone might react
with furfural and form condensation products (Hu et al., 2012). Our supplementary test with
xylose (standard compound) (Figure 4.6) revealed that ~50 Col% total soluble products were
detected in the solution and a considerable amount of black solid was observed at the end of

the reaction in the acetone/H20 system.

4.2.3 Analysis of post-reaction solid residues

As observed during the experiment, a higher amount of solid residue was observed after
reaction in 100% H»O, which can be related to the lower depolymerisation and lower LA vyield
in water as a large fraction of lignocellulosic fibre might remain unreacted or generate humins.
As solid residue was collected and measured for reaction at 180°C, it was observed that reaction
in GVL/H20 solvent generated 50% less solid residue compared to the H2O-only system. For
the acetone/H>O system, the formation of char was observed at the bottom of the reaction
vessel, but the exact fraction of solids was not possible to quantify. Less quantity of unreacted
solids in the GVL/H20 solvent system indicated higher solubility and conversion of paper

towel waste during the reaction.

To understand the changes in paper towel wastes in different solvent systems, a solid-
state 3C NMR (CP/MAS) analysis was conducted on the remaining solids after reaction and
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paper towel waste before reaction (Appendix). NMR spectra of paper towel waste and post-
reaction solid residue resemble the resonances observed in the spectrum of isolated cellulose,
which could be related to the high cellulosic fractions in paper towel waste (78.1% in VPT
waste). The chemical shifts are given by **C CP/MAS NMR spectrum (Figure 4.7) of cellulose
ranges from 100-108, 80-93, 70-80, and 57-70 ppm could be assigned to C1, C4, C235 and Cs
signals of cellulose, respectively (Atalla and VanderHart, 1999; Kono et al., 2002; Foston,
2014; Alcéantara et al., 2016). Considering the peak attribution and diversity of cellulosic
biomass, NMR peaks obtained from unreacted solid samples might be assigned as follows: the
peak at 101 ppm is assigned to C1, peaks at 79 and 85 are assigned to Ca, peaks at 71 and 68

are assigned to Cz35, and peaks at 61 and 58 are assigned to Ce signals of cellulose,

respectively.
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Figure 4.7 Solid-state (CP/MAS) *C NMR spectra for paper towel waste and spectra for

solid residue subjected reactions in acetone/H.0, GVL/H20, and H20 (reaction conditions: 5
wit% substrates, 0.135 M H2S0Os, 5 min, 180°C).
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The C4 peak of NMR spectra is commonly used for extracting the structural information
of cellulose. A broad peak ranged from 80-85 ppm represents C4 cellulose amorphous carbon,
whereas a comparatively sharp peak from 85-92 ppm represents C4 crystalline carbon (Foston,
2014; Zhu et al., 2016). The C4 peaks (85 and 79 ppm) of the 3C NMR spectrum of paper
towel waste before reaction shows that the intensity of amorphous carbon was relatively high
compared to that of crystalline carbon. In contrast, the spectra of solid residue after reaction in
different solvents show alteration in relative intensities of amorphous and crystalline carbon.
Following acid hydrolysis in different solvents, the intensity of crystalline carbon increased
while the intensity of amorphous carbon decreased compared to that of untreated paper towel
waste. This shift indicated that amorphous carbon was consumed during the reaction to produce
sugar and the relative crystallinity increased because the crystalline phase gave relatively high
resonance (Samuel et al., 2010; Zhu et al., 2016). An increase in crystallinity was also reported
after acid hydrolysis of biomass as amorphous carbon is more susceptible to degradation
(Bernardinelli et al., 2015). The change in relative intensities of crystalline and amorphous
carbon is less pronounced in the solid residue obtained from a reaction involving an H.O-only
solvent system, however, it was more pronounced in green co-solvent systems involving
GVL/H20 and acetone/H20. Similar changes in relative intensities of crystalline and
amorphous phases could be observed for the C6 peak of spectra. This phenomenon indicates
that a higher amount of cellulosic carbon was converted during reaction in GVL/H20 and
acetone/H-0 solvent systems compared to 100% H-O, which was in good agreement with the
total yield of soluble products that are 38 mol% for H20O-only solvent system and ~50 mol%

for GVL/H20 and acetone/H.>O co-solvent system.
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Figure 4.8 XRD patterns of solid residue subjected to reactions in acetone/H.0, GVL/H20,
and H20 (reaction conditions: 5 wt% substrates, 0.135 M H2SOa, 5 min, 180°C).

The XRD patterns of solid residue (Figure 4.8) in different solvent systems were also
analysed to reveal the changes in cellulose crystallinity (Appendix). The diffraction peaks were
identified at 15°, 22.5° and 34.5° corresponding to (110), (200) and (004) planes of Type-I
crystalline cellulose (Lu et al., 2015). The calculated Crl values (Table 4.2) demonstrated the
changes in crystallinity after reaction compared to untreated paper towel waste, yet significant
alteration in cellulose crystallinity was not observed. Evaluating Crl values for solid samples
in different solvent systems showed a relatively high crystallinity for GVL/H.O and
acetone/H>O compared to the H20-only system. This suggested a higher degree of hydrolysis
of amorphous cellulose in co-solvent systems that leave behind the crystalline form in cellulose

structure, thus the relative crystallinity increased in solids (Cheng et al., 2011).
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Table 4.2 Crystallinity index (Crl) of VPT subjected to reaction in different solvents
(reaction conditions: 5 wt% substrates, 0.135M H2SQOg4, 5 min, 180°C, solvent mixture 1:1)

Reaction conditions Crl

Untreated paper towel waste 67.1
H.O 46.9
GVL/H20 50.5
acetone/H.O 49.1

4.2.4 Energy consumption for LA production

Energy consumption per unit of LA production was evaluated for different scenarios
(Table 4.3) based on the power consumption rate recorded in the microwave reactor used for
experiments (Figure B.1). This calculation reflects the actual reaction conditions used in the
study (reaction conditions: 5 wt% substrate, 0.135 M H2SO4, 5 min, and solvent mixture 1:1),
which may differ with variations in substrate and catalysts loading. Energy consumption has
been evaluated for ramping (up to the designated temperature) and holding during the reaction
(constant temperature) (Figure 4.5). In general, most energy was consumed during the ramping
period compared to the holding period at a constant reaction temperature for all solvent systems
(Table 4.3). By evaluating different solvent systems at 180°C, it was observed that energy
consumption per unit of LA produced was considerably lower in organic solvent-water binary
systems (~1.6-7 kWh gt) compared to H,0-only systems (~20 kWh g1). Acetone/H,0O was the
most energy-efficient (~1.6 kwh g*) solvent system for unit production of LA at 180°C. For
reaction at 200°C, energy consumption values were comparable for GVL/HO and
acetone/H.0 (~1 kWh g1), which was 60% lower than that of the H,0-only system (~2.3 kWh
g1). These results suggested that the addition of green co-solvents such as GVL and acetone

can decrease the actual energy cost per unit of LA production from paper towel waste, which
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is encouraging the development of a cost-effective process for waste valorisation to produce

valuable chemicals.

Table 4.3 Energy consumption for LA production in different solvent systems (reaction
conditions: 5 wt% substrates, 0.135 M H2SQOg4, 5 min, solvent mixture 1:1)

Solvent Temperature Energy consumption (kWh) Energy consumption per

(°C) unit of LA production
Ramp  Reaction Total (kwh g?)

H20 180 0.09 0.04 0.12 20.67

200 0.10 0.03 0.13 2.34
GVL/H20 180 0.08 0.03 0.11 7.13

200 0.09 0.04 0.13 1.04
Acetone/ 180 0.08 0.04 0.11 1.63
H20 200 0.09 0.03 0.12 1.02

4.2.5 Comparative perspective regarding solvent systems

Comparing organic solvent-water binary solvent systems, GVL/H20 and acetone/H20
provided advantages from different viewpoints. To achieve a higher LA yield from
lignocellulose at a lower temperature, acetone/H>O could be efficient whereas GVL/H20
provides a slower conversion of sugars. To maintain the availability of soluble sugars and
further enhancement of LA yield, the GVL/H.0 system was more beneficial than acetone/H-O.
Green co-solvent systems can be further tuned for optimum LA production considering
reaction temperature, duration, and acid concentration. Additional experiments could be
performed to reveal conversion kinetics for different co-solvent systems to optimise the waste
valorisation process. Moreover, to obtain a sustainable biomass conversion process, recovery
of solvent is important; in that case, the acetone/H,O system falls short owing to considerable
solvent loss (up to 20%) during the reaction. Working with acetone at high temperatures might
also raise safety concerns as its flashpoint is very low (-18°C) (Prat et al., 2016), which can be

an issue concerning its significance as a green solvent. Hence, careful attention should be given
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to selecting green co-solvent systems for biomass-to-chemical conversion considering reaction

conditions, product selectivity, environmental impact, and safe handling of chemicals at work.

4.3 Summary

This chapter investigated the catalytic valorisation of lignocellulosic paper towel waste
and analysed the influences of organic solvent-water binary green solvent systems on acid
hydrolysis LA production. Depolymerisation of fibres and yield of LA was enhanced by green
co-solvents compared to 100% aqueous condition. This research implies that GVL and acetone
solvents have good potential for catalytic conversion of paper waste with effective
depolymerisation of highly crystalline cellulosic fibres and selective conversion of sugar to
LA. These results contribute toward the development of a simple, energy-efficient, and scalable
technology for the valorisation of considerable amounts of cellulosic paper waste worldwide

paving the way toward a circular bioeconomy.

69



Chapter 5: Influence of Feedstock Properties and Catalytic

Systems

Abstract

Lignocellulosic paper waste constitutes a major waste stream globally, which should be
valorised for chemical production. Paper properties, e.g., feedstock composition, cellulosic
crystallinity, and thermal stability/degradability vary with raw materials and pulping processes.
Chapter 4 of this thesis demonstrated the efficient catalytic valorisation of paper towel waste
facilitated by green solvent. However, the influence of variable paper properties on catalytic
reactions was unexplored, which might affect the viability of chemical production from the
diverse paper feedstock. This chapter. investigated LA, HMF, and furfural production by
H2>SO4 and FeCls catalysed conversion of nine types of paper wastes in a green solvent system
(1:1 GVL/H20). At 160-180 °C for 1-20 min, ~23-27 wt% LA yield was achieved from sanitary
papers, tracing/parchment paper, and paper food boxes mainly containing crystalline cellulose,
while a lower LA yield (~10-20 wt%) was obtained from other paper wastes with high contents
of ash and lignin. A higher selectivity towards HMF (~12 mol%) was achieved in the presence
of FeCls. A furfural yield of ~4-7.5 wt% was also obtained from the hemicellulose content.
This study elucidated crucial factors and desirable characteristics of paper waste for catalytic

valorisation.
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Figure 5.1. Graphical abstract of Chapter 5

5.1. Research questions

The amount of paper waste generated every year is rapidly accelerating and burdening
landfills, although a fraction of paper waste is being recycled for pulp production or other uses
(Van Ewijk et al., 2018; Xu et al., 2021). In Hong Kong and other densely populated cities,
efficient recycling of paper waste can be even more challenging when proper recycling facility
is scarce due to high land premium and labour cost. For instance, in the year 2020, 68% of the
total generated waste paper ended up in landfills amounting to 0.95 million tons, whereas ~0.45
million tons of paper waste was recovered for recycling using local and non-local facilities
(EDP HK, 2020). This situation drives society to find high-value and sustainable approaches

to paper waste recycling/upcycling for diverse chemical and biofuel production.

Paper is typically manufactured from lignocellulosic raw materials, such as wood,
bamboo, and non-wood agricultural residues (e.g., straw and bagasse). Due to the high
proportion of cellulose, paper waste can be potentially valorised in biorefineries (Jahan et al.,
2021). Modern paper pulp manufacturing processes are generally categorised as mechanical

and chemical pulps. Mechanical pulping exerts mechanical force or pressure to crush fibres in
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raw materials, and a considerable amount of lignin can be retained during the papermaking
process, leading to lower strength of paper. Therefore, mechanical pulping is mostly used for
making non-permanent papers, such as newsprint (Biermann, 1996). Chemical pulping
typically applies alkaline regimes, dilute aqueous acids, or organic solvents to promote
delignification by breaking the linkages between lignin and carbohydrates (Sewsynker-Sukai
et al., 2020). Acidic sulphite pulping involves the treatment of woods with various sulphite or
bisulphite salts to make papers (e.g., tracing/parchment paper). Traditional pulping processes
are mostly performed with alkaline additives, for example, kraft pulping (NaOH/Na,S) (Cao et
al., 2021), which is the most dominant process for manufacturing a wide variety of papers, such
as printing paper or office paper, packaging paper, and sanitary papers (e.g., napkins and
tissues). In addition, waste paper can be used as raw materials for obtaining pulp through

reuse/recycle loops (Bajpai, 2015; Zimmerman et al., 2020).

Although paper waste can be an attractive biorefinery substrate, its potential conversion
to platform chemicals is yet to be explored to a large extent. Chapter 4 of this thesis
demonstrated the efficient catalytic valorisation of paper towel waste facilitated by green
solvent. However, the influence of variable paper properties on catalytic reactions was
unexplored, which might affect the viability of chemical production from the diverse paper
feedstock. Among them, LA, HMF, and furfural are vital platform chemicals with multiple
applications, e.g., solvent, pharmaceuticals, personal care products, plasticisers, and building
blocks for several value-added derivatives and fuels (Yu et al., 2016; Espro et al., 2021).
Depending on different types of biomass and pretreatments involved in pulping processes,
paper wastes would have variable properties, such as cellulose crystallinity, feedstock
composition, and presence of inorganic impurities, which might influence the catalytic
valorisation process as well as the yield and distribution of target products. For example, a high

lignin content may cause resistance to paper utilisation, and its critical role has been recently
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highlighted in biomass conversion (Yoo et al., 2020). It was necessary to expose the cellulose
surface by removing lignin for the effective conversion of waste papers to LA and HMF.
However, limited information about paper properties and their influence on subsequent
conversion could be found in the existing literature. Therefore, a comparative evaluation of
different paper types for LA and HMF production was necessary for advancing our

understanding of paper waste valorisation in biorefinery.

Currently, mineral acids (e.g., H2.SO4 and HCI) provides the most viable option for LA
production from biomass substrates (Antonetti et al., 2020b), and the acid-catalysed conversion
of biomass reactions could be enhanced in polar aprotic solvents. In particular, GVL, a
biomass-derived product, was used as a polar aprotic solvent that could increase the hydrolysis
rates compared with the reaction carried out in the water (Mellmer et al., 2014a, 2019).
Organosolv pretreatment using GVL/H20 solvent was reported to deconstruct the biomass to
separate C5/C6 sugar and lignin (Timokhin et al., 2020), which might overcome the
recalcitrance of lignin fraction in the paper and enable effective conversion. In addition, metal
chlorides such as FeCls have attracted considerable attention for biomass catalysis owing to
their abundance, occupational safety, low cost, and better recoverability compared to mineral
acids. It would be useful to disrupt hydrogen bonds within cellulose and destabilise the
crystalline structures (Du et al., 2020). Furthermore, considerable Lewis acidity of FeCls and
Bransted acidity generated in the solution make it a suitable catalyst for promoting hydrolysis
and dehydration of cellulose-rich biomass substrates for the production of LA, HMF, and
furfural (Yu et al., 2016; Wang et al., 2018; Di Fidio et al., 2020). FeClz and H.SO4 might be
used as a combined catalytic system to investigate whether synergetic effects could be achieved
during biomass conversion. Therefore, FeClz as a catalyst could be beneficial to develop cost-

effective and time-efficient valorisation technologies for complex paper wastes.
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This chapter investigated the microwave-assisted, high-throughput conversion of
various types of paper wastes using H>SO4 and FeCls catalysts and a green solvent (GVL/H20,
1:1). Nine types of paper substrates, originally manufactured by mechanical or chemical
pulping, were selected in this study to investigate the feedstock viability for platform chemical
synthesis, which is mostly unexplored at present. The paper properties, including feedstock
composition, cellulosic crystallinity, and thermal stability were investigated to identify the
desirable characteristics of paper wastes for chemical production under microwave-assisted
catalytic systems. This study was designed to recognise the diverse compositions of the paper
waste streams and assess the influence of compositional variation on the platform chemical

production through manipulating the system components.

5.2. Results and discussion

5.2.1 Characteristics and composition of various paper wastes
Distinct characteristics and lignocellulosic composition of various paper wastes are

presented in Table 5.1 and Figure 5.2. The majority of the papers were manufactured from

virgin wood, except for bamboo napkins and paper food boxes that were produced from
sugarcane bagasse, whereas paper mould was manufactured from the waste paper pulp (Table
5.1). The newspaper was produced by combining ~70-80% mechanical pulp and ~20-30%
chemical pulp, and the tracing/parchment paper was prepared by sulphite pulping. Kraft pulp
was used for manufacturing other papers. Other than packaging paper and bamboo napkins, all
papers originating from chemical pulp were bleached. To reveal the nature of cellulosic fibres,
the untreated paper substrates were analysed using XRD. According to the XRD patterns,
various paper substrates exhibited peaks at 20 = ~16° and 22° corresponding to natural
cellulose 1, indicating that the crystalline structure of cellulose was rarely changed after the

paper manufacturing processes. In contrast, for paper mould, a small peak at 20 = ~12°
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corresponding to regenerated cellulose Il was observed, i.e., a slight transformation of
cellulosic fibres happened during pulp recycling. Notably, compared to regenerated cellulose,
cellulose I was thermodynamically prone to be converted (Cheng et al., 2011). The crystallinity
index (Crl) of various paper wastes was calculated to present the crystalline phase proportion,
as shown in Table 5.1. The lowest Crl value (53.3%) of newspapers reflected the low
crystallinity and strength of cellulosic fibres, probably resulting from the extensive mechanical
force used during mechanical pulping operation (Biermann, 1996). The highest Crl value
(67.5%) observed for tracing/parchment paper was possibly due to the acid hydrolysis of
unstable amorphous cellulose, thus increasing the relative crystallinity of the resulting
substrate. The Crl values of sanitary papers such as paper towels and napkins ranged from 58
to 66%, while the remaining papers had comparable crystallinity, e.g., ~56% for printing and

packaging paper and ~60% for paper food box and paper mould.
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Table 5.1 Characteristics of various paper waste substrates (untreated)

Paper wastes Raw materials Pulping process Pulp Crystallinity
bleaching index (Crl)

HKIA paper towel Wood, virgin Chemical pulp, Kraft/sulfate Bleached 66.4

Napkin-1 (wood) Wood, virgin Chemical pulp, Kraft/sulfate Bleached 60.5

Napkin-2 (bamboo) Bamboo, virgin Chemical pulp, Kraft/sulfate Not bleached 57.9
Category-1 Tracing/parchment Wood, virgin Chemical pulp, sulfite Bleached 67.5

paper

Paper food box Sugarcane - Not bleached 59.6

bagasse

Printing paper Wood, virgin Chemical pulp, Kraft-sulfate Bleached 56.1

Newspaper Wood, virgin Mechanical pulp 70-80% + Chemical pulp 20-  Not bleached 53.3
Category-2 30%

Packaging paper Wood, virgin Chemical pulp, Kraft/sulfate Not bleached 56.4

Paper mould Waste paper Recycled pulp prepared using mechanical force  Not bleached 59.7
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The organic carbon content (wt%) of various paper feedstock was measured initially to evaluate
the potential of waste paper as a carbon source for chemical production (Table C.1). It was
found that the papers manufactured by chemical pulping (kraft and sulphite) had comparable
carbon contents ranging from 37.7 to 40.7%, except the printing paper with the lowest amount
of organic carbon (33.3%). In comparison, the newspaper contained the highest amount of
organic carbon (43.9%), indicating the higher carbon retention by mechanical pulping, and
comparatively, a higher carbon loss could be expected during the chemical pulping process.
By further analysing the lignocellulosic composition of various paper wastes (Figure 5.2), the
highest cellulose content was identified up to 87.2 wt% in the tracing/parchment paper, and the
sanitary papers had similar cellulose and hemicellulose contents of approximately 83-85 wt%
and 14-17 wt%, respectively. The high cellulose contents in the paper wastes showed great
potential for the selective production of LA through hydrolysis of cellulose into C6 sugars with
subsequent dehydration and rehydration to LA. A low lignin content (0.1-1.2 wt%) in the paper
waste from kraft pulp manifested the efficiency of kraft pulping for delignification, which is
believed to reduce the hindrance of lignin components and expose more carbohydrate
substrates for further valorisation. In contrast, a high lignin content (26 wt%) was measured in
the newspaper (mechanical pulping), which may correspond to a high organic carbon due to
the high carbon content (60—65%) of lignin (Bengtsson et al., 2019). A notable amount of lignin
(8 wt%) was also detected in the paper mould which was manufactured from recyclable waste
papers. Although the source of the original waste papers was not identifiable, substantial lignin
content in the paper mould implied that the original paper wastes might be manufactured

through the mechanical pulping process.
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Figure 5.2 Cellulose, hemicellulose, lignin, and ash content of various paper waste substrates,
(a) category-1 paper, (b) category-2 paper.

Apart from the major organic components, the paper towels, napkins,
tracing/parchment paper, and paper food boxes also contained a small amount of ash or
inorganic impurities (0.2-1 wt%) (Figure 5.2). In contrast, other paper wastes had higher ash
contents, such as 5.2 wt% for newspaper, 12.2 wt% for packaging paper, 18.5 wt% for printing
paper, and 26.1 wt% for paper mould, respectively. The ash content in papers might originate
from the inherent metals in biomass feedstock and the addition of non-fibrous components,
such as mineral fillers during paper manufacturing for the improvement of paper properties

(e.g., printability, opacity, and stability) and cost savings for materials and energy use (Agrawal
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et al., 2021). Common mineral fillers for papermaking include limestone/precipitated calcium
carbonate (CaCOz) and clay (Shen et al., 2011; Hubbe and Gill, 2016). The characteristic peak
of CaCOg at 20 =~29.7° in XRD patterns (L. Chen et al., 2020) was observed for paper wastes
with high ash content, and the peak intensity was comparatively higher for printing paper than

paper mould and packaging paper.

Considering the variability in overall composition and crystallinity of different paper
wastes, it would be more practical to evaluate the product yields and recognise the influential
properties by categorising the paper wastes into two groups with comparable compositional
characteristics for our subsequent discussion. Category-1 represented the paper wastes
consisting of comparatively higher contents of cellulose, higher crystallinity, and lower
contents of lignin and inorganics, whereas Category-2 represented the paper wastes having
lower cellulosic contents and lower crystallinity yet containing a substantial amount of lignin

and ash (Table 5.1 and Figure 5.2).

5.2.2 Influences of paper waste properties on product yields

The catalytic conversion was conducted to evaluate product yield from different paper
wastes under the reaction conditions of catalyst 0.5 M H2SO4, 160 or 180 °C, 0-20 min,
GVL/H20 solvent (1:1), and the results are shown in Figure 5.3. In general, the conversion of
various papers showed a similar trend for LA production. While using a lower temperature of
160 °C, LA yield and total cellulosic product yield (including LA, C6 sugars, HMF, and FA)
increased steadily with increasing reaction duration. In contrast, the maximum total cellulosic
product yield (49-64 mol%) was observed within 1 min reaction at 180 °C for all paper wastes,
denoting efficient hydrolysis of the substrates under the selected reaction conditions. A
considerable LA yield was obtained rapidly after 5 min of reaction at 180 °C, for instance, ~33-
37.5 mol% from Category-1 substrates and ~21-46 mol% from Category-2 substrates. The total
cellulosic product yield at 180 °C reached a plateau and started to decrease after 15-20 min of
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reaction, probably due to the humins formation through condensation of intermediates and/or
products at a prolonged reaction duration. Overall, the substantial LA yield achieved from
various paper wastes in this study clearly indicated the viability and potential of the assorted

paper waste stream for LA production.

Comparative differences in the product yields were more evident at 160 °C (Figure
5.3). In the case of Category-1, paper food boxes generated the maximum C6 sugar yield (42
mol%) and total cellulosic product yield (56 mol%) compared to the tracing/parchment paper,
which provided 31 mol% and 47 mol% C6 sugar yield and total cellulosic product yield,
respectively, at 160 °C and 5 min (Figure 5.3a and 5.5b). Such variation in the hydrolysis
performance could be attributed to the difference in cellulosic crystallinity of the
tracing/parchment paper (Crl value: 67.5) and paper food boxes (Crl value: 59.6). The presence
of highly crystalline cellulose in tracing/parchment paper might have constrained the

hydrolysis process and resulted in a lower product yield.
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Figure 5.3 LA yield and total product yield (cellulosic fraction) from catalytic conversion of
various paper waste substrates: (a) category-1 paper and (b) category-2 paper (5 wt/v%
substrate, 0.5 M H2S0O4, 160 or 180°C, 1-20 min, 1:1 GVL/H20 solvent).
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However, napkin-2 (bamboo) (Crl value 57.9) could not provide a higher product yield
(46 mol%, 160 °C, 5 min) than other paper wastes, despite having the lowest cellulosic
crystallinity among Category-1 substrates, which was probably due to the hierarchical structure
of bamboo fibres with high thermal stability (i.e., cellulose microfibrils reinforcing the
intertwined hemicellulose-lignin matrix). The thermal behaviour of various paper wastes was
validated by TGA. A small weight loss and a higher cellulose degradation temperature at
approximately 346 °C were observed for bamboo napkins, while the designated peak appeared
at a relatively lower temperature region (337 °C) for paper food boxes, indicating the enhanced
thermal stability of bamboo-derived papers (Figure 5.4a). In particular, an increase in the fibre
surface roughness and thermal stability of bamboo fibre after alkaline treatment was reported
by a recent study (Chin et al., 2020), which might be relevant for bamboo napkins manufactured
through kraft pulping. Therefore, higher energy input was required for the hydrolysis of
thermally stable cellulosic fibres in certain types of paper wastes, which could ultimately affect

the product yields.

In contrast, the thermal stability of the Category-2 substrates was not significantly
different (Fig. 5.4b). Notably, the distinct shoulder peak of hemicellulose (~295 °C) and a sharp
peak for cellulose degradation (~342 °C) (He et al., 2022) were observed in the DTG curve of
paper mould. This was not the case for the other paper wastes where only a single peak
represented the degradation of cellulose and hemicellulose as a whole. Therefore, the fibres in
the paper mould were expected to undergo facile hydrolysis and generate a higher LA yield.
However, the LA yield generated from the paper mould was significantly lower than the other
Category-2 substrates. For example, the newspaper provided the maximum LA yield of 45.7
mol% within 5 min of reaction at 180 °C (Figure 5.3b). By contrast, only 21 mol% LA vyield
was achieved from the paper mould under the same reaction conditions, i.e., the yield was 55%

lower than the newspaper, and a longer reaction duration of 20 min was required to obtain a
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high LA yield (43.6 mol%). Such a significant disparity in LA yield could be ascribed to the
differences in paper composition and cellulosic crystallinity. The newspaper with lower
crystallinity (53.3%) could be more easily converted than the paper mould with higher
crystallinity (59.7%). Moreover, different ash contents in the paper mould (26%) and the
newspaper (5.2%) could be a crucial factor affecting the hydrolysis reaction. As mentioned,
CaCOs could be the main phase for paper ash. Considering the acidic condition involved in
this system, the dissolution of inorganic components and the release of Ca?* was accompanied
by an increase in the solution alkalinity, which could hinder the acid-catalysed hydrolysis (Fang
etal., 2018). In addition, alkali and alkaline earth metals in the ash of paper wastes, such as Ca,
Mg, and K, could serve as base catalysts that may promote the condensation of intermediates
and/or products through C-C coupling (Chaudhary and Dhepe, 2017; Wang et al., 2019). It
could be deduced that the presence of mineral fillers in the paper wastes would negatively
affect the production of LA and HMF. Such influence was also observed in the latest study
where waste newspapers were pretreated with dilute acid prior to their conversion to LA to

minimise the negative influences of alkaline substances (Nzediegwu et al., 2021).

5.2.3 Comparative performance and product distributions in different catalytic systems
Subsequently, various catalytic systems (180 °C, 5 min) using H2SO4, FeCl3 (0.25 and
0.5 M), and H>SOs-FeCls (0.25 M each) were conducted to achieve high conversion of various
paper wastes and selective production of desired products. Both H,SO4 and FeCls catalysts
could efficiently promote the hydrolysis of paper wastes into sugars, C6 sugars (glucose) from
the cellulosic fraction and C5 sugars (predominantly xylose and minor content of arabinose)
from the hemicellulosic fraction that subsequently undergo dehydration to LA, HMF, and
furfural (Figure 5.5 and 5.6). LA was the primary product detected in both systems as HMF
derived from C6 sugars can be readily rehydrated to LA over Brgnsted acidic sites, considering

sufficient acidity in the reactant solution. Applying a lower concentration of H>SO4 (0.25 M),
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approximately 22-29 mol% LA yield was obtained from the Category-1 substrates (Figure
5.5a). It is noteworthy that LA yield in the 0.25 M H>SO4 catalysed system was nearly
comparable with the 15.6-24 mol% LA yield generated from the 0.25 M FeCl3 catalysed system
(Figure 5.6a), reflecting the analogous solution Brgnsted acidity (derived pH ~1, in GVL/H20
solvent) observed for both catalysts. However, FeClz might be less effective in the hydrolysis
of highly crystalline tracing/parchment paper (Crl value 67.5), of which the yield of LA was
comparatively lower with FeCls catalyst (15.6 mol%) than that with H2SO4 (22.3 mol%). It
should be remarked that metal chlorides are safer and more easily recoverable compared to
mineral acid catalysts, which is attractive from the sustainable biorefinery perspective (Di Fidio

et al., 2020).

Employing H2SO4 (0.25 M, 180 °C, 5 min) catalyst, a maximum of 7.5 mol% HMF
was produced from the tracing/parchment paper among the Category-1 substrates, while 11
mol% HMF was obtained from the paper mould among the Category-2 substrates. In contrast,
under the FeCls (0.25 M, 180 °C, 5 min) catalytic system, a maximum of 11.7 mol% and 14.8
mol% HMF could be observed from the tracing/parchment paper and paper mould,
respectively. The results indicated that the FeCls catalyst was more selective for HMF
production compared to the H.SOj4 catalyst, suggesting an important contribution of metal
chloridesto HMF production. FeCls acting as a Lewis acid showed the ability to attract electron
pairs, leading to rapid catalytic reactions (Liu et al., 2020a). The metal cations in the aqueous
solution could generate hydrolysed HzO*, which further enhanced the Brgnsted acidity of the
solution (Wang et al., 2018). Previous studies reported the crucial role of chloride salts in
facilitating acid-catalysed biomass dehydration owing to the stabilised protonated transition
state by chloride ions (Mellmer et al., 2019, 2014a). The increased HMF yields could be

achieved using GVL/water solvent mixed with chloride salts. As a result, improved hydrolysis
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efficiency could be achieved in this study by accounting for the efficient conversion of

cellulose-enriched substrates into HMF and LA with FeCls catalyst.
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Figure 5.5 Product yields from catalytic conversion of various paper waste substrates: (a) 0.25
M H2S0s4, 180°C; (b) 0.5 M H2S04, 160°C; and (c) 0.5 M H2S04, 180°C (5 wt/v% substrate, 5
min, 1:1 GVL/H20 solvent).
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Figure 5.6 Product yields from catalytic conversion of various paper waste substrates: (a) 0.25
M FeCls; (b) 0.5 M FeCls; and (c) 0.25 M H2SO4 + 0.25 M FeCls (5 wt/v% substrate, 180°C, 5
min, 1:1 GVL/H20 solvent).
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It was noted that LA yield varied significantly among the Category-2 substrates using
a lower acid concentration (~9-41 mol% using 0.25 M H2SOs, and ~4-30 mol% using 0.25 M
FeClz), which might be attributed to the varied contents of non-convertibles such as lignin and
ash content. Hence, LA yields were plotted against the ash content of various paper wastes to
examine the associated influences (Figure 5.7). A strong negative correlation (Pearson
correlation coefficient, r = -0.9) was observed between ash content and LA vyield, further
demonstrating the negative impacts of indigenous mineral fillers in the paper wastes.
Nevertheless, the influence of ash content was less pronounced for higher acidic conversion
(0.5 M H2S0s). A substantial amount of LA could be obtained from both Category-1 (~33-38
mol%) and Category-2 (~21-46 mol%) substrates when using 0.5 M H2SO4 (Figure 5.5c).
Considering the moderate acidic concentration, temperature, and duration employed in this
study, the obtained LA yield was promising compared to the existing studies that reported
cellulosic substrate conversion. For instance, 15.4 wt% LA vyield was reported from paper
sludge under concentrated H.SO4 at 200 °C temperature and 60 min of reaction duration
(Galletti et al., 2012). However, a precise comparison among different studies was challenging
owing to the differences in the reactor designs, feedstock characteristics, solvent selection,
substrate loading, etc., employed for the biomass conversion. In addition, marginal changes in
LA yield were observed between 0.25 M and 0.5 M FeCls catalysed conversion (Figure 5.6a,
b), which was in agreement with a previous study on corn stalk conversion to LA (Zhi et al.,
2015). A slight decrease in the total cellulosic product yield under 0.5 M FeCls catalyst implied
the insoluble humin formation through condensation and polymerisation between sugars and

derivatives.
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Figure 5.7 Correlation between ash content and LA yield in category-2 paper substrates using
0.25 M H2S04 or 0.25 M FeCls (5wt/v% substrate, 180°C, 5 min, 1:1 GVL/H20 solvent).

Notably, several paper wastes provided the maximum LA yield (e.g., 36 mol% for paper
towels and tracing/parchment paper) when a combination of H.SO4 and FeClz (0.25 M each)
was used as a catalyst (Figure 5.6¢). This suggested the potential synergetic effects with a
combination of Brgnsted and Lewis acid catalysts for LA production, probably because they
could catalyse the tandem reactions of isomerisation of glucose to fructose, dehydration to
HMF, and rehydration to LA by lowering the overall energy barrier. A non-stoichiometric
formation of FA (a co-product of HMF rehydration to LA) was particularly observed for the
H2SOs-FeCls catalysed system (FA: LA molar ratio ~1.6-1.7 for various paper wastes),
suggesting excess FA formation through alternative pathways in addition to HMF rehydration

(Flannelly et al., 2016).

Apart from LA, the conversion of paper wastes simultaneously generated a

considerable amount of value-added products derived from the hemicellulosic fraction, such as
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C5 sugars and furfural, which increased the total value of products obtained from the paper
waste biorefinery. Among the Category-1 substrates, a maximum of 75.3 mol% furfural was
synthesised from the bamboo napkins using the H2SO4 catalyst (0.25 M, 180 °C, 5 min).
Remarkably, the highest 83 mol% furfural along with 7 mol% C5 sugar yield could be achieved
from the printing paper (Category-2), corresponding to a 90% conversion of total carbon in the
hemicellulosic fraction of the printing paper (0.25 M H2SQO4, 180 °C and 5 min). However,
when 0.5 M H2SO4 was employed for the conversion, a lower furfural concentration was
generally observed for different paper substrates, suggesting that the produced furfural might
be partially degraded under a higher solution acidity. Notably, furfural yield was comparatively
lower in FeCls catalysed system compared to H2SOs4, which might be due to the rapid
production and subsequent degradation of furfural by FeCls catalyst containing both Lewis and
Brensted acidity (Ding et al., 2021). Therefore, a lower concentration of FeClz and/or a lower
temperature would be suggested if the furfural yield needs to be maximised from the paper

wastes in future studies.

5.2.4 Perspectives regarding chemical production from various paper wastes

Based on the above findings, it was perceived that the catalytic conversion of various
paper wastes would be considerably influenced by their composition, crystallinity, and thermal
stability of cellulosic fibre. The actual yield of products would vary considering the significant
variations of lignocellulosic composition and contents of ash and lignin (that could not be
converted to the target products) between Category-1 and Category-2 substrates. Therefore, the
yields of target products (LA, HMF, and furfural) based on the weight of the substrate were
calculated and compared between various paper wastes (Table 5.2). Under the selected
reaction conditions (0.5 M H2S0O4, 180 °C and 5 min), ~23-27 wt% LA yield could be achieved
from the Category-1 substrates, i.e., sanitary papers, tracing/parchment paper, and paper food

boxes that possessed high cellulose content (~80-87 wt%) yet limited lignin and inorganics.
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Conversely, LA yield was limited to ~10-20 wt% among the Category-2 substrates with a lower
content of cellulose. For instance, the newspapers (Category-2) provided 30% less LA yield
compared to the paper towels (Category-1). Moreover, the lowest LA yield (10.2 wt%) was
obtained from the paper mould, which originated from recycled pulp and contained an
excessive amount of ash (26 wt%) and a moderate amount of lignin (~8 wt%). The generated
LA yield from the paper mould was ~60% lower than the paper towel under the same
conditions. Although a maximum of ~20 wt% LA yield could be obtained from the paper mould
when the reaction was prolonged to 20 min, the increase in process cost and energy
consumption would impede LA production at a commercial scale. Therefore, paper wastes with

low contents of ash and lignin would be desirable for LA production.

In addition to the primary product of LA, variable yields of HMF could be obtained from
the Category-1 (~1-3.5 wt%) and Category-2 (~0.4-3.5 wt%) substrates. The maximum HMF
yield was achieved from the bamboo napkins (Category-1) and the paper mould (Category-2).
In addition, a notable furfural yield ~4-7.5 wt% could be obtained from the Category-1
substrates reflecting their comparable hemicellulose content. By contrast, the newspaper which
had the highest hemicellulose content (23.6%) among the Category-2 substrates generated the
lowest furfural yield (3.7 wt%) (Table 5.2). This could be attributed to the facile conversion
of the hemicellulosic fraction of newspaper (manufactured by mechanical pulping) yet rapid
degradation of newly produced furfural under the acidic condition. In other words, the reaction
conditions would need to be tuned according to the target products of primary interest in the
biorefinery. Based on the market price of the major products (LA 10 USD kg, HMF 100 USD
kg, and furfural 2 USD kg*; source: Alibaba), the total value of the produced chemicals could
be estimated. For example, 1 kg of HKIA paper towel could generate chemicals that were worth
a total value of 3.63 USD considering the LA, HMF, and furfural yields generated in this study,

signifying the economic benefits of paper waste valorisation. However, to evaluate the
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economic benefits of chemical synthesis from paper wastes, we should consider the

consumption and recycling of catalysts and solvents required for the production process.

Fractional distillation is a well-recognised and effective technique for the recovery of spent

organic solvent. Solvent recovery and reuse would provide significant environmental benefits

over virgin solvent manufacturing and waste solvent disposal (Dutta et al., 2022). Furthermore,

FeClz catalyst could be readily recovered as ferric hydroxide from the reacted solution and

subsequently processed to obtain FeCls for reuse (Di Fidio et al., 2020). In comparison,

different approaches have been investigated for H.SO4 recovery from the solution, including

ion exclusion chromatography, solvent extraction, and electrodialysis (Wolfaardt et al., 2021).

Table 5.2 Product yields from various paper waste substrates (0.5 M H2SO4, 180°C, 5 min,

1:1 GVL/H20 solvent)

Substrate LA yield HMF yield Furfural yield
(Wt%) (Wt%) (Wt%)
HKIA paper towel 257 0.96 5.08
Napkin-1 (wood) 26.6 1.34 5.69
Category-1 Napkin-2 (bamboo) 235 3.46 6.31
Tracing/parchment paper 26.8 1.50 3.93
Paper food box 23.1 1.27 7.46
Printing paper 19.5 2.01 4.83
Newspaper 17.8 0.43 3.66
Category-2 Packagin
ging paper 20.2 1.52 4.60
Paper mould 10.2 3.44 4.27

Overall, this chapter highlighted that the paper waste stream has a high potential for

platform chemical production. Variable properties of different paper waste considerably

influence the yield and distribution of target products. In particular, this research substantiates

the importance of feedstock selection and compositional analysis for specific product synthesis.
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Various waste biomass feedstock are attracting attention as renewable sources of chemicals,
yet their complex structures and variability in composition remain a major challenge for scaling
up the conversion of biomass to value-added products in biorefineries (Antonetti et al., 2016;
Yuetal., 2020a; Cao et al., 2021). Hence, the fundamental understanding and science-informed
selection of appropriate waste feedstock for cost-/time-efficient production and total

component utilisation would pave the way toward a circular bio-economy.

5.3 Summary

This chapter demonstrated the potential valorisation of different paper wastes for
platform chemical production (up to ~27 wt% LA yield) and elucidated the critical paper
properties for biorefinery applications. Owing to the lignocellulosic composition, sanitary
papers, tracing/parchment paper, and paper food boxes with a high cellulose content were more
viable for LA and HMF production using H2SO4 and FeCls catalysts under GVL/H.O green
solvent. By contrast, high contents of lignin and mineral fillers impeded LA yield from the
other paper wastes. Insights from this study could be beneficial for identifying suitable

lignocellulosic candidates and scaling up paper waste valorisation.
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Chapter 6: Enhancement of Lignocellulose Depolymerisation

Abstract

This chapter investigated the depolymerisation of lignocellulosic paper towel waste using
emerging green solvents such as organic carbonates. Organic carbonate solvents, i.e.,
propylene carbonate (PC), ethylene carbonate (EC), and dimethyl carbonate (DMC), which are
low in toxicity and biodegradable, were investigated as ‘green’ co-solvents (PC/H20O, EC/H20,
DMC/H20, solvent ratio 1:1) for depolymerisation of cellulosic paper towel waste. PC/H20O
and EC/H,0 enhanced the depolymerisation of paper towel waste and improved the total sugar
yield (up to ~25 C mol%) compared to H>O only (up to ~11 C mol%) at mild reaction
conditions (130°C, 20 min). The higher performance of PC/H,O and EC/H2O could be
attributed to the higher availability of reactive protons in the catalytic system that facilitates
efficient acid hydrolysis of recalcitrant cellulosic fibres. Moreover, a substantial build-up of
in-vessel pressure by CO: release during the microwave-assisted reaction because of
decomposition of PC or EC might have accelerated the conversion of paper towel wastes. PC
and EC are prospective solvents for lignocellulosic biomass conversion considering their green
features and notable catalytic performance, which have a good potential for substituting
conventional organic solvents such as dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF)

that are often considered hazardous in terms of health, safety, and environmental implications.
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Figure 6.1 Graphical abstract of Chapter 6

6.1 Research questions

Depolymerisation is a crucial step to obtain sugars from lignocellulose which could be
further upgraded to value-added chemicals and fuels in the biorefinery industry. It is essential
to develop cost-effective technologies for lignocellulose depolymerisation to achieve a high
sugar yield using mild reaction conditions with low energy requirements (Fan et al., 2013;
Mellmer et al., 2014a). As demonstrated in Chapter 4 and Chapter 5, depolymerisation of
cellulose-rich waste usually requires a high reaction temperature or the use of concentrated
mineral acid due to the recalcitrant nature of highly crystalline cellulosic fibres, which can be
detrimental to the environment (Fan et al., 2013; Luterbacher et al., 2014). The use of organic
solvents could facilitate lignocellulose conversion under mild reaction conditions, such as
dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), and ionic liquids (Shuai et al., 2016; Chen
et al., 2017c). However, environmental and safety concerns were raised against these
conventional solvents, and their substitution with greener solvents is recommended (Prat et al.,
2016). More research efforts are needed to explore green alternatives that are environmentally

benign without compromising the lignocellulose conversion efficiency. Recently, several
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studies have reported effective lignocellulose conversion using novel green solvents such as
GVL (Yuetal., 2018; Guan et al., 2020). Considering the efficient performance of GVL green
solvent in Chapter 4, this chapter focuses on investigating other recommended and emerging
green solvents as the medium for waste biomass valorisation following the CHEM21 selection

guide of classical and less classical solvents.

Organic carbonate solvents, such as propylene carbonate, ethylene carbonate, and
dimethyl carbonate exhibit high biodegradability, low toxicity, and good safety score (stable
under ambient conditions, low volatility, and flammability) (Table 6.1), while their synthesis
involves the utilisation of carbon dioxide (CO2) (Schaffner et al., 2008; Parker et al., 2014; Prat
et al., 2016). These environment-friendly features imply their suitability as potential green
solvents for biomass valorisation. A few studies reported an improved rate of catalytic biomass
conversion using PC (Yu et al., 2018b), EC (Yamada et al., 2007; Shin et al., 2009), and DMC
(Dabral et al., 2018) in the reaction media. However, there was a lack of comparison among
these carbonate solvents to understand their potential roles in assisting catalytic

depolymerisation of lignocellulosic waste.

Table 6.1 Properties of organic carbonate solvents

Properties PC EC DMC Reference
Boiling point (°C) 242 248 90 (Pratet al.,
Flash point (°C) 132 143 16 2016)
Polarity 0.83 - 0.45 (Zhang et

al., 2013)
LDsg (lethal dose) 34920 >5000 9000 (Schéaffner
(oral) (rat) [mg kg] ;t()?)lfi)
Biodegradability (d) 94% (29) Readily 88% (28)

biodegradable

Solubility with water 240 214 139

[g L7] (20°C)
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This chapter aimed to investigate the use of PC, EC, and DMC as green co-solvents in
a binary organic solvent-water system for the conversion of paper towel waste catalysed by
dilute sulfuric acid (H2SOa) in mild reaction conditions. The study provided insights into the
role of organic carbonate solvents in the sustainable and efficient valorisation of lignocellulosic

feedstock in the biorefinery.

6.2 Results and discussion

6.2.1 Depolymerisation of paper towel waste in PC/H20 solvent system

Catalytic conversion of paper towel waste in PC/H.O showed relatively slow
depolymerisation at 120°C, achieving approximately 1-4 mol% of glucose, 3-6 mol% xylose,
and 2 mol% of mannose during the 20-min reaction (Figure 6.2a). The production of xylose
and mannose was more efficient than glucose, suggesting a lower energy requirement for the
depolymerisation of hemicellulose compared to cellulose in PC/H20. As the temperature
increased to 130-150°C, a sharp increase in the maximal glucose yield was observed (~21-25
mol%) in 10-20 min (Figure 6.2b-d), which was promising and comparable to glucose yield
obtained in previous studies using cellulosic substrate in the organic solvent-water system, for
instance, ~10 mol% from vegetable waste (DMSO/H20, 120°C, 5 min, 0.5 g Amberlyst 36)
(Chen et al., 2017c), and ~14 mol% from Chinese Pennisetum (GVL/H20, 180°C, 20 min, 1

M H2S0a) (Guan et al., 2020).

It was observed that the rate of glucose production increased at the point where the
xylose yield started to decline (Figure 6.2b-d). For instance, at 130°C, the glucose production
rate was ~0.28 mol min* during 0-15 min of reaction while xylose yield was increasing.
However, after 15 min, xylose yield started to decline, and a rapid improvement in glucose
production rate (~3.3 mol min) was observed (Table 6.2). Cellulose fibres are usually covered

by amorphous hemicellulose within lignocellulosic biomass, which needs to be dissolved to
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improve the accessibility of cellulosic fibres to protons in homogeneous catalytic conditions
(Shuai and Luterbacher, 2016). A sharp increase in glucose yield in parallel to the declining
xylose yield might be because complete depolymerization of hemicellulose exposed more
cellulose fibres for favourable proton attack to facilitate cellulose hydrolysis. Hemicellulose
content is 21% of the total carbon in the paper towel waste, while the maximum total yield of
hemicellulosic monomers and derivatives (i.e., xylose, mannose, and furfural) detected in
PC/H20 was ~16.5 mol% (140°C, 10 min), which indicated highly efficient depolymerisation

of hemicellulose during the hydrolysis in the PC/H20 solvent.
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Figure 6.2 Product yields versus time during the catalytic conversion of paper towel waste in
PC/H20 solvent system at different temperatures (a) 120°C, (b) 130°C, (c) 140°C, (d) 150°C,
(Reaction conditions: 5 wt% substrate loading, 0.135 M H2SOs, solvent ratio: 1:1)
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Table 6.2. Rate of glucose production in PC/H,O

Rate of glucose production (C mol min-)

Temperature Before declining xylose yield After declining xylose yield
130°C 0.28 3.26
140°C 0.80 3.45
150°C 1.86 3.06

The PC/H20 solvent system generated a maximum total sugar yield of ~30 mol%
(140°C, 15 min, and 150°C, 10 min) (Figure 6.3a). A gradual decrease in total sugar yield was
detected after 15 min at 140°C and after 10 min at 150°C, indicating the secondary reactions
of sugars, e.g., dehydration to HMF and furfural and rehydration to LA. The negligible amount
of fructose (~0.7-1.4 mol%) (Figure 6.2a-d) suggests that glucose was converted to HMF via
direct dehydration, without isomerization to fructose as the intermediate step. Strong Brensted
acids favoured direct dehydration of glucose to HMF and had an insignificant effect on
glucose-fructose isomerization (Yang et al., 2015; Chen et al., 2017c). The direct glucose
dehydration was less feasible than that of xylose (to furfural), which was consistent with the
previous findings (Enslow and Bell, 2015) and plausibly suggests a lower energy barrier for
the latter reaction. The maximum total soluble product yield achieved was ~60 mol% (150°C,
10 min) (Figure 6.3b), implying efficient depolymerization of paper towel waste in the

PC/H,0 solvent.
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Figure 6.3 (a) Total sugar yields at 120-150°C in PC/H20, and (b) total product yields at 120-
150°C in PC/H20, (Reaction conditions: 5 wt% substrate loading, 0.135 M H2SO4, solvent
ratio: 1:1)

The crystallinity index (Crl) was calculated from the XRD patterns of post-reaction
solid residues in the PC/H20 solvent system (120-150°C, 20 min) (Figure 6.4). The Crl
increased from 66.4% for the untreated sample to 74.2% for residues obtained after heating at
120°C for 20 min, suggesting that most of the amorphous fraction was consumed for sugar
production, and the proportion of crystalline fraction relatively increased. The small increase
in BET surface area (7.26 m? g at 120°C vs 1.53 m? g’ for untreated sample) possibly resulted
from pores newly created along with the dissolution of the amorphous matrix. At higher

temperatures, the crystalline fraction decomposed given the decrease in Crl to 69.5% at 130°C
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and to 64.5% at 140°C. The SEM images showed fibre breakdown with the increasing

temperature in PC/H.O (Figure 6.5).
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Figure 6.4 XRD patterns, Crystallinity index (Crl) and BET surface area of untreated paper
towel waste and post-reaction solid residue in PC/H20 solvent system at different temperatures
120°C, 130°C, 140°C, and 150°C (Reaction conditions: 5 wt% substrate loading, 0.135 M
H2SO4, duration: 20 min, solvent ratio: 1:1)
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Figure 6.5 Scanning electron microscope (SEM) images of untreated paper towel waste (a&f)
and post-reaction solid residue in PC/H20 solvent system at different temperatures 120°C
(b&g), 130°C (c&h), 140°C (d&i), and 150°C (e&]) at 500x (a, b, c, d, e) and 5000x (f, g, h, i,
J)) magnification (Reaction conditions: 5 wt% substrate loading, 0.135 M H2SOs, duration: 20
min, solvent PC/H20 (1:1))

6.2.2 Comparative conversion in different carbonate solvent-water systems

Among the solvents investigated, PC/H20 and EC/H>O demonstrated enhanced
depolymerisation of paper towel waste (total sugar yield up to ~25 mol% at 130°C) considering
the conversion of paper towel waste in 100% H20 as the baseline (total sugar up to ~11 mol%).
All solvents generated a similar glucose yield (~1-2 mol%) after 5 min of reaction at 130°C.
Unlike reaction in H20 only, PC/H20 and EC/H,O demonstrated notable improvement in
glucose yield when the reaction was extended to 20 min (up to ~20 mol% in PC/H20) (Figure
6.6a-d). After a 20-min reaction (130°C), four times higher total soluble product yield (~41
Cmol%) was observed in PC/H20 compared to that of H2O alone (~11 mol%) (Figure 6.7b),
demonstrating the effectiveness of carbonate solvent system for the deconstruction of
lignocellulosic fibres of paper towel waste. Comparing the conversion in different carbonate

solvent-water systems, EC/H20 was the most efficient solvent in terms of total sugar yield
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Figure 6.6 Product yields during the catalytic conversion of paper towel waste in different
solvent systems subject to reaction duration- (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, (LA
yield could not be quantified due to technical issue) (Reaction condition: 5 wt% substrate
loading, 0.135 M H,SO4, temperature: 130°C, solvent ratio: 1:1)

(~19 mol%) and total product yield (~25 mol%) at 130°C in 10 min (Figure 6.7a, b). Apart
from the improved glucose yield (~4 mol%), EC/H.0O generated a higher yield of xylose (~12
mol%) and mannose (~2.5 mol%) than other solvent systems. Almost complete conversion of
hemicellulose (i.e., hemicellulose content is 21% of the total carbon in the substrate) was
achieved in EC/H20 considering the total yield of xylose, mannose, and furfural (~19.5

mol%) at 130°C in 10 min (Figure 6.6b).
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Figure 6.7 (a) Total sugar yields, and (b) total product yields (LA yield could not be quantified
due to technical issues, and total product yield in EC/H20 does not include the yield of LA)
(Reaction condition: 5 wt% substrate loading, 0.135 M H>SQO4, temperature: 130°C, solvent
ratio: 1:1)

Characterisation of post-reaction solid residues indicated higher conversion of paper
towel waste in EC/H.O solvent compared to other solvents under the same reaction conditions.
Calculated Crl values of post-reaction solid residues (130°C, 20 min) (Figure 6.8a) showed a
slight increase in the crystallinity ranging from ~67-69% for H.O (100%), PC/H.O, and
DMC/H20 compared to untreated paper towel waste (66.4%), possibly because the
decomposition of the amorphous fraction of cellulose led to a higher relative crystallinity. In

contrast, a substantial decrease in Crl value (~47.5%) was observed in the EC/H20 system,
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Figure 6.8 (a) XRD patterns and (b) FTIR spectra of untreated paper towel waste and post-
reaction solid residue in different solvent systems (Reaction conditions: 5 wt% substrate
loading, temperature: 130°C, duration: 20 min, 0.135 M H2SOg, solvent ratio: 1:1)

which implies an efficient breakdown of recalcitrant cellulosic fibres of paper towels.
Similarly, SEM images revealed a greater reduction in the fibre sizes (Figure 6.9) in EC/H.0
compared to other solvents. Moreover, an increase in specific surface area (Sger 4.01 m?g™ at

130°C, 20 min) was measured for solid residue in EC/H.O compared to untreated paper towel
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waste (Sget 1.53 m?g™Y) and solid residues in other solvent systems. Solid residues in PC/H20
and EC/H20 were further analysed through FTIR (Figure 6.8b), in which noticeable changes
in transmittance were observed at 1425 cm™, 1160 cm™, and 848 cm™. The observed peak at
1425 cm™ is associated with the crystalline structure of cellulose (Hospodarova et al., 2018),
which was reduced to a greater extent in EC/H.O compared to PC/H20 indicating a significant
alteration in the crystalline fraction of fibres. On the other hand, the observed peaks at 1160
cm™ and 848 cm™ can be attributed to the C-O-C ring vibrational stretching of B (1,4) linkage
of cellulose (Sim et al., 2012; Khan et al., 2018), which was also significantly altered in the
solid residue in the EC/H»0 solvent. Analysis of soluble samples and characterisation of solid
residues consistently indicate a higher conversion of paper towel waste in EC/H.O compared

to other solvent systems in this study.

Figure 6.9 Scanning electron microscope (SEM) images of untreated paper towel waste (a&f)
and post-reaction solid residue in H20O (100%) (b&g), DMC/H20 (c&h), PC/H20 (d&i), and
EC/H20 (e&j) at 500x (a, b, c, d, e) and 5000x (f, g, h, i, j)) magnification (Reaction conditions:
5 wt% substrate loading, 0.135 M H2SO4, temperature: 130°C, duration: 20 min, solvent
ratio:1:1)
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During the conversion of standard cellulose in PC/H20O (Figure 6.10a), higher total
sugar yield (~40 mol%) and total product yield (~45 mol%) were observed compared to the
conversion of paper towel waste (total sugar yield ~25 mol% and total product yield ~41 mol%)
(Figure 6.7a, b) employing identical reaction conditions (130°C, 20 min). This reflects a more
efficient conversion of standard cellulose than that of lignocellulosic paper towels in PC/H20.
To compare the performance of carbonate solvents with conventional solvents in biorefinery,
paper towel conversion was also conducted in DMSO/H20. It is noteworthy that only ~14
mol% of total sugar yield and ~15.4 mol% of total product yield (Figure 6.10b) were achieved
from the conversion of paper towel waste in DMSO/H.0 (130°C, 20 min), representing ~45%
and ~62% lower than those of PC/H>0 (total sugar yield ~25 mol% and total product yield ~41
mol%). These results clearly illustrate the significance of green carbonate solvents such as PC
and EC, which could outperform DMSO and offer a potential alternative for hazardous organic

solvents that are commonly used for catalytic conversion of lignocellulosic biomass.
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Figure 6.10 Total sugar yield and total product yield during the catalytic conversion of (a)
standard cellulose in PC/H20, (b) paper towel waste in DMSO/H,0O (Reaction condition: 5
wit% substrate loading, 0.135 M H2SOs, temperature: 130°C, duration: 20 min, solvent ratio:
1:1)
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6.2.3 Role of carbonate solvents for effective depolymerisation

Carbonate solvents might improve depolymerisation through deconstruction and
expansion/swelling of lignocellulosic fibres or their participation in the catalytic process via
activation of protons/substrates, etc. To explore the potential roles of carbonate solvent, paper
towel waste was treated in PC/H20 (140°C, 10 min, no acid addition) and the specific surface
area of the treated substrate was compared to that of untreated paper towel waste. Untreated
and PC/H.O treated paper towel waste showed similar Sger values (1.03-1.5 m’g™).
Furthermore, PC/H;0 treated paper towel waste was subjected to the reaction in H.O (100%)
(140°C, 10 min, 0.135 M H»SOg4). No significant difference in the sugar yield was observed
between untreated (~11 mol%) and solvent treated (~12 mol%) substrate conversion (Figure
6.11). These results suggest that carbonate solvents on their own might not disrupt the
cellulosic structure or cause swelling of the paper towel waste. The enhanced depolymerisation
of paper towel waste could be related to the higher activity of protons in the presence of PC
and EC as the aprotic solvents compared to that in water alone. The protons from Brgnsted acid
catalyst tend to be more stabilised in H.O compared to a solvent system containing an aprotic
solvent due to the increased solvation of protons by H.O molecules, which leads to the lower
reactivity of Brgnsted acid in H2O than that of an aprotic solvent (Mellmer et al., 2014b).
Alternatively, the organic solvent-water binary system can create a distinct phase near the
surface of cellulose through preferential binding of organic solvent molecules to the
hydrophobic surface and binding of water molecules with the hydrophilic surface. As a result,
cellulose surfaces are chemically modified, and the induced bond cleavage can eventually

enhance cellulose hydrolysis (Smit and Huijgen, 2017; Song et al., 2018).
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Figure 6.11 Sugar yields during the catalytic conversion of untreated and PC/H>0 treated paper
towel waste subject to the reaction in H.O (100%) (Reaction condition: 5 wt% substrate
loading, 0.135 M H,SOg4, temperature: 140°C, duration: 10 min, solvent: H.O (100%)).

Improved depolymerisation of substrates in the PC/H>O and EC/H20 solvents could
also be attributed to the significant in-vessel pressure development during catalytic conversion
in these solvents, which reached up to ~26 bar (130°C, 20 min), in contrast to the maximum
~5 bar recorded for H>O only (Figure 6.12). High in situ pressure during catalytic reactions
was reported to accelerate the conversion of lignocellulose in previous studies (Duo et al.,
2016; Yu et al., 2018b). High in-vessel pressure development in the PC/H,0O and EC/H,0
solvent systems might be associated with the release of CO, from solvent degradation, as PC
and EC could decompose to CO. and propylene glycol (PG) and ethylene glycol (EG)
respectively, under the acidic condition. As acidic degradation of PC and EC could liberate
COz (Hlavaty and Novak, 1992; Zhang et al., 2013), in situ pressure raised sharply during the
reaction in PC/H,0 and EC/H20 solvent systems (Figure 6.12). A noticeable amount of gas
bubbles was observed in the reacted solutions of PC/H.O and EC/H20. At the same time,
solvent loss of 5-20% was recorded depending on temperature and reaction duration,

suggesting that carbonate solvent was partly degraded with an irreversible production of CO>
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in the PC/H,0O and EC/H20 solvent systems. In contrast, no solvent loss was recorded for
catalytic conversion in H2O only. Maximum pressure recorded for H.O only was 5 bar, while
up to ~26 bar was recorded for PC/H20 and EC/H20 (130°C, 20 min), indicating that steam
generated from the water did not make a major contribution to the development of in-vessel
pressure during the conversion in PC/H>0 and EC/H-O. It should be remarked that the initial

amount of reactants and volume of vessels were constant for all catalytic runs performed in this

study.
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Figure 6.12 In-vessel record of temperature and pressure during paper towel conversion
(ramping and reaction) in different solvents (a) H20, (b) DMC/H;0, (c) PC/H20, and (d)
EC/H.0 (Reaction condition: 5 wt% substrate loading, 0.135 M H2SOa, temperature: 130°C,
duration: 20 min, solvent ratio: 1:1)

An accelerated rate of acid-catalysed reaction was reported when CO2 was applied as

an additive to the reaction medium (high-temperature water) because the reaction between
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water and CO produces carbonic acid that dissociates to increase the concentration of
hydronium ion in the medium (Hunter and Savage, 2003, 2008). Considering the low solubility
of CO> at temperatures of 100-200°C reported in the literature (Hunter and Savage, 2008) and
effective acid-catalyzed hydrolysis for biomass depolymerisation, the catalytic effect of CO>
might not have a significant contribution to this study. By contrast, the increased reaction rates
due to COo-derived in situ pressure build-up could be responsible for the improved
performance achieved in PC/H>0 and EC/H20 as explained earlier. Nevertheless, quantifying
the catalytic effect of CO, generated due to carbonate solvent degradation is beyond the scope

of this study due to equipment and experimental limitations.

Despite higher in-vessel pressure build-up during the reaction (~12 bar at 130°C, 20
min) (Figure 6.12) compared to H.O only, DMC/H;0 unexpectedly generated a lower yield
of sugars (~8 mol% maximum) than that of H2O (~10 mol%). DMC has a lower polarity (n*=
0.45) than H20 (n*= 1.09) and PC (x*=0.83) (Jessop et al., 2012), which might influence the
biomass conversion efficiency in DMC/H20. In low-polarity solvents, the catalytic activity
could be hindered due to a strong pairing between the cation and anion, and active sites of the
catalyst could be blocked by counter-ion. In contrast, the cation and anion are typically
separated from each other in polar solvents, leading to high solvation of ions that facilitate the
catalytic activity, eliminating the interference of the counter-ion (Dyson and Jessop, 2016).
DMC is considered an effective methylation agent (Fiorani et al., 2018; Tundo et al., 2018).
Methylation of starch and lignin in basic conditions using DMC as the methylation agent has
been reported in previous studies (Hou et al., 2011; Sen et al., 2015). Although little
information exists regarding the reactions between cellulose (or its derivatives) and DMC
(Fiorani et al., 2018), the methylation of cellulose might occur to some extent under the given
reaction conditions in this study, which could contribute to the lower yield of sugars in the

DMC solvent. Further research is required to prove this postulation.
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6.2.4 Tandem dehydration-rehydration reactions

A noticeable amount of sugar derivatives, i.e., HMF, LA, and FA were observed after
20 min of reaction at 130°C and after 15 min at 140°C in PC/H.O (Figure 6.2b, c), while
furfural was detected at a lower temperature (120°C, 15 min) (Figure 6.2a) reflecting less
energy-intensive dehydration of xylose to furfural. At 150°C treatment in PC/H20, LA vyield
(~23.5 mol%) surpassed glucose yield (~21.6 mol%) after 15 min of reaction (Figure 6.2d),
suggesting that PC/H.O facilitated dehydration-rehydration reactions of sugars in parallel to
hydrolysis of paper towel waste. Meanwhile, a decrease in the total detectable product yield in
PC/H>0 was observed at 140°C after 15 min and 150°C after 10 min (Figure 6.3b), this
indicates the formation of insoluble humins due to polymerisation between sugars and furan
derivatives during the catalytic conversion of biomass at a higher temperature (Yu et al., 2017a,

2018a).

Comparing paper towel conversion at 130°C, no dehydration product was detected in
the H.O (100%) and DMC/H20 solvents. Conversely, dehydration-rehydration products were
detected in the PC/H20 and EC/H20 solvents starting from 10 min of reaction time (Figure
6.6b), suggesting the higher potential of PC and EC for tandem biomass hydrolysis and
dehydration-rehydration reactions. A notable LA yield (~6 mol%) generated in PC/H20 under
mild reaction conditions (130°C, 20 min) suggests that PC might be a preferable solvent for
LA synthesis from lignocellulosic biomass. The yield of LA could not be determined for
EC/H-0 solvent system due to technical issues (LA peak overlapped solvent peak). However,
a substantial yield of FA (~6-7 mol% at 130°C, 15-20 min) was detected in the EC/H-0 solvent,
possibly inferring the yield of LA in the solvent system as LA and FA are coproduced during

the catalytic conversion of biomass and sugars (Antonetti et al., 2016; Beh et al., 2020).
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6.2.5 Energy requirement for sugar production

Energy requirement for sugar production was estimated and compared for different solvent
systems (Reaction conditions: 5 wt.% substrate loading, temperature: 130°C, duration: 10 min,
0.135 M H2S0s4, solvent ratio: 1:1) based on the power consumption rate recorded (Figure B.2)
in the microwave reactor (Table 6.3). Energy requirements for ramping (up to 130°C at a ramp
rate of 32°C min) and reaction (holding at a constant temperature) were estimated separately
and then added up to determine the total energy consumption per unit of sugar produced in
different solvent systems. The results revealed a lower energy requirement (~0.03 kWh) at the
ramping stage for carbonate solvent-water binary systems, in contrast, H.O only required
relatively higher energy (~0.05 kwWh) for heating the reaction mixture. Furthermore, binary
solvents exhibited a lower energy consumption per unit of sugar production than that of H20,
as low as 0.21 kWh g in EC/H20, which was the most efficient solvent system in terms of
energy requirement for sugar production from paper towel waste. Microwave reactor has been
recognised to be more energy-efficient compared to traditional reactors that heat the reactants
through convection and conduction (Yu and Tsang, 2017). Besides, higher sugar yield was
reported using microwave-assisted cellulose hydrolysis compared to that of conventional

heating under the same reaction conditions (Fan et al., 2013).

Table 6.3 Energy consumption for sugar production in different solvent systems (Reaction
conditions: 5 wt% substrate loading, temperature: 130°C, duration: 10 min, 0.135 M H2SOs4,
solvent ratio: 1:1)

Solvent  Energy consumption (kwWh)  Sugar produced Energy consumption
per unit of sugar

Ramp  Reaction  Total (ggt of production
paper towel waste) (KWh g)
PC/H20 0.034 0.036 0.071 0.111 0.63
EC/H20 0.033 0.007 0.040 0.189 0.21
DMC/H.O 0.037 0.035 0.073 0.060 1.22
H20 0.05 0.062 0.110 0.081 1.35
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6.3 Summary

The investigated organic carbonate binary solvents, i.e., PC/H2O and EC/H20
effectively facilitated the depolymerisation of lignocellulosic paper towel waste under mild
reaction conditions. This chapter explored the potential roles of carbonate solvents in the
catalytic system. The higher availability of reactive protons in these solvent systems and
autogenous pressure development might favour the breakdown of cellulosic fibres compared
to H20 only. Besides, a considerable amount of sugar derivatives was detected in PC/H.0 and
EC/H.0 (at a higher temperature and longer duration), suggesting the suitability of solvents for
tandem hydrolysis and dehydration of biomass. The study implies that PC and EC have a high
potential to be considered as greener alternatives to commonly used industrial solvents for the
efficient valorisation of biomass. However, these solvents have a high boiling point, which can
be challenging for product separation and solvent recovery by distillation. Future research
efforts can be directed to address this issue by selective adsorption for the possible

implementation of these alternative solvents on an industrial scale.
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Chapter 7: Critical Factors for Levulinic Acid Production

Abstract

A considerable amount of food waste generated globally could be upcycled to synthesise
platform chemicals to enhance environmental sustainability and help realise a circular
economy. This chapter investigated the critical factors for catalytic production of the vital
platform molecule LA from bread waste, a typical stream of starch-rich food waste generated
worldwide. GVL, IPA, and PC were evaluated as bio-derived and CO»-derived green co-
solvents for LA synthesis. In-vessel pressure generated in PC/H20 (1:1) solvent was conducive
to rapid LA production from bread waste compared to GVL/H.0O and IPA/H20. In PC/H,0, 72
mol% total soluble product yield was observed quickly within 1 min in moderate reaction
conditions (130°C, 0.5 M H»SOg), whereas ~15-20 mol% of LA could be obtained when the
reaction was prolonged for 10-20 min at 130°C. The yield of LA could be significantly
enhanced in GVL/H>20 through phase separation using NaCl (30 wt%q)). LA yield increased
up to a maximum of ~2.5 times in the biphasic system (28 mol%, 150°C, 15 min) (representing
a theoretical yield of 66%) in GVL/H20 (1:1) compared to the monophasic system (~11 mol%)
under the same reaction conditions. The partition coefficient for LA achieved was 4.2 in the
GVL/H20 (1:1) biphasic medium, indicating that the system was efficient for simultaneous
production and extraction of LA. Biphasic GVL/H.O facilitated selective LA production,
which could be optimised by tuning the reaction conditions. These new insights could foster

the development of high-performance LA production and sustainable biorefinery.
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7.1 Research questions

Transforming food waste into platform chemicals offers a sustainable opportunity to
utilise the vast waste stream for biorefinery applications and pave the way forward to realising
a circular bioeconomy (Mak et al., 2020). Starch-rich foods such as rice, bread, and potatoes
are commonly consumed and constitute a significant proportion of global food waste (Yu et
al., 2020b), which can serve as a potential feedstock for biorefineries. Recent studies
demonstrated that catalytic production of sugars and platform chemicals (e.g., LA, HMF) could
be an effective technique for recycling/valorising a considerable amount of starch-rich food
waste generated globally (Yu et al., 2018b) However, appropriate reaction conditions and

solvent selection were critical for selective and cost-effective LA production.

The selection of a suitable solvent is necessary, as it not only serves as a reaction

medium but also influences the catalytic process through solvent-solute interactions, adjusting

116



the reactivity of proton, suppressing the byproduct formation, etc. (Dyson and Jessop, 2016;
Yu et al., 2018b) As the greenest and environmentally benign solvent, water was preferred as
a reaction medium for LA synthesis. However, harsh reaction conditions, i.e., high temperature
and acidity, are required when using water as the reaction medium resulting in an energy-
intensive process and high byproduct (humin) formation (Xiong et al., 2021). Owing to the
need for selective and high-efficiency chemical synthesis, various organic solvents as reaction
mediums have been widely investigated, such as dimethylsulfoxide (DMSO) (Chen et al.,
2017a), tetrahydrofurans (THF), dimethylformamide (DMF) (Antonetti et al., 2016), GVL,
acetone, etc. (Lui et al., 2019) However, conventional organic solvents DMSO, DMF, THF,
etc., are widely considered “non-green” due to their direct or indirect detrimental effects on the
natural environment and human health and safety. Therefore, the use of alternative “green”
solvents, especially those which are renewable and bio-derived (GVL, alcohols, etc.) or CO3-
derived (propylene carbonate (PC), dimethyl carbonate (DMC), etc.), are recommended for
future applications (Prat et al., 2016; Gao et al., 2020). Furthermore, enhanced catalytic
conversion of biowaste using these bio-derived and COz-derived solvents was reported in
recent studies (Yu et al., 2018b; Mellmer et al., 2018) yet their influences should be evaluated
in comparable conditions to validate their efficiency and elucidate the critical factors for

catalytic LA production.

Apart from using environmentally friendly and safe reaction systems, process
intensification was indispensable to improve the final concentration of LA for scaling up at the
industrial level (Antonetti et al., 2020b). Besides, efficient separation and purification of LA
were necessary for the possible recovery of mineral acid catalysts and further conversion of
LA to valuable derivatives such as GVL, which could be negatively affected by the presence
of mineral acid (Wettstein et al., 2012; Lui et al., 2019). A viable strategy could be using the

biphasic solvent system comprising two immiscible layers. The aqueous layer contains the acid
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catalyst and serves as the reactive phase, while the organic layer acts as the extractive phase,
facilitating simultaneous production and extraction of LA, which might enhance LA yield and
selectivity (Wettstein et al., 2012; Wang et al., 2020). For instance, a recent study on the
conversion of remnant algal biomass reported a significant enhancement of
hydroxymethylfurfural (HMF) and LA yield using acidic ZSM-5 zeolite as a heterogeneous
catalyst when utilising a biphasic solvent system composed of methyl isobutyl ketone (MIBK)
and H2O with NaCl as the phase modifier (Rihko-Struckmann et al., 2020). Another study
achieved a ~4-fold increase in LA yield from rice straw using a biphasic reaction medium
containing dichloromethane (DCM) and H.O (DCM/H20, 1:1), in which the enhanced
performance was attributed to the good extraction capability of DCM solvent (Kumar et al.,
2018). However, there is insufficient experimental evidence and a limited understanding of the
critical impacts of the biphasic system on LA production using the recommended green

solvents.

This chapter examined LA production from bread waste using PC, GVL, and
isopropanol (IPA) as green co-solvent systems, i.e., PC/H20, GVL/H;0, IPA/H;0, catalysed
by dilute H2SO4 to investigate how and why an efficient yield of LA could be achieved at
moderate reaction conditions using these bio-derived and COz-derived green co-solvents.
Water (100%) as the greenest solvent was also evaluated as a baseline for comparison.
Furthermore, this study explored the application and tuning of the binary biphasic reaction
medium to intensify the concentration of the target product LA considering the potential

advantages of phase separation for reactive LA extraction.
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7.2 Results and discussion

7.2.1 Catalytic conversion of bread waste under bio-derived and COz-derived solvents

Facile conversion of bread waste was achieved under moderate reaction conditions, obtaining
45-72 mol% total product yield at 130°C under bio-derived and CO.-derived co-solvent
systems (Figure 7.2a). For H.O, PC/H20, and GVL/H>0 solvents, the maximum total sugars
released from bread waste were 64-70 mol% in a short reaction duration of 1 min (Figure
7.3a). In contrast, using IPA/H20, the total sugar yield after 1 min of reaction was 43.5 mol%,
increasing up to 48.8 mol% when the reaction was prolonged for 20 min. Given the total sugar
yield generated at 110°C (Figure 7.2b), hydrolysis of bread waste was faster in GVL/H,0
(48.1 mol%) and PC/H20 (53.7 mol%) compared to H20 (~30 mol%) and IPA/H2O (9.4

mol%).
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Figure 7.3 Total product yields during the catalytic conversion of bread waste under different
solvents at (a) 130°C and (b) 130°C and 150°C under GVL/H20 and IPA/H,O (Reaction
conditions: 5 wt% substrate loading, 0.5 M H2SO4, 1-20 min, 1:1 solvent ratio).

With increasing reaction duration up to 20 min, sugar yield in H.O and IPA/H20
remained steady and generated an insignificant LA yield ~1.5 mol% after 20 min of reaction.
In contrast, sugars were consumed, and LA vyield increased with increasing reaction duration
gradually in GVL/H20 (up to 4.8 mol%) and sharply in PC/H20 (up to 19.6 mol%) (Figure
7.2a). 13C NMR spectra of reacted solutions (1 and 20 min reaction) (Figure 7.4a) provided

further evidence for the disparity in catalytic conversion under different solvent systems. 3C

NMR chemical shift (8) at 95.8 ppm, attributed to glucose (Qi et al., 2017), were observed for
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all reactions. The highest intensity of glucose peak was observed for 1 min reacted solution in
PC/H20, which agrees with the maximum sugar yield measured by HPLC. In contrast, the
lowest intensity of glucose peak and emerged LA peak (at 27.7, 37.6, 177 pm) along with an
FA peak (at 165.45 ppm) (AIST, 2021) for 20 min reaction in PC/H2O further prove the
efficient tandem catalysis in PC/H.O. The characteristic peaks for LA and FA were not
detectable in IPA/H20 and H20, while low-intensity peaks could be observed for GVL/H:O.
Besides, representative solvent peaks (AIST, 2021) were detected in the reacted solutions

indicated in Figure 7.4a.

The higher soluble product yields in PC/H20 and GVL/H»0 could be related to the high
reactivity of the Brgnsted acid catalyst due to the availability of highly active proton in the
presence of aprotic co-solvents in the reaction system (Mellmer et al., 2014b; Yu et al., 2018b)
The extent of proton stabilisation influence the acid dissociation constant, and in water lowers
the proton reactivity, which subsequently elevates the required energy level for acid-catalysed
biomass conversion reactions such as hydrolysis and dehydration (Mellmer et al., 2014b).
Therefore, reaction kinetics could be slower in H2O (100%) compared to a solvent system
consisting of a polar aprotic solvent such as GVL and PC, which might enhance the reaction

rates owing to reactive proton and facile glycosidic bond cleavage (Mellmer et al., 2014a). For
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Figure 7.4 (a) *C NMR spectra of soluble samples obtained after bread waste conversion in different solvents (Reaction condition: 5 wt% substrate
loading, 0.5 M H2SO4, 130°C, 1 min & 20 min, 1:1 solvent ratio), (b) *3C solid-state NMR spectra of untreated bread waste and solid residues
collected after reaction under different solvent systems (Reaction conditions: 5 wt% substrate loading, 0.5 M H2SQO4, 130°C, 20 min, 1:1 solvent

ratio).
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instance, a recent study reported a ten-fold increase in reaction rate for acid-catalysed
conversion of HMF to LA using GVL with 10% H>O compared to 100% H>O as solvent
(Mellmer et al., 2018). Slower conversion of bread waste was observable in the case of
IPA/H,0 solvent (total sugar ~10 mol%, at 110°C, 1 min) (Figure 7.2b), where both co-

solvents are protic and probably hamper the proton reactivity during conversion.

The starch contained in the bread waste substrate represents a complex structure
combining linear amylose chains and highly branched amylopectin comprising a (1->4) and a
(1->6) glycosidic bonds. **C NMR spectra of solid residues (Figure 7.4b) subjected to reaction
under different solvent systems (20 min) showed differences in chemical shifts than the
untreated bread waste, possibly related to the changes in starch structures (Flanagan et al.,
2015). The chemical shifts observed at resonance values of 93-103, 74-85, 64-73, and 55-60
ppm can be attributed to C1, C4, C2,3,5, and C6 of glucose units, respectively (Cai et al., 2014;
Yu et al., 2020b). Resonance values attributed to C1 and C4 can be helpful to understand the
changes in the amorphous and highly ordered/crystalline state of starch. The C1 resonance for
post-reaction solid residues shifted toward 98-103 ppm, presenting comparatively sharp peaks
compared to the broad peak observed at 93-100 ppm for untreated bread waste. The broad
shoulder observed around 95 ppm for untreated bread waste is characteristic of the amorphous
domain of C1. In contrast, a sharp peak observed around 100 ppm (C1) for solid residues might
indicate a decrease in amorphous content and a subsequent rise in relative crystallinity, which
was previously reported for acid-modified starch (Atichokudomchai et al., 2004; Cai et al.,
2014). In contrast, the resonance for C4 around 82 ppm was observed for solid residues,
characteristic of an amorphous state (Mutungi et al., 2012). Different changes in chemical shifts
in different carbon regions can reflect varied transformations between amylose and
amylopectin within the starch structures. Amylose is mainly amorphous and more susceptible

to acid hydrolysis than amylopectin, which comprises highly ordered/crystalline domain
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building double-helical structures. However, initially during acid hydrolysis, amorphous
amylose could be partially transformed into double helices resistant to acid hydrolysis, and
consequently, crystalline content could be enhanced relative to amorphous content (Morrison
et al., 1993; Hoover, 2000). The observed changes in solid residues compared to untreated
bread waste were substantiated by XRD analysis. The XRD pattern of untreated bread waste
(Figure 7.5) showed a broad crystalline peak at ~26=20°, and the calculated Crl value was
~0.51, whereas solid residues in different solvent systems provided Crl values ranging from
~0.73-0.78. This also suggested the rapid decomposition of the amorphous region of starch
granules during acid hydrolysis resulting in an increased relative crystallinity (Foresti et al.,

2014).
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Figure 7.5 XRD pattern of untreated bread waste and solid residues collected after reaction
under different solvents (Reaction conditions: 5 wt% substrate loading, 0.5 M H2SO4, 130°C,
20 min, 1:1 solvent ratio).
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7.2.2 LA yield enhanced by in-vessel high pressure generated in PC/H20

Comparing different co-solvent systems, PC/H>O was found to be the best for LA
production, generating 19.6 mol% after 20 min reaction at 130°C (Figure 7.2a), which was
promising considering mild reaction conditions used in this study and the reported literature
results under comparable experimental conditions (Chen et al., 2017a; Lappalainen et al.,
2018). Under GVL/H20 solvent, sugars depleted gradually during 3-20 min of reaction and
generated 2-4.8 mol% LA. In contrast, in PC/H20 solvent, sugars started to deplete rapidly
during 3-20 min of reaction, and 19.6 mol% LA yield was achieved after 20 min. A significant
in-vessel pressure build-up was recorded during reaction in PC/H20O, reaching a maximum ~27
bar at 130°C, 20 min compared to reactions in other solvents (Figure 7.6a). Compared to the
autogenous in-vessel pressure (~13 bar) generated in PC/H20 during 1 min reaction, the
reaction pressure level almost doubled (~23-27 bar) during 3-20 min reaction (Figure 7.6b),
which was analogous to rapid sugar consumption and a sharp increase in LA vyield (4-19.6
mol%) during 3-20 min. In acidic conditions, PC solvent could decompose into PG and CO:
as reported in the literature (Yu et al., 2018b; Zhang et al., 2013). Noticeably, ~5-15% solvent
loss was recorded for reactions in PC/H20 (1-20 min), indicating that a fraction of the PC
solvent was decomposed during the reaction. Besides, 3C NMR spectra (Figure 7.4a) for the
reacted solutions under PC/H>O (1 and 20 min) showed peaks at 66.4 and 67.7 ppm
representing PG (AIST, 2021). The PG peaks had comparatively higher intensity after 20 min
reaction than 1 min, suggesting that a higher fraction of PC was decomposed to PG, which was
consistent with higher CO> pressure recorded for more prolonged reactions in PC/H.O (Figure

7.6b).
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Figure 7.6 (a) Pressure profile during the catalytic conversion of bread waste in different
solvents for 20 min reaction, (b) pressure profile in PC/H.O for different reaction durations (1-
20 min), (c) sugar and LA yield in PC/H20 after 20 min and 5+15 min (pressure release after
5 min) reaction, (d) sugar and LA yield in PG/H20 after 5 and 20 min reaction (Reaction
conditions: 5 wt% substrate loading, 0.5 M H>SO4, 130°C, 1:1 solvent ratio).
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Apart from the aprotic nature of the PC solvent, significant pressure build-up resulting
from COz generation during catalytic conversion in PC/H>O might enhance the LA production
rate. Another influential factor could be the increased acidity due to carbonic acid derived from
partial dissolution of CO> during the reaction, which might enhance sugar dehydration (Morais
et al., 2016). Solution acidity could arise through in situ formation and dissociation of carbonic

acid, as given in Eq. (3) (Jing et al., 2016).

CO7 + 2H,0 & HCO3 + H30O*
HCO3 + H,0 <> COs* + H30* (3)

The acidity (pH) associated with CO> generated during the 3-20 min reaction in PC/H.O
was estimated, following the scheme reported in the literature (Toscan et al., 2017; Van
Walsum, 2001). The estimated CO.-derived pH value for specified reaction conditions was
~3.5, i.e., considerably higher than the H.SOs-derived pH (~0.5) in this study. Therefore, CO.-
derived pH on its own might not be sufficient to catalyse tandem reactions and significantly
enhance LA yield. In other words, LA yield might be improved probably by PC/H,O-generated
CO2 pressure more than CO.-derived acidity during the catalytic conversion of bread waste. To
testify to this postulation, an additional test using PC/H>O was conducted, in which autogenous
pressure developed due to PC degradation (~22 bar) was released after 5 min reaction, and then
the solution underwent reaction for another 15 min (Figure 7.6¢). Compared to a continuous
20 min reaction in PC/H>0 (LA vyield 19.6 mol%), only about half of LA was produced (LA
yield 11.2 mol%) when the pressure was released prematurely during the reaction. After the
pressure release, the autogenous pressure was ~4.2 bar from the beginning till the end point of
the additional 15-min reaction. Moreover, supplementary tests using PG/H->O only generated
~3 mol% LA yield (130°C, 20 min) (Figure 7.6d), which was insignificant compared to LA

yield obtained in PC/H20, therefore disproving any favourable influences by PG solvent
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(decomposed from PC) on the catalytic performance. This experimental evidence confirmed

the crucial enhancement of reaction pressure on catalytic LA production.

7.2.3 Intensification of LA yield through phase separation

Among co-solvent systems, PC/H>O generated the highest LA yield 19.6 mol% at
130°C, and ~9 mol% soluble sugar remained after a 20 min reaction. In contrast, ~47-49 mol%
soluble sugar was available after 20 min reaction in GVL/H20 and IPA/H;0 (Figure 7.2a),
which could be further converted to LA or other sugar derivatives. To improve the catalytic
performance in GVL/H20 and IPA/H20, conversion of bread waste was conducted at 150°C
for a 1-20 min reaction duration (Figure 7.7a, b). As higher temperature provided more energy
for the reaction, LA yield increased gradually up to 16.4 mol% in GVL/H20 (150°C, 20 min)
(Figure 7.7b), which was more than three times higher than the maximum LA vyield achieved
at 130°C (4.8 mol%, 20 min). The maximum LA vyield achieved in IPA/H,O was only 6.6
mol% (150°C, 20 min) (Figure 7.7a), notably lower than the GVL/H,O system, corroborating
the positive role of aprotic GVL solvent in enhancing proton reactivity for less energy-intensive

tandem catalysis (Mellmer et al., 2014b).

The biphasic solvent systems (prepared using 30 wt% NaClag) were further
investigated as an intensification scheme to improve the concentration of the target product LA
in this study. Promisingly, the concentration of LA at the end of the reaction (150°C, 20 min)
increased ~1.6 times in both biphasic GVL/H20 and IPA/H20 systems (Figure 7.7c) compared
to analogous monophasic systems. Though total soluble product yields were comparable in the
two biphasic systems (~33-35 mol%) (Figure 7.3b), the distributions of soluble products were
distinctive between GVL/H20 and IPA/H20. While biphasic GVL/H20 selectively generated
LA as the main product with 26.8 mol% yields and 4.4 mol% FA as a co-product, IPA/H.0O

biphasic contained 10.6 mol% LA, 2.6 mol% FA, ~7 mol% HMF, and 10.2 mol% remaining
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Figure 7.7 Product yields during the catalytic conversion of bread waste at 150°C and 1-20
min reaction duration in (a) IPA/H20 (monophasic) and (b) GVL/H.O (monophasic); (c)
comparative product yields in IPA/H20 and GVL/H20 monophasic and biphasic medium (30
wit% NaClg) at 150°C, 20 min (Reaction conditions: 5 wt% substrate loading, 0.5 M H2SOg,
1:1 solvent ratio).

sugars (glucose and fructose) (Figure 7.7c). A considerable fraction of HMF present in both
monophasic and biphasic IPA/H20 indicated that the solvent could hinder the HMF rehydration
to LA. In comparison to DMSO, which is a widely recommended solvent for HMF production,
IPA could create a shielding effect around HMF that helps to prevent its rehydration and
suppress further conversion to byproducts such as insoluble humins (Mushrif et al., 2012). A

recent study revealed that the rate constant for fructose to HMF was considerably higher than
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that of HMF to degradation products when IPA was present in the solvent system (Agutaya et
al., 2020), echoing the experimental observations in this study where low LA selectivity was
obtained in IPA/H20 solvent system. However, it should be noted that the shielding effect of
IPA is selective to HMF and not on sugars such as glucose and fructose. It might be due to the
structural differences between sugar (several -OH groups contained in the molecule which can
coordinate with water and IPA molecule competitively) and HMF (only one -OH group, and
the competition between water and IPA to coordinate around HMF might be less intensive)
that might influence the preferential coordination of IPA molecules around sugar or HMF
(Mushrif et al., 2012; Agutaya et al., 2020). Considering the catalytic performance observed in
this study, IPA/H>O could be considered a potential solvent for HMF production in future
investigations. By contrast, in the presence of GVL solvent, H,SO4 catalysed HMF production
could be rapid and readily converted to LA at high acid strength (Qi et al., 2014). Considerable
LA yield achieved in biphasic GVL/H>0 in this study (26.8 mol%, at 150°C, 20 min) proves

the high efficiency of the H.SO4/GVL/H-0 system for LA production.

As GVL/H20 biphasic solvent was the most efficient for intensifying LA vyield at
moderate conditions, a comprehensive investigation was conducted for bread waste conversion
in the co-solvent system following varied reaction conditions (150°C, 10-20 min). In biphasic
GVL/H20, LA vyield increased with increasing reaction duration (~19-28 mol% in 10-15 min)
(GVL/H20, 1:1) (Figure 7.8a). However, a slight decrease in LA yield was observed after 20
min, suggesting that LA started to degrade with prolonged reaction duration. The major product
in monophasic GVL/H20 (1:1, 15 min) was glucose (34.6 mol%), while the biphasic system
selectively generated LA (~28 mol%) as the major product. The LA yield increased up to ~2.5
times in the biphasic system compared to the monophasic one (~11 mol%) (150°C, 15 min),
implying that phase separation could be beneficial for intensive LA production and upscaling

to an industrial scale.
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Figure 7.8 (a) Product yields during the catalytic conversion of bread waste in GVL/H>0 monophasic and biphasic medium comprising different
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bread waste in GVL/H.0 biphasic medium comprising different solvent ratio (Reaction conditions: 5 wt% substrate loading, 0.5 M H2SO4, 30

wt% NaClg) 150°C, 10-20 min).
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Essentially, to develop an efficient biphasic reaction medium, it is necessary to
understand the contribution and influences of the reaction phase (H20) and the extraction phase
(GVL) to optimise the yield of the target product. To tune the reaction and extraction phases in
GVL/H20 biphasic system, catalytic tests were conducted with various ratios of GVL and H.O
(1:1, 1:3, and 3:1 of GVL/H.0). The partition coefficient for LA (Rca) in the GVL/H20
biphasic solvent was calculated to evaluate the effect of the extraction phase (GVL) in the
system. The Rpa achieved for 10-15 min reaction was 4.2 when 1:1 GVL/H20 was applied for
reaction (Figure 7.8b), indicating a higher distribution of LA in the organic phase compared
to the aqueous phase. Therefore, GVL solvent can be considered highly effective for reactive
LA extraction. The partitioning of LA obtained in this study (R.a 4.2) was comparable to a
previous study that reported R.a ranging from 3.7-4 using cellulose as feedstock (Wettstein et

al., 2012).

The total yield of LA increased (27.4-32 mol%) when a higher fraction of H.0 (1:3,
GVL/H20) was applied during catalytic conversion, whereas the total LA yield decreased
(14.5-17.1 mol%) when a lower fraction of H.0 (3:1, GVL/H20) was applied (Figure 7.8b).
Though the total LA yield increased with a higher fraction of H20, the extraction of LA was
found to be inefficient. The partition coefficient achieved was only 1.1 (1:3, GVL/H20),
indicating a nearly even distribution of produced LA in the reaction and extraction phases due
to the lower fraction of GVL applied. In comparison, ~97% of the total LA produced was
extracted into the GVL phase when a higher fraction of GVL (3:1, GVL/H20) was applied for
reaction. However, a considerable decrease in total LA yield was observed, possibly due to the
lack of sufficient aqueous phase available for reaction. These observations suggested the
indispensable contribution of both reaction and extraction phases for an efficient biphasic
system for LA production. Considering LA yield (27.4 mol%) and R (4.2), the 1:1 GVL/H;0

biphasic system (150°C, 15 min) provided the best performance for intensive LA production.
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Figure 7.9 (a) LA yield and total product yield under different reaction conditions (Reaction
conditions: 5 wt% substrate loading, 150°C), (b) LA vyield and other products
(sugar+HMF+furfural) of consecutive runs in GVL/H20 biphasic system (Reaction conditions:
5 wt% substrate loading, 0.5 M H2SOa, 30 wt% NaClag) 150°C, 15 min, solvent ratio 1:1).

To reflect further on the mechanism and roles of catalytic species in NaCl modified
GVL/H20 biphasic system, additional tests were performed under the selected reaction
conditions. In the case of reaction conducted with only NaCl (30 wt%) without acid catalyst,
only marginal product yield was observed (Figure 7.9a). When NaCl was applied together
with H2SO4 for bread waste conversion, an increase in LA yield was observed compared to the
reaction in the presence of H.SO4 without salt addition. These observations indicated that NaCl

alone could not catalyse the desired reaction yet it may act synergistically with H>SO4
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enhancing the LA production in the aqueous phase during biphasic conversion of bread waste.
It might be because the presence of chloride salt in the polar aprotic solvent system improved
the reaction rate and selectivity for LA production by stabilising the protonated transition state
during the acid-catalysed conversion of bread waste (Mellmer et al., 2019). The synergistic
catalysis by NaCl and H2SO4 together with simultaneous efficient extraction of LA into GVL

could account for the high LA yield obtained in the GVL/H.0 biphasic system.

Moreover, the recyclability of the aqueous phase containing H.SO4 was investigated.
After the catalytic run (reaction and cooling), the reacted organic phase was removed and fresh
GVL and bread waste substrate were applied for another cycle of catalytic reaction (run-2)
again while retaining the aqueous phase from the previous run without adding extra H2SOa.
Similarly, the third cycle of catalytic reaction (run-3) was conducted. In the 2" and 3" run
(Figure 7.9b), 15 mol% and 13 mol% LA was obtained, respectively, compared to the LA
yield (28 mol%) obtained in the initial run, which suggested that the acid catalyst could be
retained in the aqueous phase and recycled for further conversion, though a certain degree of
decrease in LA vyield was observed. Future studies would be required for evaluating the
biphasic system in a continuous reaction mode, which may be more efficient compared to the

batch reaction mode.

Apart from LA as the target product, FA yield was analysed for bread waste conversion
in monophasic and biphasic GVL/H20, as FA is often co-produced during biomass conversion
(Flannelly et al., 2016). Similar to LA, the FA yield was enhanced through phase separation
with the yield from ~2-3 mol% in the monophasic system to a maximum 5.4 mol% FA vyield
in biphasic GVL/H.0 (150°C, 15 min, 1:3 solvent ratio) (Figure 7.8c). Using 1:1 GVL/H20,
the FA partition coefficient (Rra) obtained was ~2-3 (150°C, 10-20 min, solvent ratio 1:1),
indicating that FA could also be simultaneously extracted into the GVL layer during bread

waste conversion. Besides, partition coefficients for LA, FA, and HMF were evaluated in
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IPA/H-0 solvent (150°C, 20 min, 1:1 solvent ratio), and the values were 6.6, 5.4, and 5.7,
respectively (Figure 7.10), corroborating an effective extraction of these compounds into the
organic phase. Considering the low LA selectivity and total LA yield (10.6 mol% at 150°C, 20

min), further investigation was discontinued for IPA/H0.
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Figure 7.10 LA, FA, and HMF distribution in the organic phase and the aqueous phase, and
partition coefficients obtained for the catalytic conversion of bread waste in IPA/H20 biphasic
medium (Reaction conditions: 5 wt% substrate loading, 0.5 M H2SOa, 30 wt% NaClq) 150°C,
20 min).

7.2.4 Perspectives on LA production and solvent recycling

To evaluate the efficiency of the catalytic system for LA production, LA yield relative
to theoretical LA yield of bread waste substrate (considering total available carbohydrate and
possible maximum theoretical yield (64.5%)) was calculated and compared with the reported
achievements with commercially available starch substrates in the existing literature (Table
7.1). For PC/H20 (130°C, 20 min) and GVL/H20 biphasic solvents (150°C, 15 min), 45.7%

and 66% LA yield were achieved relative to theoretical yield, respectively. This was considered
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promising in comparison to the reported LA yield (45.6-66.4%) from commercially available
starch substrates in previous studies (Cha and Hanna, 2002; Fang and Hanna, 2002), where the
conversion was conducted using comparatively harsh reaction conditions. For other recent
studies where no direct comparison is possible due to the lack of data regarding relative LA
yield (Vyver et al., 2011; Lui et al., 2019), it should be noted that a much longer reaction

duration was required to obtain the reported LA yield.

The recyclability of GVL/H20 biphasic solvent was investigated and discussed in the
previous section. For PC/H2O solvent, despite partial decomposition of PC during acid
catalysis, it offers various advantages as a solvent because a high product yield can be obtained
with a moderate temperature and a short duration, which play a critical role in reducing the
energy consumption and reactor size. The production of PC from COy is beneficial for process
economy and environmental sustainability in terms of CO. utilisation. In the application of PC
solvent, the derived CO; after reaction could be captured and recycled for PC production or
other CO»-based biorefineries, which are conducive to fostering the circular economy. The
spent organic solvents can be recycled after separation and purification following commonly
used techniques such as fractional distillation. For instance, a comprehensive life cycle
assessment (LCA) on solvent waste recovery (Raymond et al., 2010) demonstrated that
implementing a solvent recovery system can reduce the environmental footprint of the total
solvent manufacturing, usage, and disposal process. The energy requirements and emissions
associated with the solvent recovery process have been recognised to be trivial in comparison

to the emissions due to virgin solvent production and spent solvent disposal by incineration.
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Table 7.1. Comparative LA yield obtained from bread waste in this study and from starch substrates reported in the literature

LA yield based LA yield LA }_/ield
Substrate Reaction conditions Catalyst on total organic basepl on the reIatlve_ to Reference
carbon (mol%) weight of thgoretlcal
substrate (%0) yield (%)
130 °C, 20 min, H.O 1.5 1.2 3.6
130 °C, 20 min, IPA/H>0O 1.0 0.8 2.4
130 °C, 20 min, GVL/H20 4.8 3.8 11.3
130 °C, 20 min, PC/H.O 19.6 15.5 45.7
Bread 150 °C, 20 min, IPA/H>O (mono) 6.6 53 15.6 .
waste 150 °C, 20 min, IPA/H0 (bi) O M H280 10.6 8.5 251 This study
150 °C, 15 min, GVL/H>0 (mono) 10.9 8.8 25.8
150 °C, 15 min, GVL/H0 (bi) 27.9 22.4 66.0
150 °C, 20 min, GVL/H>0 (mono) 16.4 13.2 38.8
150 °C, 20 min, GVL/H20 (bi) 26.8 21.6 63.4
15mi5M (Lui et al
Bread 130°C,8h H2SO4 and - 30.2 - 2019) N
10 ml GVL
sulfonated
hyperbranche
Starch 165 °C, 5 h d poly i 31.1 i ;\I/y;’S;le)t
(arylene N
oxindole)s
(Cha and
Starch 200 °C, 60 min 4% H2S04 - 47.5 66.4 Hanna,
2002)
Sorghum o . (Fang and
grain 200 °C, 40 min 8% H2S04 32.6 45.6 Hanna,
2002)
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7.3 Summary

This chapter provided comprehensive insights into the critical factors for intensive LA
production, which can be conducive to the technology scale-up. The bio-derived and CO,-
derived co-solvents in this study, i.e., PC/H20, GVL/H20, IPA/H-0, could facilitate H>SO4
catalysed tandem reactions during bread waste conversion but demonstrated varied catalytic
efficiency. PC/H20 solvent was the most efficient for LA production using moderate reaction
conditions, which could be attributed to the CO2 pressure generated in situ through solvent (PC)
degradation. Besides, catalytic performance could be significantly enhanced in GVL/H20 and
IPA/H-0 using the biphasic system, facilitating reactive extraction of LA in the organic layer
that intensified the final concentration of LA. GVL/H20 biphasic solvent seems promising
considering LA yield (28 mol%) and LA partitioning (R.a 4.2) achieved in the study. The bio-
derived and CO»-derived solvents applied in this study could be considered emerging solvents

and potential alternatives to common industrial solvents in future biorefinery applications.
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Chapter 8: Conclusions and Recommendations

8.1 Conclusions

This thesis investigated the catalytic valorisation of polysaccharide-rich wastes for the
production of value-added chemicals under green solvent systems. Considering the knowledge
gap identified in existing literature, the thesis highlighted the following scientific merits: (a)
developed a green and efficient system for valorising cellulosic and starchy waste substrates;
(b) scrutinised feedstock characteristics and diverse catalytic systems to explore the viability
of platform chemical production from paper waste with variable properties; (c) identified green
and high-performance solvents for maximising conversion efficiency; (d) unravelled the role
and effectiveness of organic carbonate solvents for enhancing depolymerisation, which is a
bottleneck for facile hydrolysis of highly crystalline cellulosic feedstock and its subsequent
conversion to chemical derivatives; (e) elucidated critical factors for optimising levulinic acid
production from starchy food waste through tuning reaction conditions/system. The key

findings of the thesis are summarised below.

e Binary green solvent systems, e.g., GVL/H20O and acetone/H.O facilitated efficient
valorisation of cellulosic paper wastes. Acetone/H20 solvent provided considerable LA
yield (17 mol%) at a lower temperature yet suffered from the polymerisation of sugars
and intermediates at a higher temperature, hindering further conversion to LA. The
maximum ~32 mol% LA yield was generated in GVL/H20 (200°C, 5 min) considering
favourable effects of GVL solvent in disrupting cellulose crystallinity and enhancing
solubility of generated products and preventing humin formation during catalytic
conversion. This research demonstrated that green solvents such as GVL could be a
potential alternative to conventional hazardous industrial solvents for the selective

production of value-added chemicals from the actual waste-based feedstock.
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The complex/recalcitrant nature of cellulosic paper wastes, their properties originated
due to diverse manufacturing processes, and their influence on chemical production
was scrutinised. Variable paper properties, e.g., feedstock composition, cellulosic
crystallinity, and thermal stability/degradability, considerably influenced the
production of LA, HMF, and furfural under H.SO4 and FeCls catalysed conversion in a
green solvent system (1:1 GVL/H20). Ash contained in paper wastes negatively
influenced acid hydrolysis and subsequent conversion to LA.

Depolymerisation of highly cellulosic paper waste was accelerated by using organic
carbonate solvents, i.e., PC/H20 and EC/H20 and the total sugar yield was improved
up to ~25 at mild reaction conditions (130°C, 20 min). However, carbonate solvents
did not contribute to the disruption/swelling of cellulosic fibres. The higher
performance of PC/H.O and EC/H.O was attributed to the higher availability of
reactive protons in the catalytic system that facilitated efficient acid hydrolysis of
recalcitrant cellulosic fibres, and substantial build-up of autogenous pressure during the
catalytic reaction.

Levulinic acid production from starchy food waste was maximised through the
interplay of influential factors, i.e., polar aprotic solvent, reaction pressure and phase
separation. In-vessel pressure generated in PC/H2O (1:1) solvent was conducive to
rapid LA production from bread waste, and ~15-20 mol% of LA could be obtained
within 10-20 min at 130°C using 0.5 M H2SOs. In contrast, LA yield could be
significantly enhanced in GVL/H20 through phase separation using NaCl (30 wt%aq))
(28 mol%, 150°C, 15 min, 0.5 M H2SOyg) (representing a theoretical yield of 66%). The
aqueous phase containing H2SO4 could be recycled for subsequent catalytic run

denoting the efficiency of the biphasic solvent.
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8.2 Recommendations and future work

These research efforts demonstrated the potential of polysaccharide-rich waste
feedstock for value-added chemical production, which could be efficiently realised using
moderate reaction conditions (e.g., acidity, temperature, and duration) under microwave
heating and green solvent systems. However, variability in their composition is a still major
bottleneck for fostering their conversion to value-added products at an industrial scale, which
must be carefully evaluated for finding suitable lignocellulosic candidates for sustainable
biorefinery applications. Besides, catalytic production of chemicals is inversely related to
substrate loading, and lab-scale conversion is mostly restricted to 5-10 wt% loading of
substrates. To transfer the technology at an industrial scale while maintaining the catalytic
yield/selectivity, more research efforts would be needed to reach beyond the current feasible
substrate loading rate. Furthermore, manipulation of system components, e.g., investigating the
influences of reaction pressure on the catalytic valorisation of waste biomass would be highly

recommended as a continuation of this research on polysaccharide-rich waste valorisation.

The selection of solvent systems is critical for platform chemical production, and a
variety of bio-derived and CO»-derived green solvents were explored within the capacity and
timeframe of this research. This research provided a comprehensive evaluation of various green
solvents in terms of product yield and selectivity thereby demonstrating their performance, yet
it could be further explored to understand interactions between substrate, catalysts, and green
solvents by using mechanistic study/computational chemistry. Kinetic modelling would be
helpful to quantify the energy barrier for catalytic hydrolysis and dehydration/rehydration of
polysaccharide-rich wastes in diverse green solvent systems. Experimental observations
supplemented with mechanistic study/simulation would be highly recommended to uncover
reaction pathways and energy barriers for specific catalytic reaction steps under green co-

solvent systems investigated in this research.
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Green solvents such as GVL and propylene carbonate showed outstanding
performances for waste valorisation yet were expensive. Nevertheless, research should be
continued to find highly efficient and low-cost solvents for waste biomass valorisation.
Besides, other emerging green solvents such as deep-eutectic solvents are attracting attention
recently. However, their potential and efficiency are yet to be largely explored for valorising
actual waste-based substrates, which should be addressed by future research efforts. In
addition, considering the excellent performance achieved in this research, further exploration
of biphasic solvent systems is encouraged. Finding suitable organic solvents with high partition
co-efficient to target products such as HMF or LA would be beneficial in terms of process
intensification. However, reactor design needs considerable attention to efficiently handle
biphasic solvents in terms of product separation and recycling of catalysts. Future studies
would be required for evaluating the biphasic system in a continuous reaction mode, which

may be more efficient compared to the batch reaction mode.

To maximise the benefits of bio-based chemical production, the proposed biomass
conversion technologies in this research should be integrated into a biorefinery, which might
actualise the production of multiple chemicals/products. For instance, the generation of
humin/insoluble carbonaceous solids could be minimised by using organic solvent systems for
polysaccharide-rich waste conversion, however, the generation of humins could not be
completely avoided during the conversion. In this case, low-value humins could be treated in
the biorefinery through pyrolysis for the production of biochar that could be subsequently
utilised for diverse applications, such as a fertiliser/soil amendment, functional materials for

catalysis and remediation etc. (Figure 8.1).
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from polysaccharide-rich waste biomass
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Furthermore, recycling and recovery of spent organic solvents is a critical issue to
ensure the sustainability of biorefinery processes. However, green solvents GVL and propylene
carbonate have high boiling points, which is disadvantageous in terms of their recycling and
recovery using conventional energy-intensive separation techniques such as distillation.
Although a reduced environmental footprint was demonstrated by an LCA study (Raymond et
al., 2010) for solvent recovery (by distillation) and recycling in comparison to virgin solvent
production thereby providing environmental benefits. Therefore, research endeavours could be
devoted to enhancing solvent separation/recycling through novel and efficient approaches.
Besides, a comparative LCA study evaluating the environmental benefits of different green
solvents could be conducted (considering their production, usage in waste biomass conversion,
downstream separation, and recycling) that can provide clear evidence for the greenness of
particular solvents systems for biomass/food waste valorisation. Besides, large-scale
production of platform chemicals supplemented with techno-economic analysis and life cycle
analysis (LCA) would be recommended to validate the upscaling feasibility of food/paper

waste valorisation.
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Appendix A

Table A.1 Ranking of selected ‘classical’ and ‘emerging’ solvents in the CHEM21 solvent guide (Prat et al., 2016)

Solvent Boiling Flash point  Safety Health Environmental Default Final ranking
point (°C) (°C) score score score ranking
Classical Water 100 l\.IOt 1 1 1 Recommended Recommended
solvents applicable
Ethanol 78 13 4 3 3 Recommended Recommended
Isopropanol 82 12 4 3 3 Recommended Recommended
Acetone 56 -18 5 3 5 Problematic Recommended
THF 66 -14 6 7 5 Problematic Problematic
DMF 153 58 3 9 5 Hazardous Hazardous
DMSO 189 95 1 1 5 Recommended Problematic
Emerging Isobutanol 107 28 3 4 3 Recommended  Not available
solvents GVL 207 100 1 5 7 Problematic Not available
Dimethyl 90 16 4 1 3 Recommended Not available
carbonate
Ethylene 248 143 1 9 - Problematic Not available
carbonate
Propylene 242 132 1 9 2 Problematic Not available
carbonate
Cyrene 203 61 1 2 7 Problematic Not available
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Appendix B
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Figure B.1 Temperature, pressure, and power consumption record in the EthosUp microwave
reactor for catalytic conversion of paper towel waste in (a) GVL/H20 and (b) acetone/H.0O
(reaction conditions: 5 wt% substrates, 0.135 M H2SOs, 5 min, solvent mixture 1:1)
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Figure B.2 Temperature, pressure, and power consumption record in the EthosUp microwave reactor for catalytic conversion of paper towel
waste in (a) H20, (b) PC/H20, (c) EC/H20, and (c) DMC/H20 (Reaction condition: 5 wt% substrate loading, 0.135 M H2SOa, temperature:

130°C, duration: 10 min, solvent ratio: 1:1)
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Appendix C

Table C.1 Total organic carbon content of various paper substrates

Paper types Total organic carbon
(TOC) (%)
Paper towel 37.7
Rice 40.7
Bread 40.1
Printing paper 39.3
Napkin 41.4
Paper cup sugarcane 41.3
Packaging paper 37.2
Newspaper 43.9
Tracing paper 39.4
Paper mould 35.6
Bamboo napkin 39.8
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