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Abstract

Since the industrial revolution, economies throughout the world have pursued greater
capital at the cost of greater environmental pollution, energy consumption and waste
accumulation.

To combat this, numerous countrieségovernments have set net zero greenhouse gas
emission targets. As of 2016, notable emitters of greenhouse gas emissions were
chemical and petrochemical manufacturing (3.6%), the burning of agricultural residues
(3.5%), and agricultural soils due to synthetic nitrogen fertiliser applications (4.1%).

Therefore, in this thesis, a selection of biomass residues have been investigated for
their potential applications as lignin-rich feedstocks to replace synthetic nitrogen
fertilisers and petroleum-derived chemicals.

The lignin-rich nature of the biomass residues were explored through a variety of
characterisation methods: proximate analysis, ultimate analysis, fibre analysis, atomic
absorption spectroscopy and pyrolysis-gas chromatography/mass spectrometry (py-
GC/MS). Here, the feedstock that performed best was a tree bark of an unknown
species. This work necessitated the characterisation of a selection of identifiable tree
barks.

From the characterisation of eleven different species of tree barks, the noble fir sample
was found to have the greatest potential as a lignin-rich residue due to its high lignin
content, low ash, and low alkaline earth metal content.

The properties of the lignin-rich residues after pyrolysis were investigated for their
potential as bio-based solvents. The data from the py-GC/MS was used for the
theoretical upgrading (by methylation and hydrogenation) of the key pyrolysis oil-
derived components. The hazardousness and solubility of the three types of
components were then assessed, with potential applications of lignin-rich residue-
derived bio-based solvents being discussed.

The biomass residues were also explored for their application as ammonia adsorbents.
The tree barks were tested both untreated and treated, as slow pyrolysis biochars and
solvent-extracted samples. The untreated barks performed best and were found to be
comparable in performance to costly gamma-alumina sorbents from the literature, but
not as well as the most expensive zeolite catalysts. The untreated tree barks, as low-
cost residues, may therefore be a good prospective ammonia adsorbent.
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Chapter 171 Introduction

1.1 Background

In the last few decades, the pursuit of increasing capital has led to the continuous growth
of energy consumption, greater environmental pollution (1), and waste accumulation (2).
Between 1995-2015, fossil fuel consumption grew approximately 51%, with 18% growth
expected between 2015-2035 (3). Environmental pollution is caused by the discharge of
greenhouse gases (such as methane, SOy, NOy, CO, and CO) into the atmosphere (4).
However, recent efforts have led to a growing number of countries setting their own targets
for net zero greenhouse gas emissions (5-7). The spread of global greenhouse gas
emissions can be seen separated by sector as presented in Figure 1-1 (8).
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Figure 1-1 7 Global greenhouse gas emissions by sector for the year 2016. Sourced from

(8).

In Figure 1-1, the largest individual emitters are those from road transport (11.9%),
residential buildings (10.9%), and other industries (10.6%). Other notable emitters include
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agricultural soils due to synthetic nitrogen fertiliser application (4.1%), chemical and
petrochemical manufacturing emissions from energy inputs (3.6%) and the burning of
agricultural residues (3.5%) (8).

The levels of NOx emissions from agricultural soils are expected to increase in the
following years as chemical fertiliser and poor manure management continue to grow (9).
As well as aiming to reduce NOx emissions, organic soil amendments such as biochars
and animal manure have been adopted for the enhancement of soil organic matter stocks
(10). Here, the manure and biochars act as nitrogen-rich amendments (11). The highest
levels of NOx emissions occur where the soil amendment is scattered on the soil surface,
as the nitrogen compounds desorb over time (12). These emissions can be alleviated by
burying the soil amendment under the topsoil, however, individual countries have their own

practices regarding this (13).

In the chemical and petrochemical industry, around two-thirds of greenhouse gas
emissions are due to fuel combustion, whilst one-third is linked to industrial processes and
product use (14). Fuel combustion takes up a large proportion of emissions as it is
necessary for heat generation, electricity, and steam production (15). These can be

electrified, to an extent (16), but it is more difficult with the chemical production-side.

The consumption of fossil fuels drives the emissions from the chemical productions side,
with 90% of the raw materials arising from natural gas, coal or oil (17). In addition, as the
production and consumption of fossil-derived resources do not occur at the same rate, the
price and availability can be significantly variable (18). In the long-term, this variability can
be stabilised through the valorisation of a variety of renewable feedstocks (18).

Although chemicals from renewable feedstocks (also known as bio-based chemicals) can
be produced in single-product processes, they can also feature in biorefineries. As with oil
refineries, the primary chemical product can be produced alongside secondary energy

carriers (such as power, heat and fuel), to maximise the efficiency of the process (19).

In China, the largest energy consumer and carbon dioxide emitter of the chemicals
industry is the production of synthetic ammonia. Approximately 54 million tonnes of
ammonia is estimated to be produced in China each year (20). One avenue for reducing
these emissions is the recycling of ammonium ions that are currently present in nitrogen-
rich waste streams (21). The most common streams that contain ammonium ions are

anaerobic digestates and wastewaters (22, 23).
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The capturing of ammonium, either gaseous or aqueous, can be performed by absorption
and adsorption. In absorption, agueous ammonia is stripped into the air (as gaseous
ammonia) by aeration and adjustment of the temperature and pH (24, 25). The gaseous
ammonia is then reacted with sulphuric acid, which stabilises as ammonium sulphate. In
adsorption, carbon-rich materials such as biochars and catalysts adsorb gaseous
ammonia onto their surface due to their particular physical and chemical properties (26).

As discussed, the burning of agricultural residues has led to 3.5% of greenhouse gas
emissions (Figure 1-1). Through the valorisation of these agricultural residues, the
emissions from the chemicals industry and applications of synthetic nitrogen fertilisers may
also be reduced. Agricultural residues cover a wide range of biomass, from straws to
bagasses to husks (27). In 2030, there is expected to be 139 million tonnes of agricultural
residues across the European Union (28). An alternative residue is tree bark, where an

estimated 0.7 7 2.0 million tonnes of bark are generated each year in the United Kingdom.

As lignocellulosic biomass, the structure of agricultural residues is predominantly
composed of cellulose, hemicellulose and lignin (29). Through the maturation of the
biorefinery concept, hemicellulose and cellulose are widely extracted for valorisation (30).
The last main constituent of lignocellulose, lignin, remains to be valorised to the same

degree and upgraded into higher-value products.

During the mass extraction processes of cellulose and hemicellulose, the lignin (which
makes up about 15-40% of lignocellulose) (31) that remains is considered to have a low
economic value, and is therefore used as

valorised to exploit its high-value aromatic structure.

The individual monomers of lignin are connected by a variety of linkages (32). The
structure of lignin differs from one sample to the next, based on the connections between
different linkages and monomers (Figure 1-2). Due to this somewhat randomised

construction of building blocks, lignin can be valorised in a variety of industries.

U ¢
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As discussed, some of the main emitters of greenhouse gases, by sector, are the
petrochemical and chemical manufacturing industry, agricultural soils by way of synthetic
nitrogen fertiliser applications, and the burning of agricultural residues. Therefore, this
work considers the potential applications of lignin as alternatives to petrochemicals and
synthetic nitrogen fertilisers by valorising agricultural residues rather than burning them.

1.1.1 Valorisation as a bio-based chemical

The current global market of bio-based chemicals is considered to be approximately 90
million tonnes (33). Despite this, a large majority of organic chemicals are still derived from
petrochemical feedstocks, with a global production around 330 million tonnes (19). One of
the key issues that slows the growth of the bio-based chemicals market is that the cost of
bio-based chemicals production is greater than the cost of petrochemicals production. Bio-
based chemicals are expected to both have a lower environmental impact than

petrochemicals, and for their performance to at least be on par with them.

The substitution of petrochemicals with bio-based chemicals are currently being sought by
companies in the manufacturing of products such as detergents, paints, plastics, solvents

and pesticides (34).

Bio-based plastics have a share of 0.4% across all plastics produced in the EU, with
around 268 kilotons of bio-based plastics produced each year (35). These are of high
importance to the EU, with mid-level production maturity. The drivers of bio-based plastics

are consumer demand and widespread activity across research and development
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departments (36). However, there is currently a lack of investment and infrastructure, with

the plastic recycling sector not being in line with the bio-plastics reduction (35).

Around 1,002 kilotons of bio-based paints (in addition to inks, dyes and coatings) are
produced each year in the EU, with around 1,293 kilotons consumed (35). Although the
bio-based share in the marketoés production
EU and at low maturity of production. This market is expected to grow in the future,
although not by greater than a few percent (37). The slow uptake is expected due to
uncertainty regarding sales of the bio-based products, because of perceived reduction in
quality compared to petrochemical-based products (37), and the potential risk of investing

in this market (35).

Bio-based surfactants are compounds that are used in the production of detergents, fabric
softeners, and paper (35, 38). Around 50% of all surfactants produced are from bio-based
routes, with an annual production in the EU of 1,500 kilotons (of approximately 3,000
kilotons of all surfactants produced). The high proportion of bio-based surfactants of the
total market is due to the high level of production maturity, whilst being of medium-level
importance to the EU (35). One of the barriers that is preventing further interest in bio-
based surfactants is the necessary purity of the compounds leading to high production
costs (39).

Bio-based pesticides account for approximately 2.5% (3 ktons) of the global pesticide
market (120 ktons) (40). In some areas, local use of bio-based pesticides is avoided by
farmers due to limited market availability and a lack of knowledge (41). The sustainable
use of pesticides is considered to be of high importance to the EU, as laid out in the Farm-
to-Fork and EU Green Deal strategies (42). The production maturity of bio-based
pesticides is considered to be at a moderate level, with there being an expectation of the
market proportions being equal between bio-based and synthetic pesticides by the late
2040s (43).

Bio-based solvents can be used in a range of industries, across cosmetics, adhesives,
paints, thinners and inks (44). Currently, only about 1.5% of all solvents in the EU are
produced via bio-based routes, with around 75 kilotons of bio-based solvents produced
each year (35). One of the constraints surrounding the increased uptake of bio-based
solvents is the apparent lack of biomass available because of the significant volumes of
solvent required across the different industries (45). In addition, bio-based solvents are

currently of low importance to the EU, and of low production maturity (35).

12
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From the different applications of bio-based chemicals discussed above, solvents have the
greatest room for growth. This is due to the low production maturity and need for high

production volumes.

1.1.1.1 Bio-based solvents

Solvents are chemicals which are used for the dispersal, dissolution, or dilution of other
compounds. I n recent years, there has been an
basedd solvents, as society has greater knowl ¢

disposal of petrochemical-derived solvents (46).

The power of the solvent against the solute is dependent on the physical properties and
molecular structure of both components (47). In the chemical manufacturing industry,
solvents are the components with the greatest consumption, and make up a large
proportion of the waste generated (48). As of 2024, bio-based solvents make up 5.7% of
the overall global solvent market (by valuation) (49, 50), and 12% by volume consumed
(51, 52) (Table 1-1).

Table 1-1 - The global markets for all solvents and bio-based solvents (as of 2024) (51,
52).

Solvent Market Value Volumes Consumed
(US$ Mn) (Million Metric Tonnes, MMT)
Global Market 36,300 30.7
Bio-based Global
Market 2,100 3.7

The applications of solvents are dependent on their chemical structure. Their solubility is
affectedbythes ol vent 6s polarity, which is the abilit
within the structure to attract an electron bonding pair. In addition to polarity, chemical

structures can also have aprotic and protic functionality, depending on whether the solvent

contains acidic hydrogens or not. Solvents can therefore be separated into three

categories: non-polar, polar protic, and polar aprotic.

As large volumes of solvents are needed for industry (48), large volumes of raw materials
are needed to fulfil this demand. Each year, approximately five billion metric tonnes of
agricultural residues are produced globally (53), most of which are burned. The scale of

agricultural residues could subsequently be potentially valorised as bio-based solvents.

Non-polar solvents are molecules containing bonds that are predominantly between two or

more atoms with similar electronegativities like carbon and hydrogen. These bonds
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therefore have an absence of charge, and the overall structure is referred to as being non-

polar. Asthekeyruleforunder st anding sol ubil i tpplarsotventsl i ke
are best for dissolving non-polar solutes like hydrocarbons. Common non-polar bio-based

solvents are terpenes (54) such as D-I i mo n e n €inead) Wwhiclcan be obtained from
plant-derived essential oils (44). However, terpenes tend to be toxic towards fish, amongst

other environmental risks (54, 55).

Polar solvents contain bonds between atoms with large differences in electronegativities
(e.g. hydrogen and oxygen). Polar protic solvents (such as water, H,O) have acidic
hydrogens, so can participate in hydrogen bonding and act as a source of protons. The
common applications of polar protic solvents is as solvents for their conjugate base, such
as water being used for the solvation of alcohol groups (-OH). Bioethanol is the most
commercialised bio-based polar protic solvent, which is predominantly made from
sugarcane and corn. Polar aprotic solvents are not as commercially established as the
other solvent categories, but have been explored in literature with dihydrolevoglucosenone
(Cyrene) and 2-methyl tetrahydrofuran (2-MeTHF) (56). These polar aprotic solvents do
not have N-H or O-H bonds (which include acidic hydrogens), and are unable to hydrogen
bond. Therefore, they tend to be better as solvents across a large range of reactions due

to their limited effectiveness at bonding.

In addition to essential oils, pyrolysis oils can also be a source of bio-based solvents. This
is generated by the pyrolysis of raw materials. Pyrolysis oils are very complex and
unstable polar (57) mixtures made up of over a hundred compounds (58), with the
individual compounds generally having similar properties such as boiling point and
polarities, so compound separation and isolation is difficult. Pyrolysis oils, therefore, do not
have many applications in its initial state. For this reason, upgrading routes including
methylation (59, 60) and hydrogenation (61) are necessary for ensuring a stable and

simpler mix with a wider range of potential applications.

There is therefore the most scope for commercialising bio-based polar aprotic and non-
polar solvents, as bioethanol is a platform chemical that can be upgraded into a wide

variety of other chemicals (62).
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1.1.2 Valorisation of agricultural residues as ammonia adsorbents for
the reduction of synthetic fertiliser use.

As discussed earlier, organic fertilisation has been identified as augmenting soil organic
matter (SOM) content and nutrient status, thereby improving soil fertility and structure (63).
The use of crop, or agricultural, residues as a source of organic carbon can favour the
accumulation of soil organic matter in soil, whilst recycling and retaining farm-sourced
nutrients (64).

For nitrogen-rich organic matters such as manure and other sludges, there may be
concerns, when looking to apply them as fertilisers, regarding the presence of pathogens
(65). This can be rectified through the methods such as heat-treating or anaerobic
digestion (66). Different sources of organic fertilisers include composts, biosolids, industrial

wastes and anaerobic digestates (67, 68).

Organic fertilisers can also be applied as liquid or granular fertilisers, which come with their

own benefits and difficulties.

Liquid-phase organic fertilisers, such as manures, composts and liquid anaerobic
digestates, are readily absorbed by plants, so can provide an immediate boost to nutrient-
deficient soils. They are also uniform in nature as the nutrients within are evenly distributed
across the liquid-phase, and they are more versatile as they can be diluted, if needed,
depending on the application. However, due to the power of absorption, liquid fertilisers do
not last that long, and must be reapplied to the soil fairly often. In addition, they cannot be
applied in hot weather or sunny conditions due to the risk of leaf scorch (69).

Granular organic fertilisers, such as biosolids and solid-phase anaerobic digestates, are
less likely than liquid-phase fertilisers to be washed away by rain, so do not need to be
applied as frequently to the soil. This increased longevity can aid in the sustaining of plants
over a longer period too. In contrast to liquid organic fertilisers, granular fertilisers tend to
be easier to transport and sold in bulk. Therefore, they are considered to be more cost-
effective. Most importantly, granular fertilisers are easier to spread over larger areas than
liquid fertilisers, by using equipment such as a broadcast spreader (70). However, granular
fertilisers cannot simply be spread over soils, as they must be worked into the soil. Also,
common granular fertilisers, when improperly applied, may burn plant issue due to the

their high concentrations (69).

In the UK, liquid fertilisers (including liquid urea and ammonium nitrate) are less expensive

per tonne than granular fertilisers (71). This is likely due to liquid fertilisers being less
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concentrated. The cheaper fertilisers are generally those that are animal-based (manure,
fish meal, blood meal, bone meal and feather meal) (72). However, the use of animal-
based granular fertilisers carries an increased risk of drawing in pests (69), as they remain
accessible to animals due to their slow absorption into the soil. Therefore, plant-based (or
bio-based) granular fertilisers are valuable alternatives for their long-lasting properties and
lack of attracting pests (73).

The quality of soil can be enhanced through the co-application of biochar (biomass that
has undergone pyrolysis) with the fertiliser. The combination of the two substances has
been shown to reduce the loss of soil nitrogen, increasing soil carbon storage and overall
improving soil fertility (74).

Alternatively, the biochar could be used as an organic granular fertiliser by itself through

the prior adsorption of nutrients. Adsorption can occur chemically and physically and is

dependent on the properties of the adsorbent. Physical adsorption is determined by factors
including specific surface area, pore size distribution, and pore volume, whilst chemical
adsorption is dependent on f unc tustuoen7) Fogr oup s
example, surface-level biochar functional groups (e.g. carboxyl and hydroxyl, C=0 and O-

H) can form chemical bonds with the nitrogen and oxygen functional groups in the sorbent

(75).

The global adsorbent market, as of 2024, is estimated to currently be worth between US $
3,600 7 4,800 million (76-79). Each year, around 5300 thousand tons of adsorbents are
traded globally (80).

The most widely used adsorbents for the treatment of emissions and nitrogen-rich
wastewaters are activated carbons. These are defined as carbonaceous materials with
high internal surface areas and porosities (81). As they are produced by pyrolysis at higher
temperatures, activated carbons have high-temperature resistance, as well as resistance
to strong acids and bases and good chemical stability (82). The carbonised materials can
be activated physically or chemically. Physical adsorption utilises a mixture of carbon
dioxide, air and steam, whilst chemical adsorption uses oxidative chemicals to react with
the carbonaceous material to improve its surface area, surface functionality and carbon
yield (83).

The most common materials used to generate activated carbons include coal, peat and
petroleum (81). However, these are non-renewable, so research has investigated their

production from industrial byproducts and agricultural wastes (83). Although waste or

\
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residue-derived activated carbons may come from more renewable sources, the energy
intensity of the carbonisation process and sustainability of the activation of the raw

materials requires greater optimisation.

Another group of adsorbents, zeolitic materials, were among the first to be
commercialised. These are microporous catalysts, where the structure and composition
are designed in such a way where the adsorption properties can be fine-tuned depending
on the specific application (84). However, their high performance comes at a cost. In
addition to their higher price (between US$ 10-100 per kg) (85), the production process is
energy-intensive and is not very sustainable (86).

The adsorption performance of zeolites compared to activated carbons are dependent on
several factors, including the pressure, adsorption temperature, and sorbate (87).

Activated carbons appear to perform better than zeolites at pressures below 350 kPa (87).
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1.2 Research gap

Through exploring the literature, several gaps were identified in the literature. Some of

these are presented in Figure 1-3.

Detergents, paints,
plastics, solvents,

pesticides
Agri residues Commercialisation
as feedstock for of residue
, bio-based derived
Anlmall e ammonia Use as AD
feed/bedding
feedstock
Textiles Use as bio-
sector _ filter for water
Source of Agri remediation
Feedstock  bioactive  residues as and gas
for biogas compounds N-rich cleaning
fertiliser

Recovery of
excess Nlammonia

Figure 1-3 1 Potential routes for valorising agricultural residues, producing bio-based
chemicals, and recovering excess nitrogen or ammonia.

Although different forms of biomass have been characterised individually in the research

before, there are limited sources where a variety of samples have been characterised for

their valorisation as high-lignin feedstocks. In addition, literature could not be found where
the applications of biomass residues were compared to established commercial lignin

products.

Regarding the characterisation of biomass, literature could not be found that investigated
the effect of acid-washing or solvent extraction on the proximate, ultimate and fibre
analysis data. In addition, research could not be found on how the treatment of biomass

impacts its valorisation.

Tree barks have been characterised across the literature. However, none of the published
research has explored tree barks from the United Kingdom. This is expected due to the
greater level of resources in Scandinavia and the U.S.A. Nevertheless, the UK is thought
to have 1357 thousand hectares of conifer (softwood) trees (88). Assuming that 50 tonnes

worth of conifer trees are thinned every 5-10 years (89), and that bark makes up around
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10 wt% of tree stem volume (90), approximately 0.7 i 2.0 million tonnes of bark from

lumbered roundwood are generated each year in the United Kingdom.

The valorisation of biomass residues as bio-based solvents via fast pyrolysis has been
considered in the literature previously, predominantly with each peer-reviewed paper
focusing on a single biomass residue. No individual paper has looked at a range of
residues and a range of pyrolysis temperatures, to attempt to optimise the process based
on the available feedstocks. There has also been limited literature that assesses the
hazardousness and solubility to compare biomass residue-derived pyrolysis oil to common
industrial solvents, to discuss the potential applications of the prospective bio-based

solvents.

In the literature, most research regarding the valorisation of biomass as ammonia
adsorbents uses activated carbons or biochars, due to them being established as good
adsorbents. However, only limited literature could be found that tested the (gaseous)
ammonia adsorption capacity of raw/untreated biomass residues (91). Only one piece of
literature (92) was sourced that looked at the ammonia adsorption capacities of biomass
that been treated in different ways to slow pyrolysis, this being hydrothermal carbonisation
to produce hydrochars. Limited literature could be found that explored tree barks as
gaseous ammonia adsorbents, with none of the papers considering the difference between

individual tree bark species.

The gaps in the literature that were identified were distilled into the aims and objectives for
this thesis which are described in Section 1.3.
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1.3 Aims and Objectives

Lignin has been recognised as a promising source of high-value products. However, there
is a current need for more lignin-rich feedstocks to both be discovered and valorised. The
aim of this research is to identify biomass that are lignin-rich and explore their
performances in high-value applications.

This aim will be accomplished through the completion of the following research objectives:

1. Toidentify high-lignin feedstocks

0 A wide variety of biomass will be characterised to determine its lignin
content and other composites. The lignin content will be estimated by fibre
analysis.

0 The results of the characterisation will aid in the understanding of which are
actualily gmhingh and how their compositioa
valorisation routes.

2. To explore the valorisation and upgrade of high-lignin feedstocks to bio-
based solvents

0 A selection of biomass will undergo fast pyrolysis to identify the valuable
aromatic compounds that would be present in the pyrolysis oil.

0 The benefits of upgrading pyrolysis oil-derived compounds will be explored
through theoretical methylation and hydrogenation.

0 The properties of the different forms of pyrolysis oil-derived compounds will
be assessed by utilising the CHEM21 hazardousness criteria and
estimating their solubility.

0 The pyrolysis oil-derived compounds will then be compared to common
industrial solvents, to assess their potential applications as bio-based
solvents.

3. To explore the valorisation of high-lignin feedstocks as an adsorbent of
ammonia

0 The ammonia adsorption capacity of the lignin-rich feedstocks will be
investigated through laboratory work at three different conditions.

0 The lignin-rich samples will be thermally treated under slow pyrolysis
conditions to generate biochars.

0 The correlation and causation of lignin to ammonia adsorption capacity will

be explored.
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0 The effect of biomass pre-treatment on ammonia adsorption capacity will be
tested.
0 The correlation and causation of other components of biomass that will be

characterised, will be explored.

The aims and objectives, described above, were distilled into Figure 1-4 to summarise the

scope of the work to be done.
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Bio-based
Sugarcane t A . solvents
& Digestates
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Lignin-rich Screening and
residues Characterisation

D Ammonia
\r adsorbents

Liquid-solid interface

quuidﬁl{\

P Liquid bulk |

Coconut Husk Tree barks

Liquid

Figure 1-4 - Scope of the work in this thesis.
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1.4 Organisation of chapters
This thesis is composed of 8 chapters and an appendix, organised as follows:

Chapter 171 Introduction. This chapter outlines the background, purpose, and necessity
of this work, whilst detailing the thesisdo st

Chapter 271 Literature Review. This chapter describes the background and research that
pertains to more than two or more chapters in this thesis.

Chapter 31 Materials and Methods. This chapter illustrates both the materials utilised in
this study, and the methods of how they were examined for their characterisation and
valorisation. Characterisation methods include proximate analysis, ultimate analysis, fibre
analysis, atomic absorption spectroscopy, and pyrolysis-gas chromatography (py-GC/MS).
Valorisation methods include additional py-GC/MS at different temperatures, solvent

extraction, and finally, ammonia adsorption testing and modelling.

Chapter 41 The screening and characterisation of lignin-rich feedstocks. This
chapter assesses a wide variety of biomass for its elemental composition (ultimate
analysis), proximate analysis, alkaline earth metals content (atomic absorption
spectroscopy), lignocellulosic content (fibre analysis), and pyrolysis products. Several of

the biomass samples underwent a mild acid-washing and were then re-characterised.

Chapter 51 The characterisation and effect of solvent extraction on bark. This
chapter characterises barks by the same methods as Chapter 4, with the addition of

solvent extraction by Soxhlet apparatus and Accelerated Solvent Extraction.

Chapter 61 The potential to produce bio-based solvents from the pyrolysis of lignin-
rich residues. This chapter explores the valorisation of lignin-rich residues as bio-based
solvents. Samples undergo fast pyrolysis (via pyrolysis-gas chromatography/mass
spectrometry), and the prevalent pyrolysis oil-derived components are assessed and

compared to common solvents for their hazardousness and solubility.

Chapter 771 The potential to produce bio-based ammonia adsorbents from lignin-
rich residues. This chapter measures the ammonia adsorption capacity of untreated tree
barks, treated tree barks, and a selection of other samples. After adsorption capacity
testing, the characteristics of the untreated and treated samples were compared to explore

what led to the measured differences.
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Chapter 81 Conclusions, Research Limitations, Recommendations and Direction.
This chapter brings together the results of the previous chapters and relates them to how
they met the objectives discussed in Section 1.4. The limitations of the research
presented is discussed, with recommendations for further work presented.

Appendix. This section outlines the data whereby the absolute values were not used, but
where it was applied onto other figures or tables discussed within the main chapters.
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Chapter 2 - Literature Review

In this chapter, the literature pertaining to lignins, its sources, properties, extraction
methods and its applications are discussed. Throughout this study, materials are
investigated for their lignin contents, with the properties of lignin, and the different
processes for extracting and purifying lignin discussed in Section 2.1. The arising of
agricultural residues and the treatment methods to generate lignin-rich residues are

outlined in Section 2.2.

2.1 Lignin

The maturation of the biorefinery concept has led to the mass extraction of hemicellulose
and cellulose from lignocellulosic biomass (30). The last main constituent of lignocellulose,
lignin, remains to be valorised to the same degree and upgraded into higher-value
products.

Lignin, which makes up between 15-40% of lignocellulose (31), tends to be used as an

energy supply for the cellulose and hemicellulose extraction process by burning (93). This

is because once the lignin is cleaved from the desired cellulose and hemicellulose, its
economic value is so |l ow that the |lignin is u:
be valorised to exploit it being a source of high-value aromatic compounds due to its

complex three-dimensional structure.

However, not all batches of lignin are the same. The composition of lignin is dependent on

both the biomass itds coming from, and the bat
not an agreed model for its chemical and physical structure. The complexity and diversity

of lignin structures add importance to the characterisation of the biomass itself. It is

important to understand how the lignin composition fits into the overall structure of the

biomass through characterisation.

Lignin can be referred to as native, residual or technical, which is conditional on whether
the biomass is untreated (native), treated with the lignin still present (residual) or treated

with the lignin having been extracted (technical) (94).
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2.1.1 Structure and properties of lignin

The structure of lignin is a complex matrix of guaiacyl (G), p-hydroxyphenyl! (H) and
syringyl (S) units (Figure 2-1). These three subunits are produced by the oxidative radical
polymerisation of the mono-lignols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol. The main categories of lignin-rich native biomass are herbaceous plants (such as
rice, sugarcane, bamboo, maize, and other cereals), hardwoods (oak, ash, beech, birch)
and softwoods (pine, fir, spruce, cedar, larch) (95). Softwoods have the highest proportion
of G units, whilst hardwoods consist of S and G units (96). According to the literature,
softwood lignins do not vary much across different species, whilst the syringyl-to-guaiacyl
ratio (S/G ratio) of hardwoods can vary significantly between species (97). In herbaceous
plants and grasses, there is known to be equal amounts of S and G units. In contrast to
the softwoods and hardwoods, which have trace or low levels of H units, herbaceous
plants have higher levels of H units, though still less than the S and G units (98). In the
sphere of sugar production from feedstocks, a lower S/G ratio has been linked to higher
release of sugars (99) by increasing their solubilisation.

OH ( OH OH
OMe MeO OMe
OH OH OH
p-coumaryl coniferyl sinapyl
alcohol alcohol alcohol
polymerization polymerization polymerization
i ¢ OMe MeO”~ OMe
O.. O.. O..
p-hydroxyphenyl unit guaiacy! unit syringyl unit

Figure2-1i1 The oxi dative pol ymer i srnoligaols. Soufcedl i gni n
from (100).
Due to high proportions of aromatics within 11
hydrophobic. By contrast, hemicellulose and cellulose are hydrophilic because of the lack
of aromatic structures (101, 102). However, as | igninds structur
contain a not insignificant proportion of polar functional groups (amide, carboxyl, hydroxyl,
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carbonyl), which are hydrophilic (103). Therefore, some research has looked at the

modi fication of the functional groups present
functional groups, to strengthen the hydrophobic or hydrophilic nature of the lignin

depending on the desired application (103). These applications have included lignin-

elastomer composites (104, 105), lignin sub-micro spheres (106, 107), and polymers.

The molecular weights of lignin differ between the different categories of lignin-rich

bi omass. Softwood |ignins have the @@Bpendh est ma
hardwoods having lower molecular weights. The molecular weight of a lignin can impact its
physico-chemical properties. Lignins with higher molecular weights are likely to have lower

levels of alcohol hydroxyl, phenolic hydroxyl, and carboxyl functional groups (98).

However, higher molecular weight lignins are known to contain more conjugated carbonyls
and benzoquinone, leading to the lignin having a darker colour (Figure 2-2) (108).

F1 F2 F3 F4 F5

Mw=7154 g/mol Mw=5818 g/mol Mw=5042 g/mol Mw=3448 g/mol Mw=2096 g/mol

Figure 2-2 7 Images showing lignin colour lightening as the molecular weight decreases.
Sourced from (109).

All lignins (unmodified and modified) have UV-protecting properties. The darker coloured
lignin is of less interest to the cosmetics industry; therefore, research has looked at
lightening lignin for its application as a sunscreen (108, 110, 111). In some papers, the
molecular weight of lignin has been increased by its polymerisation in acidic aqueous
solutions with acrylic-c ont ai ni ng compounds, to i mprove the
flocculant and additives (112-114). In addition, the antibacterial and antioxidant properties
of lignin changes with its molecular weight (115).

Higher molecular weights are also known to lead to higher glass transition temperatures.
The glass transition temperature (Tg) is the region whereby a polymer (such as lignin)
changes from a glassy to a rubbery state without a phase transformation in between. The
Ty increases for polymers that are highly cross-linked with high levels of crystallinity, a
lower moisture content, and a higher polarity (98). The T, values therefore differ across the
three main categories of lignin-rich biomass, with herbaceous plants having the lowest and
hardwoods having the greatest (116). Herbaceous plants have a T4 at approximately 150
°C, softwoods have a Tg4 of 164 °C, and hardwoods have a T4 around 238 °C (Figure 2-3).

In the thermal pretreatment of lignin, it would become softer at temperatures which are
higher than its T4 (117) and will thermally expand at an increasing rate (118). Where
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lignins could be used in the production of adhesives, the Ty is a key factor. Above the Ty,
the tensile strength and shear strength of the adhesive reduces (118). Therefore, in these
cases, it is better to have an adhesive with high T, values.

Figure 2-3 - Glass transition temperatures of native lignin from herbaceous plants,
softwoods, and hardwoods. Sourced from (116).

In addition to the other properties of lignin that have been discussed, the alkali, alkaline
earth, and transition metals that are inherent to lignocellulosic biomass impact the thermal
degradation of the lignin (119) by increasing its thermal reactivity. The common alkali
metals, potassium and sodium (Table 2-1), are mostly present in biomass either as
dissociated ions or as salts (alongside chloride ions). For example, potassium tend to exist
as free K* in solution within the cells. Magnesium tends to be present as organically bound
materials within organic compounds, whilst calcium is likely to occur from its precipitation
via natural processes, as calcium oxalate (CaC;0,). Transition metals are not always
present in biomass, and different transition metals can exist in different forms in varying
types of biomass (119). In impurities, such as nitrates and sulphates, the transition metal
elements are likely to be in ionic form. However, they can also be bonded to semi-
crystalline or amorphous cellulose in an organically bound form. Iron can be present in
precipitated forms such as FePO, and Fe;(SO4)s, but can also be found in organic
compounds as a bonded Fe?* ion.
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Table 2-1 7 Common metallic elements found in biomass (119), and their typical

(0.1-10 mg/g)

(0.9-7 mg/g)

concentrations.
Alkali metal Alkaline earth metal § Transition metal
Copperi Cu
Potassium i K Calciumi Ca (0.001-0.1 mg/qg)
(1-22 mg/g) (2-50 mg/g) Ironi Fe
(0.05-0.25 mg/g)
Manganese i Mn
Sodium T Na Magnesium i Mg (0.02-0.3 mg/qg)

Zinci Zn

(0.4-6.6 mg/g)

Whilst undergoing pyrolysis, the presence of alkali metals in lignin can lead to increased

levels of coke (or char) and permanent gases (predominantly CO and CO,), with tar

(condensable gases) levels reducing (120, 121). The overall reduction in tar may be due to

secondary reactions during pyrolysis, favoured by the existence of the alkali metals,

potentially converting generated tars into char (122).

Alkaline metals have the opposite effect, with coke/char and permanent gases reducing,

whilst tar levels increase (123, 124). Transition metals generally increase the levels of

coke/char and gases (125, 126), but the change in tar levels depend on the specific

transition metal. Iron and nickel oxides have been seen to weakly promote tar promotion,

however cobalt, copper and manganese oxides appear to inhibit tar promotion (127, 128).

The synergistic

i mpact s

of metals are present are unknown.

on

l i gninds

t her mal

The inherent metals within lignin impact the thermal degradation of the material, as

discussed. The addition of alkali metals to lignin has been used in the literature to aid in

controlling the porosity and reactivity of the lignin (129, 130), as well as to further increase

the char yield of feedstocks (122). In cases where the solid char was not the favoured

product of pyrolysis, potassium and sodium has been removed from lignin by acid

washing, reducing the char yields (131).

Once lignocellulosic biomass has been combusted, for example as a source of energy in

biorefineries, the inherent alkali metals are retained in the ash. The alkali metals within the

ash, such as potassium and phosphorous, have been considered in the literature as a

sustainable nutrient supply by applying the ash onto farmland (132).

d e
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Regarding alkaline metals such as calcium and magnesium, their addition to lignocellulose
has been shown to reduce the crystallinity of cellulose (133) and increase the yields of the
oil generated after fast pyrolysis (134).

The majority of the literature that was found pertaining to the effect of the presence of
transition metals on biomass regards the pulping process (135-137). Ordinarily, lignin-rich
materials are pulped for the production of paper. As mentioned earlier, lignin is known to
be a coloured material. Therefore, the lignin-rich materials must also be bleached to
remove the darker colours and increase its brightness (135). The presence of transition
metal ions within lignin-rich materials, however, reduces the effectiveness of the bleaching
process by both catalysing the decomposition of the bleaching chemicals, and causes the
formation of coloured compounds (136). In addition, when transition metals have been
added during the pulping process, the viscosity of the pulps generated are greater than
those without additional transition metals (137).

The addition of iron, as a transition metal, to lignin has been explored as a method for
improving its thermal resistance and stability during the production of carbon fibres (138).
The addition of manganese to lignin-derived biochars has been investigated for the
potential adsorption capacity enhancement of methylene blue (139). The benefit of
manganese in this field was through the addition of ion exchange functional groups on

activated carbondés surface, and DbM39 mproving

Manganese has al so been not e d(140p whemhasbeen e
applied in areas which include saccharification (the breakdown of polymers into
monomers).

As the complex structure of lignin is predominantly made up of carbon, dissolution requires
organic solvents. Solvents that are commonly used to solubilise lignin are dimethyl
formamide (DMF), dimethyl sulphoxide (DMF), and 2-methoxyethanol (141). The
performance of the solvents in dissolving the lignin can be improved by prior fractionation
to disentangle the polymeric chains (142). This fractionation produces technical lignins
with greater solubilities, and is discussed later (Section 2.1.2). The power of the organic
solvents can be quantified by solubility parameters, which include Hansen solubility
parameters (HSP) (141) and Hildebrand solubility parameters (142). These are discussed
in Section 6.1.

Lignindés solubility is affected by a wide

has a lower molecular weight and polydispersity (the ratio of the weight-average molar
mass and the number-average molar mass) (143), a decrease in aliphatic hydrocarbon

t

ligni

ran
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side chains (such as alkanes and alkenes), or an increase in acid-base interaction
capability (142).

2.1.2 Extraction of lignin from biomass

As wel | as |ligninés structure changing dependi
recovered from biomass from a large variety of routes as technical lignins, which all have

different benefits and drawbacks (100). These recovery processes have been summarised

in the table below.

Regarding the potential environmental impacts of the technical lignin recovery processes,
the use of ionic liquids and the organosolv lignin process both utilise relatively low
temperatures (< 120 °C). The energy requirements of these two recovery processes are
therefore a lot lower than the pyrolysis and hydrolysis processes.

The sources, production route, and disposal route of the substances used in the recovery

processes would also affect the environmental impacts of the technical lignins. In
organosolv lignin, the impact would depend on
petroleum-derived or bio-based. Several of the technical lignin recovery processes utilise

acids or bases, so understanding their production and disposal route is paramount to

quantifying their impacts.

Due to the processes below including various types of processes, including thermal,
acidic, and basic, the structure of the technical lignins vary greatly from native lignin. For
example, alkaline processes like soda and Kraft pulping leads to the breakdown of
protolignin, lignin fragment dissolution, and recondensation. The organosolv process leads
to a lignin with lower residual carbohydrates and ash (144).
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Table 2-2 - Summary of technical lignin recovery processes (100).

Lignin types Summary of process Benefits Drawbacks
Alkali Lignin Hydrolytic degrqdanon of High lignin yield High sod|um from
Kraft lignin processing

lonic Liquids

Temp: 70-100 °C
Hydrothermal solvent
fractionation

Sulphur-free
Limited changes to
| i g rstruntdres

Cost of ionic liquids

Hydrolysis

Temp: 170-210 °C
Acidic or enzymatic
hydrolysis

Sulphur-free
High-quality lignin
Minor degradation

Acid treatment is

expensive

Acid treatment has
severe conditions

Kraft

Temp: 150-180 °C
Naz2S and NaOH
treatment

Lignin recovered is
soluble in polar
solvents and alkali

solutions

Low ash content

Black liquor that is
generated has high
sugar concentrations
Processing time is long

(1-2 hours)

Klason

Acid hydrolysis with
concentrated H2SOa4

High lignin yield
Low carbohydrate

levels

Acid treatment is

expensive

Structure of the lignin

changes

Lignoboost

Utilises black liquor from
the Kraft process
Two-stage acid treatment,
then filter pressed

Kraft pulp load
increases (145)
Can be valorised as a

feedstock

Long processing time

Organosolv

Temp: 90-120 °C
Hydrothermal treatment
with a solvent (25-75 %)

Alkali-soluble lignin
Limited changes to
l igninéds
Sulphur-free

Additional solvent cost
The solvent recovery
that is required adds

additional steps

Pyrolysis

Temp: >450 °C
Thermal treatment

Sulphur-free
Short vapour residence

time (2s)

Low average molecular

weight

High consumption of
carbohydrate

Soda

Temp: 90-150 °C
Alkali treatment with
NaOH/KOH

Low ash

Sulphur-free

Low purity of lignin, due
to carbohydrate content
Structure of the lignin

changes

Common commercial applications of lignin products are in dispersants, additives, and

surfactants (31, 146-152). The lignin products that tend to be used for these applications

are alkali lignin (153-155) and Kraft lignin (152, 153).

In the literature, Kraft lignin (156-165), soda lignin (165-167), alkali lignin (165, 168-170),
organosolv lignin (162, 163, 167, 171, 172) and Klason lignin (173) have been explored as

binders for adhesives (165). However, organosolv lignin is not used extensively in the

production of binders or adhesives due to its low molecular weight (174). Other areas that

utilise lignin-based binders include wiring boards, hydrogels, soil suppressants, battery

binds, and lignin-based paper and coatings (165).
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In the field of tissue engineering and regenerative medicine, alkali lignin (175-178), Kraft
lignin (152, 179-183), Klason lignin (152) and organosolv lignin (152, 179) has been
researched for their performance as nanoparticles via ultrasonication. These exhibit high
activity and large specific surface area, whilst providing the additional bioresource
utilisation and sustainability (178). Thermo-sensitive gels, which are used in drug release,
tissue repair and water purification, have been synthesised using lignin products. The
lignin products utilised for thermo-sensitive gels include alkali lignin (184) and organosolv
lignin (185).

Lignin products have been considered, in the literature, as a biosorbent for the removal of
dyes from wastewater (186). A key site where dye removal is necessary is in paper mills,
where any dye effluent can lead to harming flora and fauna. Hajkova et al (2023)
considered the performance of alkali lignin as a dye-removing biosorbent, due to its pre-

existing presence as a waste from paper milling (186).

The valorisation of depolymerised lignin is predominantly done with Kraft and organosolv
lignin (187). This is due to the processing method not being severe, allowing the lignin to

still be reactive enough for the depolymerisation (188). Hydrolysis lignin does not tend to

be utilised for polymerisation because the hydrolysis method renders the product with low
reactivity (187).

Due to the dye sorbency properties of lignin, lignosulfonate products (Kraft and alkali
lignin) are known to be used as dye dispersants (153, 189). Technical lignins have
potential applications as dispersants due to their hyperbranched polymer structure (190).
Chemically modified alkali lignin has been studied for its performance as an adsorber of
cellulase (cellulose-degrading enzymes) (191). Lignins are thought to be competent
adsorbers due to their aromatic structure, allowing for strong interactions with other
molecules. Soda lignin has been reported as having limited industrial applications due to
its lack of reactivity and insolubility in water (192). The applications that it would be
suitable for include dispersants, animal nutrition as a binding agent due to the binding
properties of lignin, and the production of phenolic resins. Their use in the production of
phenolic resins isdue to | i g rcompléxsstructure leading to good tensile strength and
thermal properties (174). lonic liquid-extracted lignin, although not available at industrial

scale, has been seen to have properties similar to organosolv lignin (174).

Predominantly, the Klason method is used for the quantification of lignin in lignocellulosic
structures (193-195). As a relatively new type of industrial lignin (196), LignoBoost does

not yet appear to have common applications. However, it is believed that, as it is a high
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purity lignin, it has a wide scope of applications. These cover thermal and chemical
conversions into hydrocarbons, phenols and oxidised products. As discussed throughout
this section, the high-purity lignin can also be used in thermoset resins, polymers,

adhesives, binders, preservatives and carbon fibres (197).
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2.2 Agricultural residues

In this section, the various types and treatments of agricultural residues are discussed.
The distinctions between primary and secondary by-products are outlined, and their main
applications industrially and in the literature. In addition, the background and valorisation of
agricultural residues by different treatment methods (biochemical and thermochemical) are
discussed.

2.2.1 Arising of agriculture by-products

The by-products of agriculture can be separated into primary and secondary by-products.
Common primary by-products are the residues that remain after the harvesting of crops
and include straws and other crop residues. Secondary by-products arise from the
processing of products into consumable forms, and consist of shells, husks, pulps, peels
and seeds (198).

2.2.1.1 Primary agricultural by-products

Crop residues are the parts of plants and crops that remain after the financially valuable
sections have been harvested (199). Example of crop residues include straw and bagasse.
The main applications of crop residues are that they are generally left on the field (40-
70%), burned (0-10%) or used by animals (0-40%) (200), with the proportions of each

changing across individual cropland, regions and countries.

The most common sources of husks and straws discussed in the literature arise from rice
and other cereals (201, 202), predominantly in Asian countries (203). Within the EU, maize
and wheat straws are the most abundant types of cereal straw (204). Once cereal grains
are grown and harvested, the straw is the remaining residue left to dry on the field. The
straw is then harvested and baled, before being used across the agricultural sector. The
main use of harvested straw is as animal bedding (205). Although illegal in the EU, unused
straw is burned in the field, as this does not include additional costs such as handling or
transportation (206). Excusing the reduced costs, the generation of smoke from straw
burning is sometimes used by farmers as a method of pest and disease control (207).
Another key use of straw is as a source of organic matter for soil. In Italy and Ireland, there
are financial incentives for farmers to leave straw on fields, as the straw incorporation
leads to increased soil fertilisation and soil organic carbon accumulation (205). In the

literature, straw has been explored for its use in the production of particleboards (208),
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fibreboards (209), concrete reinforcement (210, 211), and in the cultivation of mushrooms
(212-214).

2.2.1.2 Secondary agricultural by-products

In the growing season of cereals such as rice, husks are the coating that protect the seeds
(215) (Figure 2-4). After the harvesting of the cereals, the grains are dried, ground, peeled,
and milled, which separates the husks from the cereal seed (216). As with straws,
agricultural husks can be used as a soil amendment by aiding the retention of nutrients
and moisture in the soil. The widespread uses of husks are as energy sources, either to be
burned in power plants to generate electricity, or as a fuel source for heating and cooking
(217). Less common applications are in packaging, paper production and insulation (217).

- Rice husk (20%)

*— Rice bran (8%)

Pericarp

Aleurone layer
<4 — Whiterice (70%)
- Rice germ (2%)

Figure 2-4 i The structure of a rice grain. Sourced from (218).

Cereal brans are a part of the outer layer of cereal grains that is often discarded during
milling (219). The key difference between the bran and the husk is that where the bran is
the broken seed coat, the husk is the hard, protective cover of grains that must be
removed before consumption (220). Whilst the husk has no nutritional value, the bran has
plenty of proteins, vitamins, and fibres (220). The main applications of brans are as low-
value animal feed, or being discarded as waste (221). About 10 % of generated bran is
used to supplement human food. This small percentage is due to the transportation and

processing costs, and with the poor functional and textural properties of the bran (222).



~29~

Bagasse is a residue of sugarcane and sorghum. After the sugarcane or sorghum is
crushed for extraction of its sugar content, the bagasse is the remains, present as a dry
fibrous waste (223, 224). The bagasse is high in cellulose content, so is used as a
feedstock in the paper industry, as a biofuel, and is also burned for its energy content
(225). Bagasse is also a fibrous material. Consequently, the fibres have been investigated
for their use in the textile and civil engineering sectors (225).

Similar to bagasse, pulps are the remains after a fruit or vegetable have been crushed, or
where the desired content has been extracted. Within the EU, the largest vegetable

processing by-product is sugar beet pulp (204). The main applications of vegetable pulps,
such as sugar beet pulp, is to be used an animal feed (226), or as a feedstock for biogas

via fermentation or anaerobic digestion (227).

The peels of potatoes are the third largest vegetable processing by-product in the EU
(204). In contrast to the other types of residues that have been discussed, peels are more
likely to be generated in households rather than in processing facilities (228), so they are
only present in high volumes at waste facilities and referred to as food waste (229). There
are only limited industrial-scale applications of vegetable or fruit peels, or seeds, but
literature has looked to study and find uses for their high bioactive contents (229, 230).
The peels of fruit including mangosteen, mango, papaya, and dragon fruit appear to have
greater levels of phenolics than the flesh (between 13-47%) (230). Seeds contain
phenalics to a lesser extent than the peels but contain a larger variety of bioactive
components also including tannins, triterpenoids, flavonoids, steroids, fatty acids, oils, and
saponins (230). These chemicals are mostly used in the cosmetic and food industries due

to their anti-inflammatory, antimicrobial, antioxidant properties (231).

2.2.2 Treatment methods of residues

Due to the limited applications of agricultural residues, as discussed, the biomass can be
converted to exploit its lignocellulosic content (232). As the focus of this study is on lignin-
rich residues, only the methods that concentrate the lignin in the agricultural residues will

be discussed.

The common types of conversion routes for biomass are biochemical and thermochemical.
In biochemical conversion, the biomass can be upgraded via routes including anaerobic
digestion, fermentation, saccharification and transesterification (233). The thermochemical
conversion routes consist of pyrolysis, gasification, combustion, hydrothermal liquefaction

and hydrothermal carbonisation (233).
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2.2.2.1 Biochemical conversion

As discussed, the biochemical conversion of biomass is commonly accomplished by

anaerobic digestion, fermentation, saccharification and transesterification.

Saccharification is a key form of pre-treatment prior to fermentation. This process
depolymerises the constituents of biomass into their fermentable sugar monomers.
However, lignin reduces the severity and scale of saccharification, leading to a lower
fermentable sugar yield (234). It is for this reason that lignin would need to be
depolymerised and separated from the biomass to improve the process. Therefore,
saccharification will be discussed alongside anaerobic digestion and fermentation, which

require similar pre-treatments.

Transesterification is the change of ester groups within a structure under basic or acidic
conditions (235). In the literature, transesterification has not been done on biomass due to
its complex structure, but has been done on extracted and processed lignin (such as Kraft
lignin) (236). Due to the process not being performed on the biomass, but on pre-extracted
lignin, it will not be discussed in detail in this section.

2.2.2.1.1 Anaerobic Digestion

Anaerobic digestion (AD) is the microbial digestion of a substrate (in this case,
lignocellulosic biomass) in the absence of oxygen to produce a biogas that can be
upgraded into biomethane (237). Biomethane can be used as an energy source in the
generation of steam and heat, in combined heat and power (CHP) production, and as a
replacement for natural gas (in the transportation sector and in the natural gas grid) (238).

One of the barriers for the use of lignocellulosic biomass in anaerobic digesters is its
structure. The interactions between the hemicellulose, cellulose and lignin leads to a
biomass structure which is both resistant and recalcitrant (239). Therefore, improving the
digestibility of the organic matter contained within the biomass has been explored through

chemical, physical, and biological pre-treatments.

Physical pre-treatments, including milling and grinding, are performed to reduce the

cellulose contentds crystall {2#0).ty, increasi

The lignin components of lignocellulosic biomass can be removed through chemical pre-
treatments with ozone (240). During ozonation, the lignin is depolymerised into

degradation products including phenols, benzenes, and fatty acids (241). However,

ng

ozonebdbs selectivity is poor, so it may react

\
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and hemicellulose) to produce inhibitory compounds that can negatively impact the

anaerobic digestion process downstream, but these are only generally produced in small

amounts. One of the key reasons that ozonation is used is due to its operation at ambient

temperature and pressure. Additional chemical pre-treatments are the use of acids such

as hydrochloric acid or sulphuric acid, as it is an inexpensive process to degrade the

biomassb6 structure and

enhanc gq24@).h e

enzymatic

The enzymatic hydrolysis processes are biological pre-treatments which degrade

hemicellulose and cellulose through the addition of enzymes, into the monomer forms

(glucose and xylose) that are more readily available for anaerobic digestion (242).

After the necessary pre-treatment has been performed, the degraded biomass is

introduced to the microbes, beginning the four-stage anaerobic digestion process. In a

typical single-stage batch reactor, the four stages: hydrolysis, acidogenesis, acetogenesis,

and methanogenesis, occur sequentially (243). These four stages break down

carbohydrates, proteins, and lipids in various ways as to generate biogas (Figure 2-5).

Organic waste

/‘

Carbohydrates

'\

Proteins

Lipids

v

Amino acids and sugars

Long chain fatty acids

—]

Intermediate acids

Acetate

e

Hydrogen and carbon dioxide

—

Biogas

Figure 2-571 Simple scheme of anaerobic digestion pathways. Sourced from (243).

Where the lignin content of the biomass was not removed during the pre-treatment by

ozonation, and alternative pre-treatments were performed, the residue from the AD

process leaves behind a digestate. Typically, the digestate is considered to be rich in lignin

l
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due to the degradation of the other lignocellulosic components (244). However, this is

more likely when the biomass began with a high lignin content.

In addition to the lignin that would be concentrated within the digestate, the nutrient
content (nitrogen, phosphorous and potassium) is also concentrated. For this reason,
around 95% of agricultural digestate in Europe is utilised as fertiliser (245). However, the
volume of digestate used can lead to downstream issues because of the high
concentrations of nutrients, potentially leading to run-off to waterways, negatively
impacting the water quality (246).

The mass of the digestate generated from AD can range from 38-84 wt% of the fresh
matter (247). The digestate also has a high water content, which leads to large transport
volumes and costs (248). Therefore, digestates tend to undergo solid-liquid separation,
generating a low-solids liquid fraction, and a thick solid fraction (249). The liquid fraction
ideally consists of the bulk of the water, total potassium, and ammonium nitrogen contents,
whilst the solid fraction comprises the organic nitrogen, total phosphorous, recalcitrant

fibres, and the remaining undigested substrates (248).

As the liquid phase carries the most mass due to the large water content, this tends to still
be applied as a fertiliser locally. The solid phase, however, is more easily exported to other

farms to be used as a P/N fertiliser (250).

2.2.2.1.2 Fermentation

Whilst anaerobic digestion is a biological intracellular process, fermentation is a similar but
different process where chemical reactions are induced by micro-organisms for the

conversion of sugars into alcohols and carbon dioxide (251).

As with AD, fermentation requires the pre-treatment of lignocellulosic biomass to either
extract the valuable sugars, or to allow them to be accessible by microbes (252). This pre-
treatment, as discussed earlier, can either include the delignification of the biomass (with
the use of ozone) or not. Here, it will be assumed that the lignin content of the biomass

has not been removed prior to fermentation.

General methods of biomass pre-treatment prior to AD or fermentation include enzymatic
and fungal pre-treatment, particle size reduction, and chemical pre-treatment (with acids,
alkalis, and solvents). For fungal and enzymatic pre-treatment, the fungi and enzymes
used varies depending on the target. Regarding fungi, if the aim is to degrade cellulose, a
cellulolytic fungus such as brown-rot fungi, is used. For the degradation of lignin, white rot

fungi can be used. However, fungal pre-treatment require extended incubation periods
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from weeks to months. Enzymatic pre-treatments only need a few hours. The

effectiveness of the degradation of lignocellulose by enzymes depends onthee n z y me s 6
activity, the enzymeds specificity to the sub:
components (such as humins), and the temperature and pressure of the process (253).

The size reduction of particles by milling or grinding of biomass makes its structure more
accessible to microbial and enzymatic exposure, whilst chemical treatments solubilise the
hemicellulose and lignin present within the structure. The most common form of chemical
treatment is dilute acid treatment, whereby dilute sulphuric acid digests the biomass over a
range of temperatures (< 131 °C) for between 1 hour to 2 days (253).

In the most common route of fermentation, the hemicellulose and cellulose contents are
partially converted into ethanol. The residue that remains after the fermentation consists of
the unconverted cellulose and hemicellulose, proteins (including the yeast and enzymes

used in the fermentation), and lignin (254).

In the literature, the valorisation of fermentation residues have been explored as a
potential animal feed, in the production of biofuels, biopolymers, bioplastics, and in
nanomaterials (255, 256). Research has also discussed its use as a precursor of lignin-
based resin adhesives (254), and to exploit the remaining unconverted cellulose and

hemicellulose by anaerobic digestion (255).

2.2.2.2 Thermochemical conversion

The different routes of thermochemical conversion of lignocellulosic biomass are pyrolysis,

gasification, combustion, hydrothermal liguefaction and hydrothermal carbonisation.

In this study, the focus is on the valorisation of lignin and lignin-rich residues into higher
value products. As the purpose of combustion and gasification is commonly for the
generation of low value gases including hydrogen, carbon dioxide and carbon monoxide,

and heat and power (257, 258), it is not of interest to this work.

2.2.2.2.1 Pyrolysis

Pyrolysis is the heating of organic matter in the absence of oxygen. In this section, the
concepts behind the various types of pyrolysis are explored. The literature pertaining to the
pyrolysis of the specific samples are covered in the respective chapters (i.e. the fast
pyrolysis of general biomass residues, digestates, and commercial lignin products can be
found in Section 4.1, the fast pyrolysis of tree barks can be found in Section 5.1, and the

slow pyrolysis of samples is located in Section 7.1).
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The pyrolysis process set up and conditions that are chosen are based on the desired
products. There are three types of pyrolysis products: a liquid (bio oil, aka condensable
gases), a gas (non-condensable gases including H,, CO, CH4 and CO3) and a solid (char)
(259). The range of conditions for each pyrolysis type can be seen in Table 2-3.

Table 2-3 - Conditions and products of different pyrolysis methods (260, 261).

Temperature | Residence Heating .
Method C) Time (s) Rate Major products
600 i Char (< 35 wt%)
Slow pyrolysis <500 172.800 10 °C/min Liquid (< 35 wt%)
' Gas (< 30 wt%)
Fast Char (157 25 wt%)
lvsis 425 - 650 0515 100 °C/s Liquid (607 75 wt%)
pyrolys Gas (101 20 wt%)
Char (157 25 wt%)
U'”a‘fals”f'aSh 900 - 1300 <05 | >1000°C/s | Liquid (607 75 wt%)
PYrolysis Gas (101 20 wt%)

The pyrolysis of lignocellulosic biomass is normally consolidated into three key steps. First,

the moisture that is present in the biomass is evaporated. Following this is the degradation

of the primary biomass, and secondary reactions. In the primary degradation, the majority

of the biomass® dec o-A09 tCsleéatlingdorthe chardoumaton. Bhe 2 00
secondary reactions include the cracking of the pyrolysis oils and repolymerisation. This

happens in the interior surface of the biomass.

The individual components of lignocellulosic biomass pyrolyse at different temperatures

due to the differences in structure.

Cellulose pyrolysis occurs at 325-400 °C. The main groups of compounds found in
cellulose-derived pyrolysis oils are furans, pyrans, and small linear molecules, with

levoglucosan, 5-hydroxymethylfuran and glycolaldehyde as the core products (262).

The decomposition of hemicellulose by pyrolysis arises between 250-350 °C (263), leading
to noticeable proportions of aromatic compounds, C5 molecules, predominantly furans,

and acids including as acetic acid (264).

Due to its increased stability, lignin degrades at higher temperatures between 300-550 °C
(263). The main types of compounds in lignin-derived pyrolysis oils are aromatic
hydrocarbons and phenols, featuring functional groups such as methoxy, carbonyl, and
carboxyl (265).
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Proteins within lignocellulosic biomass, when pyrolysed, leads to amine and amide groups
that join other pyrolysis products to form groups including pyrazoles, indoles, pyrroles, and
imidazoles (266).

The char that is produced from pyrolysis differs greatly between slow and fast pyrolysis
(267). In fast pyrolysis, the char is more alkaline (high pH), has greater aromaticity and a
larger surface area (268). Slower heating rates and lower temperatures produce a char in
higher quantities, and high cation-exchange capacities and electric conductivity (269).
These allow the slow pyrolysis biochar to provide a greater adsorption capacity. In slow
pyrolysis, the bio-char contains larger amounts of oxygen and volatiles, which is held in the
liquid phase during fast and flash pyrolysis (270).

Although the fast and flash pyrolysis major products appear to be the same in Table 2-3,
the composition of the liquid phases are different (271). After undergoing flash pyrolysis,
the generated bio-oil would have a reduced water content compared to fast pyrolysis oils
(261). For the heating rates and high heat transfer necessary for flash pyrolysis, intense
mechanical pre-treatment is needed as the particle size must be small (1057 250 um)
(261). With shorter residence times, the liquid yield can be maximized. This can occur by
preventing secondary cracking reactions, whilst volatiles are still emitted (272). The
contents of the pyrolysis oil change depending on the pyrolysis temperature, heating rate,

and lignocellulosic composition.

At larger scales, the economic effectiveness of fast and flash pyrolysis are determined by
several factors separate to the actual pyrolysis process. These include feedstock
availability and variety, biomass logistics, and location of the plant (273). The key
challenge with scaling flash pyrolysis is the reactor design that allow extreme heating rates
(in °C/ms) with ultra-short residence times (< 5 secs) (274). With fast pyrolysis, although
the heating rate is lower (in °C/s), there is still difficulty in ensuring sufficient heat transfer
(275).

Regarding the feasibility of fast pyrolysis processes, the literature includes some papers
on the technoeconomic analysis of the production of pyrolysis oil leading to an estimated
cost of pyrolysis oil between 0.94 + 0.24 USD/L across various feedstocks and feed rates
(274). However, no literature could be found that estimated the cost of flash pyrolysis oil.
The range of prices for crude oil across 2024 was 0.41-0.55 USD/L (276). This is clearly a
lot lower than the price of pyrolysis oils. However, as crude oils and pyrolysis oils are
immiscible with each other due to the difference in polarities, their applications are

different, and so the difference in prices is not as important.
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Hydropyrolysis is a process where a reducing H gas is used to pyrolyse biomass under

pressures between 1-52 bar (277). The main products are hydrocarbons from the reaction
of hydrogen radicals with volatiles. The
removed by the pyrolysis as CO, CO; and water (278). The production of hydrocarbons is
not desirable for the bio- oil components of interest, so this method will not be considered

any more.

2.2.2.2.2 Hydrothermal conversion

Hydrothermal liquefaction and hydrothermal carbonisation are processes which operate
under above-saturated pressure and elevated temperatures to alter the physiochemical
properties of water, allowing the processing of biomass into energy-dense fuels and
chemicals (279). In comparison to pyrolysis, these two routes are more ideal for
biomasses with higher moisture contents (70-90%) (279).

As the bulk of the agricultural residues discussed in Section 2.2 are left to dry after the
harvesting of the main crop, the moisture contents are expected to be relatively low. For
this reason, hydrothermal conversion would not be the best route for valorising the
potential lignin-rich residues. Despite this, the two main routes of hydrothermal conversion
have been used on lignin samples in the literature (280-282), so they will be discussed
briefly below.

Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is a process whereby lignocellulosic biomass is converted
into a solid residue (hydrochar), an agueous phase, a gas, and an oil-phase referred to as
bio-crude (283), at temperatures between 250 and 375 °C (284). In comparison to other
thermal conversion routes, biomass can be fed directly (as received) into the conversion

unit, and does not require drying prior to the process (285).

The aqueous phase has been researched for its potential valorisation in anaerobic
digestion to produce biogas (286), as a feedstock for gasification to produce hydrogen-rich
gas (287), and to be recycled to be used as a reaction medium in further hydrothermal
liquefaction for the generation of bio-crude (288, 289). The CO.-rich gas phase of HTL has

been explored for the cultivation of microalgae (290).

The bio-crude is the main product of HTL and contains a wide variety of aromatic
compounds and hydrocarbons. Its key application is as a substitute for petroleum-derived
transportation fuels but is also able to be refined into specialty chemicals and additional

biochemicals (291, 292). As the lignin-derived aromatic contents is concentrated within the

OXYy(g ¢
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bio-crude, the hydrochar that is generated has less of an aromatic structure, in addition to

a smaller surface area and reduced porosity compared to pyrolysis biochars (293).

Hydrothermal carbonisation

Hydrothermal carbonisation (HTC) is a thermochemical process that uses pressure and
heat to convert lignocellulosic biomass into solid (hydrochar), liquid, and gas products. In
contrast to HTL, the main target product of hydrothermal carbonisation is the hydrochar
(294), with an expected mass yield between 35-80% (295). However, the energy density of
the hydrochars are smaller than the chars produced from pyrolysis due to the high

moisture contents.

The conditions used in HTC are similar to slow pyrolysis that has taken places over long
residence times (5 min to 12 hrs) and slow heating rates (10-30 °C/min) (296). Yet, in
contrast to slow pyrolysis, HTC takes place in acidic or neutral agueous solutions. The
hydrochar from HTC typically has lower ash contents, higher H/C and O/C molar ratios
compared to slow pyrolysis biochars (297). In the literature, the hydrochars have been
explored for their uses in gas adsorption (298, 299), composites (300), wastewater
remediation (301, 302), flame retardancy (303), energy storage (304, 305), and in the
biomedical field (297, 306, 307).

The aqueous phase of the HTC process (also known as process water) is generally
comprised of inorganic salts and dissolved organic components, but is very dependent on
the feedstock used and process conditions (308, 309). The process water phase has been
investigated for their recirculation into later HTC batches (310). Although some work has
suggested that this can enhance the hydrochars, carbon or energy yields, it can also lead
to the accumulation of total acids, chemical oxygen demand (COD), and total organic
carbon (TOC). The re-use of the process water can therefore become increasingly

concentrated, so would require additional treatment prior to being discharged (311).

The gas phase that is produced from HTC is only about 1-3 wt% of the initial raw material,

is predominantly carbon dioxide, with traces of carbon monoxide (312).
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Chapter 3 - Materials and Methods

In this section, the background of the samples tested in this work are outlined. The
chapters where each sample was used can be found in Table 3-1. Following this, the
different methods explored in this study will be described. These include the methods used
for characterisation of the samples, the extraction of alkali metals, alkaline earth metals
and suberin, the implementation of a solvent hazardousness assessment, and the
ammonia adsorption experimental set-up. Lastly, the assessment of errors and method

limitations are presented.

3.1 Materials

3.1.1 Lignin products

LignoBoost (LB) from Innventia AB (Stockholm, Sweden) was produced from the black
liquor generated in the Kraft lignin process. The black liquor was first filtered at high pH to
precipitate out a crude lignin. After this, the material then underwent an additional stage of
filtration and washing at low pH to produce a pure lignin (313). The specific conditions of
the LignoBoost process is unknown due to it being a patented process (313). Alkali Lignin
(AlkLig), which is generated from Kraft lignin that has undergone hydrolytic degradation
from Merck, was purchased from Sigma-Aldrich. Organosolv lignin (Org) was purchased
from Sigma-Aldrich. The organosolv process isolated lignin from other lignocellulosic

components using low boiling point organic solvents.

3.1.2 Digestates

Samples of dewatered digestates were supplied by Organic Waste Systems (OWS),
Belgium and Yorkshire Water, UK. The four digestates (SSdig, VGFdig, MSWdig and

AGRdig) were generated from the anaerobic digestion of different waste streams (314):

(1) Sewage sludge (SSdig), comprising of a homogenised mixture of pre-treated
primary and secondary biosolids. This was gathered from a WWTP (wastewater treatment
plant) with commercial-scale anaerobic digestion (AD) facility (Dewsbury, UK). Prior to AD,
the SS digestate underwent thermal hydrolysis at 160 °C and 6 bar. After AD, the
digestate was dewatered to increase the total solids (TS) concentration to 15-20 %. The

material was then oven-dried at 60 °C.
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(ii) Vegetable, garden and fruit (VGFdig) material, collected from source separated
organic household waste.

(iii) Municipal solid waste (MSWdig), specifically the residual organic fraction after
mechanical separation.

(iv) Agricultural residue (AGRdig), combining fractions of manure, whole plant and
grass silage, and >80% of maize.

The VGF, MSW and AGR digestates were produced at a lab-scale test digestion facility
(DRANCO) that simulates a large-scale dry anaerobic composting processing plant.

3.1.3 Other feedstocks

Coconut husk (CH) was obtained by de-shelling whole coconuts purchased in Leeds, UK
at a local supermarket. Sugarcane bagasse (Saccharum officinarum) was collected from

sugar cane fields near to Faisalabad city, Pakistan (PKBag).

Bark-free holm oak wood (oak) and its biochar (produced at 450 °C) (Oakbc450) were
provided by the Fertiplus Consortium (Grant Agreement N°: 289853), co-funded by the
European Commission, Directorate General for Research & Innovation, within the 7th
Framework Programme of RTD, Theme 2 T Biotechnologies, Agriculture & Food. The
pyrolysis to produce the biochar was completed in a mono retort reactor for 60 min in the

absence of oxygen. The retort-type reactor allows the recovery of oil and gas (315).

Two types of peat were analysed. An Irish sphagnum moss peat, and a peat turf. Two
different types of commercial activated carbons were tested for their ammonia adsorption
potential. These were a NORIT RO 3515 (NORIT-AC) and activated charcoal from Sigma-
Aldrich (SIGMA-AC).

3.1.4 Tree barks

One softwood tree bark was obtained from Golden Acre Park, Leeds. 11 species of bark
were provided by Abbey Timber (Scottish Borders, UK). The tree barks that were analysed

were all softwoods from the pine and cypress family.

The pine family barks consisted of sitka spruce (picea sitchensis, SS), Douglas fir
(pseudotsuga menziesii, DF), Norway spruce (picea abies, NS), noble fir (abies procera,
NF), larch (larix decidua, L), grand fir (abies grandis, GF) and European silver fir (abies
alba, ESF).

The cypress family samples were Western red cedar (thuja plicata, WRC), lawson cypress

(chamaecyparis lawsoniana, LC) and nootka cypress (chamaecyparis nootkatensis, NC).
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Table 3-1 7 Use of each material across this work.

Sample Abbreviation | Chapter 4 | Chapter 5 | Chapter 6 | Chapter 7

Alkali Lignin AlkLig Y Y Y

Lignoboost LB Y Y Y
Organosolv Lignin Org Y Y

Municipal Solid Waste Digestate MSWDig Y Y

Vegetable, Garden and Fruit Digestate VGFDig Y Y

Agricultural Residue Digestate AGRDig Y
Sewage Sludge Digestate SSDig Y

Coconut Husk CH Y Y Y
Sugarcane bagasse from Pakistan PKBag Y Y
Golden Acre Park bark SP Bark Y Y

Nootka Cypress tree bark NC Y Y Y

Grand fir tree bark GF Y Y Y
Western hemlock tree bark WH Y Y
Norway spruce tree bark NS Y Y
Sitka spruce tree bark SS Y Y

European silver fir tree bark ESF Y Y Y

Douglas fir tree bark DF Y Y Y
Western red cedar tree bark WRC Y Y
Larch tree bark L Y Y

Noble fir tree bark NF Y Y Y
Lawson cypress tree bark LC Y Y

Cellulose Cell Y

Oak Oak Y

Oak biochar at 450C Oakbc450 Y

Peat turf PeatSEPO Y

Irish sphagnum moss peat PeatMoss Y

NORIT Activated Carbon NORIT-AC Y

SIGMA Activated Carbon SIGMA-AC Y
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3.2 Proximate Analysis

Proximate analysis is a key characterisation method, which can aid in determining:

1. Ash contenti which can inform on the potential slagging, fouling and coking of
the biomass from thermal conversion (316),
2. Fixed carbon i which provides an estimate of the proportion of char that would
be produced if the biomass is pyrolysed (317),
Moisture content T which indicates the difficulty of storing the biomass, and
Volatile matteri whi ch can be used as a measure of

characteristics (318),

The proximate analysis is ordinarily performed at either 550 °C and 900 °C for the final
step (ashing) (319). Although several standard test methods exist (ISO 17246:2024,
ISO 18122:2022), there is not a clear reasoning for why each temperature is chosen.
Commonly, ashing is done at 900 °C for thermally converted biomass, such as chars
and coals (320), whilst 550 °C is done for non-thermally converted biomass (321).
Lower temperatures are likely to be used to prevent the ash from melting or hardening
(322). Some biomass, including miscanthus, have ash melting points around 700 °C
(323), therefore the proximate analysis ashing is performed below this temperature in

this case.

Historically, proximate analysis was completed in a furnace under the controlled
conditions. However, this required a | arge a
durati ons, as the furnacebdbs scale effects it
sample mass was that the results would be more accurate due to the greater sample

size, but at the cost of time and precious sample (324). Within the last decade,

methods have been developed to perform proximate analysis using thermogravimetry

(325). This requires only 10 mg of sample, with programs lasting close to 30 minutes

rather than several hours (326).

The proximate analysis of the solid materials in this study was determined by thermo-

gravimetric analysis (TGA/DSC 1, Mettler Toledo GmbH, Greifensee, Switzerland).

All measurements were performed in duplicate, with the mean values being reported.
The heating profile used on the TGA consisted of the sample initially being heated from
room temperature to 120 °C in nitrogen, which was held for 10 minutes. Then, the
sample was heated to 900 °C and held for 30 minutes. After this time, the gas was
switched to air to combust the sample and produce ash. Error values were calculated

by standard deviation. The balance used for this analysis had an error of £0.005 mg.
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The four components of proximate analysis can be taken from the TGA curve,
according to Figure 3-1. Here, the mass loss and temperature changes from the
heating programme, are used to determine the moisture, volatile matter, fixed carbon,
and ash content.

M VM FC Ash
14 < > € >€ > 900
800
12 ™
700
10 -
600 g
=]
2 500 £
"’ g
g 6 400 g
= 3
A 300 2@
200
2 100
0 \— 0
0 10 20 30 40 50 60 70
Time (min)
——Example TGA Curve Heating Programme

Figure 3-17 Example of a thermogravimetric curve. The mass loss that occurs across
the regions outlined represent the moisture (M), volatile matter (VM), fixed carbon (FC),
and ash content of the sample.
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3.3 Ultimate Analysis

Ultimate analysis is another key characterisation method which can inform on the:

1. Calorific content of the biomass-whi ch provides the biomass
energy source by incineration,
2. Carbon/Hydrogen/Nitrogen/Sulphur/Oxygen content T which helps to estimate

the gases produced by the pyrolysis or combustion of the biomass.

The calorific content of biomass can be estimated by a few different equations

including Friedl and Dulong (327, 328). However, Channibgaatioa and P
3-3) (329) is better validated and includes all of the terms measured by ultimate

analysis. By comparison, Friedl and Dulong do not include the ash content. As the ash

content of biomass can range from 5 wt% to over 40 wt% (330), it is important to

consider all aspects of the ultimate analysis. The one true method for calculating HHV

would be bomb calorimetry. However, this was unable to be done for this work as the

equipment was not available. Values in the equations (Equation 3-1, Equation 3-2, and

Equation 3-3) are used on a weight% dry basis (d.b).

Equation3-1-Fr i edl 6s equation for es@B2/)MaHandN hi gh
represent carbon, hydrogen and nitrogen contents, respectively (on a dry basis).
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Equation 3-2 - Dulong's equation for estimating higher heating values (331). C, H and
O represent carbon, hy‘drpgen and oxygen contents, respective!y (on a dry basis).
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Equation3-3-Channi wal a and R329)fokebktihaingeéigherah¢ating n
values. C, H, O, N, S and A represent carbon, hydrogen, oxygen, nitrogen, sulphur and
ash contents, respectively (on a dry basis).

"O"C)(Jo%L‘)Q M odppPp XYo@ rnnmnuBPpnotr Mrpuvp m8rtgpp!
The calorific content states what the maximum expected energy output of the sample is
on a per mass basis (332). This is useful as, in a scaled-up process, the biomass can
be incinerated (if needed). The energy generated from this incineration can be
recovered to help reduce the energy intensity of the process and therefore reduce
costs (333).

The carbon content of the biomass is not the same as the fixed carbon content.

Al t hough a proportion of the biomass®d carbon
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combusted or pyrolysed, the carbon will be used to generate gaseous compounds
including carbon dioxide (CO_) and carbon monoxide (CO) (334). These would be
included in the volatile content of the proximate analysis.

In this study, the carbon, hydrogen, nitrogen, and sulphur content were analysed using
an Elemental Analyser (Flash 2000, Thermo Scientific, Waltham, USA). The instrument
was calibrated and checked using calibration standards and certified biomass
reference materials (Elemental Microanalysis, Devon, UK). The oxygen content of the
feedstocks was calculated by difference after correction for moisture and ash content
measured by TGA. Error values were calculated by standard deviation. The instrument
can measure the C, H, N and S contents in wt% above 0.2 wt%, however, this is very
dependent on the sample being analysed. The balance used for this analysis had an

error of £0.005 mg.

Due to the moisture content of the samples, the hydrogen value must be corrected

according to:

Equation 3-4 - Correction of H-content for moisture. a.r. denotes 'as received'. M
denotes 'moisture content' in wt% from the proximate analysis.

vy N \ [P 4 f 1~17, o c
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Equation 3-5 - Calculation of oxygen content (O%), by difference, from the values
given from ultimate analysis. C, H, N and S refer to carbon, hydrogen (calculated from
Equation 3-4), nitrogen and sulphur on a dry basis.
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3.4 Fibre Analysis

One key form of characterisation is fibre analysis. In this gravimetric method, the

different fibrous fractions are removed from a sample so that lignocellulosic

components such as cellulose, lignin and hemicellulose can be measured. There are
twobasemethods of fi bre analysis, fAVan (88est ds a
and AWeendeds Crude Fi b(38). De/tasr rBioreasttiéesn nmed thk
analyses the neutral detergent fibre (NDF) and acid detergent fibre (ADF) by a two-step
process in which two different solutions are
the crude fibre of the sample is measured after undergoing acid digestion, alkali

digestion, and various washing steps. Each of these methods have their merits,

depending on what the important component is, but previously they were very active

methods that required a lot of input from the laboratory user.

A more recent piece of equipment (the Fibret
methods and utilises a more automated methodology. The Fibretherm method is a

four-step process which can sequentially separate the acid detergent fibre, neutral

detergent fibre and acid detergent lignin (ADL) so that the lignocellulosic components

can be measured. The results from the Fibretherm method can provide a good

comparison between different types of biomasses (337). A review of the literature

regarding the fibre analysis of samples explored in this study can be found in the

respective chapter in which they are performed.

The Gerhardt Fibrecap system (as described by Fettweis and Kihl, 2015) (Figure 3-2)
was used in this study to determine the neutral detergent fibre (NDFom, or aNDFom
using amylase, STM 016), acid detergent fibre (ADF.m, STM 017) and acid detergent
lignin (ADLom, STM043) (338).



Figure 3-2 7 Image of the Fibretherm equipment used for fibre analysis.

Prior to beginning the method, the samples must be dry and have a particle size
between 120 um and 1 mm. The glass spacer must be placed in the quartz crucible,
and weighed. Then, the Fibrebag is placed around the glass spacer (in the quartz

crucible) and re-weighed (Figure 3-3).

Glass
spacer

Quartz
crucible

Figure 3-3 7 Images of [a] the glass spacer and quartz crucible, and [b] the Fibrebag
around the glass spacer used for fibre analysis.

Then, around 1 g of sample is added to the Fibrebag and once again re-weighed. This

is repeated for all samples.

The next steps of the method are outlined below step-by-step, to simplify the

instructions.
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1. The prepared sample in the glass spacers are removed from the quartz
crucibles and are placed in the carousel (Figure 3-4). A full batch is made up of
12 samples. If less than 12 samples are run, it is advised to still add the empty

glass spacers to the carousel to ensure balance.

R

o

Figure 3-4 - Carousel used within the Fibretherm equipment for fibre analysis.

2. At this point, 5 drops of anti-foaming agent are added the carousel. This makes
sure that the solutions that are added to the carousel do not foam and lead to
leakages in the system.

3. The Fibrecap equipment is turned on, and the localised cold water source
connected to the equipment is opened. This allows the system to stay
sufficiently cool, and perform any rinses necessary according to the method.

4. The neutral detergent fibre method, as programmed onto the system, is then
executed.

5. Following the method, the equipment is turned off, and the glass spacers are
placed inside the quartz crucible (held within a rack), which is put into a drying
oven for at least 8 hours at 105 °C.

6. After the samples have sufficiently dried, the rack is placed within a desiccator
to allow it to cool whilst minimising the moisture that will be adsorbed.

7. When cool (at approximately 20 °C), the masses of each quartz crucible
(containing the glass spacer, Fibrebag and sample) are weighed.

8. Step 1to 3 are repeated.

9. The acid detergent fibre method, as programmed onto the system, is then
executed.

10. Step 5 to 7 are repeated.

11. Three wide 3-5 L glass beakers are rinsed, and then dried in a drying oven.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
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2 L of 72% sulphuric acid are added to a 5 L glass beaker (whilst wearing a
face shield, acid gloves, and a lab coat).

All glass spacers are placed into a small steel carousel (that is attached to a
clamp and stand) (Figure 3-5), and the carousel is slowly submerged into the
sulphuric acid-containing glass beaker.

Figure 3-51 Small steel carousel used for the fibre analysis acid step.

The small steel carousel is then slowly rotated for 1 minute every 5 minutes, for
30 minutes.

After 30 minutes, the carousel is left submerged into the sulphuric acid for at
least 90 minutes.

Following this, the carousel is slowly taken out of the sulphuric acid, clamped,
and left to drain for 15 minutes.

The two other 3-5 L glass beakers are filled with water (which can be normal
tap water).

The used sulphuric acid is transferred to a spare bottle for re-use, if it is not
exhausted.

The small steel carousel, containing the glass spacers, is slowly submerged
into one of the water-containing glass beakers. The carousel is rotated for 1
minute.

The carousel is taken out of the water, and is then placed into the other water-
containing glass beaker and rotated.

The carousel is again taken out of the water, and the glass spacers are
transferred into the rack.

Steps 1 to 3 are repeated.

The washing method, as programmed onto the system, is then executed.
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24. Steps 5 to 7 are repeated.

25. The rack is placed into a cold (below 50 °C) ashing furnace.

26. The ashing furnace is switched on and set to 550 °C.

27. The samples are left to ash. The furnace will take around 30 minutes to heat up,
and the ashing will take at least 4 hours at 550 °C (although the necessary time
is dependent on the specific sample). In this study, samples required at least 2
days to fully ash.

28. Once fully ashed, the rack is taken out of the furnace and left to cool for an hour
before being moved to the desiccator to cool.

29. The cooled ashes are then weighed.

The calculations of the lignin, cellulose, and hemicellulose contents (in wt%) are

calculated by Equation 3-6.

Equation 3-6 T Calculation of %NDF, %ADF, and %ADL proportions from fibre

analysis.
. a a a O MOEQ
PUOOpmm ;
a
. a a O MOEQ
PoOOpmm ;
a
o a a QaHOEQ
PoOuv prmm ;
a
Where:
Mnor = mass of NDF after step 7 Mape = Mass of ADF after step 10
MapL = mass of ADF after step 24 Mpag = Mass of Fibrebag
Mash = mMass of ash Msample = Mass of sample

Every 3-4 batches, two blank samples were run. The only difference between the blank
and the normal samples, is that for the blanks no sample was added to the glass
spacer (therefore msample = 0 g). The blanks were run to check that, as the fibre analysis
was a gravimetric method, that there was no undue mass gain across the

methodology.

From Equation 3-6, the cellulose, hemicellulose, and lignin contents (in wt%) were

calculated by Equation 3-7.

Equation 3-7 i Calculation of %Cellulose, %Hemicellulose, %Lignin proportions from
fibre analysis.

PO Qda a6 dbHIOOPO OO
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Error values across this work were presented using 1x standard deviation, calculated
using Microsoft Excel. The balance used for this analysis had an error of +0.005 g.
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3.5 Crude Protein

From the fibre analysis, the unknown content includes waxes, fats, lipids, and proteins.
The target components for the solvent extraction were the extractable content including
the waxes, lipids and fats. Therefore, it was necessary to estimate the crude protein
content in the samples so as to more accurately estimate the changes in extractable
content from the solvent extraction. The crude protein contents were calculated by
using the Dumas conversion factors (DCF) most relevant to the type of samples
(Equation 3-8). The values of the DCFs were taken and estimated from the literature
(Table 3-2).

Equation 3-8 - Calculation of crude protein utilising Dumas conversion factors.
0i 0 E O RQP 0 0 P $# &

Table 3-2 7 Collection of Dumas conversion factors used in this work, adapted from

literature.
Sample Type DCF Reference
Lignin products 5 60 Matriotti, F., D. T(o3rgg)and P.P. Mirand
Agricultural 4.40 Mariotti, F., D. Tomé and P.P. Mirand
digestates ) (339)
Amiri, A. (340), Zang, J., J.C.H. Shih,
Waste digestates 2.83 J.J. Cheng, Z. Liu, Y. Liuand W. Lu
(341)
Bagasse or husks 5.83 Jones, D.B. (342)
Mariotti, F., D. Tomé and P.P. Mirand
Barks 5.60 (339)
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3.6 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) is a method utilised for the analysis and

guantification of trace metals.

In this work, the relevant trace metals to analyse were those known to influence the
composition and yields of biomass-derived pyrolysis oils (343). These metals:
aluminium, calcium, potassium, iron, sodium and magnesium, can be measured by
atomic absorption spectroscopy (AAS). For biomass with high metal contents, the
intensity of pyrolysis or combustion is greater at lower temperatures compared to

biomass with low metal contents (344).

The contents of alkaline earth metals (AEMs), which include calcium and magnesium
(345), can be removed during acid-washing. Acid-washing (or acid-digestion) is
performed during the preparation of samples for AAS, ordinarily with 10 wt% (or 2.2M)
nitric acid (346). The nitric acid breaks down the solid samples into the acidic solution.

However, by utilising a milder acid-washing method, AEMs can be leached into solution
whilst leaving the sample with its structural integrity intact.

The removal of calcium, sodium and potassium has been explored using a variety of
acids including hydrochloric acid (346, 347), sulphuric acid (347-351), nitric acid (346,
347, 349, 352), and acetic acid (347-349, 352). However, hydrochloric acid was found
to be the best at extracting calcium with a minimal impact on the structure of the
sample (353, 354).

For this work, atomic absorption spectroscopy was used to determine the calcium (Ca),
potassium (K), sodium (Na), magnesium (Mg), aluminium (Al) and iron (Fe) content in
the feedstocks. All feedstocks were digested in 10 wt% nitric acid solution. The solution
was then analysed by flame atomic absorption spectroscopy (Model: 240FS AA,
Agilent, CA, US). Error values were calculated by standard deviation. The balance

used for this analysis had an error of £0.005 g.
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3.7 Thermal analysis

In this section, the two methods of thermal analysis used in this work has been
presented. Derivative thermogravimetry (DTG) was used in Chapter 4 and Chapter 5,
to explore how treatment of the samples (either mild acid-washing or solvent
extraction) affected its thermal degradation.

Pyrolysis-Gas Chromatography/Mass Spectrometry (py-GC/MS) was used in Chapter
4, Chapter 5 and Chapter 6. This method was utilised to explore and analyse the
change in fast pyrolysis products of the samples described previously.

3.7.1 Derivative Thermogravimetry

The thermal behaviour of the feedstocks was studied by thermogravimetry (TGA/DTG,
Mettler Toledo GmbH, Greifensee, Switzerland). In derivative thermogravimetry (DTG),
a prepared sample (of around 10 mg) is positioned on a thermogravimetric balance
within the equipment. As the sample is heated, according to the heating programme,

the equipment measures the mass (either continuously, or at set points) (355).

Derivative thermogravimetry, in contrast to thermogravimetry analysis (TGA), can
provide the precise decomposition temperature of a sample at each stage of the
heating programme (Figure 3-6) (356). Here, the derivative refers to the derivatisation

of the mass loss (taken from the TGA) against time.
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Figure 3-6 i Example of a thermogravimetric analysis (TGA) curve, overlaid with a
derivative thermogravimetric (DTG) curve. Sourced from (357).
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For lignocellulosic biomass, the thermal degradation of the key three components
(cellulose, hemicellulose, and lignin) can be subdivided into three phases. Where the
mass loss is greatest, shown as a peak in Figure 3-6, is normally within the
temperature range at which the component degrades. The most mass loss during DTG
occurs during the devolatilization phase, between 180-420 °C. As discussed earlier, in
Section 2.2, this temperature range is where cellulose and hemicellulose degrades.
Lignin also degrades here but continues to degrade up to 1000 °C (Figure 3-7). The
specific temperature at which the peaks occur, for each lignocellulosic component,
varies depending on the sample, the heating programme (which includes heating rate,
gas flow rate, gas, and sample mass) (358), and the presence and concentration of

metallic elements (358).
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Figure 3-77 TGA/DTG heating programme used in this work, with illustrations of
lignocellulosic components degradation temperature ranges.

The experiments were carried out under a nitrogen atmosphere at a flow rate of 50
ml/min, a temperature range of 257 900 °C and a heating rate of 25 °C/min in ceramic

crucibles. The balance used for this analysis had an error of £0.005 mg.

3.7.2 Pyrolysis-Gas Chromatography/Mass Spectrometry

Fast pyrolysis coupled with Gas Chromatography/Mass Spectrometry (py-GC/MS) was
performed to identify and semi-quantify the volatile pyrolysis products from the different

feedstocks.

Fast pyrolysis involves the rapid heating of biomass in the absence of oxygen to

decompose its polymeric fractions (359).
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There are several types of lab-scale pyrolysis reactors commonly used for fast
pyrolysis, namely fluidised-bed, fixed-bed, ablative, rotary kiln, and screw or auger
reactors (360). However, in this work, fast pyrolysis was only able to be done at
analytical scale (361), with a filament micro-pyrolyser .

In a filament pyrolyser, the sample is loaded into a pre-heated reaction zone (typically
between 2007 300 °C), before both are heated to the desired temperature
simultaneously. The yellow zone in Figure 3-8 (the pyrolysis chamber) is pre-heated to
prevent less-volatile pyrolysis products from condensing.

Carrier

gas

RSy

b ' .
Pyrolyzer/GC jutieg Heating unit
Interface b |1l Sample holder

GC

Figure 3-8 i Diagram of a platinum-coil pyrolyser. Sourced from (361).

The shape of the filament is commonly either a coil or a ribbon. The decision over
filament shape is dependent on the sampl ebs

For purely solid samples, the sample is loaded into a quartz tube or boat into the
middle of the coil filament. One issue with using the quart tube or boat to house the
sample is that the sample and filament are not directly in contact. Therefore, the set
temperature for the fast pyrolysis may not be the actual temperature experienced by
the sample (361).

If a sample can be dissolved in a volatile solvent, it is generally pyrolyzed with the

ribbon filament. Here, the sample is spread on the surface of the ribbon filament (361).

The ideal filament material has high electrical resistance and a wide range of operating
temperatures (362). Therefore, the materials used tend to be nickel, nichrome and
platinum (363). From these materials, platinum has the greatest resistance and
operating range (up to 1400 °C), so is employed more frequently. In this work, a

platinum coil Pyroprobe was used.

The conditions of the py-GC/MS can be seen in Table 3-3 and Table 3-4. The balance

used for this method had an error of £0.005 mg.
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Table 3-3 7 Equipment and conditions used for the pyrolyser to perform pyrolysis-gas

chromatography/mass spectrometry.

Instrument

CDS Pyroprobe 5200
(Analytix Ltd, UK)

Pyrolysis Conditions

20 °C/ms to 450/550/650
°C, hold for 20 s

Pyrolysis Atmosphere Helium
Transfer Line 300 °C
Temperature

Valve Oven Temperature 300 °C

Table 3-4 1 Equipment and conditions used for the GC/MS to perform pyrolysis-gas

chromatography/mass spectrometry.

Instruments .GCMS'QPZOlOSE
(Shimadzu Corp, Japan)
Injector Split/Splitless, 300 °C
Carrier Gas Helium, 25 ml/min, split ratio 20
Column DB1701, 60m x 0.25mm x 0.25 um
Column Temperature 40 °C for 2 min, 6 °C/min ramp to
Program 280 °C, hold for 10 min
Transfer Line 300 °C
Temperature
Scan Range 5071 600 amu
Source Temperature 260 °C
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3.8 Thermal conversion

In this work, two forms of pyrolysis at vastly different scales were employed to generate
thermally converted samples for further analysis. Fast pyrolysis was performed on a
microgram analytical scale pyrolysis-Gas Chromatography/Mass Spectrometry unit,
whilst slow pyrolysis was performed using 10-30g of sample to generate biochar for

use in Chapter 7.

3.8.1 Slow pyrolysis

Slow pyrolysis is a thermal process which favours the yield of the solid chars. The
characteristics of the char produced by slow pyrolysis is dependent on the sample, its
particle size, residence time, heating rate and process temperature (364).

The char yield is predominantly dependent on the final process temperature, with the

yield decreasing as the temperature rises (365). The greatest factor which affects the

char yield is the structure of cellulose and hemicellulose. Above 400 °C (the
temperature at which cellulose and hemicellu
completed), the char yield reduces slowly (366). Between 400 - 600 °C, the char has

lower levels of oxygen and hydrogen, whilst the degree of carbonisation increases

(367).

Due to the low heating rate and relatively long residence time that is necessary, slow
pyrolysis is mostly carried out in batch reactors, namely kiln or retort reactors (315).
Continuous slow pyrolysis reactors have been investigated in the literature, mostly in

retort reactors, but are not well-established (368-370).

Although both types of reactors are utilised for char production (371), the oil and gas
phases can be recovered in retorts, but not in kilns. Kilns only have an air inlet, and oil
and gas outlet, with the sample being enclosed within the brick, clay and metal vessel
(Figure 3-9) (372).

Oiland gas

Figure 3-9 7 Diagram of char production using a kiln reactor. Sourced from (315).

A batch retort reactor can be operated in a horizontal or vertical mode. In laboratory

scale studies, fixed bed reactors are commonly used. The sample is loaded into the
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reactor, with the reactor being closed and heated to the necessary temperature. An
inert gas is swept through the reactor throughout the process, to both ensure an
oxygen-free atmosphere (to prevent combustion), and to remove the oil and gas-phase
products from the main reaction region (Figure 3-10).

Char

[ ra 1

Inert gas Qiland gas
— >
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Heater

Figure 3-10 7 Fixed bed reactor for batch processes. Sourced from (315).

In this study, slow pyrolysis was performed at the University of Leeds in a vertical mode
fixed-bed batch reactor at laboratory-scale (with a 1.2 kW sealed tube furnace of 95
mm internal diameter (ID) x 820 mm by length surrounding the sample) as shown in
Figure 3-11. Depending on feedstock density, between 25 i 150g of sample was
added to fill approximately 70 vol% of a stainless-steel tube. This tube was then placed
inside a metal mesh basket (82 mm ID).

The feedstocks that were pyrolysed were tree bark samples: Douglas fir (DF), lawson
cypress (LC), larch (L), European silver fir (ESF), noble fir (NF), norway spruce (NS)
and nootka cypress (NC).

The feedstocks were pyrolysed at 450 °C and held for 1 hour. A nitrogen flow of 50
ml/min (to create an inert atmosphere) was maintained for 10 min prior to the heater
being turned on and until the sample had been cooled to under 200 °C. The heating
rate of the unit was approximately 10 °C. After this period, the heater was turned off
and allowed to cool until the thermocouple recorded that the sample was below 50 °C.
The long cooling time (approximately 0.14 °C/min) was due to the self-heating nature of
bark (373).

The sample was weighed prior to being pyrolysed. After being cooled to under 50 °C,
the char was weighed (with an associated balance error of £0.005 g), and then stored
in airtight containers. Between sample runs, when the biomass basket was removed
from the tube furnace, the sample holder was physically cleaned. The holder was not
cleaned with chemicals, so as to not introduce any potential contaminants that would

react with the sample during the pyrolysis of the next run.



Nitrogen inlet

Figure 3-11 - Fixed-bed slow pyrolysis reactor used for production of biochar.
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3.9 Extractions

Across the four results chapters, a variety of methods were employed to extract
different components from untreated biomass. A mild acid wash was performed to
remove the metals content of several of the samples characterised in Chapter 4, whilst
solvent extraction was performed to remove lipids from tree barks characterised in
Chapter 5.

3.9.1 Mild acid wash

The samples with the highest metal contents from the Atomic Absorption Spectroscopy
underwent a mild acid-washing with 2M HCI, according to the Nowakowski and Jones

method (353). The balance used for this analysis had an error of £0.005 g.

3.9.2 Soxhlet solvent extraction

Soxhlet extraction was performed on the tree bark samples to extract lipids. Dependent

on the density of the sample, between 31 7g were added to a cellulose thimble
(25x80mm) wup to 70 vol %. The solvent, ethano
250 ml round-bottomed flask (RBF) along with anti-bumping granules. The volume of

solvent was chosen to be enough to cover the cellulose thimble during the extraction

process, with over a third of the RBF still containing solvent solution.

After the cellulose thimble and RBF containing solvent were inserted into the Soxhlet
equipment, the water for the cooling system was turned on. The heater was then set to
approximately 78 °C (the boiling point of ethanol) as to start the evaporation of the
solvent from the RBF. The purpose of the anti-bumping granules in the RBF were to
ensure more consistent evaporation. The cooling water causes the evaporated solvent

to condense into the section with the cellulose thimble for the extraction to occur.

As the extraction progresses, the extracted lipids turn the solvent solution from clear
transparent to a darker colour. The extraction had finished when the solvent solution
held around the cellulose thimble returns to clear transparency, whilst the RBF contains

a dark solution.

After extraction, the heater is turned off and the RBF is left to cool. The RBF and
cellulose thimble and then removed from the Soxhlet equipment. The solution in the
RBF was then evaporated using the Rocket Evaporator (Section 3.9.4) until a 2 ml vial
remained for GC/MS analysis. A sample of the concentrated solution (30 ul) was added
to a quartz tube and pyrolysed in the py-GC/MS according to the method outlined in
Section 3.7.2. This was done in case any extracted compounds had molecular weights

higher than the detector after liquid-injection.
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The cellulose thimble was moved into a glass vial and left exposed in a fume cupboard
for the solvent to evaporate. After 7 days, the thimble was weighed to estimate the
mass loss due to extraction. The contents of the thimble were transferred to an airtight
container for further analysis. Error values of mass loss were calculated by standard
deviation. The balance used for this method had an error of £0.005 g.

3.9.3 Accelerated Solvent Extraction

The accelerated solvent extraction was performed on a Dionex™ ASE™ 350
Accelerated Solvent Extractor, Thermo Scientific™, USA. Samples (between 0.57 2.0
g) were mixed with an amount of calcined silicone dioxide up to 9 ml. The silicon
dioxide acted as a drying agent and dispersant to ensure contact with the solvent and
prevent compaction of the sample.

A cellulose filter was inserted into the bottom of a stainless-steel cell (10 mL), with the
sample/sand mix then being added. Sand was then added to the cell up until 1 ml of
headspace remained. The method used by the ASE (Table 3-5) is taken from Yang
and Lopez6 Ap(@BM)ifotaeektraaion bfartbe@und fats. The extracted
material and solvent were washed into a collection vial, with the excess solvent to be

evaporated via Rocket Evaporator.

Table 3-571 Accelerated Solvent Extraction conditions for the extraction of fats.

Method

Solvent: Hexane/lsopropanol (v/v) 3:2
Extraction Cell Material Stainless Steel

Extraction Cell Size (mL) 10

Temperature (°C) 125

Static Extraction Time (min) 15

Number of Static Cycles 1

Purge Volume (%) 100

Purge Time (sec) 100

Total Extraction Time per Sample (min) 24

Total Solvent Volume per Sample (mL) 25
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3.9.4 Rocket Evaporator

The Rocket Evaporator (Genevac Ltd, Suffolk, UK) was used for the evaporation of
excess solvent after both Accelerated Solvent Extraction and Soxhlet Extraction.
However, the evaporation program differed due to the different solvents used. The
solvent and extracted material were placed into the equipment in a flip-flop vial, which

allowed the solution to be distilled into a 2 ml GC/MS vial for analysis.

For the post-ASE solutions, the flip-flop vials were rinsed with isopropanol before the
evaporation had finished to render it as the sole solvent. This was done to simplify the
GC/MS chromatograms. The flip-flop vials for the post-Soxhlet solutions were rinsed
with ethanol to wash any extracted material retained on the walls of the vial. The liquid

solutions were analysed by GC/MS using the conditions in Table 3-6.
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3.10 Liquid Injection Gas Chromatography/Mass Spectrometry

The post-solvent extraction solutions for the tree barks in Chapter 5 underwent liquid
injection gas chromatography/mass spectrometry (lig-injection GC/MS), according to

the instrument and conditions in Table 3-6.

Table 3-6 i Equipment and conditions used to perform liquid-injection gas

chromatography/mass spectrometry.
Instruments GCMS-QP2010SE Shimadzu
Injector Split/Splitless, 250 °C
Carrier Gas Helium, 25 ml/min, split ratio 20
Column DB1701, 60m x 0.25mm x 0.25 um
Column Temperature 117 °C for 1.4 mins, 3 °C/min ramp to
Program 280 °C, hold for 2.27 mins
Scan Range 507 600 amu
Source Temperature 260

In contrast to the py-GC/MS system, which has a heated transfer line to carry the
resultant gases, the lig-injection GC/MS uses a split/splitless injector (Figure 3-12) to
pass the sample solutions onto the column. As the samples that were analysed using
lig-injection GC/MS were post-solvent extraction solutions, it was imperative that no
solid particles were present in the sample vials. If solid particles were present, due to
the thin size of the injector, the injector would likely be blocked and need to be

replaced. This was rectified by filtering each sample solution through 0.45 um filters.

Rubber septum
=—* Septum purge

Carriergas —»— | outlet

inlet .
==+ Split outlet

Wik

7
Heated metal block— %
. é Vapourisation
Glass liner ,/ / chamber
), 7z Column

Figure 3-12 i Diagram of the split/splitless injector commonly used in liquid-injection
GC/MS. Adapted from (375).
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The data from the GC-MS produces a chromatogram plotting the retention time against
the response (commonly the absolute intensity) (Figure 3-13).

A
& - peak width
§_ | / at half height / Datapoints =
3 | N peak height
o - spectrum

] k A peak area

I
7 J ) baseline [
peak width : -

b tIR Retention time

Figure 3-13 7 Chromatogram output from a GC or GC/MS. Sourced from (376).

In a typical chromatogram, there may be over a hundred different identified
compounds. However, for ease of analysis in this work, the 25 peaks with the highest
areas were chosen to be assessed further. Generally, the top 25 peaks accounted for
around 93 % of the total peak area. With the treated samples (acid-washed and
solvent-extracted), the top 25 peaks accounted for around 80 % due to the wider
variety of compounds that were generated. The total peak area of all identified
compounds were equivalent to 100%. Therefore, the areas of the top 25 peaks must be
normalised to account for the loss of the peak area from the disregarded compounds.

For the normalised peak area, the most common method is to divide the area of each
individual peak (PA)) by the total sum of the top 25 peak areas (Equation 3-9). In
Equation3-9, PA refers.to 6peak areabd

Equation 3-9 1 Calculation for the normalisation of gas chromatography peak areas.

. 00
00 —
o

Then, this value is multiplied by 100 so that each identified compound can be
expressed by their percentage contribution to the total area (377).
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3.11 Solvent Hazardousness Assessment

In the chapter regarding bio-based solvents (Chapter 6), the guidelines from CHEM21
were imposed. These consider the safety, health and environmental impact of

compounds, and requires the collation of their Safety Data Sheets (SDS).

CHEM21 contains certain criteria under the categories of safety, health and
environment, where the maximum score for each category was 10. These criteria can
be seen in Table 3-7, Table 3-8 and Table 3-9 (378). In each category, the greatest

value is considered to be the 6scored.

Regarding the safety criteria (Table 3-7), this considers the flash point and the

flammability of the chemicals (H2xx hazard statements). The safest chemicals are

those with flash points above 60 °C, and non-flammable. Additional points (1 each) are

added to the safety scores for a variety of reasons: the auto-ignition temperature is

below 200 °C, resistivity is above 102Ym, and the chemical has t h
peroxides (the EUHO019 hazard statement). However, resistivity was unable to be found

for any of the chemicals, so this was not considered in the overall score. In the case of

a chemical having high decomposition energies (> 500 Jg?), these are automatically

given a score of 10.

Table 3-71 CHEM21 Safety Criteria.

I Base Safety Score | 1 3 4 5 7 |
I Flash Point (°C) [>60] 24 to 60 23100 -1t0-20 | <-20 |
| GHS (H2xx) - H226 | H225 or H224 - - |

The health category (Table 3-8) considers the H3xx hazard statements. These give a
score to chemicals which may be carcinogenic, mutagenic, reprotoxic, irritants, and/or
feature single target organ toxicity. An additional point is also given to the health score
if the boiling point of the chemical was below 85 °C. For chemicals where toxicological
data is not available, H3xx statements are not assigned. In these cases, a health score
of 5 is attributed. This is done to ensure that there is not a bias towards solvents

without the necessary toxicological data (378).
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Table 3-8 7 CHEM21 Health Criteria. CMR = carcinogen, mutagen or reprotoxic. STOT
= single target organ toxicity.

Health Score 2 4 6 7 9
H341, H340, H350,
CMR - © | H351 H361| H360
H304, H371,
STOT H373 H334 | H370, H372 - -
H302, H312
. ' ’ H301 H300, H310
Acute Toxicity H332, H336, - ! - ; !
EUHO70 H311, H331 H330
H315, H317,
Irritation H319, H335, H318 - H314 -
EUHO066

For the environmental scores (Table 3-9), the REACh registrations, boiling point, and
H4xx hazard statements of each chemical were considered. The H4xx hazard
statements relate to the ¢GARmMmical s toxicity

Table 3-9 17 CHEM21 Environment Criteria. If chemical has H420, the score = 10. E.g.
water: score = 1.

Environment Score 3 5 7
- PR 70 to 139 50 to 69 <50
Boiling Point (°C) : 140 to 200 5200
No H4xx after full
GHS REACh registration H412, H413 H400, H410, H411
Other ) No, or partial )

REAChH registration

Once the CHEM21 criteria were imposed, the scores were categorised into
Recommended, Problematic or Hazardous. With a maximum score of 10, a score
between 1-3 would show a Recommended solvent, 4-6 for a Problematic solvent and 7

and above for a Hazardous solvent.
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3.12 Ammonia adsorption

3.12.1 Set-up of the experiments

The adsorption capacity of ammonia onto a variety of samples was tested in a batch
set-up (Figure 3-14). The samples that were tested included raw tree barks, solvent-
extracted tree barks, commercial lignin products, tree bark biochars, activated carbons,
and other biomass residues. In this method, an excess of sodium hydroxide (NaOH) is
added to a Duran bottle (250 ml). Following this, a sample (approximately 0.3 g) was
placed in a black lid then placed inside a bottle so that it would float. Prior to adsorption
method, a variety of small caps were tested to see if they would float on water. Due to
the small neck diameter of the Duran bottles, tweezers were used to gently lower and
remove the sample-filled lids from the bottles.

Figure 3-14 - Batch set-up of ammonia adsorption tests.

The Duran bottle was then fitted tightly with a septum to achieve a closed atmosphere.
With a syringe, a known concentration of ammonium sulphate solution, (NH4).SO4 was
injected into the bottle. The reaction between the sodium hydroxide and ammonium

sulphate produces gaseous ammonia as follows:

Equation 3-10 - Chemical reaction of ammonia gas production for ammonia adsorption
tests.

¢OwO™O 00 "YU ° 0 QYO ¢00 ¢l O
The ammonia sorption tests were run at three different concentrations of reagents
(Table 3-10), so that a known amount of gaseous NHs was produced. After 7 days, an
excess volume of sulphuric acid was injected into the Duran bottles to end the reaction.
Although the reaction would take approximately 2 hours to stop, the lids containing the
samples were removed the following day. The samples were then analysed by



elemental analysis to yield the nitrogen values before and after the adsorption testing.
For the first batch of ammonia adsorption testing, the ammonium concentration of the
solution was tested with the LCK503 HACH kit (for concentrations between 10-100
mg/L NH4-N and 13-130 mg/L NH4). However, no differences were found between the

ammoni
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um concentrat.i

following batches.

The conditions of the three ammonia concentrations can be found in Table 3-10. Error
values were calculated by 1x standard deviation using four datapoints (the adsorption
was performed in duplicate, and the elemental analysis for each duplicate was again

ons

of each

run twice). The balance used for this method had an error of £0.005 mg.

Table 3-10 I Ammonia sorption capacity testing conditions.

sampl eds

Experiment 1 2 3
NaOH concentration and 0.1M, 1M, 3M,
volume 60ml 60ml 60ml

Ammonium sulphate 0.05M, 0.5 M, 1.76M,
concentration and volume 25ml 25ml 25ml

Theoretllcal gaseous 43 mg 430 mg | 1500 mg

ammonia produced

Sulphuric acid 0.05 M, 0.5 M, 1.76 M,

concentration and volume 30ml 30ml 30 mi

s ol
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3.12.2 Calculation of ammonia adsorption capacity in the fresh
adsorbents
The nitrogen content measured by el emental a

adsor mercte®&sitating the conver si—on).Theanass O0f r e s

of the spent adsorbent (ms) was assumed to be the sum of the fresh adsorbent (ms)
and the adsorbed NH3 (mnns) from the experiment (Equation 3-11), where Wyns and Wy
are the molar masses of NH3 (17.04 gmol?) and N (14.01 gmol?) respectively. Here, |

is the ratio between these two molar masses.

Equation 3-11 - Sum of spent adsorbent mass (ms), as a function of fresh (m¢) and

adsorbent nitrogen (mn)
W

a a «a a o a ra

The nitrogen values of the adsorbents could therefore be calculated according to
Equation 3-12 and Equation 3-13, where my is the mass of N in the fresh adsorbent.

Equation 3-12 - Calculation of the nitrogen content (wt%) for spent adsorbent.

b & a a a a f’bu , b , ,
0} _ mTn——— ne— A a a a
a P a [ a P pTT

Equation 3-13 - Calculation of the nitrogen content (wt%) in the fresh adsorbent,
defined as %N:.
a
[a}] —_- T Tt
a p

By dividing all terms in Equation 3-12 by my, it was re-organised into Equation 3-14.

Equation 3-14 - Substitution and re-organisation of spent adsorbent nitrogen content

(Wt%).
a .
OwMi|Q —h
a
PO PO PO & PO

pTT p T |pnnd pTT
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Following this, — in Equation 3-13 was substituted according to Equation 3-14,

yielding Equation 3-15.

Equation 3-15 - Calculation for the grams of nitrogen per gram of fresh adsorbent.

PO [=3§] [=3§] , PO b0

pTT apnn thTt| | priml b0

Equation3-161 Conver si on of U from g N&/gfreéhr e s h

adsorbent. B B _
0 Qi ¢1 MaQasDd VWOWE QI UDOHQI ¢ 1 @@ FQ pPpTITI |

adso
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3.12.3 Comparison of adsorption capacity to literature data

After determining the adsorption capacities of the prospective adsorbents, the next step
was to compare the capacities from this work to studies found in the literature. To do
this, the adsorption capacities from the literature to this work must be compared under
the same conditions, in particular the partial pressure of ammonia (Pnns) and the

adsorption temperature (Tags).

The literature usually presents the equilibrium adsorption capacities in the graphical
form of adsorption isotherms (adsorption capacity versus pressure) in the adsorption
temperature range typically between 15 °C to 50 °C and pressures of the adsorbate
from 10 mbar (vacuum) to several hundreds/thousands of kPa. A typical example of
adsorption isotherm is provided below for ammonia adsorption on g-alumina from

Helminen et al (380).

35 T T T 7 T
3.0
g : =
8 2.0 v 343K
v 393K

......... Langmuir-Freundlich
—— Langmuir-Freundlich !
— — VSM-Wilson

——- VSM-Flory-Huggins
— = Dubinin-Astakhov

0 20 40 60 80 100

Figure3-15-The graphi cal repr es e n(38aamnmoma o f
adsorption data for alumina.

It can be seen (from Figure 3-15) that most of the experimental points are obtained for
the higher partial pressures of the adsorbate ammonia (> 5 kPa), with only a few points
at lower resolutions for partial pressure below 5 kPa. This is a common occurrence in

isotherm data from the literature.

Therefore, in order to provided a comparison with the literature regarding ammonia

adsorption capacities of common adsorbents at low partial pressures of NH; (such as

He l

r

those in this studyds experi ments), accurate

the literature was required.
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There are several different models of adsorption equilibrium, and varying sources of

literatures uses different sets of equilibrium adsorption models. In Helminen et al (380),

the Dubinin-Astakhov (D-A) model was used successfully (for example with the high R?2

value shown in Table 3-11) on ammonia adsorption isotherms at 298, 323, 343 and

393 K for five different adsorbents (g-Al,Os, SiO,, activated carbon and two zeolites). In

this thesis, the D-A model, with equation parameters derived by Helminen et al (380),

were used to calculate the adsorption capaci

adsorption temperature and partial pressures of ammonia from this study.

3.12.3.1 The Dubinin-Astakhov adsorption equilibrium model

The generation of an adsorption isotherm requires the fitting of several datapoints, and
the identification of three isotherm parameters: Wy (the limiting pore volume of the
adsorber bed material, cm®gasst), E (the characteristic energy of the adsorbent-
adsorbate system, J/mol), and n (the heterogeneity parameter, unitless). The fitting of
the Dubinin-Astakhov adsorption equilibrium model, and the conversion of ammonia
adsorption capacity values from the literature to the conditions in this study were

performed using Microsoft Excel.

Helminen et al (380) had previously fitted an isotherm around their ammonia adsorption
data, and had generated excellent fits (R?> > 99.7, as shown in Table 3-11 for the

alumina adsorbent).

Table 3-11 7 An example of the data presented by Helminen et al (380) for the
generation of the Dubinin-Astakhov adsorption equilibrium model. This data are the
isotherm parameters for the alumina sorbent.

Isotherm Standard
Isotherm Parameters R? (%) | Total SS | RSS Error of
Model :
Estimate
Dubinin- Wo = 0.159 + 0.012 cm3g™
Astakhov E =10.0 £ 0.9 kmol? 99.78 24 0.05 0.042
n =0.844 + 0.055

In the Dubinin-Astakhov model, it is assumed that the adsorbent houses the vapour
adsorbate in a state similar to saturated liquid according to the Polanyi sorption

potential theory (381).

The vapour pressure of the sorbate (Po) can be calculated through the use of the

Ant oi ne 6 s Eqaajian&-17), ahere the equilibrium temperature (Teg) is in

Kelvin, and A, B, and C are component-specific Antoine constants. The constants and

the format of Antoinedbds equation ar e383btaine

The values for A, B and C for ammonia can be seen in Table 3-12.
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Equation 3-17T Ant oi nebs equation to calculate the
function of equilibrium temperature.

O pTt

Table 3-12 7 Antoine equation component-specific constants for ammonia (382).

Temperature (K) | A B C Reference
164.07 239.6 | 3.18757 | 506.713 -80.78 (383)
239.67 371.5 | 4.86886 | 1113.928 -10.409 (383)

The adsorption capacity of a sample can be estimated, at a particular adsorption
temperature (Tags, K) and ammonia partial pressure (P, kPa), according to the Dubinin-

Astakhov isotherm equations (Equation 3-18 and Equation 3-19) (384).

Equation 3-18 - Dubinin-Astakhov isotherm equations for calculating adsorption

capacity.
Ao
. -0
O YY I I+
0

r£I n(b

Equation 3-19 - The ideal gas law.

DO0® wada 0 a&€a’Y "YU

In Equation3-18, &6 g6 i s t he a desMSgRsdnd)o,N wWlaprae ittlye (@gad
isNH;zand the adsorbent are the o8o0il $dishe hlait mihtaiv
adsorption capacity (Qadsorbate/Jadsorbent) , 0 D& i sa dtshoer pPtoilcalmn ypiot ent i a
is the characteristic energy of the adsorbent-ads or bat e system (J/ mol)
heterogeneity parameter (or pore dimensions,
constant (8.314 J mol*K?), and P is the partial pressure when using the ideal gas law

(Equation 3-19). Tags is the adsorption temperature and Py is the vapour pressure of the

sorbate at the defined adsorption temperature (also known as Tegand Poi n Ant oi ne 6 s
equation (Equation 3-17). Finally, in Equation3-18, 6 P06 is the parti al o
organic compounds (VOC) wupstredam soft hteh e iant sto
volume of the adsorber bed material (cm3gaas?) , and 63 6 i s the conder
density (g cm®).

The condensed adsorbate density of the ammonia was determined with data by Haar

and Gallagher (385) (Table 3-13 and Figure 3-16). This was calculated by the trendline

in Figure 3-16 to be Equation 3-20.
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Table 3-13 17 Thermodynamics data of ammonia, taken from Haar and Gallagher (385).

Specific Volume Saturated liquid
P (bar) (liquid, cm3/9) density (9/cm3) In (P)
0.1 1.37611 0.72669 -2.30259
1 1.46636 0.68196 0.00000

10 1.65801 0.60313 2.30259
24 1.81336 0.55146 3.17805
38 1.94585 0.51391 3.63759
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22 R® = 9.9622E-01
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Figure 3-16 1 Change in saturated liquid density of ammonia against the natural log of
the saturated pressure.

Equation 3-20 7 Calculation of the condensed adsorbate density of ammonia, where
_ Pois given in O6baro.
B "Qw & vttt m |10 ¢ Ygda lv ™ PYX LW

However, the last remaining unknown variable from Equation 3-17, Equation 3-18 and
Equation 3-19 is the partial pressure of ammonia. This was calculated according to the

method outlined in Section A.2.4.

Application of the partial pressure into the Dubinin-Astakhov equilibrium
adsorption model

Following the determination of the partial pressure, the values of A, B,C, Po, Pnhz, Tads,

I NH3.cond, Wo, E @and n were fed back into Equation 3-17, Equation 3-18 and Equation 3-
19 to calculate the adsorption capacity (qo) at the partial pressure of ammonia and
adsorption temperature. This was then converted from gNH3z per gram of adsorbent into
mmol of NHz per gram of adsorbent so that it could be compared to Helminen et al
(380)6s various common adsorbents, and that
compared to the graphical adsorption isotherm data. Where the calculated values are
consi stent with Hel minen et al 6s tr esfgdfs,
fresh adsorbent. This allowed the values to be directly compared to the results of this
study. An example of the conversion of Hel mi

study via the Microsoft Excel workbook can be found in the Appendix (A1.2.3).

t

t

h €
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3.13 Assessment of error and statistical analysis

Throughout the laboratory work described in this chapter, each sample was performed
in duplicate to ensure repeatability. In the cases where the error was greater than
acceptable, a new replicate was run. Average mean values are stated together with the
errors (calculated using 1x standard deviation) presented in the tables. By using 1x
standard deviation, the error was presented with a 2x standard deviation range (i.e.
plus 1x standard deviation, minus 1x standard deviation). This mean that if another
sample was run, there would only be a 5% chance that the values would fall outside of
this range.

In Chapter 7, univariate and multivariate statistical analysis was conducted using SPSS
Statistics 28 to analyse the effects of

performances.

trea
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3.14 Methods limitations

In this section, clear limitations from performing methods from across this study will be
discussed.

3.14.1 Atomic absorption spectroscopy

As described in Section 3.6, prior to being analysed by the AAS, the samples must first
undergo acid digestion. In some cases, where the samples are low density (coconut
husk, LC and NC tree bark), greater volumes are needed to reach 0.2 g. In this
method, 5 ml of nitric acid are added to the sample. With these particular samples, it
was sometimes difficult to ensure that all of the sample was submerged in the nitric
acid. This may have slightly impacted the AAS results. In future work, these particular
samples (as well as the others) would be size reduced by cryomilling. Consequently,

this would aid the sample in resembling a powder and simplify this process.

3.14.2 Fibre analysis

The equipment used to determine lignocellulosic composition in this study (Fibretherm)
must be considered to be a semi-quantitative method. In the four-step gravimetric
method, the reagents used are sensitive to different conditions. For example, when the
temperature in the laboratory was below 15 °C, components of the NDF detergent
precipitated out of solution. This was rectified by waiting for the temperature to raise

again, or gently heat up the solution with warm water.

3.14.3 Ammonia adsorption experiments

Due to the neck diameter of Duran bottle used for the ammonia adsorption tests, there
was a maximum lid diameter for floating the solid sample atop the solution. Therefore,
with very light samples (such as nootka cypress tree bark), the full mass (0.3 g) was
unable to fit inside the lid. In future work, the reagent concentrations for the very light
samples should be adjusted to account for the mass of the low-density samples that

can fit in the cap.
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3.15 Concluding remarks

All of the methods described in this chapter were vertified and trained on by a
professional technician for accuracy and repeatability. These methods and analytical
techniques are valid approaches which have been chosen for their use in literature, in
addition to the availability of equipment and resources. In the process of performing
some of these techniques, more improved methods or standard operating protocals
were realised. These should be employed in further work if possible.
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Chapter 41 The screening and characterisation of lignin-rich

feedstocks

4.1 Introduction

In this work, lignin residues from an array of sources (Table 4-1) were characterised
(Figure 4-1). The methods of characterisation included proximate and ultimate analysis
(Section 3.2-3.3), fibre analysis (Section 3.4), atomic absorption spectroscopy (AAS)
(Section 3.6), and pyrolysis-gas chromatography/mass spectrometry (py-GC/MS)
(Section 3.7.2).

8 e

Bio-based
solvents

| Sugarcane
L Bagasse

Lignin-rich
residues

Screening and
Characterisation

-
-t 4

Ammonia
adsorbents

Liquid-solid interface

Tree barks

Figure 4-1 7 The overall scope of this study. The work covered in Chapter 4 is denoted
by red dotted lines.

Based on the results from the AAS of several samples, a mild acid-wash was
performed (Section 3.9.1), with the generated samples being further analysed by AAS,
py-GC/MS, proximate and ultimate analysis and derivative thermogravimetry (DTG).

Table 4-1 - Feedstocks analysed in this chapter.

Lignins Digestates Residues
Alkali lignin . .

(AlkLig) MSW Digestate (MSWdig) Coconut husk (CH)
Lignoboost Sugarcane bagasse from

(LB) VGF Digestate (VGFdig) Pakistan (PKBag)

Organosolv : . Tree bark from Golden Acre
(Org) AGR Digestate (VGFdig) Park, Leeds (SP Bark)
SS Digestate (SSdig)
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4.1.1 Background

4.1.1.1 Lignin

The maturation of the biorefinery concept has led to the mass extraction of
hemicellulose and cellulose from lignocellulosic biomass (30). The last main constituent
of lignocellulose, lignin, remains to be valorised to the same degree and upgraded into
higher-value products.

Lignin, which makes up between 15-40% of lignocellulose (31), tends to be used as an

energy supply for the cellulose and hemicellulose extraction process by burning (93).

This is because once the lignin is cleaved from the desired cellulose and hemicellulose,

its economic value is so low that the | ignin
instead be valorised to exploit it being a source of high-value aromatic compounds due

to its complex three-dimensional structure.

However, not all batches of lignin are the same. The composition of lignin is dependent

on both the biomass itds coming from, and th
there is not an agreed model for its chemical and physical structure. The complexity

and diversity of lignin structures add importance to the characterisation of the biomass

itself. It is important to understand how the lignin composition fits into the overall

structure of the biomass through characterisation.

4.1.1.2 Methods of Characterisation

Biomass can be characterised by a variety of methods depending on the information
that is needed. These have been discussed in detail in the Methods section (Chapter
3).

Alkaline earth metals can be removed by acid-washing. High contents of these species,
when burned, can induce ash deposits, slagging and corrosion on the equipment (343).
By reducing or removing these metals, the thermal conversion products of the biomass

may negatively impact the equipment less.

Pyrolysis-gas chromatography/mass spectrometry (py-GC/MS) is another method by
which biomass can be screened. From the fibre analysis, the lignin content of biomass
can be estimated. The proportion of high-value compounds derived from lignin
structures can be provided by fast pyrolysis of the biomass. More details regarding the

pyrolysis process can be found in Chapter 6.

The lignin products in Table 4-1 have previously been characterised by proximate
analysis (386-388), ultimate analysis (386, 387, 389), py-GC/MS (387, 388), AAS (390)

and DTG (387, 389). However, no literature could be found whereby lignin products
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were characterised and employed as comparators for underutilised potential

feedstocks for the valorisation of their lignin.

Digestates from a variety of sources have been characterised previously in the
literature (391), but mostly for use as an energy source (392-395). Generally, digestate
is predominantly used as a source of nutrients on farm and cropland (392, 393). The
nutrient contents of nitrogen, phosphorous and potassium are regularly assessed in
literature (392) and industry (396). Digestates have also been utilised and valorised as
slow pyrolysis (397-399) and hydrothermally carbonised chars (393, 400, 401). The
fast pyrolysis of digestate has been explored for the upgrading of its oil products (391,
402). Perez et al (2023) (391) stated that high levels of lignin-derived phenolic

compounds were observed in the pyrolysis oil, which could be isolated and valorised.

Sugarcane bagasse is an abundant waste that is produced from the processing (403)
of sugarcane by juicing. Commonly, the bagasse is incinerated to provide energy to the
sugarcane milling process or disposed of as solid waste (404). However, it is known in
literature as being particularly versatile regarding potential applications across
numerous sectors (404). Characterisation of sugarcane bagasse has been presented
in several papers (405), although mostly bagasse from India and Brazil (406). The fibre
analysis has been characterised well, in at least 15 papers. The composition varies
across the cellulose (30 wt% - 45 wt%), hemicellulose (20 wt% - 36 wt%) and lignin (9
wit% - 30 wt%) contents (225, 407). It is unknown why the content changes, but it is
expected to be due to the differing growing conditions, seasonality of harvesting, and

the sugarcane processing conditions.

Coconuts are made up of three layers which consist of an exocarp, a fibrous mesocarp
(husk) and a hard endocarp (shell) (408). The majority of the husk and shells are
generated as waste during commercial coconut processing. Commonly, the bulk of the
coconut husk generated is mismanaged via open burning and direct disposal (409).
Coconut husk has been characterised across several publications (409, 410). The
proximate analysis values (fixed carbon, volatile matter, ash, and moisture content)
vary between each. The variation is most likely due to the different countries of origin,
time of harvesting and other factors (411). The lignocellulosic composition can range
from 20-38 wt% cellulose, 15-30 wt% hemicellulose, and 40-50 wt% lignin (408, 412).
The thermal degradation of coconut husk in the literature has mostly been regarding
the production of biochar (409, 412-414). Several papers utilise coconut shell for fast
pyrolysis (411, 415, 416), but not coconut husk.

Tree barks encompass around 20 vol% of above-ground tree biomass and 10-15 vol%

of tree stems (417, 418), with approximately 300-400 million m® of being generated
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each year (418). Although trees grow as they age, there may only be a limited impact
on the vol% of the bark as a proportion of the tree. This is due to the trees becoming
taller and thicker in wood as well as bark. The main applications of bark are as an
energy source via incineration and as an aid for mulching in agriculture. Another key
application of tree bark is cork. Although the main source of cork is from the outer bark
of the cork oak (Quercus suber L.), other species have been considered in the
research. These include Douglas fir, Turkey oak, and Chinese cork oak. In cork oak,
the thickness of the cork is so substantial that it is able to be stripped from the tree
without killing it. However, Douglas fir tree bark is different due to the bark being
thinner, so the stripping of cork would damage the tree (419). Also, the only cork that is
suitable for cork production are those from the lower part of the tree, and not from the
higher branches due to them being more resinous. Therefore, as this study is looking at
the valorisation tree bark residues, rather than from the stripping of live trees, cork is

not a suitable valorisation route (420).

Various types of bark from across the world have been characterised before in the
literature. The expected values from the proximate and ultimate analysis of barks are
extremely variable due to the variety of tree species and growth conditions (418, 421-
426). Volatile matter, fixed carbon and ash content can vary from 631 85 wt%, 111 27
wt% and 1.2 1 10.7 wt% respectively. Tree barks are known to accumulate alkaline
earth metals including magnesium, calcium, potassium, sodium, iron, and aluminium.
Calcium and potassium are essential for tree growth, which migrate into the bark over
time (427). The lignocellulosic composition of bark has not been frequently clearly laid
out in the literature, except for a few cases. These values can vary across the cellulose
(17.47 35.2 wt% dry basis), hemicellulose (14.8 1 25.0 wt% dry basis) and lignin (13.4
T 51.2 wt% dry basis) contents (428-431). Although the fast pyrolysis of bark has been
done for over a decade, limited literature was able to be found regarding this (432).

The characterisation of a wide variety of feedstocks has not been explored before,
through the perspective of identifying which would be the best as a source of lignin-
derived pyrolysis oil. Further to this, the investigation into the effect of mild acid-
washing on the characterisation methods to reduce the alkaline earth metals content is

also novel.
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4.2 Results and Discussion

This section outlines and discusses the characterisation of the 10 samples listed in
Table 4-1. After the characterisation by atomic absorption spectroscopy (AAS), it was
decided to perform a mild acid-wash on the samples with high metals contents. The
characterisation was then re-done on these acid-washed samples, and the results are
laid out alongside the untreated samples in Section 4.2.4 and Section 4.2.5.

4.2.1 Proximate and Ultimate Analysis

In this section, the proximate and ultimate analysis results for the samples will be

discussed. The moisture contents of the samples are not provided here (Table 4-2).

This is because the samples were dried at 105 °C once received, to ease their storage

and size reduction. Therefor e, the moisture
basis. They will, however, be included in the discussion of the fibre analysis (Section

4.2.3).

In Table 4-2, three of the digestate samples (SSdig, MSWdig and VGFdig) have a high
ash content (> 40 wt%). It is known that the pyrolysis of high ash feedstocks leads to
lower bio-oil yields, and a greater level of char (433). This is due to phase separation of
the generated bio-oils, via a catalytic effect of the inorganic matter in the ash during
fast pyrolysis reactions (434).

The softwood pine tree (SP Bark), organosolv lignin and the sugarcane bagasse
(PKBag) have low ash contents (< 2.5 wt%). Higher concentrations of ash have been
found to lead to fouling, corrosion, bed agglomeration and slagging problems during
thermal degradation of biomass (435). AGRdig and PKBag have high volatiles contents
(> 70 wt%). In the cases of fast pyrolysis, more volatile matter increases the pyrolysis

oil yield, whilst also increasing how much of the sample will decompose (436).

LB, Org, AlkLig, and SP Bark have high fixed carbon contents (> 30 wt%). This is the
solid carbon which remains once the volatile matter has been removed, and lignin has
the greatest levels of fixed carbon out of the lignocellulosic components (437). These 4
samples are also expected to have higher lignin contents, with the fixed carbon

providing more evidence of this.

The digestate samples have the lowest level of fixed carbon (< 15 wit%). For SSdig and
MSWdig, the low fixed carbon is most likely due to the biochemical treatment of the
waste (438). The high ash in the digestates is the key reason for their proximate and

oxygen values being relatively lower than the other samples. These samples also have
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the greatest nitrogen contents. Digestates are known to be nutrient-rich (phosphorous,

nitrogen, and potassium) sources, so this is expected (439).

Alkali lignin, LB and SSdig have the greatest sulphur contents. Sulphur can be present
within lignin structures as inorganic sulphur, organically bound sulphur, elemental
sulphur or adsorbed polysulfide (440). In AlkLig and LB, their sulphur contents is most
likely due to their derivation from Kraft lignin. Sodium sulphide is used in the processing
of Kraft Lignin (440, 441). The higher sulphur content of SSdig is expected due to the
abundance of sulphur in sewerage systems (442).

AlkLig, LB and MSWdig have the lowest H/C mole ratio values. A lower value signifies
greater proportions of C=C and CIC bonds in
simple bonds including C-C and C-H (443). For AlkLig and LB, this would be expected

with higher levels of lignin due to its aromatic nature (the presence of benzene rings).

LB, org, and SP Bark have the greatest higher heating values (HHVSs) of the
feedstocks, which is due to the high carbon and hydrogen contents. This means that,
although it is a low-value application, these feedstocks would be the most suited for

incineration to regain energy in the process.

The digestate (excluding AGRdig) samples have the lowest HHV values due to their
low carbon contents and high ash, so would not be a good option for the generation of

energy by incineration.

Across the three equations used to calculate HHVs (Friedl, Dulong and Channiwala
and Parikh), the ranges differ based on the type of biomass. The range is greater for
those samples (such as the digestates) with low carbon, low volatile matter, and high

ash contents.

The coconut husk values are different to those in the literature (409, 410), with higher
ash (8 wt% compared to 4.6-5.3 wt%), fixed carbon (28.2 wt% compared to 14.7-18.7
wit%), and lower hydrogen contents (3.8 wt% compared to 7.5-8.0 wt%). There are not

clear reasons for the different values.
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Table 4-2 - Proximate and Ultimate Analysis of lignin products, digestates and residues, with higher heating values (HHV) estimated with
3 methods. Error values were calculated by 1x standard deviation. 2 replicates were run for each sample.

Variable Lignins Digestates Residues
AlkLig LB Org AGRdig | VGFdig | Ssdig Mswdig | SP Bark CH PKBag

Proximates |  Volatiles 476+01 | 57.5+09 |61.4+09 | 702+03 | 472+1.1 | 51.0+0.1 | 36.2+0.1 | 66.9+0.0 | 63.7+2.7 | 76.5+ 0.2
(%wt, dry | Fixed Carbon | 31.8+0.8 | 37.8+0.1 | 365+03 | 138+00 | 90+02 | 2101 | 8300 | 32101 | 282+05 | 21.3+0.1
basis) Ash 206+08 | 11.0+10 | 21+13 | 160+03 | 43808 | 469+00 | 555+01 | 1.1+01 | 80+3.2 | 22+0.1
Carbon 472+03 | 61.3+05 |491+03 | 441+0.1 | 205+01 | 28.6+03 | 241+00 | 57.3+25 | 484+15 | 49.1+0.1
Ultimates Hydrogen 35+02 | 47+03 | 57+00 | 51+00 | 30+01 | 31+01 | 1.7+00 | 56+05 | 38+01 | 57+05
(Wt%, dry Nitrogen 00+00 | 09+00 | 1.3+00 | 32+00 | 20+00 | 34+00 | 15+00 | 08+00 | 08+01 | 1.3+0.0
basis) Sulphur 18+02 | 12+01 | 00+00 | 03+00 | 0300 | 15+00 | 02+00 | 00+00 | 00+00 | 0.0+0.0
Oxygen 269+12 | 282+12 | 41.7+09 | 31.3+03 | 21.3+06 | 164+03 | 169+00 | 352+30 | 389+18 | 41.7+1.2

gﬂg”ﬁ;‘;‘ﬂa 18.3 24.9 25.8 17.8 10.7 11.1 75 22.9 17.8 20.0

HHV (MJ/kg)
Fried 183 242 259 17.8 14.9 14.9 15.6 23.0 18.9 19.7
Dulong 17.2 24.0 242 16.6 105 11.2 76 211 15.7 18.0
H/C Molar Ratio
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4.2.2 Atomic Absorption Spectroscopy

In this section, the data measured from the atomic absorption spectroscopy of the
samples is laid out (Table 4-3). Due to the high alkaline earth metal contents for
several of the samples, an acid wash (Section 3.9.1) was performed to reduce these
concentrations. The comparison of the results for the untreated and acid washed
samples are presented in Table 4-4, with the relative change in Figure 4-2.

Several of the samples tested had high concentrations of the metals analysed (Table 4-
3), specifically AlkLig, AGRdig, VGFdig, SSdig, MSWdig, CH and PKBag. A key benefit
of the presence of earth metals (such as those measured by AAS) is the lowering of
temperatures needed for pyrolysis (344). In holocellulose (cellulose and hemicellulose)
pyrolysis, the presence of alkaline earth metals catalyse the fragmentation of pyranose
(a six-membered ring of five carbon atoms and one oxygen atom) and furanose (a five-
membered ring of four carbon atoms and one oxygen atom) rings. In lignin structures,
alkaline earth metals catalyse the cleavage of carbon-carbon bonds and side chains by
reducing the activation energies necessary for the breakdown of the structure.
However, high concentrations of earth metals can catalyse the cracking of oxygen-
containing compounds into a larger number of smaller compounds (444). The oxygen
content arises from the complex lignocellulosic structures. In the interest of valorising
the sampleséd phenolic content, it is more de
fewer compounds, rather than low concentrations of a wide variety of compounds. It
was for this reason that these samples were acid-washed according to Section 3.9.1.
However, VGFdig was not acid-washed due to the limited supplies available. From
Figure 4-2, all of the measured metals were decreased after the acid washing. For Al,
Fe and Na, at least one of the samples (of AlkLig, CH and PKBag) seemed to gain in
metal concentration after acid washing. This is discussed in more detail later in this

section.

All of the digestate samples, and the sugarcane bagasse, had high levels of calcium. In
the separation and recovery of phosphate and nitrogen, calcium is known to be added
to digestates (445). In PKBag, the high calcium could be due to two scenarios. In the
first, the soil in which the sugarcane grew in may naturally have high levels of calcium.
An alternative scenario would be that the soil was quite acidic, so lime (an assortment
of calcium and magnesium-containing materials) was added. The addition of lime to
soil raises the pH and adds calcium and/or magnesium, depending on the specific lime
used (446). However, it is difficult to know for sure the soil type that the sugarcane

bagasse samples initially grew in, so a definitive reason for the high calcium cannot be
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given. After acid-washing, the calcium levels were dramatically reduced in all of these

samples.

The aluminium concentrations were greater in SSdig and MSWdig. The reasonable Al
contents in VGFdig is most likely due to the presence of insoluble Al compounds within
soil. As vegetation grows, the Al would be taken up into the plant (447). In SSdig and
MSWwdig, the high Al levels may occur from the use of aluminium sulphate and other
precipitating agents. These are used frequently in the production of sewage sludge and
in wastewater processing (448, 449). The acid-washing treatment did not have a large
impact on the aluminium content of the samples, with most having a small reduction. In
the case of CH and PKBag, which had 0 mg/g of aluminium when untreated, the
aluminium contents appear to increase after acid-washing. This could be due to the
acid-digestion step required for AAS preparation being of insufficient duration, or simply

that there are only trace levels of Al which are concentrated slightly from the removal of

the other metals and slight breakdo wn of t he bi o merefesrdthst r uct ur e

changing in values of trace amounts will appear much larger when presented on a

percentage change basis.

AGRdig and MSW(dig have higher levels of potassium and magnesium. This is
expected as, post-anaerobic digestion, the potassium and magnesium contents of
digested material are concentrated into the digestate (450, 451). It is known that
coconut husk has a high concentration of potassium (452). The potassium contents of

all samples were dramatically reduced by acid-washing.

High iron (Fe) contents are only found in the digestates (excluding AGRdig). In SSdig
and MSWdig, this may be due to the use of iron salts for sulphide control in sewer
treatments and wastewater treatment plants (453, 454). The high iron in VGFdig is
most likely from its iron-rich components, namely fruits (including watermelon, figs and
raisins), vegetables (peas, broccoli and spinach) and garden waste (where it may have
had nutritious soil conditioner added to increase the nutrient content, including iron)
(455).

The high sodium content of alkali lignin is expected due to the presence of Na and K in
the alkali processing streams used in its production (390). After acid-washing, the

sodium content was noticeably reduced, but not to a negligible concentration.

The presence of calcium in biomass can be as three forms: acid-insoluble, acid-soluble
and organically bound (456). As the majority of calcium from all samples was reduced

from the acid-washing, it can be assumed that all of the calcium was acid-soluble.
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Table 4-3 - Metals Analysis of all untreated feedstocks. Error values were calculated by 1x standard deviation. 2 replicates were run for

each sample
Sample Type Al (m%J) Ca (m%J) K (mw) Fe (mw) Na (mg/gz Mg Smglgz
AlkLig 0.16 + 0.01 0.43+0.10 0.78 £ 0.10 0.00 £ 0.00 68.93 + 0.40 0.39 £ 0.00
Lignins LB 0.03 £ 0.00 0.05 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.38 £ 0.05 0.37£0.10
Org 0.68 + 0.00 1.18 + 0.10 0.00 + 0.00 0.02 + 0.01 0.00 + 0.00 0.07 £ 0.01
AGRdig 0.20 £ 0.00 10.25+ 0.10 14.45 + 0.20 15.88 + 0.67 0.50 £ 0.03 4.94 + 0.20
Digestates VGFdig 2.16 + 0.46 24.28 + 0.75 3.86 £ 0.29 3.79+£0.35 2.34+0.16 3.74 £ 0.26
9 SSdig 6.68 + 0.02 17.44 £ 0.06 1.08 £ 0.03 14.21 + 0.07 0.58 + 0.02 4.30 + 0.00
MSWdig 4.55 + 0.38 59.76 + 1.46 8.91+0.19 11.53+0.12 2.84+0.14 9.24 + 0.05
CH 0.00 £ 0.00 0.69 £ 0.01 7.75+0.98 0.07 £ 0.01 1.11 +£0.09 0.72 + 0.05
Residues PKBag 0.00 £ 0.00 6.08 £ 0.45 2.15+ 0.02 0.12 £ 0.09 0.00 + 0.00 0.81 + 0.07
SP Bark 0.05 + 0.03 3.29 + 0.36 0.45 +£0.05 0.10 £ 0.02 0.00 + 0.00 0.55+ 0.12

Table 4-4 - Metals Analysis of acid-washed feedstocks compared to the untreated feedstocks. Error values were calculated by 1x
standard deviation. 2 replicates were run for each sample

Sample Type Al (mg/g) Ca (mg/g) K (mg/g) Fe (mg/g) Na (mg/g) Mg (mg/g)
AlkLig Untreated 0.16 £ 0.01 0.43+0.10 0.78 £ 0.10 0.00 +0.00 68.93 + 0.40 0.39+0.00
Acid-washed 0.24 +0.11 0.29 £ 0.16 0.41+0.01 0.04 + 0.00 18.00 + 2.60 0.31 + 0.03

AGRdig Untreated 0.20 £ 0.00 10.25+0.10 14.45 + 0.20 15.88 + 0.67 0.50 + 0.03 4.94 + 0.20
Acid-washed 0.05 + 0.03 0.00 + 0.00 0.14 +£ 0.01 3.40 £ 0.07 0.19+0.19 0.50 + 0.00

ssdig Untreated 6.68 + 0.02 17.44 + 0.06 1.08 + 0.03 14.21 + 0.07 0.58 + 0.02 4.30 + 0.00
Acid-washed 2.20 £ 0.35 0.00 + 0.00 0.35+0.13 6.29 + 0.66 0.03 + 0.03 0.95 + 0.06

MSWdig Untreated 4.55 + 0.38 59.76 + 1.46 8.91+0.19 11.53+0.12 2.84+0.14 9.24 £ 0.05
Acid-washed 1.93 + 0.00 0.00 + 0.00 0.78 + 0.00 3.26 + 0.00 0.13 + 0.00 3.28 + 0.00

CH Untreated 0.00 + 0.00 0.69+0.01 7.75+0.98 0.07+0.01 1.11 + 0.09 0.72+0.05
Acid-washed 1.54 + 0.06 0.00 + 0.00 0.25 + 0.03 0.11 + 0.05 0.29 +0.16 0.33+0.01

PKBag Untreated 0.00 + 0.00 6.08 + 0.45 2.15+0.02 0.12 £ 0.09 0.00 £+ 0.00 0.81 + 0.07
Acid-washed 1.08 + 0.08 0.00 + 0.00 0.11 £ 0.01 0.03 £ 0.01 0.21 + 0.04 0.33 + 0.00
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Figure 4-2 - Relative change of metals concentration between acid-washed and untreated samples.
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4.2.3 Fibre Analysis

In this section, the results of the fibre analysis are stated (Table 4-5). The moisture
content of the samples, measured as a part of the proximate analysis, are featured
here. The unknown content is calculated to b

after summing up the cellulose, hemicellulose, lignin, and ash.

The samples (excluding the lignin products) with the greatest proportion of lignin was
the coconut husk and the SP Bark. As stated previously (in Section 4.1), the results of
the fibre analysis may be best used as semi-qualitative comparisons. These lignin
contents are higher than the lignin products (AlkLig and LB), although organosolv lignin
was unable to be analysed due to the limited supplies.

In addition to the high lignin contents, the SP Bark and PKBag also have a reasonably

| arge O6unknowndé content. These may include e
waxes, and fats. In addition to these extractives, SP Bark may contain tannins and

flavonoids (457, 458). In the literature (225, 407), sugarcane bagasse has 30-40 wt%

cellulose, 20-36 wt% hemicellulose and 9-30 wt% lignin. The lignin and cellulose

content in the literature is similar to the result in this study. However, it is unknown why

the hemicellulose content is lower in this work. For the SP Bark sample, the large

6unknowns® may be due to the gb6&48.nce of f 1l a

The samples with the lowest lignin contents are the digestates (AGRdig, VGFdig,

SSdig, MSWdig) and PKBag. The low lignin in the digestates are expected, as lignin is
known to negatively affect (460).g'herefore,thmat t er 6 s
matter chosen to undergo anaerobic digestion to produce the digestates would ideally

have little lignin.

AGRdig, PKBag and CH have the greatest cellulose contents. This was not expected

due to their pre-treatment methods, enzymatic hydrolysis, and anaerobic digestion

(AD) respectively. The AD process is stated to be able to degrade up to 80% of the

cellulose contained within crop residues (461). The agricultural residue that underwent

AD must have had a substantial <cellul ose con
analysis is similar to that of Perez et al (391) although as it is a mix of various

agricultural residues, it is dependent on the source and proportions of each type of

residue.
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Table 4-5 - Fibre Analysis (results in weight%). Error values were calculated by 1x
standard deviation. 2 replicates were run for each sample. Moisture content (M) results

are on an o6as analysed6 (a.a) badis. Crud
Sample Type M Cellulose Cgﬁm)‘;e Lignin Ash F(’:r:)utgien krlm\loovt/n

Lignins AlkLig | 6.0£0.0 | 6.1+ 0.0 | 24.5+ 0.9 |39.2+ 1.7|20.6+ 0.8 | 0.0+ 0.0 | 9.6
LB 2.8+0.6 |3.6x£1.5|29.8£0.5(40.9£0.5/11.0+1.0| 5.0£0.0 | 14.6
AGRdig] 5.7+ 0.2 [24.3+ 1.3| 14.3+ 0.1 |26.4+ 0.8| 16.0+ 0.3 | 14.1+ 0.0 | 19.1
Digestates VGFdig | 4.4+ 0.0 |{13.1+1.2| 3.8+ 0.3 |24.1+ 0.3/ 43.8+0.8| 8.8+ 0.0 | 15.2
SSdig | 6.7+ 0.0 {8.0+0.6| 8.9+0.8 |31.8+1.1|46.9+0.0| 3.2t0.0 | 4.4
MSWdig] 3.1+ 0.0 | 6.5+ 1.5|12.3+0.0 |17.5+2.0/55.5+0.1| 1.4+0.0 | 6.8
CH 45+ 0.1 (33.4+ 1.5 2.6£0.0 |425+29| 80+£3.2 | 4.7£0.6 | 135
Residues | PKBag | 3.7+ 0.0 |25.8+4.9| 8.6+ 0.4 [23.9£8.7| 22+ 0.1 | 7.6£ 0.0 | 39.5
SP Bark] 6.2+ 0.1 | 7.6£55| 0.6x0.0 |68.7+5.9| 1.1+0.1 | 45+£0.0 | 17.5

The coconut husk results are slightly different than in literature (Table 4-6). The lignin

and cellulose values are close to those in literature; however, the hemicellulose content

appears much lower in this study. As the errors for the coconut husk values are not

abnormally large, it is unknown why this is so low. The composition across literature

seems to change, dependent on the country it was sourced from and the time of year it

was harvested.

Table 4-6 - The lignocellulosic composition of coconut husk in this study compared to
in literature. Error values were calculated by standard deviation.

Cellulose |Hemicellulose | Lignin
(Wt%) (Wt%) (Wt%)

| This study 33.4+15| 26+0.0 [425+29
| Sangian and Widjaja (2018) (462) |  26.60 17.74 41.18
| Anuchi et al (2022) (408) 20-38 15-30 40-50

The lignin samples (AlkLig and LB) have the greatest hemicellulose contents. This is

expected as, during Kraft pulping which occurs in the lignoboost and alkali lignin

production processes, the lignin and some of the hemicellulose is dissolved into the

black liquor. The liquor is then processed into the Lignoboost, which concentrates the

lignin and hemicellulose content (hence the high levels of hemicellulose) (197).
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4.2.4 Pyrolysis-Gas Chromatography/Mass Spectrometry

The pyrolysis chromatograms (or py-grams) generated at 550 °C (according to the

method presented in Section 3.7.2) are illustrated below with the axes of retention time
against the 6absolute intensity per mg of sa
different samples to be compared to each other, as it is then independent of the

amount of sample prepared for the method.

The top 25 peaks of each chromatogram were identified by GC/MS using the NIST
mass spectral database versions 147 and 27. For each identified molecule, its similarity
to the actual molecule in the pyrolysis gas was compared (based on similarity of mass
fragments) and given a similarity score out of 100. In this work, the identified molecule
was considered to be trustworthy when the similarity score was above 66. Separately,
the literature was consulted to see whether the identified molecule was likely to be
found within the sample.

The axes for each group of py-grams have been kept the same where possible to aid
comparison of the data. In some cases, such as Figure 4-5, this was not possible due
to the large differences in scale. First, the py-grams of the untreated samples are
illustrated. In the tables below, the proportions of the key peaks of the acid-washed

samples (compared to the untreated samples) are outlined.
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Figure 4-3 - Fast pyrolysis chromatograms of [a] Lignoboost and [b] organosolv lignin
at 550 °C by py-GC/MS. Pyrolysis heating rate of 20 °C/ms, then held for 20s. Column
temperature program of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then hold for 10 min.
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Table 4-7 - Proportions of key and shared peaks of Lignoboost and organsolv lignin
from fast pyrolysis at 550 °C by py-GC/MS. RT = Retention Time. The top 25 peaks of
each chromatogram were identified using the NIST mass spectral database versions

147 and 27.

RT : Lignoboost Organosolv
(min) Registered Peak (%) (%)
19.9 Phenol, 2-methoxy- 13.6 3.6
22.4 Creosol 23.8 6.1
24.3 Benzene, 1,4-dimethoxy-2-methyl- 10.0
25.6 1,2-Benzenediol, 3-methoxy- 5.8
o5 6 Benzene, 1-mefthoxy-2-methy|-3- 83

nitro-

26.4 Catechol 4.3 0.8
26.8 Phenol, 2,6-dimethoxy- 11.3
27.1 Tran-isoeugenol 1.8 2.1
273 Phenol, 2-methoxy-4-(2-propenyl)-, 31 0.9

acetate

28.7 1,2,4-Trimethoxybenzene 15.9
29.0 Vanillin 3.8 2.2
30.6 Apocynin 2.8 0.9
31.3 3',5'-Dimethoxyacetophenone 4.4
316 2-Propanone, 1-(4-hydroxy-3- 3.2 11

methoxyphenyl)-

337 Phenol, 2,6-dimethoxy-4-(2- 6.4

propenyl)-

345 Benzaldeh_yde, 4-hydroxy-3,5- 97

dimethoxy-

35.6 Ethan_one, 1-(4-hydroxy-3,5- 6.3

dimethoxyphenyl)-

36.4 3-Amino-4-methoxybenzoic acid 6.6
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Figure 4-4 - Fast pyrolysis chromatogram of untreated Alkali Lignin at 550 °C by py-
GC/MS. Pyrolysis heating rate of 20 °C/ms, then held for 20s. Column temperature
program of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then hold for 10 min.

Table 4-8 - Proportions of key and shared peaks of untreated Alkali Lignin and acid-
washed Alkali Lignin from fast pyrolysis at 550 °C by py-GC/MS. The top 25 peaks of
each chromatogram were identified using the NIST mass spectral database versions

147 and 27.
(rsi-l;]) Registered Peak AI(E/IO‘)'Q AC'd((';‘)I)kL'g
4.5 Ethanethiol 18.2
5.3 Pentanal 5.7
5.7 Acetic acid 28.7
10.1 Furfural 9.7
14.0 | 2-Furancarboxaldehyde, 5-methyl- 7.9
19.7 Phenol, 2-methoxy- 24.8
20.4 2-Furanmethanol 20.0
21.4 Creosol 6.9
25.4 3-Methoxyacetophenone 5.5
28.8 Vanillin 7.3
30.5 Apocynin 4.6
33.7 Homovanillic acid 4.8
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Figure 4-5 - Fast pyrolysis chromatogram of [a] untreated AGRdig and [b] untreated
VGFdig at 550 °C by py-GC/MS. AGRdig and VGFdig are presented at different y-axis
scales due to the large difference in absolute intensities measured. Pyrolysis heating
rate of 20 °C/ms, then held for 20s. Column temperature program of 40 °C for 2 min, 6
°C/min ramp to 280 °C, then hold for 10 min.
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Table 4-9 - Proportions of key and shared peaks of untreated and acid-washed
agricultural residue digestate (AGRdig) and untreated vegetable, garden, and fruit
residue digestate (VGFdig) from fast pyrolysis at 550 °C by py-GC/MS. The top 25
peaks of each chromatogram were identified using the NIST mass spectral database
versions 147 and 27.

RT . AGRdi Acid VGFdi
(min) Registered Peak (%) g AGRdig (%) (%) g
3.8 Ethene, 1,1-difluoro- 2.2 7.0

5.7 Acetic acid 3.2 5.8
12.7 Furfural 15.3 15.5 3.5
13.8 2-Furanmethanol 1.2 8.8
15.8 Cyclohexanone 15.8 5.2
16.5 2-Propenoic acid, 2-methyl-, 1- 0.2
methylethyl ester
17.0 Phenol 0.3 2.9
17.6 Phenol, 2-methoxy 1.4 0.6 2.9
1,4-Butanediamine, 2,3-
17.9 dimethoxy-N,N,N',N'- 16.6 24.4
tetramethyl-, [S-(R*,R*)]-
19.2 Dodecanal 0.2
21.2 p-Cresol 1.4 0.3 11.4
21.8 Phenol, 4-ethyl- 0.7 0.9
22.3 Diazene, bis(1,1-dimethylethyl)- 7.2
22.8 Heptanal 04
234 Benzoic acid 0.5 1.5
24.9 Methacrylic acid, ethyl ester 2.1 2.7
25.3 Benzofuran, 2,3-dihydro- 24.3 20.3 14.1
25.4 4-Hydroxy-3- 18.5 22.0 9.2
methylacetophenone
26.3 trans-lsoeugenol 0.4 0.2
26.7 Indole 0.6 2.4
277 Phenol, 2-methoxy-4-(1- 192 19
propenyl)-
30.0 1-Dodecanol, 3,7,11-trimethyl- 0.3
32.6 1-Octadecyne 0.7




[a]
o
o 1+
S 0.18
S 016
b
0.14 (o

Abs. Intensity per mg of sample
=
=
oo
I
Q
/D>'=
x
e
—)=
I

4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Retention Time (min)

[b]

o ~Co

£
2

35 o on
; 0 \
OH

x 100,000
.
191 o

=N

HO  o—
2 Q{H @
a ‘——-—_.,

02 Ut it

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Retention Time (min)

Abs. Intensity per mg of sample

Figure 4-6 - Fast pyrolysis chromatogram of [a] untreated SSdig and [b] untreated
MSWdig at 550 °C by py-GC/MS. SSdig and MSW(dig are presented at different y-axis
scales due to the large difference in absolute intensities measured. Pyrolysis heating
rate of 20 °C/ms, then held for 20s. Column temperature program of 40 °C for 2 min, 6
°C/min ramp to 280 °C, then hold for 10 min.
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Table 4-10 - Proportions of key and shared peaks of untreated and acid-washed
sewage sludge digestate (SSdig) and Municipal Solid Waste digestate (MSW(dig) from
fast pyrolysis at 550 °C by py-GC/MS. The top 25 peaks of each chromatogram were
identified using the NIST mass spectral database versions 147 and 27.

R.T Registered Peak SSdig SASCollidg MSwidig Mé\(/:\;(djig
(min) (%) (%) (%) (%)
3.8 Ethene, 1,1-difluoro- 3.1 2.2
5.3 Pentanal 5.7
5.7 Acetic acid 10.7 8.0
8.8 p-Xylene 0.5
9.3 Propanenitrile, 3,3'-oxybis- 26 2.0
10.1 Furfural 5.9 9.7 2.0 21.0
14.0 2-Furancanr1becizsllfiehyde, 5- 8.3 -9 15
1,4-Butanediamine, 2,3-
15.6 dimethoxy-N,N,N',N'- 25 17.1
tetramethyl-, [S-(R*,R¥)]-
15.8 Cyclohexanone 6.6
18.8 7-Tridecanone 4.2
20.3 2-Furanmethanol 6.9 20.0 10.2 27.0
22.2 | Methacrylic acid, ethyl ester 2.9 1.1
22.3 1-Penten-3-ol 10.6
23.5 Benzoic acid 6.5
24.3 3-Methoxyacetophenone 9.9 3.6
24.8 metk?;/ll_'aycotlart?%-:r-]one 8.6 0.5
25.3 Benzofuran, 2,3-dihydro- 17.2 33.6
27.7 Phe”O'bfég‘:;ng(y""(l' 1.7 2.6
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Figure 4-7 - Fast pyrolysis chromatogram of [a] untreated coconut husk and [b]
untreated PKBag at 550 °C by py-GC/MS. CH and PKBag are presented at different y-
axis scales due to the large difference in absolute intensities measured. Pyrolysis
heating rate of 20 °C/ms, then held for 20s. Column temperature program of 40 °C for 2
min, 6 °C/min ramp to 280 °C, then hold for 10 min.
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Table 4-11 - Proportions of key and shared peaks of untreated and acid-washed

coconut husk (CH) and Pakistani sugarcane bagasse (PKBag) from fast pyrolysis at
550 °C by py-GC/MS. The top 25 peaks of each chromatogram were identified using
the NIST mass spectral database versions 147 and 27.

(rsi-lr-1) Registered Peak CH (%) Cﬁcé&) PI?(;S)?g PKQ;&%L
7.5 Acetic acid 13.7 6.0 13.3
12.7 Furfural 2.5 37.3 2.6 26.5
14.0 2-Furan§jslr;l:é?r>l<;lfjehyde, 0.8 11
14.1 3-Chlorohexane 5.2
15.8 Cyclohexanone 1.4 1.9

1,4-Butanediamine, 2,3-
17.8 dimethoxy-N,N,N',N'- 1.3 250 1.6 30.1
tetramethyl-, [S-(R*,R*)]-

19.1 Phenol 18.8 3.8 2.3 1.5
19.7 Phenol, 2-methoxy- 10.0 3.2
20.3 2-Furanmethanol 4.5 4.7
22.2 Creosol 2.8 0.2 2.3 0.4
25.3 Benzofuran, 2,3-dihydro- 6.2 1.3
25.4 3-Methoxyacetophenone 9.4 5.7 3.2
26.3 Catechol 6.2 2.8
26.6 Phenol, 2,6-dimethoxy- 4.4 4.9
28.3 trans-Isoeugenol 4.6 0.2 3.2
3l.2 Dimethoxyga’CSe;ophenone 3.0 >.8
33.2 beta. 1[?6(_3;ﬁﬁ§33r/é?nose, 54 23.0
33.6 Pheno(lé_zp,?(;(;ier?stl?_oxyA— 22 14.2
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Figure 4-8 - Fast pyrolysis chromatogram of SP Bark at 550 °C by py-GC/MS.
Pyrolysis heating rate of 20 °C/ms, then held for 20s. Column temperature program
of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then hold for 10 min.

Table 4-12 - Proportions of key peaks of SP Bark from fast pyrolysis at 550 °C by py-
GC/MS. The top 25 peaks of each chromatogram were identified using the NIST mass
spectral database versions 147 and 27.

(rﬁi-lr;) Registered Peak Béf;g )k
12.8 Furfural 2.8
19.1 Phenol 2.1
19.7 Phenol, 2-methoxy- 8.4
21.2 p-Cresol 2.3
22.3 Creosol 8.8
24.2 Phenol, 4-ethyl-2-methoxy- 2.5
25.5 3-Methoxyacetophenone 8.0
26.4 Catechol 29.5
28.1 1,2-Benzenediol, 4-methyl- 10.5
28.3 trans-lsoeugenol 5.1
33.8 Homovanillic acid 2.9
33.9 .beta.-D-Glucopyranose, 1,6-anhydro- 2.7

Generally, across all py-grams in this section, there are big differences between the
untreated and acid-washed samples. This is most likely due to the addition of the acid
potentially changing or breaking down the structure of the sample in addition to
leaching the earth metals. The scales of the absolute intensities per mg of sample are
generally higher for the acid-washed samples (except for alkali lignin). The presence of
alkaline earth metals has been seen to generate more CO; and increase water
production after pyrolysis, compared to those without alkaline earth metals. The alkali

lignin intensities may not have been affected significantly due to its substantial
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processing prior to the acid washing. The ex
may have been removed from the various processing steps, so that the acid washing
did not additionally degrade its structure (compared to the other samples).

The compounds that are mentioned in the peak tables above are those with substantial
peak areas (> 5%) or the identified compound is present in all of the samples
mentioned in that table. There was therefore quite a few compounds that were not
included in these peak tables after normalisation. Overall, for most of the peak tables,
the compounds that are missing are complex aromatic compounds that had lower peak
areas. Where the peak tables of the acid-washed samples were compared to the
untreated samples, the unmentioned compounds included acids (other than acetic

acid, such as formic acid) and other complex aromatics structures.

The acid-treated AlkLig, MSWdig, CH and PKBag have the highest proportions of
furan-containing compounds (furfural, furanmethanol and 2-furancarboxylic acid, 5-
methyl) (Table 4-7, Table 4-9, Table 4-11). The presence of some alkaline metals, such
as potassium, has been seen to reduce the concentration of furfurals in pyrolysis oils,
whilst increasing the formation of phenolic compounds (353). This may be one of the

reasons why there is a greater furfural concentration in the acid-washed samples.

In addition, furan-containing compounds are known to be produced from the pyrolysis
of cellulose, which correlates with the high cellulose content of CH and PKBag. AGRdig
has a reasonable proportion of these furan compounds but has a negligible change
after acid-washing. The cellulose content measured in the fibre analysis of the AGRdig
is the highest of all of the digestates. This may mean that the cellulose of AGRdig is
more easily accessible by external forces (i.e. chemicals or heat), compared to the
other digestates. Due to this, the acid-washing may have simply removed the alkaline
earth metals with limited structural degradation, whereas the degradation aided the

other digestates by making its cellulose content more accessible.

Both AGRdig and VGFdig (untreated and acid-washed) have relatively high 1,4-
Butanediamine, 2,3-dimethoxy-N,N,N',N'-tetramethyl-, [S-(R*,R*)]- (C10H24N202)
(Table 4-9). This is likely due to the crude protein present in AGRdig and VGFdig
(Table 4-5).

Acid AlkLig has high acetic acid and 2-furanmethanol (Table 4-8). Within lignocellulosic

structures, hemicellulose and lignin have acetyl groups on the side chains (463). As the

sampl eds structure i s ‘lwashikgethesedeetyigrougsar i ng t he
containing side chains may be weakened. These may then be more easily volatilised

during the fast pyrolysis process.
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Despite the acid-washing clearly reducing the alkaline earth metal content of the
AGRdig (Table 4-4), the registered compounds for its py-GC/MS (Table 4-9) did not
change much. The main change is the loss of cyclohexanone (C6H100), which, due to
weaker bonds from the acid-washing, most likely fractured into a variety of simpler

aromatic compounds.

The high proportionsof2-met hoxy phenol (& 25 wt% of the ¢
products identified by the GC/MS) is likely to be due to the high alkaline earth metal

content (in Table 4-3). This would lead to an increased pyrolysis severity and higher

proportions of simple aromatics.

In the digestate samples (Table 4-9 and Table 4-11), the registered peaks of

6et hanet hi ol 6-diamhlduet b@nar e 1mdst |l i kely bl eed
gas trap. Compared to the other samples, the digestate py-grams have a lot fewer

noticeable peaks. The anaerobic digestion and other pre-treatment that they had
undergone most | ikely had degraded and remov
therefore reducing the sample contents and potential compounds that could be

produced by fast pyrolysis.

The acid-washed SSdig has the lowest furfural proportion of all of the digestates. This
is due to the cellulose and hemicellulose fragmentation mechanism leading to higher

proportions of 2-furancarboxaldehyde, 5-methyl (464).

The presence of simple aromatic compounds (such as phenol and 2-methoxy phenol)
can be seen as an indicator of pyrolysis severity (465). They are both used as typical
compounds of lignin pyrolysis, with the largest proportions at higher temperatures.

Untreated CH (Table 4-11) has quite high phenol, which reduced once acid-washed.
This may be due to the large increase in furfural content after acid-washing, leading to
the proportional decrease in phenol.

The high proportion of .beta.-D-Glucopyranose, 1,6-anhydro-i n P KB aggaths py
(Table 4-11) most likely occurs due to the high cellulose content (Table 4-5) (466),
whilst the high phenol, 2,6-dimethoxy-4-(2-propenyl)- would be derived from the lignin

content.

The SP Bark (Figure 4-8) does not have many peaks compared to the other samples,
with the largest proportion coming from catechol. This is most likely due to several
reasons. With high lignin and low cellulose and hemicellulose (Table 4-5), there would
be higher selectivity of aromatic compounds, with less furan-containing compounds.
Tree barks are known to be a rich source of phenolic compounds (467). SP Bark,

compared to most of the other samples, has negligible nitrogen and sulphur, also
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reducing the number of potential compounds. The intensities (per mg of sample) of SP

Bar ks peaks are greater than those of the |
in Table 4-12 are not all simple compounds like phenol. The presence of alkaline earth

metals have been shown to affect the composition of pyrolysis oils (344). As the SP

Bark has low metal contents compared to the other samples, the pyrolysis oil yield is

likely to be greater at the same temperature.
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4.2.5 Proximate Analysis, Ultimate Analysis and Derivative
Thermogravimetry (DTG) of the acid-washed samples

After the comparison of alkaline earth metals reduction by AAS, and py-GC/MS of the
raw and acid-washed samples, DTG, proximate and ultimate analysis of the acid-
washed samples were performed. These were done to see, in addition to the fast
pyrolysis of the py-GC/MS, how else the composition of the samples had changed.
Fibre analysis was attempted on the acid-washed samples. However, some of the
samples dissolved into the detergent used in the Fibretherm process, so the analysis

was unable to be completed.

The key differences in the proximate analysis of the acid-washed samples compared to
the raw samples (in Table 4-13 and Table 4-14) is the reduction in ash and the shared
increase in volatile and fixed carbon content. Coconut husk has the greatest increase
in volatiles after acid-washing (Table 4-13), which is due to the fixed carbon content
reducing along with the ash content. Most of the digestates had a large difference in
their proximate data values after acid-washing, mostly due to their initially large ash
contents. MSWdig had a | arge increase |

reduction in its ash content.

n

v ol
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Table 4-13 - Proximate and Ultimate Analysis of acid-washed samples. Error values were calculated by 1x standard deviation. 2
replicates were run for each sample.

AlkLig CH PKBag
Raw Acid Raw Acid Raw Acid
. Volatiles |47.6+01(544+1.10163.7+27(851+81]765+0.2(79.4+0.8
Proximates Fixed
(%wt, dry carbon | 31:8£08]420£0.9]282+05|14.6+83|213+0.1 /19701
basis) Ash 206+08| 15+01 | 80+32 | 04+01 | 22+01 | 1.0£009
. Carbon [ 47.2+03(51.4+23]484+15[323+21049.1+0.1420+0.2
Ultimates Hydrogen | 35+0.2 | 46+02 | 38+0.1 | 32+0.2 | 5.7+05 | 5.0+ 0.0
(wt%, dry Nitrogen | 0.0+0.0 | 06+0.0 | 08+0.1 | 06+00 [ 1.3+0.0 | 1.1+0.0
basis) Sulphur | 1.8+02 [ 3.1+02 | 0.0£0.0 | 0.0+0.0 | 0.0£0.0 | 0.0£0.0
Oxygen | 26.9+1.2(38.0+2.7]38.9+18/635+24]41.7+1.2[50.9+0.2

Table 4-14 - Proximate and Ultimate Analysis of acid-washed digestate samples. Error values were calculated by 1x standard deviation. 2
replicates were run for each sample.

AGRdig SSdig MSWdig
Raw Acid Raw Acid Raw Acid
Volatiles 702+03|755+09151.0+0.1{66.6+0236.2+0.1|56.0+15
Proximates Fixed

(Y%wt, dry b 13.8+0.0/196+0.2 2.1+0.1 | 99+0.2 § 83+0.0 | 9.6+0.2

basis) Carbon
Ash 16.0+0.3| 49+0.7 469+00(285+0.1555+0.1(344+1.7
Carbon 441+0.1|465+3.11286+0.3(384+08})24.1+0.0|38.0+1.0
Ultimates Hydrogen 51+00 | 56+05 ] 3.1+0.1 | 50+01 J 1.7+00 | 4.7+0.0
(Wt%, dry Nitrogen 32+00 | 27+05 ] 34+00 | 41+01 fJ 1.5+00 | 21+0.0
basis) Sulphur 0.3+00 | 0200 15+00 | 06+0.0 § 0.2+0.0 | 0.4+0.0
Oxygen 31.3+0.3]40.1+41)164+0.3|23.3+09016.9+0.0|/205+1.0
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The thermal degradation of biomass can be subdivided into 3 phases. Pure xylan and
cellulose samples were run to illustrate
temperatures at which the degradation of these occurred are visible on each DTG curve.
The first phase occurs between room temperature and around 160 °C, where the moisture

is driven from the biomass sample.

Past 180 °C until 420 °C is the devolatilisation phase where the majority of sample masses
is lost, which is made up of two parts. The first part of the second phase features between
210 and 310 °C (for the samples in this work) and shows the decomposition of
hemicellulose. AlkLig, LB and AGRdig have the greatest hemicellulose contents (Table 4-
5) and have reasonable mass loss per second values until the primary shoulder (Figure 4-
12 and Figure 4-13). However, several other samples also have high mass loss per
second in this region (VGFdig, CH, and PKBag in Figure 4-11, Figure 4-14 and Figure 4-
15).

The second part, displaying the decomposition of cellulose, occurs around 310 and 430
°C. This is evident with AGRdig, PKBag and CH, which have high cellulose content (Table
4-5). AlkLig and SSdig (Figure 4-9 and Figure 4-10) do not have secondary shoulders in
this area. As their cellulose contents vary, the lack of secondary shoulders may be due to

the higher metal contents (Table 4-3).

The third phase indicates the tailing section, highlighting the lignin decomposition and char
residue degradation. The lignin decomposition is not limited solely to the 3rd phase (post-
430 °C), as it begins during the devolatilisation phase and completes at the end of the
DTG curve (468). The feedstocks with the highest lignin contents (AlkLig, LB, CH, SP
Bark) do not have any humps after the cellulose shoulder, but a slow decrease of mass

loss per second.

Lignoboost has the greatest mass loss of the untreated lignin samples (Figure 4-9), and its
cellulose peak occurs at the latest temperature (408 °C). Alkali Lignin has the earliest
cellulose peak of the lignin products, which is most likely due to the high sodium content
(308 °C) (Table 4-3).

6i de:
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From the residue DTGs (Figure 4-10), PKBag and SP Bark have their cellulose peak at the
same point (367 °C). This is probably due to the low metal contents (Table 4-3), with the
CH having higher potassium, catalysing some of CH's structure to be volatilised at lower
temperatures. The mass losses of CH and SP Bark are similar, but the shape of the curve
is different. This is likely due to the differing fibre analysis values (Table 4-5). SP Bark has
25 wit% less cellulose than CH (hence less mass loss at the cellulose peak), and 25 wt%
more lignin. The increased lignin is present in Figure 4-10 as a consistent decrease in
mass loss from 500-900 °C. In samples with less lignin, like PKBag, there is a sudden drop
in mass loss after around 400-500 °C. The PKBag mass losses are the greatest of the
residues, likely due to the greater volatile matter that is present (Table 4-2).

The acid-washed samples appear to have greater mass losses throughout than their un-
washed counterparts. As ash is the key component that is reduced by the acid-washing
(which is more noticeable in Table 4-13), the mass lost during DTG for the acid-washed
samples would be in greater proportions due to the ash being a smaller component than in

the raw material.
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Figure 4-9 - DTG of the lignin products (alkali lignin, Lignoboost, organosolv lignin).
Conditions: St ar pyiolpsgd imaaigagen atmdsgherenad 30 ml/min with a
heating rate of 25 °C/min.
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Figure 4-10 - DTG of PKBag, coconut huskand SPBark. Condi t i ons: Startin
mg, pyrolysed in a nitrogen atmosphere of 30 ml/min with a heating rate of 25 °C/min.
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Figure 4-13 - DTG of untreated and acid-washed [a] Municipal Solid Waste digestate
(MSWdig), [b] agricultural residue (AGRdig) and [c] sewage sludge digestate (SSdig).
Conditions: Starting mass a 10 mg, pyrolysed i
heating rate of 25 °C/min.
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Figure 4-15 - DTG of untreated and acid-washed sugarcane bagasse from Pakistan

(PKBag).Condi ti ons: Starting mass & 10 mg, pyr ol
ml/min with a heating rate of 25 °C/min.

The main difference between the untreated and acid-washed CH (Figure 4-14) is the
location of the cellulose peak, which occurs about 20 °C higher for the acid-washed
sample (356 °C compared to 338 °C). Across all untreated and acid-washed samples
(Table 4-15), the cellulose volatilisation phase (between 3101 430 °C as stated earlier)

takes place at a higher temperature once the samples have undergone acid-washing. This
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temperature is unclear for SSdig and AlkLig (Figure 4-9 and Figure 4-13) as they have
several small humps. For most of the samples, the temperature that this volatilisation
appears to occur at is closer to that of pure cellulose (361 °C).

Table 4-15 - Temperatures (°C) at which the cellulose volatilisation phase occurred for
each untreated and acid-washed sample.

State of | pypag | cH | ssdig | MSWdig |AGRdig| AlkLig | Cellulose
sample
Raw 365 | 338 | 351 336 333 | 308 260
Acidwash | 365 | 356 | 409 361 356 | 338

The changes in cellulose volatilisation temperature in Table 4-15 were taken by locating
the point in the DTG curves where the mass loss was greatest between 310 i 430 °C.
They are most likely due to the removal of alkaline earth metals and their salts. The metals
and metal salts would not appear in the DTG graphs as their boiling points are commonly
above 1000 °C (469, 470), but the change in metal contents can be seen in atomic
absorption spectroscopy as with Section 4.2.2. However, the organically-bound metals
may form carbonates after thermal decomposition of the lignin-derived phenol groups have
been produced. The boiling points of these are lower than the pure metal and metal salts,
with KoCO3 (as an example) being stable up until around 850 °C (456). Although the
change in volatilisation temperature (between 0-58 °C) may not be a large proportion of
fast pyrolysis temperatures (between 450-650 °C), the slight reduction in energy intensity
would improve the feasibility of a large scale pyrolysis plant. This is due to the lower
necessary temperature lowering the cost necessary to generate the heat requirements,

and therefore reducingt he pyr ol paybhack pepddant 6 s
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4.3. Conclusion

In this chapter, a wide variety of potential feedstocks were screened by a selection of

characterisation methods.

From the proximate and ultimate analysis, all of the samples had volatiles content above
45% (except MSWdig), which indicated a larger proportion of oil which would be generated
by fast pyrolysis. In addition, the carbon and oxygen content were greatest for lignoboost
(LB) and the SP Bark. The ash content was above 10 wt% for most samples, except
organosolv (Org), SP Bark, coconut husk (CH) and sugarcane bagasse (PKBag). High ash
increases the risk of coking, slagging, and fouling. The lignin products (alkali lignin, LB,
and Org) and the SP Bark had the greatest HHVSs.

With the atomic absorption spectroscopy, the digestates had consistently high alkaline
earth metals (AEMs). The lignin products had low metal contents, except for high sodium
levels in the alkali lignin. The residues had low levels of AEMs, predominantly calcium and
potassium. These are likely to be found in biomass due to bioaccumulation.

After a mild acid-washing of the feedstocks with the highest AEMs, the metals contents
decreased. It also led to a reduction in ash content.

In terms of the fibre analysis, the SP Bark, coconut husk, alkali lignin and lignoboost had
the greatest lignin contents (>39 wt%). However, the coconut husk has high cellulose

(along with the sugarcane bagasse).

This was also reflected in the pyrolysis-gas chromatography/mass spectrometry, whereby
the lignin products have tall peaks of only lignin-derived compounds (those with phenolic
groups including 2-methoxy phenol and phenol). The py-gram for the SP Bark is the most
similar to the lignin products. The samples with higher holocellulose (cellulose and
hemicellulose) contents include peaks for furfural and acetic acid. After the acid-washing,

the furfural and acetic acids contents grow.

Across all of the samples, the softwood pine tree bark (SP Bark) was found to be the most
ideal. This is because of the low alkaline earth metal contents, and its closeness in
structure to expensive purer lignin products across a range of characterisation methods

which would be accessible for a very low cost.

The least suitable feedstocks for the production and valorisation of fast pyrolysis oil were

the digestates. This was assumed to be due to the high ash content and/or high alkaline
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earth metals content. Owing to this, the feedstocks with high alkaline earth metals content
underwent a mild acid-washing method. It was found that the high metal-containing
samples endured more intensive pyrolysis at the same temperature as those with low
metal contents. However, after acid-washing, the pyrolysis products were severely
impacted. As the acid-washing severely decreased the mass of sample too, it was deemed
to not be a necessary step in the valorisation of the high metal-containing lignin-rich

residues.

The sugarcane bagasse (PKBag) can be considered to be a middling feedstock. The
PKBag has lower levels of lignin compared to the more suitable samples (24 wt%
compared to > 40 wt%), and minimal alkaline earth metal concentrations. However, from
the fast pyrolysis-GC/MS, some of its tallest peaks are holocellulose-derived, rendering it

less of an ideal lignin-rich feedstock.

Regarding the well-performing SP Bark, unfortunately, as the only known information
about the tree bark from Golden Acre Park (Leeds) was its source, it seemed necessary to
further explore tree barks. Therefore, the main conclusion from this study was that a
selection of barks from a variety of species should be investigated in the following chapter
(Chapter 5). This was done to see whether the bark explored in this chapter was a special
case or characteristic of more barks. In addition, the characterisation covered in this work
provides additional datasets to be used to explore valorisation routes of lignin-rich biomass

residues.
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Chapter 57 The characterisation and pyrolysis behaviour

of tree barks

5.1 Introduction

The potential of tree bark as a feedstock for fast pyrolysis has been explored in Chapter 4,
with its performance as a low-cost residue matching that of high-cost commercial lignin
products. However, the specific species of bark tested in the previous chapter (SP Bark)
was unable to be identified. In the present chapter, a wide variety of tree bark species will
be characterised to explore whether the high performance of the unknown bark was a

6od f O, or a common trait of bar ks.

Samples of the 11 tree bark species were characterised by a variety of methods, including
proximate and ultimate analysis (Section 3.2 and 3.3), atomic absorption spectroscopy
(Section 3.6), fibre analysis (Section 3.4) and pyrolysis-gas chromatography/mass

spectrometry (py-GC/MS) (Figure 5-1).
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Figure 5-1 7 The overall scope of this study. The work covered in Chapter 5 is denoted by
red dotted lines.

As most literature categorises bark by its family, this work is being done to show the
differences of species within the same families through characterisation. Based on some
of the results obtained from the fibre analysis and pyrolysis-gas chromatography/mass

spectrometry, a selection of the barks underwent solvent extraction to remove the suberin
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content. In these cases, this was done by both Soxhlet extraction (Section 3.9.2) and
Accelerated Solvent Extraction (ASE) (Section 3.9.3). The post-solvent extraction solids
were unable to be recovered after ASE due to the sample being mixed with sand, so the
post-Soxhlet solids and liquids were analysed by py-GC/MS at 550 °C (Section 3.7.2). The
post-ASE liquid was analysed by liquid-injection GC/MS (Section 3.10).

5.1.1 Background

Bark is the internal treeds protection from t/|
organisms (fungi, insects, birds and mammals) and damage from the sun (471). The

structure of tree bark has evolved for each species based on the required protection. For

example, in areas that are prone to wildfires, tree species such as Scots pines have

evolved to have thick, plated bark to protect themselves. The bark of the silver birch tree is

white, which enables it to reflect sunlight and protect itself from UV rays. Tree barks such

as cork oak bark are known for having increased protection from heat and fire (472).

However, this is dependent on the thickness of the bark. Cork oak barks can be harvested

between 12-20 times throughout its life, with the fire protection decreasing as the bark

thinness becomes more common (472).

In cases where a live standing tree has over 90% of its bark stripped (around the
circumference of the tree), the whole tree normally dies. This is because of the loss of
protection, with the tree becoming prone to infection and other forms of damage (473).
Bark is composed of an inner bark (secondary phloem) and outer bark (periderm). The
height along a tree determines the proportion of inner and outer bark. Near the top of the
tree is where the most inner bark is found, whilst the greatest proportion of outer bark is

| ocated at the tree trunkos base. The structul
different, meaning that the composition of the overall bark changes at each point along the
t r e e 0 s(417)eln ayldition, due to the effect of the external environment on trees, the
bark thickness and bark structure can differ across time of year but also the same species
in different locations. However, although the composition of a tree bark may change based
on the location on the tree, the focus of this study is on utilising tree bark residues rather
than harvesting a live tree. Therefore, the tree bark that is accessible as a batch is likely to
be the remains after debarking has already occurred (such as at a sawmill), so the specific

location on the tree where the bark was generated does not necessarily matter.
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The chemical components within bark differ to those found from the wood of the same
tree. Compared to wood, bark has much higher chemical variability (474). Soluble
substances in the lignin are nearly double in bark, whilst the polysaccharide content can
be half that found in wood (475).

As both the structure and contents of tree bark can differ between the species, position on
tree and source, it is necessary to explore a variety of tree bark species. This would help
to validate whether the tree bark used in Chapter 4 was representative of all barks or was
an independent sample.

Trees can be divided into two main categories. Conifers, or softwoods, and broadleaves,
or hardwoods. Hardwoods are more hard-wearing, so are used in high-impact projects
such as construction, cladding, fencing, and flooring. Softwoods make up 80 vol% of the
timber that is used globally and are more versatile than hardwoods. These are used
across a wider variety of applications including picture frames, paper manufacture, doors
and carpentry (476). The bark density of softwood species (which include pines, yew and
cypress trees) is relatively equal to wood density (100-400 kg/m?) (477), whilst the bark
density of hardwood species (including oak, walnut, ash, beech, eucalyptus) is 40-50%
lower than the density of the wood of that tree (418). Wood density has been found to be
between 400-800 kg/m3. The wood contained in hardwoods is denser than the wood in

softwoods.

Regarding the thermal conversion of biomass, woods are one of the most common
biomasses used in fast pyrolysis literature (478) for the production of bio-oils. Tree barks,
more specifically, are less established than woods but still common in literature. Many
researched tree barks are from the pine species, as a representative of softwoods. Oak
wood is generally used as a hardwood representative (478-482). The fast pyrolysis of
cypress and yew family tree barks are not as present in the literature. Cypress wood, and
its sawdust, another by-product of wood timber production, has been used in fast pyrolysis
literature (483, 484). Here, increasing pyrolysis heating rates (between 0.1-10 °C/s) was
shown to increase the yields of aromatic compounds presents in the tar/pyrolysis oil, with
the major tar components identified as phenols, furfural, acetic acid, catechol, and

cellulose-derived glucose for woody biomass.

In addition to lignocellulosic components, barks also include high molecular weight tannins

(485-487), pectic substances, and cross-linked polyesters (cutin and suberin) (487-492).
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Tree bark can comprise 10-15% of tree stem volume (417), or around 20 vol% of the
above-ground biomass of trees (418). Bark can be separated from the tree either through
natural shedding, or by debarking. It is a normal part of the tree maturation process for
bark to be shed. For species including pine, maple, ash and oak, the bark develops from
the inside to the outside, so the older external bark is pushed out as the newer bark
develops (493).

Trees are debarked primarily during the timbering process. The bark that is removed from
trees tends to be greater during the growing season, compared to the dormant season
(494). Prior to the 1970s, trees were commonly debarked in the forest where it was cut,
but this action was moved to the sawmill due to the high costs. Although bark on a live tree
is there to provide protection, once it has been felled, the bark can lead to damage of the
tree. Some of the damage arises from the moisture trapped behind the bark, speeding up
rotting of the wood. Once a tree has been cut into logs, there are a greater number of
openings that allow insects to hide behind the bark. Bark removal can stop this from

occurring (495).

Trees can be debarked by a variety of methods. Between the 1940s and 1970s, there was
growing interest in the chemical debarking of trees. In this process, the bark around a
small circumference of the tree was removed, and the chemical was applied directly onto
the tree. After 4-12 months, and the tree had died, the bark became looser and easier to
remove. Chemical debarking has not been wide-spread in the last half-century. This is
because it was only effective when the sap is flowing in the tree, the chemicals used were
extremely toxic, and the killing of trees up to a year before felling season leads to a
reduction in tree growth, which can have a significant impact on timber volumes (494). In
cases where labour costs are low, manual debarking is preferred over mechanised
debarking. Manual debarking also has low environmental impacts, and no substantial fibre
loss, but is very labour intensive (494). The two main environmental impacts associated
with manual debarking occur due to the particulate environmental matter generated from
the sawmilling itself, and the transportation of the bark (496). The particulates can lead to
impacts including acidification, global warming, eutrophication, photo-oxidant formation

and human toxicity (497).

Where woodchips are being generated from trees, bark can be removed by compression
debarking. This can be done either on logs before they are chipped, or on the wood chips

themselves. In this process, logs or bark-on woodchips are passed between two rotating
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steel rolls. The intention of this debarking method is for the compression and shear forces
to breakthewood-b ar k bonds. The bark adheres to
later with roll scrapers (494).

Common debarking units that tend to be installed at sawmills are Rosser-head debarkers.
In these units, a log is mounted onto a carriage. The log is then rotated around, whilst the
Rosser-head saws off the bark (494). Debarking with harvester heads follow the
compression principle so that the bark loosens. The harvester head also has delimbing
knives to aid in bark removal. The use of these heads are well-established for Eucalyptus
trees across the world (494).

If the volume of barks is conservatively estimated to be 10% of the tree, approximately
300-400 million m® of bark from lumbered roundwood is estimated to be generated each
year (477). However, it is difficult to quantify the amount of bark that is produced due to

large uncertainties. This is because only a small proportion is commercially utilised.

5.1.1.1 Applications of tree bark

The applications of tree bark can change based on the composition and structure of tree
barks, due to these being entirely dependent on species and location of growth.

Historically, barks have been used as a form of medicine as they contain essential oils,
antibiotics, vitamins, carbohydrates, and alkaloids. Some of these bark-derived
medications offer the same protection as bark do on the trees themselves, namely for its

antiviral, antibacterial and antifungal properties (477).

Most of the main timbered species of trees in the United Kingdom are hardwoods, followed

by softwood pines.

A current application of bark is a source of energy through incineration. The heating value

t

he

of bark is similar to wood (& 16.23 MJ/ kg),

briquetted or pelletised to increase caloric density. As a briquette, the bark is mixed with
sawdust (another residue from timber processing) and straw to help to bind the briquette,

with wax being added to reduce the moisture content and increase the solidity (477).

A low-value application of bark is to aid mulching in agriculture. The mixture of bark in

heavy soil can increase absorption of water, reduce, or prevent compaction, lower soil

erosion and aerify the soil. However, due

t

o

b

l
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needed to accelerate the decay. Some species of bark are unsuitable for mulching if they

have high chemical contents (477).

Bark has also been used in the production of
worse mechanical properties compared to wood, a 100% bark-derived piece of board is

not possible. The bark is able to be present, but this is mixed with wood and resins (with

the exact bark proportion being dependent on the specific application and bark species).

As bark is a source of polyphenols (498), it has also been used in the production of

plastics and aggregates, adhesives and tannings agents (96, 477).

Barks are a known natural source of flavonoids (459). These are bioactive compounds
said to have anti-inflammatory, antioxidant and antiallergic properties (457). The
proportions of flavonoids present in bark is dependent on, as discussed earlier, several
different factors relating to how and where the bark was grown. Various types of solvents
have been used to extract flavonoids, with a more recent interest in environmentally
friendly solvents. These have included ethanol and water (486, 499, 500), as well as deep
eutectic solvents (501) and ionic liquids (457). Extraction with ethanol and water have also
been used in the extraction of tannins from bark (502, 503). Tannins are another bioactive
compound that are commonly found in tree barks, leaves, seeds, and wood amongst
others. The tannins stored in bark help to protect the tree from fungal or bacterial
infections (458). Another form of extractives in bark are fatty acids. These have been
identified in a variety of pine barks (429, 504, 505). They are most likely derived from
suberin, a highly polymerised lipid material (506). The lipids content of barks is considered
to be higher than those in woods (507). Although these may only make up 1-2 wt% of the
bar k6s c o(#42p)othe icanderdration of suberin-derived compounds increases in the
pyrolysis products as the temperature increases (508). The suberin content volatilises at
and over 650 °C, whilst lignin and carbohydrate-derived products decrease significantly
after 750 °C (509).

5.1.1.2 Characterisation of tree barks

The barks that were characterised in this chapter were sourced by Abbey Timber (Duns,
Scotland), and consisted of noble fir (NF), larch (L), Douglas fir (DF), Sitka spruce (SS),
Norway spruce (NS), European silver fir (ESF), grand fir (GF), Western hemlock (WH),
Western red cedar (WRC), Nootka cypress (NC) and Lawson cypress (LC) (Section 3.1.4).
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Most of the literature regarding tree barks utilise Douglas fir, Norway spruce and Western

hemlock, as they are considered representatives of fir and spruce species (510).

Douglas fir is so widely used as it is the second most common non-native trees species in

European forests, due to its desirable wood properties and high growth rate (511). These

desirable wood properties are for its suitability as timber, covering its density, bending

stiffness, and bending strength. Douglas fir has been characterised by ultimate analysis on

numerous occasions (422, 425, 426).

Norway spruce is native to Scandinavia and central Europe (512), and occupies around

between 15-3 0 %

of centr al

been done in some pieces of literature (423, 424, 426).

(5E3). Narvpag Sprsice Eharacterssatisn has

Noble fir, Western red cedar and Western hemlock are native to Canada and the west
coast of north USA (512). Western red cedar (426) and Western hemlock have been

characterised for their proximate and ultimate analysis values (422, 426). Although

recorded in literature to a lesser extent, larch and grand fir tree bark has been

characterised also (421).

Apart from these named species, a lot of literature simply refers to the barks by their

family. From data collected by the Phyllis database (426), the range of proximate and

ultimate analysis values show that within the tree families, there is a lot of variety (Table 5-

1). One such reason for the large range of ash content (in Table 5-1) may be due to the

presence of extraneous materials during the debarking and handling process (423).

Table 5-1 - Data of proximate and ultimate analysis taken from the Phyllis database (426).

Variable SOJtWOOd Pine barks Spruce

arks barks

_ Moisture content (wt%, 9i 50 57 16 057 8.7

Proximates a.r.)

(Y%wt, dry Volatile Matter N/A 631 73 70.371 85.0
basis) Fixed Carbon N/A 24271 26.6 | 11.27 25.5
Ash 2371 5.5 167 10.7 1.871 4.2
Carbon 50.471 55.1 | 47.87 53.9 | 48.61 54.7

Ultimates Hydrogen 5.1:|: 6.3 5.6 | 5.9 5.1:|: 6.7
(Wt%, db) Qxygen 35.871 40.1 | 35417 39.7 | 36.31 42.0
' Nitrogen 0.01 0.6 0.01 0.7 0.01 0.7
Sulphur 0.071 0.1 0.071 0.05 0.01 0.2
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Fast pyrolysis of tree barks has been done across academia for nearly a decade (432).

However, it is difficult to find literature regarding this (514).

No literature was found where British-grown tree barks were analysed. Most barks that
have been analysed were sourced from the United States of America and Scandinavia.
This is likely due to the volume of timbered forests in these countries (as discussed
earlier), generating the residue during the debarking process.

The accumulation of alkaline earth metals has been established in tree barks (515). The
concentration of magnesium is generally greater in the outer barks of trees (516).
Depending on the species, the inner bark has either similar Mg concentration than the
outer bark, or significantly lower (516). Calcium and potassium are essential for tree
growth, so they are expected to be present within tree barks (427). Calcium is known to be
higher in tree barks compared to the other parts of a tree (sapwood and heartwood) (517).
The levels of potassium in barks are expected to be higher in low environmental stress
sources (such as forests), and lower whilst in high environmental stress sources (urban
areas) (475). Tree barks have been observed to be sources of sodium in countries
including Uganda, as various species of apes chew them for their sodium content (518).
Tree bark is known to contain iron, with them being utilised as a form of environmental
monitoring (519). Some species of bark (such as Simplocos) have been observed to have

high aluminium contents (520).

The lignocellulosic composition of tree barks can vary quite significantly. The values of
cellulose, hemicellulose, lignin and extractive content change between tree species (428-

431), location of bark on the tree (521), and location of the trees.

Table 5-2 - Range of lignocellulosic compositions for softwoods and hardwoods in the
literature (428-431, 521). Values given as weight% on a dry basis.

Softwoods | Hardwoods

Cellulose 17.47 35.2 37571 56.0
Hemicellulose 14.771 25.0 13.571 23.7
Lignin 13.47 51.2 16.97 30.1

Extractives 15.71 30.0 4.371 10.2

In Great Britain, Sitka spruce accounts for half of the stocked area (including those

managed by the Forestry Commission, and on private land) (88) (Table 5-3).
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Table 5-3 - Stocked areas of tree species in Great Britain (88).

Species Stocked area (ha)
Sitka spruce 682.1
Scots pine 241.3
Larches 133.3
Lodgepole pine 106.4
Norway spruce 61.6
Corsican pine 48.6
Douglas fir 454
Other conifers 39.4
Total 1357.4
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5.2 Results and Discussion

In this results and discussion section, the characterisation of the 11 tree bark samples is
outlined. After the fibre analysis (Section 3.4) and py-GC/MS (Section 3.7.2), solvent
extraction was performed. The barks and their extracted contents (after solvent extraction)
were analysed further by proximate analysis, ultimate analysis, fibre analysis and py-
GC/MS.

5.2.1 Proximate and Ultimate Analysis

In this section, the values of the barks after proximate and ultimate analysis are outlined,
according to the method in Section 3.2 and Section 3.3.

Table 5-4 - Proximate and Ultimate Analysis of cypress barks, with higher heating values
(HHV) estimated with 3 methods. Error values were calculated by 1x standard deviation.
WRC = Western red cedar, NC = Nootka cypress, LC = Lawson cypress.

Sample Name WRC NC LC
Volatiles | 80.7+22 | 84.4+00 | 77.2+0.3
Proximates clz;(t?gn 179+ 15 | 134+00 | 22001
. .
(Y%owt, dry basis) Ash 13+08 | 22+00 0.8 £0.4
Carbon | 41.7+6.7 | 50.0+1.8 | 47.8+0.0
. Hydrogen 7.1+0.6 6.0+ 0.3 6.2+x0.1
0,
U'“d”r‘attfjs(is/‘;""t’ Nittogen | 07+01 | 0700 | 0.8<0.0
y Sulphur 0.0£0.0 | 0.0%0.0 0.0+ 0.0
Oxygen 50.6 + 8.8 43.3+0.1 444 + 0.1
Channiwala
oy ol Parikh 17.6 20.0 19.4
(MJ/kg) Fried| 16.5 20.0 19.1
Dqung 15.2 17.8 17.1
H/C Molar Ratio (daf) 2.01 1.43 1.54
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Table 5-5 - Proximate and Ultimate Analysis of pine barks, with higher heating values (HHV) estimated with 3 methods. Error
values were calculated by 1x standard deviation. NF = Noble fir, L = Larch, DF = Douglas fir, SS = Sitka spruce, NS = Norway
spruce, ESF = European silver fir, GF = Grand fir, WH = Western hemlock.

Sample Name NF L DF SS NS ESF GF WH
Proximates _ Volatiles 70.3+0.3| 70.1+0.0|729+04| 69.8+28 | 85.7+0.0 | 789+09 | 79.9+0.0 | 70.1+0.1
(W1%, d.b) Fixed Carbon 295+03|287+0.1|268+05| 265+0.4 | 10.3+0.0 | 205+15 | 20.0+0.0 | 28.9+ 0.6
' Ash 02+01 | 1.2+0.1 | 04+0.1 3.7+24 40+04 0.6+ 0.6 0.1+0.0 1.0+ 0.5
Carbon 541+05|502+04|49.7+10| 46.2+0.3 | 46.0+05 | 447+45 | 47.8+0.0 | 49.8+0.3
Ultimates Hydrogen 57+11 | 51+05 | 51+05 | 56+0.3 54+0.0 5.0+ 0.5 59+0.1 5.3+0.0
(W%, d.b) Nitrogen 0.7+00 | 0.7+£0.0 | 0.6+£0.0 | 0.8+0.0 0.8+0.0 1.0+ 0.0 0.7+ 0.0 0.5+0.0
' Sulphur 0.0+00 | 0.,0+£0.0 | 0.L0£0.0 | 0.0+0.0 0.0+ 0.0 0.0+ 0.0 0.0+0.0 0.0+ 0.0
Oxygen 304+16|428+0.1|443+0.1| 43.8+05 | 43.7+05 | 48.7+05 | 456+ 0.0 | 445+ 0.0

Channiwala and

HHY Parikh 21.5 19.1 18.8 18.1 17.8 16.5 18.9 19.0

(MJ/kg) Friedl 21.6 19.7 19.5 18.3 18.2 17.7 19.0 19.6

Dulong 19.4 16.7 16.2 15.7 15.5 13.6 16.5 16.4

H/C Molar Ratio (daf) 1.25 1.21 1.23 1.43 1.41 1.34 1.48 1.26
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In Table 5-4 and Table 5-5, the volatile matter (VM) for all tree barks were above 70 wt%.
High volatile matter in biomass is likely to contribute to high pyrolysis oil yields from fast
pyrolysis (436). ESF, GF and NS have volatile contents greater than that found in the
literature for pine barks (63 7 73 wt%) (426). However, NS has the greatest, with 85.7
wt%. In literature pertaining to spruce barks, more specifically, they have VM between 70-
85 wit% (423, 424). The volatiles content of the cypress barks are the second highest of
the tree barks. The volatile matter of the barks is likely impacted by the accumulation of
volatile organic compounds (VOCS) in the soil in which the trees have grown (522). In this
scenario, the Scottish barks in this study are likely to have grown in higher VOC-
contaminated soil than those in the literature. It is unknown why this might have occurred,
but it may be due to slightly increased levels of pollution where the Scottish barks were
sourced from, compared to the literature. No information could be found regarding

pollution levels around these growth sites so a definitive answer cannot be given.

In addition, NS also has the lowest fixed carbon (FC) content (10 wt%). This adheres
closely with the spruce bark FC range (11.2 7 25.5 wt%) (423, 424) from literature. For the
other pine barks in this study, only SS (26.5 wt%) falls within the range for pine barks in
the literature (24.2' 7 26.6 wt%).

Both spruces (SS and NS) have the highest ash content, around 4 wt%. This has been

observed in the literature (523).

The CHNSO values of the pine barks (Table 5-5) are very similar to each other. The
Norway spruce CHNSO values are similar to that in the literature (524). The ultimate
analysis of DF differs to that in the literature (422), with lower carbon and hydrogen

present in this work. This may be due to international variations.

The density of bark relates to its carbon content (418). The three cypress barks were the
lightest samples to hold, which corresponds with the carbon contents being among the
lowest of the barks (in Table 5-6). In particular, WRC had the lowest C content (41.7 wt%).

In addition, the cypress family barks have consistently slightly higher H values (6-7 wt%)
than the pine barks (5-6 wt%). The oxygen contents in the literature for pine barks had a
range of 35.4 - 39.7 wt%. In the data outlined in this chapter, all of the pine barks have
higher oxygen contents than in the literature (426) (above 42.8 wt%), except for NF (39.4
wt%). This difference is likely due to international variation. In the Netherlands (where the

literature data was generated from), trees are planted in greater densities than in the UK



~128~

(Table 5-6). As oxygen is generated in plants and trees via photosynthesis, the increased

tree planting density in the Netherlands may reduce the light getting to each tree

individually. In turn, less photosynthesis may be occurring, reducing the oxygen content

(compared to the Scottish trees). Although this may not be a considerable difference in

planting density,i t may have contributed to the change

Table 5-6 - Estimated planting density of trees in the UK compared to the Netherlands.

Woodlands Number of Trees per

(hectares) trees (525) hectare
United Kingdom J 3,250,000 (526) | 3,004,205,568 924
The Netherlands 360,000 (527) 343,683,840 955

The larch bark data is similar to that in the literature (from China) (528). The volatile matter
in the present work is 5 wt% lower, with the fixed carbon being 5 wt% higher. However,
this variation is not unexpected as mentioned previously for the other barks.

The HHV of the bark samples in this study range from 13.6 i 21.6 MJ/kg. The HHV of ESF
is particularly low, most likely due to the slightly lower C and higher O than the other barks
when utilising the Channiwala and Parikh calculation (Equation 2-2).

However, the incineration of bark to exploit its energy content is seen to be difficult due to
the minerals and resins present in its chemical composition (424). This appears to be

mitigatable through appropriate moisture content management (424).
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5.2.2 AAS

In this section, the alkaline earth metal contents of the tree barks were analysed by atomic
absorption spectroscopy (AAS) (Table 5-7), according to the method laid out in Section
3.6.

Generally, the tree barks in this study do not have high levels of alkaline earth metals. The
most variable alkaline earth metal throughout the barks in this work is calcium. Calcium is
generally known to be the alkaline earth metal with the greatest concentration in barks
(529). However, the calcium values for the barks analysed in this work (1.2 7 18.2 mg/qg)
are still on the low end of barks in the literature (4.6 1 34.9 mg/g) (529). The cause of the
difference in calcium between this work and literature is unknown, although it is most likely
due to the different compositions of the soils.

Table 5-7 - Metals analysis of raw tree barks. Error values were calculated by 1x standard
deviation. Each tree bark was run in duplicate. NF = Noble fir, L = Larch, DF = Douglas fir,
SS = Sitka spruce, NS = Norway spruce, ESF = European silver fir, GF = Grand fir, WH =
Western hemlock, WRC = Western red cedar, NC = Nootka cypress, LC = Lawson
cypress.

Family Spec. Al Ca K Fe Na Mg
(mg/gz Smglgz Smglgz Smglgz gmg/gz gmglgz
NF 0.0+ 0.0 2.7+£0.2 1.2+0.1 | 0.0+0.0 | 0.2+0.1 | 0.7£0.0
L 0.0+ 0.0 1.2+£0.0 15+0.1 | 0.0+00 | 0.1+0.0 | 0.7+£0.0
DF 0.6+£0.1 3.9+£07 1.6+0.1 | 0.3+00 | 06+0.1 | 0.8+£0.0
SS 03+0.1 | 84+03 | 27+00 | 01+00 | 0.7+0.0 | 0.7x0.0
NS 05+00 | 182+0.1 | 1.2+0.0 | 0.4+00 | 09+0.1 | 1.2+£0.0
ESF 0.0£0.0 50+£0.2 21+00 | 0.1+0.0 | 04+0.1 | 0.7+£0.0
GF 0.2+£0.0 2.2+0.2 27+0.1 | 00+00 | 0.0+0.0 | 0.6+0.0
WH 0.1+00 | 3.1+0.0 1.1+00 | 0.1+£0.0 | 0.5+0.1 | 0.7+£0.1
WRC 0.0+ 0.0 8.0+ 0.0 0.7+0.0 | 0.0+0.0 | 0.1+£0.1 | 0.9+0.0
Cypress NC 0.3+0.1 | 10.0+05 | 28+0.1 | 0.0+0.0 | 0.3+0.0 | 0.9+0.2
LC 0.0+ 0.0 1.7+ 0.0 21+01 | 01+00 | 0.2+0.1 | 0.8x0.0
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This section includes the data from the fibre analysis of the tree barks using the

Fibretherm method (as discussed in Section 3.4). The moisture content of the samples,

measured as a part of the proximate analysis, are featured here. The results from this

method cannot be used as purely quantifiable data due to inaccuracies that can occur

through using the Fibretherm equipment. However, the data collated is useful as an

indication of the lignocellulosic composition of the tree barks.

Table 5-8 - F i

br e

anal ysis of
analysed (a.a.) basis, as it underwent oven drying at 60 °C after being received. Crude
protein (wt%) calculated using Dumas conversion factors provided in Equation 3-6. All

raw

tree

bar ks.

variables are presented on a wt% basis. Error values were calculated by 1x standard

deviation. Fibre analysis was repeated in duplicate for each sample. NF = Noble fir, L =
Larch, DF = Douglas fir, SS = Sitka spruce, NS = Norway spruce, ESF = European silver

fir, GF = Grand fir, WH = Western hemlock, WRC = Western red cedar, NC = Nootka
cypress, LC = Lawson cypress. Crude protein calculated by Table 2-2.

Moi st u

. Hemi- Lo Crude Not
Family | Spec. MC Cellulose cellulose Lignin Ash Protein | known

NF 5.3+ 0.0 | 23.4+0.0 21+ 05 |48.3+1.0| 0.2+0.1 | 3.9+0.0 22.1

L 54+ 0.0 | 24.8+1.1 3.0+04 |28.4+19| 1.2+0.1 | 3.9+0.0 38.8

DF 5.3+0.1 | 20.0£94 | 4.1+0.3 | 323+05| 0.4+0.1 | 3.4+0.0 39.8

Pine SS 6.4+ 0.3 | 28.3+94 75+26 | 13.7+3.6 | 3.7£2.4 | 45£0.0 42.4

NS 5.841.3 | 28.7+1.8 6.5+0.9 | 295+14 | 4.0+0.4 | 45+0.0 26.8

ESF ) 65+06 | 389+05 | 45+00 |45.0+£1.0| 0.6+0.6 | 5.6+£0.0 5.5

GF 4.8£0.0 | 39.5+0.1 8.1+ 0.6 | 22.2+0.2 | 0.1+0.0 | 3.9+0.0 26.8

WH 4.0+ 0.3 | 23.6x0.2 7.3+ 0.4 | 29.6x0.6 | 1.0+ 0.5 | 2.840.0 35.8

WRC | 59+1.3 | 29.6£4.4 3.6£0.2 |44.7+3.7| 1.3£0.8 | 3.9+0.6 17.0

Cypress NC 3.8£0.0 | 33.0+£0.2 8.8+05 |14.8+0.6 | 2.2+0.0 | 3.9+0.0 37.3

LC 6.1+ 0.0 | 35.0+ 3.0 0.0+ 0.0 | 46.9+2.0| 0.8£0.4 | 4.5+0.0 12.8

In the fibre analysis of the tree barks, there are not meaningful differences between the
samples except for the lignin and unknown contents. In barks, the unknown content may
include waxes, resins, fats, flavonoids, and tannins. Tree bark is known to have a higher

proportion of extractives than wood, hence the higher unknown values (530). The lignin

content varies from 14-48 wt%. NF, ESF, LC and WRC have the highest lignin values. NC

and SS have the lowest lignin contents, whilst also having the greatest unknown contents.

Spruces have been seen to contain less lignin than other bark species (531). The SS tree

bark has fibre analysis values closer to the literature (532). The main difference between
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the SS and NS barks is the lower lignin content for the NS, which is similar to that in the
literature (423).

In addition to NC and SS, DF and L have large unknown contents. In the literature,
different species of barks can have between 107 30 wt% of extractives (430, 431, 521).
However, the unknown content is not exclusively extractive content. For example, larch
bark has 38.8 wt% of unknown content in this work, whilst having 12.6 wt% of extractives
in the literature (528).

Regarding cellulose contents, all of the tree barks have between 20-40 wt% cellulose, with
ESF and GF containing around 39 wt%. Fir barks have been found to have higher
holocellulose (the sum of cellulose and hemicellulose) than spruces or cedars (531).

The hemicellulose contents are all below 10 wt%, with GF and NC having the largest. The
fibre analysis data for larch bark is different to that found in the literature (Table 5-9) (528).
Although the cellulose is similar, the hemicellulose and lignin are quite different. This may
simply be due to international variation, with the bark being grown in China compared to

Scotland.

Table 5-9 - Comparison of larch bark fibre analysis data in this work to the literature.

| | Cellulose (wt%) | Hemicellulose (wt%) | Lignin (wt%)
| This study | 24.8 3.0 28.4
I Ren et al (2013) (528) | 28.8 13.2 45.4
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5.2.4 Py-GC/MS of raw barks

In this section, the pyrolysis chromatograms (py-grams) of the tree barks have been
separated into three groups. The first (Figure 5-2) two are four of the pine tree barks (NF,
L, DF, SS), the second (Figure 5-3) are the remaining pine tree barks (NS, ESF, GF, WH),
and the third (Figure 5-4) are the cypress barks (WRC, NC, LC). Each of the py-grams
contain the chemical structures of key compounds that were identified.

Underneath each of the py-grams are a table (Table 5-10, Table 5-11, and Table 5-12), in
which the key compounds and compounds shared by the different samples are collated.
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Figure 5-2 - Fast pyrolysis chromatograms of pine family barks, including [a] noble fir
(NF), [b] larch (L), [c] Douglas fir (DF), [d] sitka spruce (SS) at 550 °C by py-GC/MS.
Samples are presented at different y-axis scales due to the large difference in absolute
intensities measured. Pyrolysis heating rate of 20 °C/ms, then held for 20s. Column
temperature program of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then hold for 10 min.
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Figure 5-3 - Fast pyrolysis chromatograms of pine family barks, including [a] Norway
spruce (NS), [b] European silver fir (ESF), [c] grand fir (GF) and [d] Western hemlock (WH)
at 550 °C by py-GC/MS. Samples are presented at different y-axis scales due to the large
difference in absolute intensities measured. Pyrolysis heating rate of 20 °C/ms, then held
for 20s. Column temperature program of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then
hold for 10 min.
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Table 5-10 - Proportions of key and shared peaks of noble fir (NF), larch (L), Douglas fir
(DF) and Sitka spruce (SS) tree bark from fast pyrolysis at 550 °C by py-GC/MS. RT =
Retention Time. The top 25 peaks of each chromatogram were identified using the NIST
mass spectral database versions 147 and 27.

RT Name NF L DF SS
(min) (%) | (%) | (%) | (%)
7.4 Acetic acid - 2.0 2.2 -
8.6 Toluene 0.6 - - 1.1
12.7 Furfural 2.4 3.8 3.3 -
16.4 2-Furancarboxaldehyde, 5-methyl- 0.9 1.1 0.7 -
18.8 7-Tridecanone - 0.7 0.6 -
19.3 Phenol 2.0 3.5 8.6 5.1
19.8 Phenol, 2-methoxy- (guaiacol) 8.3 10.7 8.3 7.7
20.4 Phenol, 2-methyl- (o-cresol) 1.1 - 1.7 1.4
21.3 p-cresol - 2.3 4.6 3.7
214 Phenol, 3-methyl- (m-cresol) 2.5 0.6 1.5 1.0
22.3 Creosol (4-Methylguaiacol) 115 | 10.7 7.5 5.8
24.2 Phenol, 4-ethyl-2-methoxy- 3.3 4.1 2.6 10.9
25.2 Benzofuran, 2,3-dihydro- - 2.3 2.2 -
25.4 3-Methoxyacetophenone 9.9 12.7 | 10.4 -
26.0 ] Phenol, 2-methoxy-4-(2-propenyl)-, acetate | 5.6 1.8 1.8 1.3
26.8 Catechol 19.3 | 254 | 25.7 32.8
28.2 1,2-Benzenediol, 4-methyl- 7.2 0.6 2.9 7.8
28.4 trans-Isoeugenol 8.9 9.2 9.8 5.6
28.8 Vanillin 2.0 0.6 0.5 -
316 2-Propanone, 1-(4-hydroxy-3- 26 i i 16

methoxyphenyl)-
33.5 1-Naphthalenol, 4-methoxy- 0.6 - - -
34.0 Homovanillic acid 7.2 0.6 - 2.1
1-Naphthalenepropanol, .alpha.-
383 ethenyldecahydro-2-hydroxy- i i i 33
' .alpha.,2,5,5,8a-pentamethyl-, [1R- '
[1l.alpha.(R*),2.beta.,4a.beta.,8a.
42 3 Naphthalene, 1,2,3,4-tetrahydro-2,6- i i i 10
dimethyl-7-octyl-
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Table 5-11 - Proportions of key and shared peaks of Norway spruce (NS), European silver
fir (ESF), grand fir (GF) and Western hemlock (WH) tree bark from fast pyrolysis at 550 °C

by py-GC/MS. The top 25 peaks of each chromatogram were identified using the NIST

mass spectral database versions 147 and 27.

RT Name NS ESF GF WH
(min) (%) (%) (%) (%)
7.5 Acetic acid 3.7 2.6 - 3.1
8.5 Toluene 2.0 1.2 - -
12.8 Furfural 5.2 3.7 - 3.8
16.5 2-Furancarboxaldehyde, 5-methyl- 2.2 1.2 - 1.3
19.2 Phenol 5.9 2.0 4.9 7.3
19.8 Phenol, 2-methoxy- (guaiacol) 10.5 11.5 7.3 9.5
20.3 Phenol, 2-methyl- (o-cresol) 3.7 1.3 1.0 1.7
21.2 p-Cresol 4.2 1.7 2.0 7.3
22.3 Creosol 9.3 12.2 7.5 9.3
22.4 Phenol, 2,3-dimethyl- - 2.1 - 1.6

Acetic acid, 1,7,7-trimethyl-
23.0 bicyclo[2.2.1]hept-2-yl ester i i 14.9 i
24.1 Phenol, 4-ethyl-2-methoxy- 2.4 3.6 2.2 3.1
25.3 Benzofuran, 2,3-dihydro- - 1.1 - 2.6
25.5 4-Hydroxy-3-methylacetophenone - - 12.0 -
25.5 3-Methoxyacetophenone 10.6 16.2 - 11.6
26.0 Phenol, 2-methoxy-4-(2-propenyl)-, acetate 1.9 5.3 6.7 2.9
26.4 Catechol 5.3 2.3 - 8.0
271 Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7- ) ) 79 )
' dimethyl-1-(1-methylethyl)-, (1S-cis)- '
Naphthalene, 1,2,4a,5,8,8a-hexahydro-4,7-
27.2 dimethyl-1-(1-methylethyl)-, [1S- - - 0.9 -
(1.alpha.,4a.beta.,8a.alpha.)]-
274 Naphthalene, 1,2,3,4,4a,7-hexahydro-1,6- i i 37 i
' dimethyl-4-(1-methylethyl)- '
27 6 Naphthalene, 1,2,3,4-tetrahydro-1,6- ) ) 12 )
' dimethyl-4-(1-methylethyl)-, (1S-cis)- '
284 trans-lsoeugenol 6.6 19.9 9.8 115
28.8 Vanillin - 0.9 - -
1-Naphthalenol, 1,2,3,4,4a,7,8,8a-octahydro-
30.4 1,6-dimethyl-4-(1-methylethyl)-, [1R- - - 1.3 -
(1.alpha.,4.beta.,4a.beta.,8a.beta.)]-
34.0 .beta.-D-Glucopyranose, 1,6-anhydro- 3.3 - - -
Azulene, 1,2,3,3a,4,5,6,7-octahydro-1,4-
35.2 dimethyl-7-(1-methylethenyl)-, [1R- 3.2 - - -
(1.alpha.,3a.beta.,4.alpha.,7.beta.)]-
1-Naphthalenepropanol, .alpha.-
36.8 ethenyldecahydro-2-hydroxy- a1 i i i
' .alpha.,2,5,5,8a-pentamethyl-, [1R- '
[l.alpha.(R*),2.beta.,4a.beta.,8a.
393 4,8,13-Cyclotetradecatriene-1,3-diol, 1,5,9- 48 ) i )
' trimethyl-12-(1-methylethyl)- '
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Figure 5-4 - Fast pyrolysis chromatograms of cypress family barks, including [a] Western
red cedar (WRC), [b] Nootka cypress (NC) and [c] Lawson cypress (LC) at 550 °C by py-
GC/MS. Pyrolysis heating rate of 20 °C/ms, then held for 20s. Column temperature
program of 40 °C for 2 min, 6 °C/min ramp to 280 °C, then hold for 10 min.
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Table 5-12 - Proportions of key and shared peaks of Western red cedar (WRC), Nootka
cypress (NC) and Lawson cypress (LC) tree bark from fast pyrolysis at 550 °C by py-
GC/MS. The top 25 peaks of each chromatogram were identified using the NIST mass
spectral database versions 147 and 27.

RT Name WRC NC LC
(min) (%) (%) (%)
7.5 Acetic acid 3.4 - 1.3
11.9 [1,1'-Bicyclopentyl]-2-one 1.3 - -
12.0 (1R)—2,6,6—Trimeth)éll?écyclo[B.l.l]hept—2— 8 16 i
12.9 Furfural 5.8 7.9 4.1
15.9 Cyclohexanone 3.2 5.9 -
16.6 2-Furancarboxaldehyde, 5-methyl- 1.5 - 1.6
18.5 1,2-Cyclopentanedione, 3-methyl- 1.0 5.3 -
19.3 Phenol 3.4 3.2 0.9
19.8 Phenol, 2-methoxy- (guaiacol) 7.0 7.9 4.1
21.2 Phenol, 3-methyl- (m-cresol) 1.4 1.7 -
21.4 p-Cresol 3.0 2.0 1.0
22.3 Creosol 9.4 5.7 3.3
24.2 Phenol, 4-ethyl-2-methoxy- 2.2 1.8 1.3
25.6 3-Methoxyacetophenone 11.2 7.5 5.1
26.1 Phenol, 2-methoxy-4-(2-propenyl)-, 33 16 6.8
acetate
Naphthalene, 1,2,3,4,4a,5,6,8a-
octahydro-4a,8-dimethyl-2-(1-
26.6 myethylethenyl)—, [2yR— ( 1.6 i i
(2.alpha.,4a.alpha.,8a.beta.)]-
26.7 Catechol 2.3 7.1 9.4
28.2 Trans-Isoeugenol 15.0 6.6 -
29.1 Vanillin 1.6 - 1.4
33.9 .beta.-D-Glucopyranose, 1,6-anhydro- - - 5.4
374 Naphthalene, 1,2,3,4-tetrahydro-2,6- i 15.7 i
dimethyl-7-octyl-

In Table 5-11, the tree barks (except for SS) have low levels of furan-containing
compounds. This is likely due to the lower cellulose and hemicellulose contents present in

these samples (Table 5-8).

The levels of simple aromatic compounds are quite high for all tree barks in Table 5-10.
DF has high phenol, whilst NF, L and SS have high 2-methyl phenol (o-cresol) and 2-
methoxy phenol (guaiacol). DF may have higher proportions of the simplest aromatic
compound (phenol) due to the slightly increased Al and Fe (Table 5-7) acting as a catalyst

to increase the severity of the pyrolysis.
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In all four tree barks in Table 5-10, the catechol content is between 20 i 30 wt% of the
identified pyrolysis products. This is common in the pyrolysis of lignin and lignin-rich
materials (58, 265, 533, 534).

From the tree bark data present in Table 5-11, GF is the only one that does not contain
any furan-related compounds. This is unexpected as it has the greatest holocellulose
(cellulose + hemicellulose) content of the tree barks (Table 5-8). However, GF has higher
proportions of compounds that include naphthalene-type functional groups. NS also has
several registered naphthalene-type compounds. NF and SS also have compounds
including naphthalenols and naphthalenes (Table 5-10). These are likely to be derived
from suberin (535).

GF has a relatively high proportion of acetic acid, 1,7,7-trimethyl-bicyclo[2.2.1]hept-2-yI
ester. This compound and its sterecisomer, bornyl acetate, are known to be found in pine

needle-derived essential oils (536-538).

All of the barks in Table 5-11 have large proportions of creosol, trans-isoeugenol and 3-
methoxyacetophenone (or 4-hydroxy-3-methylacetophenone) (539-541). The trans-
isoeugenol proportion of ESF is nearly double that of the other barks. This is likely
because of the low unknown content from Table 5-8. As there are fewer types of
extractants present within the ESF bark, the lignin-derived compounds such as trans-

isoeugenol would be more concentrated.

WRC has larger proportions of creosol, 3-methoxyacetophenone and trans-isoeugenol
compared to the other cypress barks (Table 5-12). ESF and WRC both have higher levels
of trans-isoeugenol, with the only clear similarities being that they have the higher oxygen
contents of the barks (Table 5-4 and Table 5-5).

NC has a large proportion of a naphthalene compound, whilst WRC only has a small
proportion of one of them. This is expected as NC has over 30 wt% unknown content in
Table 5-8, with WRC having 17 wt%.

GF, WH, WRC, LC have the same general peaks around 42-46 minutes. These are most
likely phenanthrenes, aromatic secondary plant metabolites with beneficial biological
properties (including anti-viral, antimicrobial, and antioxidant actions) (542).
Phenanthrenes is considered to be a polyaromatic hydrocarbon (PAH). PAHs are
biopollutants, and phenanthrenes are one of the most concentrated PAHSs present in pine

tree barks in Isfahan (Iran) (543). Tree components have previously been recognised as a
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form of biomonitoring to provide insight into the pollution in cities. Between the two bark
layers (inner and outer), pollutants tend to be accumulated in the outer bark. From the
analysis ran in this work, there is nothing common amongst the four barks, that differ with
the other barks. Therefore, it is unknown why the GF, WH, WRC and LC barks have
pronounced phenanthrene peaks. One reason may be that the collected samples for this
work had higher proportions of outer bark than the remaining barks, hence greater
proportions of bio-pollutants.

The tree bark that appears to have the most potential as a lignin-rich residue is the noble
fir, due to its high lignin content, low ash, and relatively low extractives content (when
compared to the other barks).
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5.2.5 Solvent Extraction

The high unknown contents in the fibre analysis (Section 3.4) and the naphthalene and
naphthalenol compounds identified in the py-GC/MS (Section 3.7.2) led to an aim to
remove extractible contents. The extraction was performed via Soxhlet extraction (Section
3.9.2) and Accelerated Solvent Extraction (ASE) (Section 3.9.3).

The ASE method was more efficient, but the solid sample was unable to be retained for
analysis. Therefore, the Soxhlet method was run, with the solid being analysed afterwards.
ASE was unable to be run on grand fir or Douglas fir due to the supply available.

Soxhlet extraction was run in duplicates for all samples, with a third replicate being
performed when the error was considered significant. Norway spruce was not run due to
limited supplies. Some data was collected for the Soxhlet extraction of Western red cedar,
but due to the volume of sample available, this was not exhaustive.

5.2.5.1 Solvent Extraction Mass Loss and Fibre Analysis

In this section, the fibre analysis data of the Soxhlet-treated tree barks are compared to
the raw tree barks. After outlining the differences between the solvent extracted (and un-
extracted) samples, the mass loss of the samples from the Soxhlet extraction are
presented.



Table 5-13 - Fibre Analysis of suberin-containing tree barks before and after solvent extraction (wt%). Moisture content (MC)
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data given on an 0§ a €rrossmara prgsentedvith Ix atandard devibtiars dnd each sample was run in
duplicate.
Sample MC Cellulose | Hemicellulose Lignin Ash Crude Protein |[Unknown
Noble Fir 5.31+£0.0] 23.4+0.0 2.1+05 48.3+1.0/0.2+0.1 3.8+ 0.0 22.2
Soxhlet-treated NF § 4.99 + 0.2 | 20.7 + 0.3 7.6+0.1 545+0.1]0.8+0.6 3.8+ 0.1 12.6
Grand Fir 479+0.0]395+0.1 8.1+0.6 22.2+0.2|0.1+0.0 4.1+ 0.0 26.0
Soxhlet-treated GF | 4.64 + 0.4 42.9+ 3.6 11.3+ 0.6 23.6+3.1]1.6+0.8 6.7+ 0.1 13.9
Nootka Cypress 3.78+0.0] 33.0+0.2 8.8+ 0.5 148+0.6 | 22+0.0 4.0+ 0.0 37.2
Soxhlet-treated NC § 5.05+ 0.0] 31.0+ 2.5 10.3+0.1 30.0+3.0]3.1+0.3 4.9+ 0.4 20.7
Sitka Spruce 6.36 £ 0.3] 28.3+£9.4 75126 13.7+£36 [ 3.7+24 4.5+ 0.0 42.3
Soxhlet-treated SS § 5.74+ 0.1 285+ 1.6 15.8+ 0.4 23.7+0.6 | 3.5+ 0.6 5.7+ 0.1 22.8

Table 5-14 - Fibre Analysis of non-suberin-containing tree barks before and after solvent extraction (wt%). Moisture content

data given on an 06 a €rrossmara prgsentedvith Ix atandard devibtiars and each sample was run in
duplicate.
Sample MC Cellulose | Hemicellulose Lignin Ash Crude Protein |Unknown

Lawson Cypress 6.12+0.0] 35.0+ 3.0 0.0+0.0 46.9+20(08+04 4.3+ 0.0 12.9
Soxhlet-treated LC §4.19+0.3] 26.0+0.1 5.4+0.2 55.4+0.1/0.7+0.6 4.6+ 0.2 7.9
European Silver Fir | 6.53+ 0.6 38.9+0.5 45+0.0 45.0+1.0{0.6+0.6 5.3+ 0.0 5.7
Soxhlet-treated ESF | 5.39+ 0.2 19.6 + 2.2 6.1+1.9 57.1+9.3/0.7+0.3 5.6+ 0.1 10.9
Douglas Fir 5.28+0.1] 20.0+0.0 4.1+0.0 323+0.0/04+0.1 3.2+ 0.0 40.0
Soxhlet-treated DF § 4.82+ 0.0} 22.9+ 0.7 10.3+ 0.0 43.6+05]1.3+0.4 6.8+ 0.2 15.1
Larch 543+0.0]248+1.1 3.0+04 284+19(12+0.1 3.9+ 0.0 38.8
Soxhlet-treated L 440+0.1§285+27 8.8+ 0.6 406+1.8]/1.4+£0.1 4.8+ 0.0 15.9
Western Hemlock §4.02+ 0.3 23.6+£0.2 7.3+£0.2 29.6+0.6|1.0£0.5 2.6+ 0.0 36.0
Soxhlet-treated WH | 4.74+0.1] 29.4 + 8.3 8.9+21 26.4+59|1.4+0.4 4.0+ 0.1 29.9
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Across the fibre analysis of the Soxhlet-treated tree barks, the unknown contents for most

of the samples have reduced by at least 10 wt%. The samples which contained fatty acids

(according to py-GC/MS) had consistent reductions in unknown content (Table 5-13) (from
22.2-42.3 wt% to 12.6-22.8 wt%). The DF and L samples, which did not seemingly include

fatty acids, lost about 20 wt% from the Soxhlet extraction (Table 5-15) (from 38.8-40.0 wt%
to 15.1-15.wt%). This mass loss is most likely due to the non-suberin derived content,

including tannins and flavonoids.

Per gram of sample, the extraction has led to slight concentrations of the lignocellulosic
contents, due to the removal of non-lignocellulosic components. In most of the tree barks,
the cellulose content has increased slightly changed (by around 0-5 wt%, from 20.0-39.5
wit% to 20.7 1 42.9 wt%). Exceptions to this are LC and ESF, in which the cellulose
content drops by 10-20 wt% (from 35.0-38.9 wt% to 19.6-26.0 wt%). These differences
may be due to an overestimation in cellulose by the fibre analysis on the raw samples. In
the literature, it is suggested that this is caused by the presence of ash and proteins (544).
As LC and ESF have the greatest nitrogen contents of the barks (Table 5-4 and Table 5-
5), and therefore crude protein contents (4.3-5.3 wt%), which may have disrupted the
cellulose values estimated. Therefore, the cellulose is likely to be more accurate in the

solvent-extracted barks.

The hemicellulose content has also been more concentrated, which is mostly noticeable
for NF, SS, LC, DF, and L (from 0.0-7.5 wt% to 5.4-15.8 wt%). The proportional increase
of hemicellulose is greater than for the other variables. This may be caused by the Soxhlet
conditions slightly breaking down the structure of the barks, providing a more accurate
estimate.

The lignin content has been concentrated by more than 10 wt% across most of the tree
barks (from 13.7-48.3 wt% to 23.7 to 57.1 wt%). GF and WH did not share this
concentration (from 22.2-29.6 wt% to 23.6-26.4 wt%). Lignin may be overestimated after
solvent extraction. The extractives that remain, that are acid-insoluble, may condense and
act as contaminants. These contaminants may register as lignin due to the gravimetric

nature of the fibre analysis method (544), artificially increasing the lignin yield.

The ash content of NC and DF increase by 1 wt% after extraction (from 0.4-2.2 wt% to 1.3-
3.1 wt%). This is not a significant amount, as it is likely that the ash wt% was concentrated

in the sample after the removal of extractives.
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Table 5-15 - Mass losses of tree barks after Soxhlet extraction. Errors are presented with
1x standard deviation, and each sample was run in duplicate.

Sample Mass loss from Soxhlet extraction (%)
Suberin-containing barks
Noble Fir 14.2+ 0.9
Grand Fir 156+ 3.2
Nootka Cypress 23.2+29
Sitka Spruce 30.8+15
Non—suberin—containing barks

Lawson Cypress 4.8+ 0.0
European Silver Fir 3.0£0.7
Douglas Fir 27.3+£05
Larch 30.6+1.1
Western Hemlock 23.4+ 0.0

From the mass losses of the samples after Soxhlet extraction (Table 5-15), there are
several (NC, SS, DF, L and WH) in which over 23 wt% was lost. The mass loss could not
be recorded when utilising the ASE method, due to the sample being mixed with sand as

well as solvent being retained in the cell with the solid after extraction.

As DF, L and WH did not contain suberin-derived compounds in the py-GC/MS results,
there must be other sources of extractives that could be lost. These likely include tannins,
flavonoids and/or terpenoids, as discussed in Section 5.1. The particular types of
extractives were attempted to be observed through further GC/MS of the extracted

contents.

The high mass loss from the NC and SS was expected due to the presence of the fatty
acids. According to the literature, extractives do not tend to exceed more than 30 wt% of
the bark (457). In this case, the NC and SS appear to both have had the most extractives,

whilst the Soxhlet extraction must have been completed to exhaustion.

5.2.5.2 Derivative Thermogravimetry Curves of raw bark and post-solvent
extraction solids
In this section, the derivative thermogravimetry curves of the raw barks and solids (that

remain after solvent extraction) are outlined. The change in lignocellulosic content may

also be observed in the DTG curves.
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Figure 5-5 - Derivative Thermogravimetric curves of raw and Soxhlet residues of [a]
Douglas fir and [b] European silver fir tree bark.
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Figure 5-6 - Derivative Thermogravimetric curves of raw and Soxhlet residues of [a] grand
fir and [b] noble fir tree bark.
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Figure 5-7 - Derivative Thermogravimetric curves of raw and Soxhlet residues of [a] larch
and [b] Western hemlock tree bark.
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Figure 5-8 - Derivative Thermogravimetric curves of [a] raw Norway spruce and raw and
Soxhlet residues of [b] Lawson cypress tree bark.
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Figure 5-9 - Derivative Thermogravimetric curves of raw and Soxhlet residues of [a]
Western red cedar, [b] Nootka cypress tree bark, and [c] Lawson cypress.
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From the raw barks DTG curves presented in Figure 5-5 to Figure 5-9, nootka cypress
(NC) has the greatest mass loss for the section associated with hemicellulose content (at
around 271 °C). NC has the largest hemicellulose content from the fibre analysis (Table 5-
13), therefore this is expected.

The raw grand fir bark (GF) has the highest mass loss in the cellulose decomposition
section (around 360 °C), as GF has the most cellulose according to the fibre analysis
(Table 5-13). The raw LC bark has one of the highest cellulose contents from the fibre
analysis, although it has the smallest cellulose mass loss in the DTG. It is unknown why
this occurs, but one such reason may be from the potential overestimation of the cellulose
in the raw bark from the ash and protein contents (544).

After solvent extraction, the shape of the DTG curves have generally remained the same
except for the extent of mass loss changing. The only sample where the DTG curve
changes is NC (Figure 5-9). In the unextracted sample, there is a clear hemicellulose peak
around 260 °C. In the solvent extracted sample, this has disappeared. As the
hemicellulose content (in Table 5-13) has not altered much, it is unknown what has caused
this. This may be from the presence of suberin in the raw NC, as it degrades around 250
°C.

The DTG curves of L, NF, GF, and DF have not altered much after solvent extraction,
which is expected as the fibre analysis values also did not change significantly.

A few of the samples experience significant additional mass loss after solvent extraction
(ESF, WH, SS and LC). However, they do not share any similarities that would explain
why this would occur. One reason may be that the solvent extraction removed some of the
heavier non-lignocellulosic components. As the lignocellulosic components then made up
a greater proportion of the mass of the sample, the DTG curve would show greater mass
loss than its unextracted counterparts.
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5.2.5.3 Distribution of compound classifications in py-GC/MS after solvent

extraction

The fibre analysis of the solvent-extracted barks showed that the hemicellulose and

cellulose content had been concentrated (to various extents). In this section, the

distribution of different compound classifications (holocellulose-derived, lignin-derived,

suberin-der i ved, and O6otherd) from t heSoxhlatw bar k to
extraction will be outlined. Py-GC/MS at 550 °C was performed independently on the solid

and liquid residues, with the same conditions previously done on the raw barks. Analytical

pyrolysis was performed on the liquid residues to break down any material with a

molecular weight greater than the GC-MS measuring range (50 i 600 amu). This was

pertinent due to the aim of identifying extracted long-chain compounds. However, this

could not be run for the DF and GF post-Soxhlet liquid residues, due to the volume that

was extracted.

Initially, the bulk of the peak areas for the raw barks were lignin-derived (> 45%) (Table 5-
16 and Table 5-17). After solvent extraction, most of the pyrolysis products (> 65%) are
holocellulose-derived, although this is predominantly from furfural and acetic acid. As
intended, the liquid phase contains primarily suberin-derived compounds. However, the
liquid-phase also contains lignin-derived compounds. These are almost all simple

aromatics, including phenol and toluene.

Despite the aim to valorise the tree bark as a lignin-rich residue, the post-Soxhlet solid
residues appear to be more valuable as holocellulose-rich residues. The additional
processing cost to perform the solvent extraction may not be feasible, due to the low cost
of alternative existing holocellulose-rich residues such as bagasse (545) and straws (546).
Nonetheless, by using ethanol as the solvent in the Soxhlet extraction, which can be
sourced renewably at increasingly cheaper costs (depending on the feedstock) (547), the
environmental impact and financial viability can be positively affected. The ethanol should
be able to be re-evaporated and isolated for re-use in the extraction (548), but this was not

done in this study.

On a purely lignin-rich basis, NF and SS are the two tree barks for which their Soxhlet
solid residues are the most potentially valuable. This is due to their high lignin-derived

content, and low suberin, holocellulose and other extractives-derived content.



Table 5-16 - Distribution of pyrolysis-GC/MS compounds of bark samples to the solid and liquid phase after solvent extraction

(in % peak area).
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Bark Type of bark analysed ?j%?i?/rég' Lignin-derived | Holocellulose-derived | Other extractives
Raw 5.18 85.93 3.28 0
NF Soxhlet Solid 1.95 10.09 81.46 0
Residue Liquid 61.01 24.96 3.90 10.12
Raw 14.23 56.65 14.88 8.57
GF Soxhlet Solid 0 26.32 69.50 2.19
Residue Liquid ND ND ND ND
Raw 1.81 81.41 9.23 1.60
ESF Soxhlet Solid 2.12 0.00 93.59 3.55
Residue Liguid 66.22 15.58 7.87 0
Raw 0.56 89.54 9.91 0
DF Soxhlet Solid 0 10.73 79.91 5.31
Residue Liquid ND ND ND ND
Raw 6.07 91.69 0.86 1.40
SS Soxhlet Solid 1.83 4.80 87.66 0.61
Residue Liquid 44.33 33.00 6.27 16.28




Table 5-17 - Distribution of pyrolysis-GC/MS compounds of bark samples to the solid and liquid phase after solvent extraction

(in % peak area).
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Bark Type of bark analysed %L;?i?/rég' Lignin-derived | Holocellulose-derived | Other extractives

Raw 4.44 46.52 9.03 7.21

LC Soxhlet Solid 1.91 2.75 82.40 11.69

Residue Liquid 65.72 20.00 1.74 0.00

Raw 20.09 58.38 16.26 1.80
NC Soxhlet Solid 0 0 82.18 0
Residue Liquid 71.32 4.53 0 0
Raw 0 78.27 13.98 0

WH Soxhlet Solid 1.46 10.60 80.15 5.87
Residue Liguid 40.89 52.75 6.35 0

Raw 0.66 87.15 9.23 2.98

L Soxhlet Solid 7.26 11.74 66.19 8.66
Residue Liguid 19.78 14.19 2.1 0
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5.2.5.4 Comparison of liquid residues after solvent extractions

In this section, the extracted liquid residues from the two used methods of solvent
extraction are compared. These methods (from Section 3.9.2 and 3.9.3) utilise ethanol for
Soxhlet extraction, and a hexane/isopropanol mix for the Accelerated Solvent Extraction

(ASE) equipment.

From Table 5-18 and Table 5-19, the Soxhlet extraction had extracted mostly suberin-
derived compounds (between 19.78-71.32 % peak area) , but also lignocellulosic-derived
compounds (4.53-59.1 % peak area). After ASE, it appears that mostly non-suberin-
derived extractives were taken into the liquid residues (between 89.59-99.5 % peak area).
One such classification of extractives included in all of the liquid injection GC-MS results
are phenanthrenes and phenanthrenols. These are known to be present in barks (549,
550), and have anti-cancer, anti-oxidative and anti-inflammatory activities (551, 552).

This shows that the ASE method was better, due in part to a more optimised solvent mix,
enhanced extraction efficiency with the addition of sand, and a minimised volume of total
solvent. The role of the sand is as an inert material that disperses the sample across the
cell. As the Accelerated Solvent Extraction is a pressurised solvent extraction, the sample
molecules would adhere tightly to each other under pressure, therefore the sand reduces
the impact of this. However, the solid residue could not be retained for further analysis
because of the mixture with sand. Future work in this area would be useful, that explored

how the solid residue could be captured for analytical pyrolysis.

Table 5-18 - Comparison of compound classification peak areas from the py-GC/MS of
post-Soxhlet extraction and post-ASE liquid residues.

Type of bark Suberin- | Lignin- | Holocellulose- Other
analysed derived | derived derived extractives

NE ASE 0.05 0.05 0.00 99.62

Soxhlet 61.01 24.96 3.90 10.12

GF ASE 3.12 0.35 0.10 89.3
Soxhlet ND ND ND ND

ESE ASE 0.80 0.25 0 97.8
Soxhlet 66.22 15.58 7.87 0

ss ASE 1.85 0.31 0.08 94.94

Soxhlet 44.33 33.00 6.27 16.28
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Table 5-19 - Comparison of compound classification peak areas from the py-GC/MS of
post-Soxhlet extraction and post-ASE liquid residues.

Type of bark Suberin- | Lignin- Holocellulose- Other
analysed derived derived derived extractives

LC ASE 0.98 0.21 0 98.27

Soxhlet 65.72 20.00 1.74 0.00

NC ASE 10.41 0.20 0.04 87.53
Soxhlet 71.32 4.53 0 0

WH ASE 0.05 0.17 0.78 98.67
Soxhlet 40.89 52.75 6.35 0

L ASE 0.49 0.19 0 99.25
Soxhlet 19.78 14.19 2.1 0
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5.3 Conclusion

In this chapter, a selection of tree barks were analysed by a variety of characterisation
methods including proximate and ultimate analysis, atomic absorption spectroscopy, fibre
analysis and pyrolysis-gas chromatography/mass spectrometry.

In terms of the proximate and ultimate analysis, all of the tree barks have similar results.
The volatile contents are consistently above 65 wt%. The ash content is below 4 wt% for
all samples, with the two spruce samples (SS and NS) having the highest.

From the atomic absorption spectroscopy, the alkaline earth metals (AEMs) content is low
for all tree barks. The only exception is for the calcium concentration of Norway spruce
(NS) and nootka cypress (NC), which is higher (10-18 mg/g). Calcium is expected to be

absorbed into the bark from bioaccumulation into the soil the tree is grown in.

The most notable observation that can be made from the fibre analysis is the higher level
(20-40 wt% for most) of unknown content in the barks. For this reason, solvent extraction
was performed to understand where the unknown content was coming from. Only
European silver fir has an unknown content below 10 wt%. Four of the tree barks (noble
fir, European silver fir, Western red cedar, and Lawson cypress) have lignin contents
above 40 wt%, whilst two have lignin contents below 20 wt% (sitka spruce and nootka
cypress). The cellulose content is consistently between 20-40 wt% for all barks, with
Douglas fir, noble fir and Western hemlock having the lowest (20-24 wt%). It was posited
that the source of the unknown content was from suberin, a known constituent of tree bark

that protects its inner cell tissues.

The lignin and holocellulose (hemicellulose and cellulose) content is reflected in the
pyrolysis-gas chromatography/mass spectrometry (py-GC/MS) chromatograms. Those
with higher holocellulose content have more frequent peaks of furfural and acetic acid,
derived from hemicellulose, and compounds such as levoglucosan that are derived from
cellulose. The tree barks with the higher levels of unknown content from the fibre analysis
contain peaks that include fatty acids such as naphthalenol. These are likely to be derived

from suberin.

Two methods of solvent extraction were used to remove the suberin content, one with
Soxhlet equipment and one utilising the ASE (Accelerated Solvent Extraction). Although
the ASE method was more efficient, the solid sample could not be retained for further

analysis, hence the Soxhlet extraction being performed.
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From the fibre analysis performed on the Soxhlet extracted-solids, the unknown content
was approximately halved for all samples that were run, except for Western hemlock. Due
to the removal of the unknown content, the other components (lignin and holocellulose)

were concentrated per gram of sample.

The liquid and solid residues after solvent extraction were also analysed by py-GC/MS.
The liquids were initially analysed by liquid injection-GC/MS but were repeated by py-
GC/MS in case large compounds outside of the mass spectrometer's atomic mass range
register were present. From the solvent extraction, it appears that, in addition to the
suberin-derived material, polyaromatic hydrocarbons (such as phenanthrenes and
phenanthrenols) were extracted into the liquid phase.

The noble fir sample was found to be the bark with the most potential for valorisation as a
lignin-rich residue. The solid residues retained after Soxhlet extraction with ethanol that
may be the most value are those of NF and SS. For the other bark samples that
underwent Soxhlet extraction, they may be able to be valorised as holocellulose
(hemicellulose and cellulose) rich residues. However, a technoeconomic analysis would be
useful for determining the feasibility of the Soxhlet solid residue valorisation compared to
the untreated barks. The Accelerated Solvent Extraction was seen to perform better in the
overall extraction of non-lignocellulosic content than the Soxhlet extraction, whilst the

Soxhlet was more focused in its removal of suberin-derived content.

Overall, this chapter characterised tree barks to explore the differences in composition
between eleven species. This study found that the tree barks differed amongst species in
fixed carbon (from proximate analysis), calcium contents (from atomic absorption
spectroscopy), and lignin contents (from fibre analysis), providing valuable insight into the

potential valorisation of tree barks.
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Chapter 617 The potential to produce bio-based solvents from the

pyrolysis of lignin-rich residues

6.1 Introduction

In this chapter, the composition of pyrolysis oil (generated by pyrolysis-Gas
Chromatography/Mass Spectrometry) from the lignin-rich feedstocks explored in Chapter 4
and Chapter 5 were evaluated for their potential as bio-based solvents (Figure 6-1). The
differences in oil composition at a variety of pyrolysis temperatures (450 i 650 °C) were
compared. The most prevalent compounds in the pyrolysis oils were then considered if
they had undergone established upgrading methods (methylation or hydrogenation)
theoretically. The solvent potential of the three types of pyrolysis oil-derived compounds
were screened by assessing their environmental, health and safety hazardousness (via
the CHEMZ21 criteria, as described in Section 3.12) and solubility (via Hansen Solubility
Parameters). The pyrolysis oil-derived compounds were then compared to common
solvents, to determine the specific applications that the prospective bio-based solvents

could be used for.
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Figure 6-1 7 The overall scope of this study. The work covered in Chapter 6 is denoted by
red dotted lines.
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6.1.1 Background

Solvents are chemicals which are used for the dispersal, dissolution, or dilution of other
compounds. I n recent years, there has been an
basedd solvents, as society has greater knowl ¢

disposal of petrochemical-derived solvents (46).

An alternative route from changing petrochemical-based solvents to bio-based solvents

are solvent-free systems. The potential negative impacts of solvent use on a process can

include lower reaction rates, greater process costs, a less environmentally friendly

process, and the need for solvent recovery and purification steps (553). Researchers that

have looked at avoiding these negative impacts have considered solvent-free systems

(554). Thi s fAmechanoc he mstasetandyses thee canstantsnechanicab o | i d
force of heavy ball bearings to react two solids together. In comparison to solvent systems,

these are considered by some to be comparatively cheaper to using a solvent, and easier

to handle (553, 554).

Solvent-free systems may be a useful alternative for some processes, but they also

present some challenges. This field remains relatively new, and so the majority of

processes that currently utilise solvent systems are unexplored in a solvent-free system

(555). Owing to mechanochemistryds unexplored ar
necessary across industrial processes. Until the time in which solvents are not needed, it

is important to reduce their environmental impact, hence the need for bio-based solvents.

The key solvent property is its solubility, so that it is competent at dissolving a solute into
solution(556). The solventdés ability to do this is di
molecular structure of both the solvent and the solute (47).

Solventsé application as a reaction medium ar
solid reagents to be used in solution, increase the efficiency of mixing and stirring, and

enable the mixing of reagents at suitable concentrations.

The use of solvents in extractions and as a reaction medium is necessary across multiple
industries. However, the ideal solvent is dependent on the application, due to the wide

variety of properties that a chemical can exhibit.

In the chemical manufacturing industry, solvents are the components with the greatest

consumption, and make up a large proportion of the waste generated (48).

The solubility of a solvent is affected by the polarity of its structure, which is related to its

electronegativity. The electronegativity of a molecule or atom is its ability to attract an



~160~

electron bonding pair (557). For example, both carbons within a carbon-carbon bond have
the same electronegativity, so the ability to attract another electron bonding pair is centred
around the middle of the C-C bond. Amongst polar compounds with high
electronegativities, there are also protic and aprotic functionality. Polar protic solvents
contain acidic hydrogen and displays hydrogen bonding (558). The hydrogen bonding is
still possible if the chemical is a weak acid. Polar aprotic solvents do not have acidic
hydrogens, are not hydrogen bond donors, and so are able to accept hydrogen bonds
(559).

Chemicals can therefore be generally organised into non-polar, polar aprotic and polar
protic categories (560) (Figure 6-2).

non-polar polar
P N ey T o o]
© o 5 ~oH  HO
hexane (alkanes) . P
diethyl ether (o] sthanol
tetrahydrofuran DMSO (EtOH)
(THF)
Q i i
methano
/\OJ\ H7NT | TeoH)
benzene |
ethyl acetate DMF o
(EXOAC)
o HaC-C=N | oo
3
CHCly acetonitrile acetic acid
chloroform )
toluene [0}
CHaCla )k protic
methylene chioride acetone

increasing polarity

Figure 6-2 - Common solvents organised into polar protic, polar aprotic and non-polar.
Sourced from (560).

A solvent can be either organic or inorganic, whereby organic solvents are carbon-based
(such as butanol, toluene, chloroform, acetone) and inorganic solvents are not (such as
water, sulphuric acid and ammonia) (561).

6.1.1.1 Selection of a solvent

The solvent that is chosen for a particular
requirements. These requirements can consist of the physical and chemical properties of
different solvents, and their solute and product (562). One of the key properties is polarity,

so it is essential that a solvent has a similar polarity to the solute (556). In addition to the
polarity, the solvent should preferably be unreactive with the solute molecules to reduce

the formation of by-products that would be produced (563). One way to simplify solvent

choice is to use a solvent with a boiling point that is lower than either the product or the

solute, ensuring easier solvent separation after the reaction has completed (564).

aj
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Different factors that affect the selection of a solvent has been described in detail by
pharmaceutical companies such as GlaxoSmithKline, Sanofi, Pfizer and AstraZeneca
(565-568), and by CHEM21 (378). Their solvent selection guides consider solvent impacts
on health, safety, and the environment (EHS) (Figure 6-3).

Environmental impact 2 Regulation (waste, toxicity)

Worker health and safety Q i Sustainability and life cycle

Figure 6-3 - Considerations for environmental, health and safety in solvent selection
guides. Sourced from (569).

At industrial scale, solvents are used in large amounts. At these scales, the potentially

negative environmental, health and safety impacts can be significant. In a formulation or

purification application where the solvent is not an active reaction component, some of the
solventds characteristics, including texicity

making process (570).

Specific properties of solvents can benefit the process but may also increase the potential
negative impacts. A volatile solvent can improve the levels of solvent recovery and
purification post-reaction (571). However, increased volatility may lead to higher levels of
volatile organic compounds (VOCSs), which can increase worker exposure and undesirable
air emissions (569). Solvents with amide functional groups tend to have high polarities,
and so can solubilize very polar substrates (572). However, the amide functional group
may be reprotoxic (570). Non-polar solvents that are effective in performing separations
and dissolving oils include hydrocarbons (573). However, hydrocarbons are combustible
and have low solubility in water, which can promote bioaccumulation and aquatic toxicity
(574, 575).

The solubility between chemicals and solvents can be compared using the Hansen
Solubility Parameters in Practice (HSPIP) database. This database allows for the solubility
comparison of over 10,000 chemicals (576) using three factors (each measured in MPa®®):
the energy from dispersion forces between molecules (dg), the energy from dipolar
intermolecular force between molecules (d,) and the energy from hydrogen bonds

between molecules (dn). Using the HSPIP software, one could theoretically replace a
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petrochemically-derived solvent with a bio-based solvent with similar Hansen Solubility
Parameter values. Based on the three categories of solvents (as described in Figure 6-2),
values for the three HSPs were grouped into non-polar, polar aprotic and polar protic
solvents (Table 6-1).

Table 6-1 - Hansen Solubility Parameter values for sorting into non-polar, polar aprotic
and polar protic solvents.

Type of dP dH dD
Solvent (MPa®?) (MPa®?®) (MPa®?)
Non-polar <3.5 -
Polar aprotic >3.5 <12.49 -
Polar protic >3.5 >12.49

6.1.1.2 Current commercial bio-based solvents

In the last decade, several bio-based solvents have come onto the market, predominantly
as replacements to petroleum-derived solvents. In comparison to the production of
petrochemical-derived solvents, the supply of bio-based solvents is independent of
petrochemical production and is reliant on the availability of the feedstock. In addition,
petrochemical-derived solvents contribute to environmental pollution throughout their life
cycle (across their extraction, production to disposal), whereas this is not the case for bio-

based solvents.

Non-polar solvents are those with zero (or very small) dipole moments across their
structure (577). The most common groups of non-polar solvents are aromatics (such as
benzene, toluene, and xylene) and alkanes (including hexane, pentane and heptane)
(578). Due to the low (or lack of) polarity, these solvents have high solubility towards non-
polar compounds. Therefore, non-polar solvents work best in applications that require

good solubility against oils, fats and waxes (579).

One group of biobased non-polar solvents are terpenes (54), which can be obtained from
plant-derived essential oils (44). Common terpene solvents are D-l i mo n e n @ineae
D-limonene, with a market demand currently expected to be around 65 kilotons per year,
has been used to dissolve cholesterol-containing stones due to it acting as a strong
solvent towards cholesterol, and to both degrease and grease wool and cotton wool (44).
U-Pinene is utilised in perfume production as insect repellent and as a household cleaning
solvent (44). However, terpenes, in general, are known to be toxic towards fish, amongst

other environmental risks (54, 55).

Ce
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Polar protic solvents are chemicals which are able to participate in hydrogen bonding due
to the presence of N-H or O-H bonds (580). These solvents commonly have high dipole
moments and dielectric constants, and include ethanol, methanol, ammonia, acetic acid,
and water. The most established polar protic bio-based solvent commercially is bioethanol,
which is produced predominantly from sugarcane and corn (44). Both methanol and
ethanol can be produced, in small amounts, from the gasification of biogas. Ethanol can
then be produced by the fermentation of the carbohydrates (44), whilst methanol can be
synthesised by the reaction between hydrogen and carbon dioxide (581). In comparison to
the production of bioethanol process, biomethanol synthesis requires greater energy and
material intensity (582).

Polar aprotic solvents do not have O-H or N-H bonds, so are unable to hydrogen bond
(580). The properties of polar aprotic solvents can be separated into those with small
dipole moments and dielectric constants (< 10, unitless), and those that are higher. For the
solvents with the weaker of the properties, such as tetrahydrofuran, methylene dichloride
and ethyl acetate, they are generally unreactive. Therefore, they are commonly only used
as a reaction medium. The polar aprotic solvents with higher dielectric constants and
dipole moments, by comparison, are reactive. Examples of these include acetonitrile,
acetone, and N,N-dimethylformamide (580). Bio-based polar aprotic solvents have been
explored in the literature (583), such as Cyrene (dihydrolevoglucosenone) and 2-methyl
tetrahydrofuran (2-MeTHF). Cyrene has been noted as an alternative to dimethyl
formamide, N-methyl pyrrolidone and dichloromethane (584, 585). 2-MeTHF has been
explored for its similarity to tetrahydrofuran (56). Acetone can be produced, alongside
ethanol and butanol, from biomass via ABE fermentation (44). However, this is not

currently produced at large scales (586).

6.1.1.3 The potential for pyrolysis oil-derived solvents

One potential route for the production of bio-based solvents precursors is pyrolysis. This
thermochemical process covers a wide remit, such as hydropyrolysis, slow, fast and flash
(587), as discussed in Section 2. The pyrolysis of lignocellulosic biomass can produce

over a hundred individual compounds (58).

The pyrolysis oil, or bio-oil, which is produced from pyrolysis processes exhibit properties
that are different from petroleum crude oils. Pyrolysis oils from biomass contain complex
mixtures of oxygenated hydrocarbons with high polarity, whereas hydrocarbons from crude
oil are generally non-polar by nature (57). The oxygenated hydrocarbons can be removed

by hydrotreatment or hydrocracking, producing similar hydrocarbons to that from crude oil.
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However, this requires H, for hydrotreatment and oxygen removal. Pyrolysis oils,
dependent on the lignocellulosic composition, also contain alcohols, aldehydes/ketones,
acids/esters, furans, lignin-derived methoxy groups, and phenolic compounds (588).

Petroleum crude oils and bio oil are immiscible with each other (589). This is due to bio-oil
containing high levels of oxygen (from biomass), and is therefore polar. As crude oil does
not contain high levels of oxygen, it is non-polar. If bio-oil was added to existing refinery
equipment in which petroleum oil is used (including hydrotreaters and hydrocrackers), a
separate feed system would be required (589).

However, the key challenge in the production of bio-oils is the identification of applications.

In an ideal situation, each high-value compound withinabio-oi | 6 s compositi on c
separated out, and then sold as individual chemicals. Unfortunately, separation is difficult

and is an expensive process. This was previously done for the commercial production of

vanillin, but this is no longer the case (60). A more cost-effective solution is to use blends

of the bio-oils as mixtures, but the mixtures would only be able to be used in lower-value

applications. One example is that they are unlikely to be used in the pharmaceutical

industry as there is a need for > 99% purity products with 100% reliability and conformity

(590).

There are a few solvents that have been commercially produced from the fractionation and
upgrading of pyrolysis oil. Turpentine oil is considered to be a specialised solvent. It is
obtained by the distillation of the oleoresin of pine trees (591). The oil is used commercially
in the production of varnishes and to thin oil-based paints. Turpentine oil is also upgraded
by rectification for the pharmaceutical industry (591).

Mudraboyina et al (2016) (59) produced a pyrolysis oil-derived solvent referred to as lignin
oil methyl ether (LOME) by the methylation and supercritical rectification (distillation under
supercritical conditions) of pyrolysis oil. The solvent is aprotic and is seen as an alternative
to dimethyl sulfoxide or dimethyl furan. Haseeb et al (2021) (60) then catalytically
hydrogenated LOME, to generate a mixture of cyclohexyl methyl ethers (HLOME). The
HLOME was produced as an aliphatic ether solvent, as a replacement for acetone, 2-
butanone, ethyl acetate and tetrahydrofuran. The most common method for the upgrading
of pyrolysis oil is hydrogenation, whereby molecular hydrogen is reacted chemically,
typically with a catalyst (61). After hydrogenation, double bonded C=C may become
saturated to single bonds, and the formation of alcohols from carbonyl groups (C=0) (592).
One of the key reasons for hydrogenating pyrolysis oil is to improve its stability (593).

Literature could be found whereby pyrolysis oil was hydrogenated (592, 594-597).
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However, none could be found where the hydrogenated pyrolysis oil was considered as a

solvent.

Independentof lignin-d er i ved productsod valorisation as
used for the flavouring of cheese, meat and sausages, and is produced by the water

extraction of bio oil in refineries (598).

Although the valorisation of pyrolysis oil-derived solvents has been explored, as discussed
earlier, the literature has not considered a wide range of lignin-rich residues.
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6.2 Results and Discussion

In this section, lignin-rich samples from a variety of sources (commercial lignin products,
tree barks, and biomass residues) were investigated for their potential as precursors to
bio-based solvents (Table 6-2).

Table 6-2 7 List of samples explored for their potential as bio-based solvent precursors.
Sample Type Sample

Lignoboost (LB)
Alkali Lignin (AlkLig)
Organosolv (Org)

Unknown Golden Acre tree bark (Bark)
Sugarcane bagasse (PKBag)
Coconut Husk (CH)

Noble fir (NF)
Douglas fir (DF)
European silver fir (ESF)
Grand fir (GF)

Sitka spruce (SS)
Norway spruce (NS)
Larch (L)
Western hemlock (WH)

Western red cedar (WRC)
Lawson cypress (LC)
Nootka cypress (NC)

Solvent-extracted Douglas fir (DFSox)
Solvent-extracted European silver fir (ESFSox)
Solvent-extracted noble fir (NFSox)
Solvent-extracted grand fir (GFSox)

Solvent-extracted Solvent-extracted sitka spruce (SSSox)
tree barks Solvent-extracted Western hemlock (WHSo0x)
Solvent-extracted larch (LSox)
Solvent-extracted Lawson cypress (LCSox)
Solvent-extracted nootka cypress (NCSox)
Solvent-extracted Western red cedar (WRCSoXx)
Acid-washed Alkali Lignin (AlkLigAcid)
Acid-washed sugarcane bagasse (PKBagAcid)
Acid-washed coconut husk (CHAcid)

Commercial
Lignin Products

Biomass
Residues

Fir Tree Barks

Pine Tree Barks

Cypress Tree
Barks

Acid-washed
samples

The samples first underwent fast pyrolysis-gas chromatography/mass spectrometry (py-
GC/MS) at analytical scale (< 10 mg) at a range of temperatures (450 - 650 °C) to identify

the main components that would be present in the pyrolysis oils.

Following this, the theoretical upgrading of the main pyrolysis oil components (by

methylation and hydrogenation) was explored, with their solubility and hazardousness
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estimated through use of Hansen Solubility Parameters (HSP) and the CHEM21 criteria.
The HSPs were collated from the HSPiP software, which contains the parameter values of
over 1000 chemicals. The data for each chemical required for implementing the CHEM21
criteria was taken from safety data sheets and the literature. The three types of pyrolysis
oil-derived components were then compared to common industrial solvents through the

HSP values, with their potential applications discussed.

6.2.1 Pyrolysis-Gas Chromatography/Mass Spectrometry

In this section, a wide variety of lignin-rich samples underwent fast pyrolysis by py-GC/MS
at 450, 550 and 650 °C. The accuracy of the temperature for each analytical scale fast
pyrolysis run was ensured through monitoring the readouts on the pyroprobe software.
The software showed the current temperature of the platinum coil as the pyrolysis was
occurring. As stated previously, the pyrolysis of a sample can produce over a hundred
different compounds (58). Therefore, this section focuses on the compounds that were
most prevalent across all of the py-GC/MS data. The py-GC/MS data, however, does not
provide absolute values of compounds present in the samples, but it does give an
indication. Regarding the absolute values and proportions of compounds identified by the
GC/MS after py-GC/MS, they may not be identical in repeated runs. This is because,
despite the samples being homogeneous, the sample may degrade slightly different during

the pyrolysis, leading to potentially different identification by GC/MS.

From Figure 6-4 to Figure 6-12, the change in peak areas of the six compounds across the
three pyrolysis temperatures that appeared most often are illustrated. These were 2-
methoxy phenol, phenol, trans-isoeugenol, furfural, creosol and 5-methyl-2-
furancarboxaldehyde (MFCA). The peak areas taken from each sample have been

normalised.

The presentation of the following data is subdivided between untreated samples and
treated samples, as described in Table 6-2. The data is additionally separated into lignin-
derived (2-methoxy phenol, phenol, trans-isoeugenol and creosol) and holocellulose-
derived (furfural and MFCA) components. Holocellulose is a collective term of

hemicellulose and cellulose.

6.2.1.1 Py-GC/MS of untreated samples

First, the peak areas of the lignin and holocellulose-derived components identified by the

py-GC/MS of the untreated samples are outlined (from Figure 6-4 to Figure 6-9).
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Alkali lignin has the greatest levels of 2-methoxy phenol, across all three temperatures in
Figure 6-4. This is likely due to the high lignin content increasing the proportion of aromatic
compounds, and high alkaline earth metal concentration increasing the pyrolysis severity
(as discussed in Chapter 4). Therefore, alkali lignin would have greater proportions of

simple aromatics at lower temperatures.

There is not a clear change of 2-methoxy phenol proportion as the temperature increases.
In samples (such as NF, DF, NC, and WRC in Figure 6-4 [c] and [€]), the proportion
decreases with temperature. With several samples (org and GF in Figure 6-4 [a] and [c]),
the proportion of 2-methoxy phenol increases with the temperature.

For the phenol peaks (Figure 6-5), coconut husk (in [b]) had the greatest proportion of
peak areas at all temperatures. Generally, as the pyrolysis temperature increased, the
phenol proportion increased as well. This is expected due to phenol being the simplest
aromatic compound (other than benzene), so is likely to be more prevalent as the
functionalities of the larger aromatic structures break down at higher temperatures. The
commercial lignin products (in [a]), other than alkali lignin, had negligible levels of phenol.
This may be due to the high-lignin composition consisting of complex lignin polymeric
structures, in addition to the low alkaline earth metal content, thereby raising the

temperatures at which simple aromatics (such as phenol) are formed.

The proportions of trans-isoeugenol in Figure 6-6 are consistently high for the fir tree barks
(9-21%) (in [c]). The biomass residues (in [b]) and commercial lignin products (in [a]) have
lower levels of trans-isoeugenol. The greatest proportion of trans-isoeugenol consistently
occurs at 450 °C.

Lignoboost has the greatest levels of creosol of all samples (in Figure 6-7 [a]). This may be
due to the commercial lignin product having more complex structures and is therefore
more likely to contain benzene rings with multiple functionalities. The proportion of creosol
does not seem to be consistently affected by pyrolysis temperature, apart from with NS (in
[d]) and WRC (in [€]), where it decreases with temperature. The biomass residues (in [b])

have the lowest cresol proportions of all of the sample groups.
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Figure 6-4 - Peak areas (%) of 2-methoxy phenol across [a] commercial lignin products,
[b] biomass residues, [c] fir tree barks, [d] pine tree barks, [e] cypress tree barks and [f] the
average of all categories. Each sample was run once. Errors in [f] are 1x standard error,

taken from collating the data points in [a] T [€]. Individual peak areas have been
normalised.
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Figure 6-571 Peak areas (%) of phenol across [a] commercial lignin products, [b] biomass
residues, [c] fir tree barks, [d] pine tree barks, [e] cypress tree barks and [f] the average of
all categories. Each sample was run once. Errors in [f] are 1x standard error, taken from
collating the data points in [a] T [€]. Individual peak areas have been normalised.






























































































































































































































































































































































































































































































































