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Abstract 
 

Waste biomass as a resource represents an interesting opportunity that imbues the principles of 

green chemistry within the context of sustainability. Herein, potential routes for valorisation of 

currently low-value and/or underutilised biorenewable waste streams, namely: spruce wood 

chips; waste office paper; paper deinking residue (DIR), and; waste starch, using green chemical 

technologies are reported. 

 

Microwave-assisted low-temperature (<200 
o
C) pyrolysis was conducted on spruce wood chips, 

waste office paper and paper deinking residue (DIR) to afford three product lines: bio-oil 

(organic and aqueous phase); bio-char (microwave residue), and; gas. The application of the 

crude organic phase bio-oils as adhesives for aluminium to aluminium bonding was explored. 

Maximum tensile strengths, from approximately 2520 N (spruce wood chips) to 2300 N (waste 

paper) to 400 N (DIR), were observed. A synergistic and/or co-operative effect between various 

components of waste paper derived bio-oil on adhesive properties is postulated based on 

evaluation the results from liquid-liquid fractionation. This is the first reported application of 

bio-oils derived via low-temperature microwave processing for use as adhesives for metal-metal 

bonding. 

 

The first complete holistic characterization of low-temperature microwave-processed DIR is 

reported. The residue (78 wt.%) was characterized by solid-state 
13

C CP/MAS NMR and XRD, 

showing it was free from organic matter and primarily comprises calcite and kaolinite. The 

DIR-derived bio-oil gave the lowest adhesion properties (400 N) compared to paper and 

wood-derived bio-oil. 

 

The incorporation of expanded high amylose corn starch (HACS) and its propionates, with 

differing degree of substitution (DS), into potentially biodegradable hot melt adhesives (HMAs) 

comprising polyvinyl alcohol (PVOH) and glycerol was studied. The expansion process to form 

HMAs, surface area of HACS was increased from around 5 m
2
 g

-1 
to 176 m

2
 g

-1
, is beneficial 

towards Al adhesion (ca. 2.0 MPa) as compared to non-expanded HACS (ca. 1.1 MPa). 
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1.1 Aims and contextualisation 

This project aims to study potential routes for valorisation of several currently underutilised 

biorenewable waste streams within the concept of a biorefinery. Waste valorisation practices 

should be performed in a way that allows for the recovery of high-value and marketable 

products for both existing and new markets, in order to offer added revenues for industry. In this 

context, exploring innovative uses of the products generated from biorefinery processes is 

particularly important. Herein, the conversion of several types of biorenewable waste streams: 

wood chips; waste paper; paper deinking residue (DIR), and; waste starch, using green chemical 

technologies and processes into potentially valuable products and applications is studied. 

 

Chapter 2 describes the microwave-assisted low-temperature (<200 
o
C) pyrolysis of three 

biorenewable waste streams (i.e., spruce wood chips, waste office paper and DIR) for the 

generation of bio-oil, bio-char (microwave residue) and gas. The properties of pyrolysis 

products were comprehensively studied with particular emphasis on the application of the crude 

organic phase bio-oils as adhesives towards metal bonding. As an attempt to gain some 

understanding of the adhesive behaviours of bio-oil, a liquid – liquid fractionation of the waste 

office paper derived organic phase bio-oil was performed and the adhesive properties of the thus 

derived different fractions of bio-oil were investigated. Moreover, a compound study using 

5-(hydroxymethyl)-2-furaldehyde (HMF), catechol and levoglucosan was conducted to get 

further understanding of the adhesion of bio-oil towards aluminium bonding. At last, holistic 

characterization of the largest part of the pyrolysis products derived from DIR (i.e., microwave 

residue) was performed, aiming for its valorisation. 

 

Chapter 3 illustrates a potential route for valorisation of waste starch (high amylose corn starch, 

HACS) and the applications of expanded HACS, and its propionate derivatives, in potentially 

biodegradable hot melt adhesive (HMA) formulations. The influences of amounts of esterifying 

reagent (propionic anhydride) and reaction time on the degree of substitution (DS) of starch 

propionates were investigated. Expanded HACS and its propionates were formulated into HMA 
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formulations comprising polyvinyl alcohol (PVOH) and glycerol. The adhesion properties of 

thus derived HMA formulations towards Al bonding were studied. 

 

Chapter 4 and 5 describe the experimental procedures employed and conclusions for the PhD 

project (including future work), respectively. 

1.2 Preamble: Sustainable Development 

The term “sustainable development” was first coined in 1987 by the United Nations World 

Commission on Environment and Development (WCED) in their report entitled “Our common 

future”, also known as the “Brundtland report”.
1
 Sustainable development is defined as 

“development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs”.
1
 As shown in Figure 1, the concept of sustainable 

development aims to achieve a balance between social, economic, and environmental needs.
2 – 4

 

 

 

Figure 1: Three spheres of sustainable development, adapted from Reference 3. (Originally in 

colour) 
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The last one hundred years has seen global population multiply four-fold to 6.4 billion, global 

economic output increase more than twenty-fold and global material consumption increase 

eight-fold.
5
 To date, about 72 billion metric tonnes (Gt) of materials are been consumed by 

humanity per annum and this number is projected to reach 100 Gt by 2030.
6
 Industrialised 

economies are energy- and raw material-intensive, and heavily dependent upon non-renewable 

fossil fuels, such as oil, to meet their societal energy, chemicals and material needs. The 

International Energy Agency (IEA) announced that the demand for oil will continuously 

increase from 90 million barrels per day in 2013 to 104 million barrels per day in 2040 due to 

increased use for transport and petrochemicals, although the pace of overall consumption is 

gradually constrained by price fluctuations and new policies.
7
 However, continued reliance on 

fossils fuels is unsustainable because it is not an infinite resource, but limited, and its continual 

burning represents a major environmental concern. In 2015, McGlade and Ekins reported if we 

are to limit global warming to no more than 2 
o
C by 2020 then over 80% of coal, 50% of gas 

and 30% of oil reserve are un-burnable, thus putting more pressure on alternative feedstocks.
8
 

To this effect, global governments are realizing the importance of transitioning from a petro- to 

a biorenewable-based economy enabling an environmentally-friendly, sustainable, future 21
st
 

century.
9 - 16

 

1.3 (Bio)Waste: a growing problem, but also a growing opportunity 

Our current society is suffering from worldwide escalating waste problems, which is becoming 

increasingly important and alarming in less developed and developing countries such as the five 

BRICS nations (i.e., Brazil, Russia, India, China and South Africa), as well as in developed 

countries.
17 - 20

 The World Bank estimates that at least 1.3 billion tonnes (Gt) of municipal solid 

waste is currently generated by world cities per year and this is expected to increase to 2.2 Gt by 

2025, representing an increase of solid waste management cost from today’s annual $205.4 

billion to around $375.5 billion in 2025.
21

 Based on their origin, different types of wastes 

mainly includes industrial, agricultural, sanitary and solid urban residues.
22

 According to the 

World Bank, the solid urban residues mainly include organic waste (46%), paper and cardboard 

(17%), plastics (10%), glass (5%), metal (4%) and others (18%).
21

 There is an urgent need to 



32 

 

recover value from (valorise) these “wastes” rather than commit it to landfill and/or other 

disposal methods (e.g., burning with energy recovery, composting, anaerobic digestion).
22, 23

 

The twin problem faced by modern society (i.e. increasing dependence on non-renewable fossil 

resources, escalating waste problems) could be solved by employing these wastes as valuable 

raw materials for biorefineries for the generation of high-value products.
24 – 26

 Processes using 

renewable feedstocks are often closer to being carbon neutral than those using conventional 

petrochemical routes.
23, 25, 27

 Making use of renewable raw materials may also strengthen the 

current agricultural and forest industry, by increasing their efficiency, capability and 

profitability.
25, 28

 In addition, it is even better to use (large volume) biorenewable waste streams 

and/or unavoidable losses as feedstocks for the generation of value-added useful products.
22 - 25

 

 

(Bio)waste as a resource has been recognised to be of national importance by the UK 

Government following their 2015 report, “Building a high value bioeconomy - Opportunities 

from Waste”
29

 as a result of the House of Lords Science and Technology Committee report, 

“Waste or resource? Stimulating a Bioeconomy”
30

 published a year earlier, both evoking the 

need for a UK bioeconomy for future sustainable development. The reports highlight a 

significant market for renewable chemicals, already estimated at $57 billion worldwide and 

forecast to rise to $83 billion by 2018.
29, 30

 Similarly, the United States Department of 

Agriculture (USDA) report on the potential for bio-based products indicates 10% chemical 

market penetration by 2015 with ultimately 50,000 eco-products, representing a global market 

value of $1 trillion and the creation of over 200,000 jobs in the US alone.
31

 Small and medium 

enterprises (SME’s) are an important driver for new growth as the EU bioeconomy (not 

restricted to waste feedstocks) has a turnover of about €2 trillion, employs around 22 million 

people, mainly in rural areas and often SME’s, and represents 9% of total employment in the 

EU. Each euro invested in EU-funded bioeconomy research and innovation is estimated to 

enable €10 of value added in bioeconomy sectors by 2025.
10

 

 

EU policy makers encourage the diversion of biodegradable waste streams away from the 

totally wasteful and polluting landfill sites. For example, it is required in the Landfill directive 

99/31/EC that the amount of biodegradable waste must be reduced 65% by weight against 
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1995’s level by 2016 with intermediate reduction targets.
32

 This is also reflected in the recently 

revised Waste Framework Directive 2008/98/EC (the rWFD), which introduced the revised 

“waste hierarchy” (Figure 2).
33

 The waste hierarchy places priority on waste prevention and the 

lowest priority on disposing to landfill (the worst option). Among the intermediate waste 

management choices, re-use and recycling of biodegradable waste (e.g., for the generation of 

high-value chemicals, fuels and useful materials) is preferred in comparison with energy 

recovery (i.e. incineration, anaerobic digestion etc.).
32 - 34

 As a result, the costs for waste disposal 

in landfills have been significantly increased. For instance, the landfill gates fees continuously 

increased from £40 – 74 to £80 – 121 plus the landfill tax between 2009 and 2013 in the UK.
35

 

 

Hence, making innovative use of currently low-value, underutilised biorenewable waste streams, 

especially unavoidable losses resulted from industrial practices (e.g., manufacturing, recycling) 

for the production of bio-derived chemicals, fuels, and other value-added functional materials is 

particularly important and attractive. Such waste valorisation practices also represent an 

imperative grand research challenge and a promising topic globally from both an environmental 

and economic point of view.
36

 

 

 

Figure 2: Illustration of the current version of waste hierarchy, reproduced from reference 34. 

(Originally in colour) 
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1.4 Lignocellulosic biomass 

In the scope of this thesis waste wood, paper and starch are considered as feedstocks and thus 

this section briefly overviews the chemistry of lignocellulosic biomass comprising lignin, 

cellulose and hemicellulose and starch-based biomass. For a detailed account the reader is 

directed to references 37 – 42. 

 

Lignocellulosic biomass (wood and other plant biomass) comprises the bulk of the dry weight 

of both woody and grassy plant materials, hence it is one of the most abundant naturally 

occurring biochemicals on the planet and the industrial yield of lignocellulose is expected to be 

higher than that of starch.
43

 Major sources of lignocellulose include so-called “energy crops” 

(e.g., switchgrass, willow, poplar etc.) and agricultural and forestry industrial by-products (e.g., 

corn stover, wheat and rice straw, wood waste, waste paper etc.).
43

 Globally, around 200 × 10
9
 

tonnes of biomass are produced each year, of which over 90% is lignocellulosic matter. Among 

these, around 8 – 20 × 10
9
 tonnes end up as wastes, representing an attractive feedstock for 

biorefineries, especially in so-called future integrated forestry biorefineries.
42, 44

 

 

Lignocellulose is essentially a composite material constructed primarily from three 

oxygen-containing high-molar-mass organic polymers, namely cellulose, hemicellulose and 

lignin, as well as minor amounts of low-molar-mass extraneous materials: mainly organic 

extractives (e.g., terpenes and oils) and inorganic minerals.
45 – 47

 The weight percentage of each 

component varies and depends on the wood/plant species, but in general, typical wood biomass 

contains 35 – 50% cellulose, 25 – 30% hemicellulose, 15 – 30% lignin and 5 – 10% organic 

extractives and inorganic minerals.
45, 46

 Figure 3 illustrates the general constituents of wood 

biomass and Table 1 summarizes the cellulose, hemicellulose and lignin content of several 

selected plant resources and biorenewable waste materials. 
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Figure 3: General constituents in plant/wood biomass, adapted from reference 45 and 46. 

(Originally in colour) 

 

Table 1: Typical cellulose, hemicellulose and lignin contents of several selected plant resources 

and biorenewable waste materials
48-51

 

Material Cellulose (%) Hemicellulose (%) Lignin (%) 

Wood 35 – 50 20 – 30 25 - 30 

Wheat straw 33 – 40 20 – 25 15 – 20 

Switch grass 30 – 50 10 – 40 5 – 20 

Sugarcane bagasse 19 – 24 32 – 48 23 – 32 

Spruce wood 50.8 21.2 27.5 

Corn stove 28 35 16 – 21 

Waste paper 60 – 70 10 - 20 5 – 10 

Rice straw 32 24 18 

Pine 46 23 28 

 

The thermal behaviour of certain biomass is strongly dependent on its chemical composition 

and structure, and the thermal decomposition (thermolysis) generally occurs within temperature 

ranges from 200 
o
C to 400 

o
C.

52
 Indeed, the thermal behaviour of cellulose rich biomass tends to 

be more similar with that of pure cellulose; while lignin rich biomass behaves more similarly to 



36 

 

lignin itself.
52, 53

 Thus, a better understanding of these three major biomass constituents is vital 

to achieve optimisation of process conditions and product distributions, and improved efficiency 

for biomass processing.
54

 

1.4.1 Cellulose 

Cellulose is a high-molecular-weight linear polysaccharide polymer consisting anhydroglucose 

units connected via β-(1→4)-glycosidic bonds in a fully equatorial 
4
C1 conformation, which 

stabilises the chair structure and facilitates the formation of well extended linear structures.
45, 55

 

As the β-(1→4)-glycosidic bonds cause alternate glucose rings to be rotated by 180
o
, the basic 

repeating unit of cellulose polymers contains two glucose anhydride units (i.e. a cellobiose 

unit).
45

 The chemical structure of cellulose is illustrated in Figure 4. 

 

 

 

Figure 4: Chemical structure of cellulose 

 

Both the two hydroxyl groups (OH-2, 3) on C-2, 3 and the hydroxymethyl group (C6-OH) on 

C5 adopt the equatorial conformation, which leads to the equatorial hydrophilic and axial 

lipophilic nature of cellulose.
56

 The abundant hydroxyl groups (OH-2, 3, 6) within cellulose 

form an extensive network of intra- and intermolecular hydrogen bonds, which hold the network 

flat, give rise to the crystallinity of cellulose, and consequently, render cellulose completely 

insoluble in aqueous solutions and resistant to swelling in water.
45, 57

 However, cellulose is 

soluble in near supercritical water, aqueous solutions of zinc chloride, and some ionic liquids 

for example.
45, 58

 Thus, owing to its rigid structure, it is not an easy process to degrade and/or 

convert cellulose. Indeed, efficient degradation/conversion of cellulose depends on several 
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factors associated with the origin of cellulose, such as crystallinity index (CrI), degree of 

polymerisation (DP), and the fraction of reducing ends (FRE).
58

 

 

Any occasional faults in the order of anhydroglucose units within cellulose chains leads to the 

formation of amorphous regions, which are more susceptible to chemical conversions, such as 

hydrolysis and are probably the association points with hemicelluloses in biomass.
58, 59

 Taking 

advantage of this property, several pre-treatment approaches were developed to convert the rigid 

crystalline cellulose to more “accessible” amorphous cellulose. According to Dhepe and 

Fukuoka, such pre-treatment methods mainly include physical approaches such as milling, 

grinding, steaming etc. and chemical approaches such as alkali/acid pre-treatment, dissolution, 

swelling and oxidation.
58

 These approaches should and could be incorporated with any 

microwave-assisted conversion processes in a biorefinery to obtain desired, or optimised, 

product distribution, if necessary. 

1.4.2 Hemicellulose 

Unlike cellulose, which only contains glucose in its structure, hemicellulose has a 

heteropolysaccharide makeup and is a branched polymer consisting of various polymerised 

monosaccharides.
60

 Major constituent monosaccharides include C5 sugars (pentoses) such as 

xylose, arabinose, and C6 sugars (hexoses) such as mannose, glucose and galactose, as well as 

some uronic acids (e.g., glucuronic acid), as shown in Figure 5.
45, 60

 The ratio of these 

constituent monomers varies dramatically depending on the origins of biomass.
45, 60

 

Hemicellulose has lower molecular weights than cellulose with only around 150 repeating 

monosaccharide units compared to that of repeating glucose units in cellulose (5000 – 10000).
45

 

Hemicellulose surrounds/interacts with cellulose through hydrogen bonding and acts as a 

linkage between cellulose and lignin.
60, 61

 Also different from cellulose, hemicellulose is mainly 

amorphous due to its random polymerised nature and the presence of side chains, which 

prevents the formation of ordered rigid crystalline structures and renders it much more 

susceptible/reactive and less stable than cellulose.
43, 59, 62
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Figure 5: Major constituent monosaccharides of hemicellulose. (Originally in colour) 

1.4.3 Lignin 

Lignin is Nature’s dominant aromatic polymer and the only large-volume renewable material 

composed of aromatic molecules, which also currently represents the most underutilised 

fraction of lignocellulosic biomass.
63, 64

 More specifically, lignin is a highly complex 

cross-linked three-dimensional amorphous resin that surrounds the outer layers of 

polysaccharide fibers, protecting the inside cellulosic fibers from microbial and/or fungal 

destruction while providing structural integrity and rigidity.
65 – 67

 Lignin is a complex, highly 

branched and recalcitrant polyphenolic macromolecule substance consisting of a wide irregular 

variety of “hydroxyl” and “methoxy-” substituted phenylpropane type units.
68, 69

 Despite the 

pathway for biosynthesis of lignin still remains uncertain, typically, three monolignol (monomer 

units of lignin) building blocks are present in lignin, namely p-coumaryl alcohol, coniferyl 

alcohol and sinapyl alcohol, as shown in Figure 6.
63, 64

 These monolignols further generates 

corresponding phenyl propanoids: p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin 

subunits, in which forms they are incorporated into lignin macromolecules.
63, 64
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Figure 6: Chemical structures of the three lignin building blocks and representative fragment of 

the structure of lignin, adapted from reference 70. (Originally in colour) 

1.4.4 Starch-based biomass 

Starch is one of the most abundant natural polysaccharides. It is a carbohydrate source used for 

energy storage in plants and is generally stored in the form of granules.
71

 

 

Around 2.5 billion tonnes of starch is produced by crop plants globally per year.
72

 Taking 

advantage of genetic engineering of crop plants, the starch (especially rice) grain production in 

China is expected to increase to around 540 million tonnes by 2020, doubling the current 

quantity of starch being generated in China.
72, 73

 In Europe, around 9.4 million tonnes of starch 

was produced in 2008. Among these, about 8.7 million tonnes of starch and its derivatives were 

consumed for both food and non-food (around 39%) applications.
72

 Therefore, it can be 

estimated that significant amounts of starch are currently being underutilised and wasted. Hence, 

it is necessary to explore alternative valorisation routes for starch.
74
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Chemically, the compositions of starches vary according to their botanical origins, such as the 

origin and type of plant. The origin of starch not only influences starch composition, structure 

and properties, but also affects the form, shape and functionality of starch.
75

 In general, starch 

granules are composed of two types of α - glucans (i.e. amylose and amylopectin) which 

account for approximate 98 – 99% of dry weight with small amounts of lipids, free fatty acids, 

protein and relatively small quantities (<0.4%) inorganic minerals.
75

 The ratio of these two 

types of polymers in starch significantly affects and determines some of its key properties, such 

as gelatinization temperature, gelling rate, viscosity and the strength of film formed.
76

 

 

 

Figure 7: Chemical structures of amylose and amylopectin. (Originally in colour) 

 

Amylose is a linear polymer consisting (around 99%) of unbranched (1→4) linked α - glucan. 

On the contrary, amylopectin has chains of (1→4) linked α – glucoses arranged in a highly 

branched structure with α – (1→6) branching links.
75, 77

 The chemical structures of amylose and 

amylopectin are illustrated in Figure 7. The molecular weight of amylose is generally in the 

range of 10
5
 – 10

6
 Da (when the degree of polymerization is between 1000 – 10,000 glucose 

units) while amylopectin is a much larger polymer than amylose, with a molecular weight 

around 10
8
 Da.

75, 77
 The amylose contents of starches vary according to their botanical origins. 

Normally, maize starches contain approximately 25% amylose and 75% amylopectin. 
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1.5 Green Chemistry and Green Chemical Engineering and the 

Biorefinery Concept 

In order to aid sustainable development via a bio-based economy that utilises waste as a 

resource, the principles and practices of green chemistry, green chemical engineering and the 

biorefinery concept need to be considered. 

1.5.1 Green Chemistry and Green Chemical Engineering 

Green Chemistry is both a philosophy and a methodology in the pursuit of sustainability. In the 

1990s, Anastas and Warner at the US Environmental Protection Agency (EPA) first described 

green chemistry as “the utilisation of a set of principles that reduces or eliminates the use or 

generation of hazardous substances in the design, manufacture, and application of chemical 

products”, with the introduction of twelve principles of green chemistry (Table 2).
78

 During the 

past 20 years, with a globally rising awareness and concerns over the fast depleting fossil fuel 

reserves and pollution associated with wasteful processes, as well as promoted by tougher 

legislations and regulations, the development of green chemistry quickly gained momentum, 

which has led to and nurtured the now well-recognized clean technologies (i.e., green chemical 

technologies).
79

 In the pursuit of sustainability at the molecular, product, process and system 

levels and to achieve the goals outlined by the 12 principles of green chemistry, innovations in 

the development of new low-environmental-impact technologies and in the evaluation and 

improvement of existing chemical processes are required. In 2003, a set of 12 principles of 

green chemical engineering were subsequently proposed by Anastas and Zimmerman (Table 

3),
80

 which together with the 12 principles of green chemistry, provide a framework for 

designing new products (e.g., chemicals, materials, energy etc.), processes and systems, 

maximising efficiency and sustainability while minimising negative environmental impacts.
80, 81

 

According to the Pike research report on Green Chemistry, adoption of green chemistry 

principles and practices, in particular making use of renewable raw materials, will save the 

current chemical industry $65 billion by 2020, and create a bio-based market worth about $98.5 

billion from its current value (2013) of approximately $3 billion.
82
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Table 2: The twelve principles of green chemistry.
78

 

 

1. Prevention               

It is better to prevent waste than to treat or clean up waste after it is formed. 

2. Atom economy 

Synthetic methods should be designed to maximise the incorporation of all materials used in 

the process into the final product. 

3. Less hazardous chemical syntheses 

Wherever practicable, synthetic methodologies should be designed to use and generate 

substances that possess little or no toxicity to human health and the environment. 

4. Designing safer chemicals 

Chemical products should be designed to preserve efficacy of function while reducing 

toxicity. 

5. Safer solvents and auxiliaries 

The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made 

unnecessary wherever possible and, innocuous when used. 

6. Design for energy efficiency 

Energy requirements should be recognised for their environmental and economic impacts 

and should be minimised. Synthetic methods should be conducted at ambient temperature 

and pressure. 

7. Use of renewable feedstocks 

A raw material of feedstock should be renewable rather than depleting wherever technically 

and economically practicable. 

8. Reduce derivatives 

Unnecessary derivatisation (blocking group, protection/deprotection, temporary modification 

of physical/chemical processes) should be avoided whenever possible. 

9. Catalysis 

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

10. Design for degradation 



43 

 

Chemical products should be designed so that at the end of their function they do not persist 

in the environment and break down into innocuous degradation products. 

11. Real-time analysis for pollution prevention 

Analytical methodologies need to be further developed to allow for real-time, in-process 

monitoring and control prior to the formation of hazardous substances. 

12. Inherently safer chemistry for accident prevention 

Substances and the form of a substance used in a chemical process should be chosen so as to 

minimise the potential for chemical accidents, including releases, explosions, and fires. 

 

Table 3: The twelve principles of green chemical engineering.
80

 

 

1. Inherent rather than circumstantial  

Designers need to strive to ensure that all materials and energy inputs and outputs are as 

inherently non-hazardous as possible. 

2. Prevention instead of treatment 

  It is better to prevent waste than to treat or clean up waste after it is formed. 

3. Design for separation 

Separation and purification operations should be designed to minimise energy consumption 

and materials use. 

4. Maximise efficiency 

Products, processes, and systems should be designed to maximise mass, energy, space and 

time efficiency. 

5. Output-pulled versus input-pushed 

Products, processes, and systems should be “output pulled” rather than “input pushed” 

through the use of energy and materials. 

6. Conserve complexity 

Embedded entropy and complexity must be viewed as an investment when making design 

choices on recycle, reuse, or beneficial disposition. 

7. Durability rather than immortality 

  Targeted durability, not immortality, should be a design goal. 
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8. Meet need, minimise excess 

Design for unnecessary capacity or capability (e.g., “one size fits all”) solutions should be 

considered a design flaw. 

9. Minimise material diversity 

Material diversity in multicomponent products should be minimised to promote disassembly 

and value retention. 

10. Integrate material and energy flows 

Design of products, processes, and systems must include integration and interconnectivity 

with available energy and materials flows. 

11. Design for commercial “afterlife” 

Products, processes, and systems should be designed for performance in a commercial 

“afterlife”. 

12. Renewable rather than depleting 

   Material and energy inputs should be renewable rather than depleting. 

 

 

On examining the twelve fundamental principles of green chemistry as well as those of green 

chemical engineering, the use of renewable (bio-derived) resources instead of non-renewable 

diminishing fossil fuel reserves as feedstock raw material adheres to some of the above outlined 

principles, i.e. principle 7 of the 12 principles of green chemistry (A raw material or feedstock 

should be renewable rather than depleting wherever technically and economically practicable), 

and principle 12 of the 12 principles of green chemical engineering (Material and energy inputs 

should be renewable rather than depleting). The incorporation of renewable raw materials, 

especially biorenewable waste streams, into innovative chemical processes for the production of 

a diverse range of new products leads to the creation of a new paradigm: the biorefinery 

concept. 
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1.5.2 The Biorefinery concept 

Essentially analogous to the well-established oil-based refineries, a biorefinery makes use of 

low-value (waste) biomass materials as major feedstocks, and converts them into a diverse array 

of industrially useful intermediates and final marketable products (Figure 8).
83

 These 

intermediates and final products have the potential to replace their petroleum-derived 

analogues.
83

 More specifically, the International Energy Agency (IEA) Bioenergy Task 42 

defined biorefining as “the sustainable processing of biomass into a spectrum of bio-based 

products such as food, feed, chemicals, materials and bioenergy such as biofuels, power and 

heat”.
84

 According to the National Renewable Energy Laboratory (NREL), the term biorefinery 

refers to “a facility that integrates biomass conversion processes and equipment to produce 

fuels, power, and chemical from biomass”.
85

 

 

 

 

Figure 8: Comparison of petro-refinery and biorefinery, adapted from reference 83. (Originally 

in colour) 

 

Future sophisticated biorefineries should be capable of producing low-value, high-volume 

products such as fuels mainly including biodiesel and bioethanol, commodity products and 

generating high-value low-volume speciality chemicals and materials.
83, 86

 The core idea should 

be maximise the value of products, while minimising and/or eliminating waste streams.
83, 86
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As described by Fernando et al.,
86

 Kamm and Kamm,
87

 Van Dyne et al.,
88

 and Clark and 

Deswarte,
83

 three types of biorefineries are reported in the literature, namely phase I, II and III 

biorefineries. Figure 9 demonstrates the three types of biorefineries. 

 

 

Figure 9: The three types of Biorefineries.
86 - 88

 (Originally in colour) 

 

A phase III biorefinery is much more advanced and sophisticated, in which various feedstock 

materials could be converted to a much more diverse range of energy, chemicals and materials 

employing various (combined) technologies.
86 - 88

 The multi-input, multi-technique and 

multi-output nature of phase III biorefineries provides them much more flexibility in terms of 

responding to changing market demands and feedstock supply chains, and maximising 

profitability. Hence, phase III biorefineries represent the most favoured type of biorefinery in 

research and design.
86 - 88

 

 

Traditionally, industrial investment and research effort has been mainly devoted to biofuels 

production (e.g., bio-diesel, bioethanol) to substitute a fraction of petroleum derived fuels. With 

rapid cost reductions and continued financial support (e.g., the global subsidies for developing 

renewable energy technologies amounted to $120 billion in 2013), the use of biofuels is 

expected to triple to 4.6 million barrels per day in 2040, and almost half of the increase in total 

electricity generation to 2040 will be based on renewables including wind power (34%), 
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hydropower (30%) and solar technologies (18%).
7
 However, global fossil-fuel subsidies were 

still four-times more than for renewables, reaching $550 billion in the same year.
7
 This renders 

it even less effective and profitable for biofuel production alone. It has been gradually realized 

that the production of high-value chemicals, and other functional materials in addition to 

biofuels production, could generate more value than current biofuel production processes. For 

example, the production of chemicals and polymer resins from waste biomass could create two 

to four times more added value and six to eight times more employment, while requiring less 

percentage of feedstocks compared with biofuel production.
89

 

 

Constantly feedstock supply will be one of the major problems and challenges faced by a 

biorefinery.
83, 86

 Unlike fossil resources, geographically, biomass is widely distributed. 

Moreover, the cost for transportation of biomass will be high, due to the low bulk density and 

high water content of biomass. Densification of biomass is thus crucial for developing future 

biorefinery infrastructures capable of processing biomass raw material with substantial 

quantities, while reducing operation costs.
83, 86

 The perishable character and the susceptibility to 

degradation of biomass, especially fresh biomass, represent another important issue that needs 

to be taken into consideration. In addition, again unlike fossil resources, the availability of 

biomass is seasonal. To overcome these problems, biomass may need to be stabilised prior to 

long-term storage. In developing future biorefineries, fundamental logistics of a consistent, 

orderly flow of biomass raw materials is of great importance in order to achieve the economic 

success.
83, 86, 87, 88

 

 

In the scope of this thesis the opportunities and challenges in terms of developing future 

biorefineries will not be discussed further and the reader is directed to references 90, 91 and 92 

for a fuller account. 

1.6 Thermochemical conversion techniques 

Current research and practices on valorisation of waste lignocellulosic biomass are primarily 

based on two platforms: the biochemical platform and thermochemical platform.
85, 93

 Each of 
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these two types of conversion approaches has its own advantages and drawbacks. Biochemical 

conversion of waste biomass is generally through the use of biological microorganisms, such as 

enzymes, to degrade complex wastes and produce fuel. The biochemical conversion processes 

are selective and conducted at low temperatures. However, this approach tends to be slow and 

requires batch-wise manufacturing processes.
93, 94

 

 

Thermochemical conversion technologies provide important economic and environmental 

options for waste valorisation by converting wastes into industrially useful and value-added 

materials, fuels and chemicals.
93, 95

 Such processes tend to be relatively quick and could be 

continuously conducted. Compared with biochemical routes, thermochemical methods could 

essentially convert all the organic components of biomass, hence fully capitalizing on its 

chemical and fuel potential. However, these processes are generally operated at high 

temperatures, resulting in a complex mixture of processes and products with uncontrollable 

properties.
93, 94

 This section provides an overview of general thermochemical approaches for 

waste valorisation with particular emphasis on pyrolysis. 

 

 

 

Figure 10: An overview of thermochemical technologies for conversion of biomass and waste 

materials, adapted from reference 95. (Originally in colour) 
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Advanced thermochemical conversion processes employ a wide range of thermal decomposition 

techniques such as gasification, pyrolysis, and/or combined pyrolysis and gasification, 

decomposing waste materials into smaller molecules that can be used as energy sources or 

feedstocks for the synthesis of new products.
93, 95

 Traditionally, thermochemical conversion 

processes are broadly divided into three categories: incineration, gasification, and pyrolysis, 

depending on the amount of oxygen supplied to thermal reactors.
95

 The major operational 

differences between incineration, gasification, and pyrolysis are demonstrated in Figure 10. 

1.6.1 Incineration 

Incineration is commonly employed to recover energy value of waste materials. In an excess 

supply of oxygen, this approach involves complete oxidation of wastes to produce energy in the 

form of electricity and/or heat, yielding carbon dioxide, water, ash and some other products (e.g., 

metals, trace hydrocarbons, acid gases).
95

 However, only the energy content of waste materials 

could be recovered through incineration. Global concerns over greenhouse gas (GHG) 

emissions and environmental pollution associated with the toxic emissions render this method 

increasingly impractical.  

 

The focus of research and industrial practices are shifting towards more advanced 

thermochemical processing of wastes in a more efficient, environmental benign and economic 

manner. Gasification and pyrolysis are two important approaches to convert wastes into 

value-added products, and hold great potential to recover both energy and chemical value of 

waste materials.
95

 

1.6.2 Gasification 

Gasification is a high-temperature thermochemical process that converts waste materials into a 

flammable gas mixture (i.e. so called syngas) rich in CO, CO2, CH4 and H2, ash and a tar 

product.
95, 96

 This process involves partial oxidation of wastes in the presence of limited, 

sub-stoichiometric amounts of oxygen in air, steam, CO2 or pure oxygen, at high temperatures 

generally above 800 
o
C.

95, 96
 The combustible syngas could be used as a fuel directly to generate 

heat and electricity. It could also be converted into liquid fuel and chemicals through 
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post-reaction processing, such as the Fischer–Tropsch process.
95, 97

 In recent years, the focus of 

application of gasification has shifted from production of heat and/or electricity to generation of 

other high-value products, such as chemicals and liquid transportation fuel.
96, 97

 Several 

technical and economic challenges still remain to be addressed. For instance, the process is 

energy-intensive and usually requires a capital intensive plant capable of operating on a large 

scale. Thus the overall energy efficiency of the process should be increased to address the 

required significant energy-input. Also, robust and efficient technologies for cleaning of the 

syngas and upgrading of gasification products to valuable chemicals and fuels should be further 

developed and improved.
95 - 97

 

1.6.3 Pyrolysis 

Pyrolysis is considered to be a promising method for converting biomass into value-added 

products and aims to obtain bio-char, gas, and a liquid product (bio-oil) through thermal 

decomposition of waste biomass in the absence of oxygen. The pyrolysis process is potentially 

capable of recovering both the energy and chemical value of waste biomass. There are several 

comprehensive reviews existing in the literature on pyrolysis of biomass/waste material for 

generation of value-added chemicals, fuels, materials and upgrading methods for pyrolysis 

products.
98 – 102

 

 

Importantly, the pyrolysis process is versatile and can be manipulated to capture all the 

components and maximise the output of the desired products, by altering operational parameters 

such as heating rate, maximum processing temperature and residence time.
95, 102

 In accordance 

with operating conditions, pyrolysis processes are typically divided into three types: slow 

pyrolysis, fast pyrolysis and flash pyrolysis, although these terms are sometimes arbitrary and 

are not very precise.
95, 102

 Slow pyrolysis has historically been employed for many years to 

enhance charcoal generation at low-temperature (typically between 300 
o
C and 500 

o
C) with a 

long vapour-residence time ranging from hours to days. Nowadays, in most cases the term 

pyrolysis refers to fast and/or flash pyrolysis in which smaller molecules (such as bio-oil and 

gas) are preferred products. The bio-oil and gas products generated from fast and/or flash 

pyrolysis are more versatile and potentially of higher value.
95, 102

 Since fast and/or flash 
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pyrolysis are capable of processing a wide range of feedstocks (e.g., lignocellulosic biomass, 

waste plastics, waste tyres), they are considered to be promising alternative approaches for 

waste valorisation.
98, 99, 102

 Fast pyrolysis usually heats the biomass at high heating rates of about 

100 
o
C s

-1
 to the relatively moderate temperatures of about 500 

o
C to 700 

o
C. The short 

residence times of hot vapour (around 1 second) in the reaction zone and rapid quenching lead 

to the production of a mainly liquid product over gas and char. It is reported that liquid product 

yields could be up to 75% based on the starting dry biomass weight could be achieved in some 

fast and/or flash pyrolysis reactions.
98, 102

 The product distributions vary significantly with 

pyrolysis processing conditions. For instance, by increasing hot vapour residence time to 10 – 

20 s, the liquid yield may drop to around 50%, while the yield of gas and char may increase to 

30% and 20% on average.
99, 100, 102 

 

The liquid product formed by condensation of hot vapour is pyrolysis bio-oil, sometimes known 

as bio-crude or pyrolysis oil. In general, bio-oil is a dark brown liquid.
98, 100

 The composition 

and properties of bio-oil vary significantly, depending on feedstocks and processing conditions 

such as pyrolysis reactors, heating rates, pyrolysis temperatures, residence times, collection 

methods. The bio-oil generated from lignocellulosic wastes contains a complex mixture of 

oxygenated compounds as a result of degrading of cellulose, hemicellulose and lignin. Hence, 

bio-oils contain a wide range of chemical compounds such as carbonyl compounds, carboxylic 

compounds, phenolic compounds, oligosaccharides and anhydrosugars.
98 - 102

 Bio-oils also 

contain water, and the quantity of water depends on the feedstock and pyrolysis conditions 

ranging from 15 – 50 wt.%.
95, 98

 One advantage of converting waste matter into an oil product is 

that the bio-oil could be readily stored and transported away from the pyrolysis plant, hence 

de-coupling the waste processing and product utilisation.
95

 

 

Bio-oil is potentially one of the most valuable pyrolysis products. It has promising potential to 

be used as a renewable liquid fuel for road transportation and aviation purposes and/or an 

energy source for generation of heat and electricity. It could also be used as a feedstock for 

production of chemicals.
98

 However, although bio-oils have been tested successfully in engines, 

turbines and boilers, and have been upgraded to high-quality hydrocarbon fuels, their high 
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energetic and financial costs are still presently unacceptable due to its high oxygen content and 

high viscosity.
98

 The high acidity, corrosiveness and low thermal stability of bio-oil also render 

it incompatible with existing petroleum refining infrastructure.
95, 98

 Due to its complex chemical 

composition, bio-oil tends to become more viscous as a result of a variety of chemical and 

physical reactions. In addition, bio-oils are immiscible with standard hydrocarbon fuels. Even 

though the recovery of pure chemical compounds from the complex bio-oil is technically 

feasible, it is unattractive economically due to its high costs and low concentrations of specific 

chemicals.
103

 Significant efforts are required to address some of the obstacles mentioned above. 

 

The bio-char and gas products are sometimes considered as by-products in the context of fast 

and/or flash pyrolysis.
95, 98

 Bio-char could be used as a soil improver, solid fuel in boilers or a 

precursor for the production of activated carbon and carbon nanotubes, and the gas product is 

potentially an alternative source for chemicals and could provide energy for the pyrolysis 

process.
95

 Several potential applications of pyrolysis products are illustrated in Figure 11. 

 

 

Figure 11: Illustration of several potential applications of pyrolysis products, adapted from 

reference 95. (Originally in colour) 

1.7  Microwave chemistry 

An ideal efficient thermochemical conversion process for valorisation of biomass and other 

waste materials would combine the advantages of biochemical and thermochemical approaches. 
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It should be operated continuously and at relatively low temperatures, yielding a narrow 

spectrum of products on a reasonable timescale.
93

 Recently, the integration of microwave with 

pyrolysis has attracted much attention due to the nature and many advantages of microwave 

heating, such as uniform and rapid internal heating of large biomass particles, instantaneous 

response for rapid start-up and shut down, energy efficiency, no need for agitation etc.
104

 Also, 

microwave processing has now been widely accepted as an efficient technique for both pilot 

scale and large continuous processing for waste treatment.
105, 106

 Luque et al. pointed out that 

microwave-assisted pyrolysis, especially at low temperatures, is a promising alternative for 

valorisation and processing of biomass and waste materials, and has great potential to be 

integrated into future biorefineries.
107

 In this context, Lam and Chase reviewed existing 

processes for converting waste to energy using microwave pyrolysis,
108

 and Yin reviewed 

microwave-assisted pyrolysis of biomass for the production of bio-fuels.
109

 In recent years, 

significant efforts have been devoted to the application of microwave pyrolysis to a vast array of 

biomass and/or waste materials, such as sewage sludge,
110

 algae,
111

 straws,
112

 plastics,
113

 

cellulose
114

 and other organic wastes,
115 - 120

 for valorisation. 

1.7.1 Principles of microwave heating 

In the electromagnetic spectrum (Figure 12), microwave irradiation lies between radio and 

infrared in the frequency range of 0.3 to 300 GHz, which corresponds to a wavelength range of 

1 m to 1 cm.
121, 122

 

 

 

 

Figure 12: The electromagnetic spectrum. (Originally in colour) 
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As specified by international convention, industrial microwave heating is conducted at 

frequencies of either close to 900 MHz or 2.45 GHz, to minimise and/or avoid any interference 

with communication services.
122

 Nowadays, both industrial and domestic microwave heating 

facilities are exclusively operated at 2.45 GHz (which corresponds to a wavelength of 12.24 

cm). 

 

Microwave heating is one kind of electrical volumetric heating wherein all the infinitesimal 

elements containing in the volume of a workload/specimen are heated individually and ideally 

at the same rate.
122

 Microwave-enhanced processes take advantages of the efficient heating of 

microwaves which result from “microwave dielectric heating effects”.
123

 The overall 

mechanism of how microwave energy is absorbed and dissipated within a material is 

complicated, but briefly via two main mechanisms, namely dipolar polarisation (reorientation) 

and ionic conduction, as well as interfacial (Maxwell-Wagner) polarisation:
108, 123, 124

 

 

a) Dipolar polarisation (reorientation): When a workload/specimen which includes polar 

compounds, in other words possess dipole moments, is subjected to an electromagnetic field, 

induced dipoles are formed by displacing electrons (electronic polarisation) and /or the atomic 

nuclei (atomic polarisation) from their equilibrium position. The induced and/or existing 

permanent dipoles will attempt to reorient themselves to the applied electromagnetic field by 

rotation. The electromagnetic field oscillates so quickly and the realignments of (induced) 

dipoles occurs trillions of times each second, and in this process, heat is generated by friction 

between the rotating molecules within the whole volume of the workload/specimen.
108, 123

 In this 

case water, consisting of permanent dipoles, is a good example and an excellent microwave 

absorber which is widely used in microwave-enhanced processes. The extent to which a 

material could be heated is directly related to the frequency of applied electromagnetic field and 

the ability of the matrix to realign itself with the frequency of electromagnetic field. If the 

frequency of applied electromagnetic field is too high, the time is too short to allow molecular 

rotation to occur and hence no heating occurs. On the other hand, at low frequencies, the 

rotation rate of molecules is slow, resulting in minimal heating effect. At the given frequency of 

2.45 GHz, which lies between the above mentioned two extremes at which almost all 
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commercial facilities operates, the (induced) molecular dipoles have time to align with the 

applied field rather quickly, but not too fast to follow the oscillating field precisely.
123 - 125

 So, 

not surprisingly, for liquids that do not contain dipole moments, or one in which induced dipoles 

could not be formed, direct heating by microwave irradiation is not possible. However, this 

effect could be addressed by adding even very small amounts of a dipolar liquid to a miscible 

non-dipolar liquid, a uniform heat distribution could be rapidly achieved under microwave 

irradiation. For gas samples, the molecular distance are too large to generate molecular friction, 

thus they could not be heated by microwaves. 

 

b) Ionic conduction: this mechanism is significantly effective if the irradiated 

workload/specimen contains ions. When subjected to microwave irradiation, the charged ions 

and/or electrons will move through the material and electric currents are generated.
108

 The 

flowing ions and/or electrons undergo significant collisions under the influence of oscillating 

applied electromagnetic field and hence the kinetic energy is converted to heat. In some cases, 

the irradiated workload/specimen has a relatively high electrical resistivity, so the energy 

generated by flowing ions/electrons is dissipated as heat as well.
108

 

 

c) Interfacial (Maxwell-Wagner) polarisation: For a heterogeneous workload/specimen, under 

microwave irradiation, since the conductivities and dielectric constants of the substances at the 

interfaces are different, charges are built up in contact areas or interfacial areas between 

different components, resulting in polarisation. This polarisation further leads to field distortions 

and dielectric loss, and consequent heating effects.
108

 

 

It is the dielectric properties that predominantly determine a material’s heating properties and 

characteristics.
108, 123, 125

 More specifically, the loss factor (tanδ) is an indicative of a material’s 

ability and efficiency in terms of converting absorbed electromagnetic energy into heat, which is 

dependent on two parameters, namely dielectric constant (𝜀′) and dielectric loss factor (𝜀′′), and 

is expressed as the following equation: 

 

tanδ =
𝜀′′

𝜀′
 



56 

 

The dielectric constant (𝜀′) refers to the ability of a material to be polarised by the applied 

electric field, whereas the dielectric loss factor (𝜀′′) indicates the material’s efficiency in terms 

of converting electromagnetic radiation into heat. 

 

The loss factor (tanδ) mechanism accounts for the observation that materials of similar polarity 

in some cases heat up at different rates, the numerical value of which is determined 

experimentally. Also, the higher the “loss factor tanδ”, the better the material is as a microwave 

absorber.
108, 123

 For instance, carbon materials and inorganic oxides are typically classified as 

efficient microwave absorbers; while materials with low loss factor (tanδ), such as plastics, are 

“resistant” or “transparent” to microwave irradiations. In the latter case, efficient microwave 

absorbers, such as particulate carbon, are generally added to promote efficient microwave 

heating. In terms of solvents, generally according to their loss factor (tanδ), they are broadly 

classified as high (tanδ > 0.5), medium (0.5 > tanδ > 0.1) and low (0.1 > tanδ) microwave 

absorbing solvents.
123

 The tanδ values of some common solvents are listed in Table 4. 

 

Table 4: Loss factors (tanδ) of several common solvents
a
 

Solvent tan𝛅 

Ethanol 0.941 

Dimethyl sulfoxide (DMSO) 0.825 

Methanol 0.659 

Acetic acid 0.174 

Water 0.123 

Chloroform 0.091 

Ethyl acetate 0.059 

Hexane 0.020 

a
 Data obtained from references 123 and 126; 2.45 GHz, 20 

o
C 

1.7.2 Microwave vs. conventional heating – the “microwave-effects” 

As mentioned above, due to the electrical volumetric heating nature of microwave irradiation, 

microwave heating offers efficient in-core volumetric heating (also known as internal heating) 
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by directly coupling microwave electromagnetic energy with molecules contained in the heated 

matrix. Hence microwave heating is considered to be much more efficient compared with 

conventional heating, in which case heat is transferred from the surface to the centre of a 

workload/specimen with the application of an external heat source (e.g., an oil bath or hot plate) 

mainly through conduction and/or convection.
108, 123

 As a result, in conventional heating, the 

internal temperature distribution of a heated workload/specimen is limited by the thermal 

diffusivity of the material, which is a physical parameter that is determined by the specific heat, 

thermal conductivity and density of a material and specifically determines the temperature rise 

within a material (subjected to a given set of conditions of heating) as a function of depth from 

the surface and time.
108, 122

 To allow direct interactions of molecules within a material and 

microwave irradiation, microwave vessels are typically produced using (nearly) 

microwave-transparent materials such as quartz, borosilicate glass or teflon.
123

 Under 

microwave irradiation an inverted temperature gradient effect occurs compared with 

conventional thermal heating, more specifically, the temperatures of microwave vessels or 

material surfaces are lower than those of the interior of the material.
123

 The inverted temperature 

gradient effect of microwave heating is illustrated in Figure 13. 

 

 

 

Figure 13: Illustration of temperature profiles of microwave irradiation and conventional 

heating, adapted from references 123 and 127. (Originally in colour) 

 

Attributed to its electrical volumetric heating nature and heating mechanism stated above, 

microwave heating also shows several “unique” heating effects which generally cannot be 
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attained or duplicated under conventional heating conditions.
123

 For example, a) super heating 

effect (e.g., polar solvents/liquids could be superheated to temperatures tens degree above their 

boiling points within rapidly in sealed microwave vessels; the temperature of ionic liquids could 

dramatically jumps around 200 
o
C within seconds), b) selective rapid heating of polar or strong 

microwave absorbing compounds while less or ineffective for less or non-polar substances, c) 

the hot spot effects (i.e., microscopic hotspots or “molecular radiators” are formed owning to 

varieties in dielectric properties of compounds within the heated material, leading to 

significantly higher temperatures of certain positions within the material than the temperature 

measured in bulk), d) the elimination of the vessel “wall effects” due to the inverted temperature 

gradient effect under microwave irradiation, e) sometimes altered product distributions 

compared to experiments conducted with conventional heating approaches. These “specific 

microwave effects” caused significant debate and controversy previously, but today it is widely 

accepted that the inherent reason for these “specific microwave effects” is mainly the dramatic 

accelerated heating rate caused by microwave irradiation and the fundamental/base of these 

“specific” effects are actually thermal/kinetic effects.
123, 125

 

 

Overall, microwave heating as an alternative heating approach offers several advantages over 

conventional heating methods. Taking advantage of the above mentioned “unique” features 

associated with microwave heating, it is possible to improve process efficiency and 

intensification, modify process product distributions and selectivities, achieve better process 

controllability and even, in some cases, to perform reactions that generally cannot be conducted 

with conventional heating approaches.
123
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2.1 Summary 

Three kinds of biorenewable waste streams (spruce wood chips, waste office paper and paper 

deinking residue (DIR)) were converted to value-added products via microwave-assisted 

low-temperature (<200 
o
C) pyrolysis. The potential applications for the pyrolysis products with 

particular emphasis on bio-oils and microwave residue (from DIR) were explored. Figure 14 

illustrates the possible major sources of these three kinds of biorenewable waste streams. This 

chapter could also be viewed as three case studies for valorisation of currently under-utilised 

and low-value biorenewable waste streams in the concept of the biorefinery. 

 

 

 

Figure 14: Illustration of potential sources for the three kinds of biorenewable waste streams: 

wood chips, waste paper and DIR. (Originally in colour) 

 

The three biorenewable waste streams (i.e. spruce wood chips, waste office paper and paper 

deinking residue (DIR)) were converted into bio-oil (organic and aqueous phases), bio-char 

(microwave residue) and gas via low-temperature (<200 
o
C) microwave-assisted pyrolysis 

within approximately 15 minutes at fixed power (1200 W, 2.45 GHz). Both biorenewable 

feedstocks and their pyrolysis products (except gas) were characterized by proximate and 

ultimate analysis, ICP-MS, ATR-IR spectroscopy. Chemical compositions of both the organic 

and aqueous phase bio-oils generated from microwave-assisted pyrolysis processes were 

comprehensively studied using 
1
H and 

13
C NMR spectroscopy and GC-MS. It was demonstrated 

that broad categories of compounds indicative of sugars (carbohydrates), (hetero-) aromatics 

and carbonyl-containing moieties were identified in the organic phase bio-oils. The aqueous 

phase bio-oils mainly comprise water, carboxylic acids as well as trace amounts of organic 

matter. In addition, it was found that the microwave-assisted low-temperature (<200 
o
C) 
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pyrolysis process is very efficient for simultaneously efficient fast separation and recovery of 

the organic and inorganic content of DIR. 

 

The utilisation of the organic phase bio-oils derived from spruce wood chips, waste office paper 

and DIR as adhesives for aluminium – aluminium (Al – Al) bonding was studied. The 

influences of curing temperatures and time periods on the adhesive strengths (tensile strengths) 

of the Al plates cured by the organic phase bio-oils were investigated by application of the 

organic phase bio-oil (70 mg) to Al plates (50 mm × 50 mm) followed by curing at different 

temperatures (120 
o
C, 140 

o
C, 160 

o
C and 180 

o
C) and time periods (4 and 8 h). The scrapings of 

the post-cure material at the Al – bio-oil – Al interfaces post tensile tests were characterized by 

ATR-IR and solid-state 
13

C CP/MAS NMR with and without dipolar dephasing. 

 

To gain an in-depth understanding of the adhesive properties of bio-oil, a liquid - liquid 

fractionation of the waste office paper derived organic phase bio-oil using alkali and organic 

solvents were carried out. The results suggest a possible synergistic and/or co-operative effect 

within various bio-oil components, while the “acidic” fraction comprising possible (hetero-) 

aromatic compounds such as furans contribute most towards good adhesion. 

 

Furthermore, a model compound study using 5-(hydroxymethyl)-2-furaldehyde (HMF), 

catechol and levoglucosan was conducted to investigate bonding behaviour of the bio-oil. Single 

model compound, mixtures of each two model compounds with various molar ratios and 

mixtures of the three model compounds with various molar ratios were applied as adhesives for 

Al bonding. The post cure material and/or residues remaining between the two Al substrates 

were characterized by ATR-IR. 

 

Finally, since the microwave residue represents the largest fraction of products generated from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of DIR, it was further characterized by 

solid-state CP/MAS 
13

C NMR, SEM, ATR-IR, ICP-MS, powder X-ray diffraction (XRD) and 

solid-state Bloch-decay 
13

C NMR. The results indicate that the microwave-residue is free from 

organic matter and primarily comprises calcium carbonate (calcite) and kaolinite. Hence, a 
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potential application for reusing the microwave residue in paper recycling processes to produce 

recycled paper and/or cardboards is proposed. 

2.2 Wood chips, waste paper and de-inked residue (DIR) 

2.2.1 Wood processing waste and wood chips 

Wood is by far the most widely and intensively used lignocellulosic material worldwide. The 

application areas of wood are numerous due to its versatile physical and chemical 

characteristics.
128, 129

 Global major industrial wood application areas include heat and/or power 

generation, saw milling, woodworking, paper and pulp industry as well as wood-based materials 

industry.
128 - 130

  

 

Industrial round wood is the wood that enters the forest processing industry and used for any 

purposes except energy and fuel, majorly comprising sawlogs, veneer logs, pulpwood, round 

and split, as well as other industrial round wood (e.g., used for fence posts and telegraph 

poles).
131

 According to the Food and Agriculture Organization (FAO) of the United Nations, 

global industrial round wood production increased from 1710 million m
3
 in 2012 to 1737 

million m
3
 in 2013, representing an increase of about 1.6%.

131
 Actually, the global round wood 

production has increased since 2009 and has also exceeded the level of production in 2009 by 

13%.
131

 The major consumers of industrial round wood are US (16%), China (12%), the Russian 

Federation (9%), Brazil (9%) and Canada (8%), which are also the top five major producers of 

industrial round wood worldwide.
132

 

 

Due to the significantly high amounts of wood being produced and consumed each year, the 

wood processing industry, together with other relative industrial sectors, represents a major 

industrial domain that generates vast amounts of wood waste.
133, 134

 Europe, China, USA, Brazil 

and Canada are the leading region/countries where most wood residues are generated. Industrial 

wood residues are primarily generated as co-products of the sawmilling industry, including 

shavings, sawdust, wood chips and residues of any other forest industry.
133, 134

 The volume of 

industrial wood residues generated globally per year is huge. According to data released by the 
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FAO, about 8.5% of industrial round wood results in wood residues.
135

 For instance, in 2010, 

among the 1534 million m
3
 of consumed industrial round wood, around 131 million m

3
 ended 

up in wood residues.
135, 136

 Some wood residues could still find an application depending on the 

species, quality and properties.
136, 137

 For example, wood chips and particles of proper and high 

quality could be used as feedstock in the paper and pulp industry. Also, some residues (e.g., 

sawdust, bark, wood shavings) may be suitable for generation of heat and/or power, and a small 

proportion of this residue is employed for the production of chemicals.
136 - 139

 Nevertheless, 

significant amounts of waste wood residue still remain and can be of diverse quality depending 

on their origins and the industrial processes. In the context of waste as a resource, these wood 

residues represent one important source of renewable biomass raw material from which high 

value-added products could be derived.
133, 134, 140, 141

 

2.2.2 Waste paper 

Globally, paper is one of the most widely recycled materials. For instance, in 2011 the recycling 

rate of used waste paper was over 70%.
142

 In theory, paper can be recycled up to six or seven 

times, but in reality this is far from true. Paper cannot be recycled indefinitely as cellulose fibers 

become too short and worn to be useful in creating a new sheet of paper or cardboard box. The 

current average paper recycling rate in Europe is 3.5; while world-wide the average is only 2.4 

times.
142

 In an era of confidentiality and data protection, document shredding and/or milling of 

paper is on the rise, which can render it ineffective for recycling as the resulting fibres become 

too short. Finely chopped or ground paper also causes maintenance problems and fire hazards 

when fed into certain types of paper mill machinery, and some mill machines simply cannot 

recognize small or shredded materials detrimental to paper quality.
143

 

 

Thus, a significant amount of waste paper and board ends up in landfill or incineration, which is 

a loss of valuable cellulosic raw materials and might have negative impacts on the environment. 

The recognition of the value of this rejected material is now important, as the economic 

differential between the price of paper for recycling and the cost of reject management is 

becoming marginal. Paper destined for recycling should be seen as a source for many valuable 

components to produce additional high value products alongside paper.
144
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The production of biofuels and other sugar derivatives (such as gluconic acid,
145

 lactic acid
146

) 

from waste paper through biochemical conversion has been reported. Also, it has been estimated 

that the annual global production of bio-ethanol can be as much as 82.9 billion litres from waste 

paper, replacing 5.36% of petroleum consumption, with accompanying greenhouse gas (GHG) 

emission savings between 29.2% and 86.1%.
144

 However, one disadvantage of biochemical 

conversion, which generally involves enzymatic hydrolysis, is the low enzymatic degradation 

rate of lignocellulosic materials due to the resistant crystalline structure of cellulose and the 

physical barrier formed by lignin that is associated with the cellulose.
147

 Also, the high enzyme 

cost is another disadvantage for biochemical conversion from an economic point of view.
148

 

2.2.3 Paper deinking residue 

The Paper and pulp industry is a major industrial sector that generates significant amounts of 

lignocellulosic wastes.
149, 150

 For example, in Europe alone, the paper and pulp industry 

generates 11 million tonnes of waste annually and around 70% of the waste is attributed to the 

production of deinked recycled paper.
151

 Among these, deinking residue (DIR), also sometimes 

known as deinking paper sludge (DPS), which is a composite waste material generated from 

paper deinking processes, accounts for about 2.3 million tonnes of waste generated each year.
152, 

153
 In general, 15 - 40% by weight of original wastepaper before deinking ends up as DIR on a 

dry basis, depending on the quality of wastepaper raw material and the type of recycling 

process.
154

 As mentioned above in section 2.2.2, paper is one of the most recycled materials 

globally,
142

 dramatically significant amounts of DIR have been and are still being generated. 

 

The waste paper recycling process generally involves separation of useable pulp fibers from 

other paper components, yielding “secondary” fibers that are suitable for making new paper 

products and waste materials.
154

 Paper fibers can only be recycled for a limited number of times 

(around 2.4 worldwide), before they are too short to be useful for making new paper products 

and must be discarded as part of DIR.
142, 153

 Consequently, DIR mainly contains short cellulosic 

fibers, inorganic mineral fillers (clay, calcium carbonate, and silica etc.), ink particles, and 

coatings depending on the type of recovered paper being processed.
151, 154

 Generally, DIR is 

poorly used and ends up in a landfill and/or land spread. With the increasingly high landfill 
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costs and tougher legislation, disposal of DIR represents both an economic and environmental 

burden for recycled paper mills, in particular paper deinking mills, all over the world. Global 

concerns over the efficiency, competitiveness, and profitability of relative industrial sectors are 

also key drivers to recover value from major industrial waste streams which are currently 

underutilized, such as DIR. 

 

Several alternative beneficial ways for valorisation of DIR have been explored and reported. For 

example, it can be used as soil amendments and a plant nutrient carrier
155

 and for the production 

of particleboard and other composite materials.
156 - 159

 It can also be used as a waste biomass 

feedstock for the production of fuel and chemicals via thermochemical methods such as 

pyrolysis, sub-/supercritical water treatments.
160 - 165

 The char generated from pyrolysis of DIR 

could be used for heavy metal adsorption.
166 - 168

 

2.3 Microwave-assisted low-temperature pyrolysis of biorenewable 

waste streams 

2.3.1 Experimental set-up 

As described in the experimental section 4.2.1 in chapter 4, the microwave-assisted 

low-temperature (<200 
o
C) pyrolysis experiments of various waste raw material feedstocks (i.e., 

Spruce wood chips, waste office paper and DIR) were performed on a Milestone 

ROTO-SYNTH Rotative Microwave Reactor (Milestone Srl., Italy) fitted with a vacuum system, 

which allows for in-situ separation, condensation and collection of generated volatile 

compounds. 

 

The pyrolysis processes were carried out under vacuum and samples were exposed to 

microwave irradiation at a fixed power (1200 W, 2.45 GHz) within a rotating microwave vessel 

(2 L), thus even distribution of microwave irradiation energy could be achieved.
169 

Process 

temperatures gradually increased from room temperature (around 25 
o
C) with reaction time, the 

microwave-assisted pyrolysis processes generally finished (no volatiles came out from the 
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microwave vessel) and maximum temperatures (between 190 
o
C and 200 

o
C) were reached after 

about 12 – 13 minutes of irradiation. Using the fitted vacuum system, condensable volatile 

compounds were collected as two phases of bio-oils (i.e., aqueous phase bio-oil and organic 

phase bio-oil) and incondensable gaseous products were removed from the reaction system by 

the vacuum pump, as diagrammatically illustrated in Figure 15. 

 

More specifically, during microwave-irradiation of biomass within the rotating microwave 

vessel in the microwave chamber, an aqueous phase was firstly generated and collected at the 

round-bottom flask connected to the water cooled condenser. After 3 to 4 minutes, a dark-brown 

liquid was produced and collected separately in another round-bottom flask (i.e., organic phase 

bio-oil). This microwave-assisted pyrolysis experimental set-up was reported to be very 

efficient at producing organic phase bio-oil which almost free from water. 

 

 

Figure 15: Experimental set-up for the microwave-assisted low-temperature (<200 
o
C) 

pyrolysis of spruce wood chips, waste office paper and DIR. (Originally in colour) 
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2.3.2 Yield analysis 

The distribution of products as a result of microwave-assisted low-temperature (<200 
o
C) 

pyrolysis of spruce wood chips, waste office paper and paper deinking residue is shown in 

Figure 16. The yields of gases were calculated by mass differences as in the current study 

gaseous products were depleted from the reaction system by the vacuum pump. The 

appearances of the feedstock raw materials (spruce wood chips, waste office paper and DIR) 

together with generated pyrolysis products are shown in Figure 17. 

 

 

Figure 16: Distribution of product yields for the microwave-assisted low-temperature pyrolysis 

of Spruce wood chips, waste office paper and DIR (the gas yield was calculated by mass 

difference). (Originally in colour) 
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Figure 17: Appearance of raw materials and products from microwave-assisted 

low-temperature processing of spruce wood chips, waste office paper and DIR. (Originally in 

colour) 

 

For spruce wood chips and waste office paper, the yield distributions are typical of 

microwave-assisted low-temperature pyrolysis of waste biomass, such as wheat straw.
169, 170

 The 

yields for the organic and aqueous phase bio-oils derived from spruce wood chips are 21% and 

32%, while those for waste office paper generated organic and aqueous phase bio-oils are 19% 

and 23%, respectively. This microwave-assisted pyrolysis process also yielded a char-like 

material (bio-char) with yields up to 34% (from spruce wood chips) and 43% (from waste office 

paper). The yields for gaseous products derived from Spruce wood chips and waste office paper 

are 13% and 15%, respectively. 

 

Due to the “unique” nature of DIR (mainly inorganic matter and few residual organic 

lignocellulosic matter), to allow a better evaluation of the microwave-assisted processing of 

DIR and yields of products derived from DIR, the as-received DIR was initially characterized 

with thermogravimetric analysis (TGA). TGA of DIR raw material was conducted in both 
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nitrogen and air atmosphere, according to the procedure described in the experimental section 

4.2.3 in chapter 4. 

 

Figure 18 highlights the TG traces of DIR in nitrogen (black) and air (red) atmosphere. Samples 

were heated from 30 
o
C to 625 

o
C at a heating rate of 10 

o
C min

-1
. For the TG trace of DIR in 

nitrogen atmosphere, weight loss below 200 
o
C is mainly attributed to water /moisture 

vaporization. The decomposition of organic matter (mainly short cracked cellulose fibers) is 

observed between 250 
o
C and 370 

o
C. Another weight loss step is observed from 370 

o
C to 550 

o
C, which is mainly due to dehydration and dehydroxylation reactions of kaolinite.

166, 171
 

Decomposition of CaCO3 was not observed as it generally occurs at temperatures higher than 

750 
o
C. 

 

The TG profile of combustion of DIR (i.e., in air) is similar to that of heating DIR in nitrogen 

atmosphere. From 30 
o
C to 200 

o
C, the weight loss is mainly due to evaporation of water / 

moisture and probably some dehydration reactions of organic matter. From around 200 
o
C to 

550 
o
C is attributed to combustion and volatilization of organic matter.

167, 172
 Dehydration and 

dehydroxylation reactions associated with kaolinite also contribute to the weight loss in this 

temperature range, but mainly for the weight loss between 350 
o
C to 550 

o
C. Similar TG profiles 

were observed before for this kind of waste material.
166, 167, 173

 The percentage of weight loss of 

DIR in N2 atmosphere (27%) is less than that of DIR in air (32%) at around 600 
o
C, as all the 

organic matter in DIR is combusted in air but little residual organic matter still existed after 

heating in nitrogen atmosphere. The colour of TG ash of DIR in N2 atmosphere is dark brown, 

while that of TG ash of DIR in air is grey white, as demonstrated in Figure 19. The TG ashes of 

DIR obtained from thermogravimetric analysis of DIR in both nitrogen and air atmosphere, 

together with the microwave residue obtained from microwave-assisted low-temperature (<200 

o
C) pyrolysis of DIR, will be further characterized and discussed in-depth in section 2.11. 
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Figure 18: TG traces of DIR in N2 (black) and in air atmosphere (red), samples heated from 30 

o
C to 625 

o
C at a heating rate of 10 

o
C min

-1
. (Originally in colour) 

 

 

Figure 19: Appearance of (A) DIR raw material, (B) DIR microwave residue obtained from 

microwave-assisted pyrolysis of DIR, (C) TG ash of DIR in N2 atmosphere and (D) TG ash of 

DIR in air atmosphere. (Originally in colour) 
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Because of the high inorganic content of the as-received DIR (around 78%) as revealed by the 

TGA characterization, the largest fraction of pyrolysis products is the microwave residue with 

yield about 78%. Two phases of bio-oils were generated, namely organic phase (yield: 6%) and 

aqueous phase bio-oil (yield: 8%). The yield for incondensable gaseous product was 8%. As 

organic matter accounts for approximately 22% by weight of DIR according to TGA, it is 

obvious that the microwave-assisted pyrolysis process is very efficient for complete separation 

of inorganic matter as microwave residue from organic content of DIR. This effect was further 

proved by a TG characterization of the microwave residue; the weight loss of microwave 

residue was less than 1% even after heating to 625 
o
C in nitrogen atmosphere (Figure 20). 

 

 

Figure 20: TG trace of microwave residue in N2 atmosphere (100 mL min
-1

), sample heated 

from 30 
o
C to 625 

o
C at a heating rate of 10 

o
C min

-1
. (Originally in colour) 
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2.4 Proximate and ultimate analysis of biorenewable feedstocks and 

their microwave-assisted low-temperature (<200 
o
C) pyrolysis 

products 

2.4.1 Proximate and ultimate analysis 

To achieve a better evaluation of the microwave-assisted low-temperature pyrolysis processes, 

the proximate and ultimate analysis of spruce wood chips, waste office paper, DIR, as well as 

their relative pyrolysis products (except incondensable gaseous products) are summarized in 

Table 5, 6, and 7, respectively. The parameters of proximate analysis include moisture content, 

volatile matter content, fixed carbon content and ash content, which were determined by a TG 

characterization of each sample in both N2 and air atmosphere (where appropriate), as 

specifically described in the experimental section 4.2.4 in chapter 4. For the ultimate analysis 

(i.e. elemental analysis), the carbon, hydrogen, nitrogen, sulfur and oxygen content of raw 

materials and their pyrolysis products (except gas) were quantitatively determined. In addition, 

the calorific values and water content of raw materials and their pyrolysis products (where 

appropriate) were measured and summarized. Since the DIR raw material was characterized in 

detail in section 2.3.2, also due to the “unique” composition of DIR, the proximate analysis of 

DIR was not included in Table 7. 

 

The calorific values of the resulting organic phase bio-oils are all (significantly) higher than 

those of their relative parent materials, i.e., energy densified. In addition, It is noteworthy that 

the calorific values of the organic phase bio-oils generated from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of the three biorenewable feedstocks are higher than 

typical reported calorific values of bio-oils (about 17 MJ kg
-1

).
98, 99, 102

 For instance, as shown in 

Table 5, the calorific value of the spruce wood chips derived organic phase bio-oil (22.75 MJ 

kg
−1

) is higher than that of the spruce wood chips (18.57 MJ kg
-1

). More significant energy 

densified effect was observed for waste office paper and DIR. The calorific value of the DIR 

derived organic phase bio-oil (26.26 MJ kg
-1

) is almost 5 times higher than that of DIR raw 

material (5.71 MJ kg
-1

). 
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With an increasing of the amount of inorganic matter (ash content) in the feedstocks from 

spruce wood chips (0.9%) to waste office paper (12.8%) to DIR (around 68%, Figure 18), the 

calorific values of these materials decreased accordingly: spruce wood chips (18.57 MJ kg
-1

), 

waste office paper (13.6 MJ kg
-1

) and DIR (5.71 MJ kg
-1

). The calorific value of the waste 

office paper derived bio-char (11.7 MJ kg
−1

) is lower than that of the original waste paper raw 

material (13.6 MJ kg
−1

), which is due to its elevated content of inorganic matter, namely 

calcium carbonate (CaCO3) and clays such as kaolinite, commonly added to paper products 

during paper manufacturing processes.
174

 This trend is even more significant for DIR which has 

a much higher inorganic content than waste office paper. The calorific value of the DIR derived 

microwave residue is only around 1.38 MJ kg
-1

, this is attributed to the very low organic content 

of the resultant microwave residue (<1%) as evidenced by the TG analysis (section 2.3.2, Figure 

20). Due to the high amounts of water present in the aqueous phase bio-oils, the calorific values 

of the aqueous phase bio-oils cannot be measured using the bomb calorimeter as described in 

section 4.2.5 in chapter 4. 

 

The fact that the organic phase bio-oils generated from microwave-assisted low-temperature 

(<200 
o
C) pyrolysis of the three biorenewable feedstocks are energy densified is mainly 

attributed to the employment of the efficient separation system in the microwave-assisted 

pyrolysis experiments (Figure 15). Since most water, mainly generated from dehydration 

reactions within feedstocks during pyrolysis, was trapped into the aqueous phase bio-oils, the 

water contents of the organic phase bio-oils are relatively low (around 2%). 
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Table 5: Proximate and ultimate characterization of spruce wood chips and their 

microwave-assisted pyrolysis products 

 Spruce wood chips Organic phase 

bio-oil 

Aqueous phase 

bio-oil 

Bio-char 

Proximate analysis (wt.%) 

Moisture 6.2 --- --- 2.0 

Volatile matter 73.1 --- --- 39.9 

Fixed carbon 19.8 --- --- 55.8 

Ash 0.9 <1.0 1.1 2.3 

Ultimate analysis 

C (%) 46.10 ± 0.21 52.03 ± 0.31 26.41 ± 0.18 71.33 ± 0.31 

H (%) 5.60 ± 0.08 6.40 ± 0.03 7.71 ± 0.02 4.20 ± 0.05 

N (%) N.D.
a
 N.D. N.D. N.D. 

S (%) 0.020 ± 0.003 0.005 ± 0.001 0.009 ± 0.002 0.041 ± 0.002  

O (%)
b
 48.3 ± 0.29 41.60 ± 0.34 65.89 ± 0.20 24.5 ± 0.36 

Water content (%) 1.1 2.1 ± 0.2 --- <1.0 

CV (MJ kg
-1

)
d
 18.57 ± 1.32 22.75 ± 1.16 --- 27.76 ± 1.05 

a 
N.D.: not detected; 

b
 Calculated by difference; 

c
 TOC: total organic carbon; 

d
 CV: calorific 

value 
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Table 6: Proximate and ultimate characterization of waste office paper and its 

microwave-assisted pyrolysis products 

 Waste office 

paper 

Organic phase 

bio-oil 

Aqueous phase 

bio-oil 

Bio-char 

Proximate analysis (wt.%) 

Moisture 4.5 --- --- 1.1 

Volatile matter 71.9 --- --- 44.0 

Fixed carbon 10.8 --- --- 21.1 

Ash 12.8 1.2 8.3 33.8 

Ultimate analysis 

C (%) 34.56 ± 0.16 49.88 ± 0.15 16.89 ± 0.21 38.89 ± 0.26 

H (%) 4.30 ± 0.03 5.84 ± 0.04 4.22 ± 0.03 4.01 ± 0.03 

N (%) N.D.
a
 N.D. N.D. N.D. 

S (%) 0.091 ± 0.003 0.043 ± 0.005 0.032 ± 0.004 0.171 ± 0.003 

O (%)
b
 48.25 ± 0.19 44.24 ± 0.19 78.86 ± 0.24 23.14 ± 0.29 

Water content (%) --- 2.6 ± 0.3 --- --- 

TOC (mg L
-1

)
c
 --- --- 180,000 --- 

CV (MJ kg
-1

)
d
 13.6 ± 1.5 21.8 ± 1.2 --- 11.7 ± 1.6 

a 
N.D.: not detected; 

b
 Calculated by difference; 

c
 TOC: total organic carbon; 

d
 CV: calorific 

value 
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Table 7: Ultimate characterization of DIR and its microwave-assisted pyrolysis products 

 DIR 

raw material 

Organic phase 

bio-oil 

Aqueous phase 

bio-oil 

Microwave 

residue 

C (%) 24.08 ± 0.32 55.40 ± 0.22 16.55 ± 0.18 13.48 ± 0.25 

H (%) 2.14 ± 0.05 7.10 ± 0.03 9.07 ± 0.02 0.36 ± 0.02 

N (%) N.D.
a
 N.D. N.D. N.D. 

S (%) 0.110 ± 0.002 0.102 ± 0.005 0.051 ± 0.003 0.132 ± 0.003 

Other (%)
b
 73.67 ± 0.37 37.40 ± 0.25 74.33 ± 0.20 86.03 ± 0.27 

Water content (%) <1.0 2.3 ± 0.2 --- <1.0 

TOC (mg L
-1

)
c
 --- --- 170,000 --- 

CV (MJ kg
-1

)
d
 5.71 ± 0.56 26.26 ± 0.65 --- 1.38 ± 0.16 

a 
N.D.: not detected; 

b
 Calculated by difference; 

c
 TOC: total organic carbon; 

d
 CV: calorific 

value 

2.4.2 Mineral content analysis 

The metal contents of spruce wood chips, waste office paper and DIR were determined using 

inductively coupled plasma–mass spectrometry (ICP-MS). Instrumentation and detailed 

experimental procedures for sample preparation and ICP-MS analysis are illustrated in section 

4.2.7 in chapter 4. Table 8, 9 and 10 summarize the metal contents of raw materials and their 

relative microwave-assisted low-temperature (<200 
o
C) pyrolysis products (except 

incondensable gaseous products) for spruce wood chips, waste office paper and DIR, 

respectively. The ICP-MS data for waste office paper (Table 9) and DIR (Table 10) and their 

relative pyrolysis products show very high levels of calcium in the bio-char and/or microwave 

residue. The high abundance of calcium in waste office paper, DIR as well as their pyrolysis 

products is due to the presence of calcium carbonate which is added during paper manufacturing 

processes.
174

 Also, significant high amounts of silica/silicon were present in waste office paper, 

DIR and their pyrolysis products compared with those of spruce wood chips (Table 8). The high 

silica/silicon content most likely originates from kaolinite (aluminosilicate), water-soluble 

silica-based sizing agents and potential organosilane sizing agents that are added during 

manufacturing of high-quality coated paper.
175, 176
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Table 8: Mineral contents of spruce wood chips and their relative low-temperature 

microwave-assisted pyrolysis products as determined by ICP-MS 

Element  

(ppm
a
) 

Spruce wood 

chips 

Organic phase 

bio-oil (21 wt.%) 

Aqueous phase 

bio-oil (32 wt.%) 

Bio-char 

(34 wt.%) 

Na 11.81 8.42 3.51 9.53 

Mg 3.52 4.01 4.23 10.04 

Al 108.82 84.31 N.D.
b
 178.21 

Si 5877.41 26187.22 19130.82 2636.31 

K 9.22 1.21 1.62 21.61 

Ca 16.81 4.43 4.43 89.24 

Cr 190.91 1.82 2.11 153.41 

Mn 65.73 0.62 1.01 305.62 

Fe 352.12 15.63 17.31 521.33 

Cu 6.71 2.32 3.42 7.71 

Zn 39.12 14.01 16.43 67.02 

As 1.62 0.51 0.06 1.86 

Nb 0.23 0.17 0.13 0.37 

Pd 0.27 0.11 0.08 0.53 

Sn 3.27 0.18 0.56 3.66 

Ir 0.12 0.02 N.D. 0.17 

Pt 0.03 0.03 0.02 0.05 

Au 0.86 0.05 0.01 1.13 

Pb 0.41 0.09 0.72 0.93 

a 
ppm refers to parts per million in mass; 

b
 N.D. = not detected 
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Table 9: Mineral contents of waste office paper and its relative low-temperature 

microwave-assisted pyrolysis products as determined by ICP-MS 

Element  

(ppm
a
) 

Waste office 

paper 

Organic phase 

bio-oil (19 wt.%) 

Aqueous phase 

bio-oil (23 wt.%) 

Bio-char 

(43 wt.%) 

Na 2463.83 194.33 123.36 3790.26 

Mg 919.61 2.90 12.49 2414.23 

Al 328.49 3.56 8.76 532.93 

Si 27168.06 20668.25 23239.69 4956.24 

K 1102.36 199.48 131.59 539.56 

Ca 92877.53 712.27 411.83 243719.67 

Cr 12.73 0.29 0.57 7.35 

Mn 20.89 N.D.
b
 N.D. 46.56 

Fe 936.27 1.10 4.03 929.95 

Cu 10.81 0.25 0.26 21.63 

Zn 7.74 12.31 N.D. 13.86 

As 4.64 6.01 2.51 11.32 

Nb 0.45 0.04 0.52 0.05 

Pd 0.31 0.02 0.11 0.63 

Sn 1.13 18.84 1.69 16.53 

Ir 0.16 0.03 0.05 0.04 

Pt 0.05 0.03 0.05 0.06 

Au 5.52 0.49 0.25 3.88 

Pb 0.22 0.02 0.07 1.17 

a 
ppm refers to parts per million in mass; 

b
 N.D. = not detected 

 

 

 

 



80 

 

Table 10: Mineral contents of DIR and its relative low-temperature microwave-assisted 

pyrolysis products as determined by ICP-MS 

Element  

(ppm
a
) 

DIR Organic phase 

bio-oil (6 wt.%) 

Aqueous phase 

bio-oil (8 wt.%) 

Microwave residue 

(78 wt.%) 

Na 957.81 101.92 99.23 763.13 

Mg 2818.52 9.71 2.14 3264.41 

Al 1328.70 14.14 2.41 5405.83 

Si 75666.82 281761.72 249630.93 235726.54 

K 148.34 215.80 75.32 N.D.
b
 

Ca 281806.52 669.81 545.24 327603.54 

Cr 4.72 0.23 0.51 5.61 

Mn 77.20 N.D. N.D. 85.83 

Fe 924.81 1.82 3.94 1351.81 

Cu 52.92 0.91 0.23 58.22 

Zn 84.80 2.41 N.D. 102.62 

As 2.14 3.31 1.74 1.93 

Nb 0.23 0.31 0.62 0.18 

Pd 0.56 0.09 0.09 0.63 

Sn 51.3 0.82 0.33 65.6 

Ir 0.18 0.03 0.04 0.12 

Pt 0.07 0.02 0.06 0.08 

Au 3.65 0.22 0.21 3.61 

Pb 2.84 N.D. 0.04 4.63 

a 
ppm refers to parts per million in mass; 

b
 N.D. = not detected 
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2.5 ATR-IR Characterization of feedstocks and their 

microwave-assisted pyrolysis products 

Fourier transform-infrared spectroscopy in attenuated total reflectance (ATR) mode was 

employed to characterize the chemical composition of raw materials (spruce wood chips, waste 

office paper and DIR) and to study the structural changes in functional groups occurred during 

the microwave-assisted low-temperature pyrolysis processes. The experimental details for 

ATR-IR characterization are described in section 4.2.8 in chapter 4. 

 

In this study, the ATR-IR spectra of spruce wood chips, waste office paper, DIR as well as their 

relative pyrolysis products (except incondensable gaseous products) were recorded directly after 

the pyrolysis processes, to avoid any interferences of impurities during transferring of pyrolysis 

products. The ATR-IR spectra of spruce wood chips, waste office paper, DIR and their 

low-temperature (<200 
o
C) microwave-assisted pyrolysis products are analyzed and discussed in 

the subsections 2.5.1, 2.5.2 and 2.5.3, respectively. 

2.5.1 ATR-IR characterization of spruce wood chips and their pyrolysis products 

The ATR-IR spectra of original spruce wood chips, the derived organic and aqueous phases of 

bio-oils and bio-char are illustrated in Figure 21. From the infrared spectrum of spruce wood 

chips, strong hydrogen bonded (O-H) stretching vibration and prominent C-H stretching 

vibration absorption bands are observed in the 3700 cm
-1

 – 3000 cm
-1

 region and 3000 cm
-1

 – 

2800 cm
-1

 region, respectively. The intense, broad O-H stretching vibration band between 3700 

cm
-1

 and 3000 cm
-1

 is mainly attributed to the intra- and intermolecular hydrogen bonded 

hydroxyl groups associated with residual moisture, cellulosic matter and lignin in spruce wood 

chips. Characteristic lignin absorption bands due to a variety of aromatic skeletal vibrations are 

observed at 1607 cm
-1

, 1595 cm
-1

, 1510 cm
-1

, 1427 cm
-1

 and 1265 cm
-1

.
177

 The small, broad 

absorption band centred at around 1640 cm
-1

 is originated by absorbed water and/or moisture, 

but may also be due to cellulosic matter. The absorption bands at 1735 cm
-1

, 1372 cm
-1

, 1240 

cm
-1

, 1160 cm
-1

, 1035 cm
-1

 are typical C=O, C-H, C-O-C, C-O deformation and/or stretching 
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vibrations associated with carbohydrates (mainly cellulose and hemicellulose).
177, 178

 The 

absorption band at 1735 cm
-1

 is attributed to the C=O stretching vibrations in unconjugated 

carbonyl compounds, primarily originating from uronic acids of xylans.
178

 Hence this band is 

also a characteristic absorption band of hemicellulose. The C-H deformation vibration in 

cellulose is observed at 897 cm
-1

.
178 

 

By comparing the ATR-IR spectra of pyrolysis products (i.e. organic phase bio-oil, aqueous 

phase bio-oil and bio-char) with that of spruce wood chips raw material, many significant 

changes could be observed. This suggests dramatic changes in chemical compositions had 

occurred during the microwave-assisted low-temperature pyrolysis process. 
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Figure 21: ATR-IR spectra of spruce wood chips and the products generated from 

microwave-assisted pyrolysis process (except gas fraction): organic fraction bio-oil, aqueous 

fraction bio-oil and microwave residue. (Originally in colour) 

 

From the ATR-IR spectrum of spruce wood chips derived organic phase bio-oil, the broad O-H 

stretching vibration band between 3700 cm
-1

 and 3020 cm
-1

 indicates the possible presence of 

phenols, alcohols, carboxylic acids, and residual water. Compared with the O-H stretching band 

of spruce wood raw materials, the O-H stretching band of the organic phase bio-oil drifts to a 
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higher wavenumber (from about 3340 cm
-1

 to 3400 cm
-1

), suggesting a reduction in hydrogen 

bonding. The symmetrical and asymmetrical C-H stretching vibrations are observed at 2937 

cm
-1

 and 2965 cm
-1

, respectively. This indicates the presence of alkyl structures, which is further 

evidenced by the small C-H deformation vibration band at around 1456 cm
-1

. The most 

significant change compared with the spruce wood chips raw material is the appearance of a 

medium intensity carbonyl (C=O) absorption band centred at 1715 cm
-1

. This carbonyl 

stretching vibration band corresponds to ketone, aldehyde and carboxylic acid compounds 

present within the organic phase bio-oil. In addition, the absorption band centred at 1615 cm
-1

 is 

assigned to the C=C stretching of alkene, furans and aromatic compounds, indicating the 

presence of aromatic compounds. However, this absorption band may also correspond to 

residual water in the organic phase bio-oil. The region between 1630 cm
-1

 and 1450 cm
-1

 is a 

typical region where aromatic skeletal vibrations are observed. The absorption bands in this 

region indicate the presence of aromatic compounds in the organic phase bio-oil. Despite the 

bands are significantly overlapped due to the complex chemical composition of bio-oil, the 

characteristic absorption band for aromatic skeletal vibrations at around 1510 cm
-1

 is clearly 

visible in the ATR-IR spectrum of organic phase bio-oil.
177

 The weak absorbances observed 

below 1000 cm
-1

 are mainly attributed to C-H out of plane bending vibrations of (substituted) 

aromatic compounds. The ATR-IR spectrum of organic phase bio-oil also shows many 

differences in this region compared with that of the spruce wood chips. 

 

The ATR-IR spectrum of the aqueous phase bio-oil reveals a significantly different chemical 

composition in comparison with the organic phase bio-oil. The presence of possible carboxylic 

acids is indicated by the broad O-H stretching vibration (3700 cm
-1

 to 3000 cm
-1

) and the 

high-intensity carbonyl stretching vibration band centred at 1715 cm
-1

. The absorption band at 

around 1640 cm
-1

 further suggests the aqueous phase bio-oil contains high amounts of water. 

The aqueous phase bio-oil also contains organic matter as evidenced by the vast number of 

absorption bands in the range between 1750 cm
-1

 and 750 cm
-1

. It is noteworthy that aromatic 

compounds were also trapped into this phase of bio-oil as evidenced by the small absorption 

band centred at 1519 cm
-1

, which is attributed to skeletal vibrations in aromatic compounds.
177

 

Probably due to the presence of large amounts of inorganic matter (e.g., water, carboxylic acids), 
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this absorption band of aqueous phase bio-oil (1519 cm
-1

) drifts slightly to a higher wavenumber 

compared with that of the organic phase bio-oil (at 1510 cm
-1

). 

 

The ATR-IR spectrum of the bio-char (residues in the rotating microwave vessel after pyrolysis) 

indicates many significant structural changes occurred during the pyrolysis process. The 

intensity of the O-H stretching vibration band significantly decreased. Also, this band of 

bio-char drifts significantly to a higher wavenumber (3480 cm
-1

) compared to that of the spruce 

wood chips (3340 cm
-1

), indicating a dramatic reduction in hydrogen bonding. In addition, the 

intensity of the C-O vibration band centred at 1030 cm
-1

 decreased dramatically as a result of 

the decomposition of the spruce wood chips during pyrolysis. The absorption bands between 

1600 cm
-1

 and 1000 cm
-1

 are possibly due to the residual lignin and carbohydrates.
177, 178

 

Compared with the ATR-IR spectrum of spruce wood chips, many changes could be observed 

in this region, suggesting the formation of new chemical bonds during pyrolysis. This is largely 

due to increased aromatisation and rearrangement of chemical bonds in the bio-char. The 

aromatisation of bio-char is further evidenced by the changes of absorption bands in the typical 

aromatic C-H out of plane bending region (950 cm
-1

 to 600 cm
-1

). 

2.5.2 ATR-IR characterization of waste office paper and its pyrolysis products 

The ATR-IR spectral analysis of the virgin milled office paper and subsequent pyrolysis 

products are shown in Figure 22. As can be seen in the spectrum of milled waste office paper 

(Figure 22 A), the broad absorbance band between 3600 cm
-1

 and 3200 cm
-1

 is attributed to the 

O-H stretching vibration associated with residual water, cellulosic matter and sugars. Bands 

between 3000 cm
-1

 and 2800 cm
-1

 originated by C-H stretching vibrations are associated with 

saturated or aliphatic structures. A very weak but slightly broad absorption band centred at 1630 

cm
-1

 is due to the O-H deformation most likely from residual water or cellulosic matter. The 

very broad, strong band ranging from 1500 cm
-1

 to 1250 cm
-1

 is a complex mixture of many 

absorbances: the C-H deformation (1370 cm
-1

); the C-OH stretch (1315 cm
-1

); and the C-O-C 

stretch (1245 cm
-1

), but is mainly due to CaCO3 vibrations seen centred at 1415 cm
-1

.
173

 The 

C-O-C vibrations are further evidenced at 1160 cm
-1

 and 1100 cm
-1

. The sharp band at 870 cm
-1
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also evidences the presence of CaCO3, the content of which can be up to 8% in office paper.
173, 

174
 The band at 870 cm

-1
 may also corresponds to torsional vibrations of methylene groups.

179
 

 

A vast number of structural changes during the pyrolysis process can be seen from the spectra 

of the waste office paper derived two phases of bio-oil. From the spectrum of the organic phase 

bio-oil (Figure 22 B), the most significant change with respect to milled waste office paper is 

the appearance of a medium intensity band centred at 1715 cm
-1

 corresponding to the C=O 

stretching vibration, indicating the presence of carbonyls. Also, the O-H stretching vibration 

drifts upward to a higher wavenumber (3400 cm
-1

) when compared with that of the raw material 

(3320 cm
-1

), indicating a reduction in hydrogen bonding. The absorption band at 1623 cm
-1

 is 

due to the C=C stretching of alkene or aromatic compounds, but may also be associated with 

residual water. Figure 22 C shows the IR spectrum of the waste office paper derived aqueous 

phase bio-oil. The intense, broad O-H stretching vibration band between 3700 cm
-1

 and 3000 

cm
-1

, together with the intense carbonyl stretching vibration band (centred at 1715 cm
-1

), 

suggests the presence of carboxylic acids. The band at 1640 cm
-1

 and the broad O-H stretching 

band confirm the presence of water. The aqueous phase bio-oil may also contain trace amounts 

of sugars and other compounds from the various bands in the region from 1500 cm
-1

 to 800 

cm
-1

. 

 

Compared with the IR spectrum of milled waste office paper, significant changes can be 

observed in the spectrum of bio-char (Figure 22 D). The broad O-H stretching band between 

3500 cm
-1

 and 3200 cm
-1

 has almost disappeared, indicating that the oxygen in the parent 

materials was removed during the pyrolysis process and any acidic structures were cracked to 

leave a carbonaceous solid product. The intense band at 1410 cm
-1

 and the narrow band at 870 

cm
-1

 and 710 cm
-1

 were assigned to CaCO3.
166, 173

 As carbon is formed during the pyrolysis 

process, once the char gets dark in colour, it acts as a black body and absorbs radiation over all 

frequencies, making most bands appear relatively weak. The presence of remaining organics is 

still evidenced by bands at 1700 cm
-1

, 1580 cm
-1

 and 1035 cm
-1

. 
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Figure 22: ATR-IR spectra of waste office paper and the products generated from 

microwave-assisted pyrolysis process (except gas fraction): organic fraction bio-oil, aqueous 

fraction bio-oil and bio-char. (Originally in colour) 

2.5.3 ATR-IR characterization of DIR and its pyrolysis products 

Figure 23 shows the ATR-IR spectra of DIR raw material, organic and aqueous phase bio-oil 

and microwave residue, as well as those of commercial calcium carbonate (calcite) and kaolinite 

to allow a better evaluation of the inorganic content of DIR and its pyrolysis products. From the 
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spectrum of DIR raw material, characteristic absorption bands of inorganic mineral matter that 

generally added as fillers during paper manufacturing can be observed. For example, the two 

small bands centered at 3693 cm
-1

 and 3619 cm
-1

 are characteristic O-H stretching absorption 

bands for kaolinite (a clay mineral);
180

 while the broad, strong absorption band centered at 

around 1400 cm
-1

, together with the two sharp bands at 870 cm
-1

 and 710 cm
-1

, are attributed to 

calcium carbonate (CaCO3).
166, 173

 Also, characteristic absorption bands for organic matter 

(mainly cellulose) could be observed.
181

 The broad medium intensity band from 3600 cm
-1

 to 

3100 cm
-1

 is due to O-H stretching vibration mainly associated with cellulose; while the weak 

band at 1645 cm
-1

 is attributed to O-H deformation vibration from either cellulose or residual 

water. The alkyl stretching vibrations are observed between 3000 cm
-1

 and 2800 cm
-1

. The 

presence of cellulosic matter is also evidenced by the bands at 1160 cm
-1

 and 1110 cm
-1

, which 

are assigned to C-O-C vibrations of cellulose bands. 
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Figure 23: ATR-IR spectra of DIR raw material and the products generated from 

microwave-assisted pyrolysis of DIR (except gas fraction): organic phase bio-oil, aqueous phase 

bio-oil and microwave residue, together with those of calcium carbonate (calcite) and kaolinite. 
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As evidenced by the ATR-IR spectra of pyrolysis products, dramatic structural changes 

occurred during the pyrolysis of DIR. A medium intensity absorption band appears at 1725 cm
-1

 

in the spectrum of organic phase bio-oil, corresponding to C=O stretching vibrations. The 

presence of this band confirms the presence of carbonyl containing molecules in the organic 

phase bio-oil, such as aldehydes, ketones and carboxylic acids. Also, a new absorption band 

could be observed at 1615 cm
-1

, which is due to the C=C bond stretching of alkenes and/or 

aromatics/furans, but might also relate to residual water in this phase of bio-oil. Bands between 

900 cm
-1

 and 700 cm
-1

 are assigned to C-H out of plane bending vibrations of aromatics. The 

presence of aromatics is also evidenced by bands between 1630 cm
-1

 and 1450 cm
-1

, which are 

mainly due to skeletal vibrations of aromatic rings. 

 

From the spectrum of aqueous phase bio-oil, it is obvious that the composition of this phase is 

significantly different from that of organic phase bio-oil. The very broad O-H stretching 

vibration ranging from 3650 cm
-1

 to 2700 cm
-1

, together with the band at 1718 cm
-1

 (carbonyl 

stretching), suggests the presence of large amounts of carboxylic acids. Also, most generated 

water was trapped into the aqueous phase bio-oil, which is evidenced by the broad O-H 

stretching vibration band and the medium intensity band at 1640 cm
-1

. 

 

The most significant absorption bands for the microwave residue are the broad, strong band at 

1400 cm
-1

, and the two sharp bands at 870 cm
-1

 and 710 cm
-1

. These bands are characteristic for 

CaCO3. Two small bands are still present at 3693 cm
-1

 and 3619 cm
-1

, but of slightly lower 

intensities than those of the DIR raw material, which are attributed to kaolinite. Bands between 

1200 cm
-1

 and 950 cm
-1

 probably resulted from small amounts of residual organic matter and 

also relate to kaolinite. 

2.5.4 Summary of the ATR-IR characterization 

The ATR-IR spectroscopy analysis of feedstocks for the low-temperature (<200 
o
C) 

microwave-assisted pyrolysis processes (i.e. spruce wood chips, waste office paper and DIR) 

and their relative pyrolysis products (i.e. organic and aqueous phase bio-oil, bio-char/microwave 

residue) was conducted. The results reveal that a significant number of chemical reactions 
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occurred during the pyrolysis process. The high molecular weight biomass raw materials were 

degraded during pyrolysis and decomposed into smaller molecules, which were trapped into the 

organic and aqueous phase bio-oil. The ATR-IR spectroscopy characterization suggests that 

most water and possible carboxylic acids were collected into the aqueous phase bio-oil, 

although it also contains small amounts of organic matter. Most organic biomass decomposition 

products were condensed into the organic phase bio-oil including possible sugars, furans, 

aldehydes, ketones, aromatic compounds and carboxylic acids. The bio-char derived from 

microwave-assisted pyrolysis of spruce wood chips shows increased aromatisation compared 

with the raw material. For waste office paper and DIR, the inorganic components of raw 

materials (e.g., calcium carbonate, kaolinite) remain in the bio-char and/or microwave residue. 

2.6 NMR Characterization of bio-oils 

Due to the complex chemical nature of bio-oils, exact characterization of compositions of 

bio-oils was always a challenging task. Among the various spectroscopic and chromatographic 

characterization approaches, nuclear magnetic resonance (NMR) spectroscopy is a particularly 

useful technique for analysing bio-oil due to its great potential to characterize bio-oil in a nearly 

entire and intact way.
182

 Several other commonly employed characterization techniques such as 

gas chromatography (GC), gas chromatography mass spectrometry (GC-MS), high-performance 

liquid chromatography (HPLC), gas permeation chromatography (GPC) etc. also allow detailed 

characterization of bio-oil. However, unlike NMR, these techniques could only identify and 

characterize partial selected fractions of bio-oil.
182

 For instance, GC and GC-MS analysis is 

generally employed to identify and/or quantify individual components of bio-oil. However, 

since a large fraction of bio-oil comprises oligomers of carbohydrates and lignin which are not 

volatile enough to be detected by GC, only around 25 – 40% of bio-oil components could be 

detected by these methods.
182 - 184

 Only water-soluble compounds could be identified and 

quantified by HPLC. While infrared (IR) spectroscopy could also give significant insights into 

functional groups of bio-oils, intensive overlapping of IR bands renders it ineffective for 

accurate assignment and identification of absorption bands.
185

 

 



92 

 

The liquid-state NMR characterization of bio-oils was carried out according to the procedure 

described in experimental section 4.2.9 in chapter 4. In order to obtain comprehensive structural 

information, both organic and aqueous phases of bio-oils produced from the low-temperature 

microwave-assisted pyrolysis processing of spruce wood chips, waste office paper and DIR 

were dissolved in dimethyl sulfoxide-d6 (DMSO-d6) and subjected to 
13

C and 
1
H Nuclear 

Magnetic Resonance (NMR) spectroscopy characterization. Due to the complex chemical 

composition of bio-oils, vast numbers of resonance signals were detected in both phases of 

bio-oils. For ease of analysis, both the carbon and hydrogen resonance signals were broadly 

categorized into several groups according to literature.
182

 Table 11 and Table 12 summarize the 

carbon and hydrogen assignments with respect to ranges of chemical shifts. Section 2.6.1, 2.6.2, 

2.6.3 further discusses the liquid-state NMR analysis of bio-oils yielded from low-temperature 

microwave-assisted pyrolysis of spruce wood chips, waste office paper and DIR, respectively. 
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Table 11: Classification of bio-oil carbon contents in accordance with the chemical shift 

range
182

 

Chemical shift 

(ppm) 

Carbon assignments Structure 

0 - 28 Short aliphatic structures 

  

28 - 55 Long, branched aliphatic structures 

 

 

55 - 105 Carbohydrate sugars, alcohols, ethers 

 

 

105 - 165 Aromatics, olefins 

 

 

165 - 180 Carboxylic acids, esters 

 
 

180 - 220 Aldehydes, ketones 
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Table 12: Classification of bio-oil hydrogen contents in accordance with the chemical shift 

range
182

 

Chemical shift 

(ppm) 

Carbon assignments Structure 

0.5 – 1.5 Alkanes 

 

 

1.5 – 3.0 Aliphatics α-to heteroatom or 

unsaturation 

 

3.0 – 4.4 Alcohols,  

Methylene-dibenzene 

 

 

4.4 – 6.0 Methoxy, carbohydrates 

 

 

6.0 – 8.5 (Hetero-) aromatics 

 

 

9.5 – 10.1 Aldehydes 
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2.6.1 NMR characterization of spruce wood chips derived organic and aqueous 

phase bio-oils 

Figure 24 and 25 demonstrate the 
13

C and 
1
H NMR spectra of spruce wood chips derived 

organic and aqueous phase bio-oil, respectively. The complex chemical compositions of both 

the organic and aqueous phase bio-oils render it difficult to determine their exact compositions. 

However, the abundance of specific groups of compounds is clearly illustrated. From the 

liquid-state NMR spectra, it is evident that there are many differences in the overall chemical 

makeup of the spruce wood chips derived organic and aqueous phase bio-oils. 

 

For the 
13

C NMR spectra of bio-oils (Figure 24), the central resonance of DMSO-d6 (δC, 39.52 

ppm) was used as the internal reference. Most carbohydrate sugars and their derivatives (e.g., 

levoglucosan, levoglucosenone) generated from thermal degradation of cellulose and 

hemicellulose are present in the organic phase bio-oil, as indicated by the many complex signals 

in the typical sugar region (55 – 105 ppm). Compared with the 
13

C NMR spectrum of the 

organic phase bio-oil, that of the aqueous phase bio-oil contains fewer and much simpler signals 

in this region. Also, the intensities of these resonance signals in the 
13

C NMR spectrum of 

aqueous phase bio-oil are much lower, suggesting only small amounts of carbohydrate sugars 

and their derivatives were trapped in the aqueous phase bio-oil. The vast numbers of resonance 

signals in this region also indicate the possible presence of alcohols and ethers which contain 

carbon atoms adjacent to an oxygen atom. The high-intensity and sharp resonance signal 

observed at around 55 ppm in the 
13

C NMR spectrum of organic phase bio-oil is attributed to 

the carbon atoms in methoxy groups on phenolics such as guaiacol and syringol derivatives, 

which are common pyrolysis products of lignin. 

 

The region between 105 ppm and 165 ppm in the 
13

C NMR spectra represents carbon atoms in 

(hetero-) aromatic structures. By assessing the 
13

C NMR spectra of these two phases of bio-oils, 

it is obvious that the organic phase bio-oil contains much many and higher amounts of (hetero-) 

aromatic components than the aqueous phase bio-oil. Also, most furan compounds are present 

in the organic phase bio-oil, as indicated by the resonance signals between 145 ppm and 165 

ppm in the organic phase bio-oil. Similar trends can be observed in other regions of the 
13

C 
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NMR spectra, indicating that the chemical composition of the organic phase bio-oil is much 

more complicated than that of the aqueous phase bio-oil. 

 

 

Figure 24: 
13

C NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of spruce wood chips. All spectra used the central resonance of 

DMSO-d6 (δC, 39.52 ppm) as internal reference. (Originally in colour) 

 

The 
1
H NMR spectra of spruce wood chips derived organic and aqueous phase bio-oil (Figure 

25) also indicates that the organic phase bio-oil has a much more complex chemical 

composition profile than the aqueous phase bio-oil. The presence of aromatic compounds in the 

organic phase bio-oil is evidenced by the complex signals between 6.0 ppm and 8.5 ppm. The 

signals in this region not only represent hydrogen atoms in benzenoids, but also those in hetero 

aromatic compounds which contain oxygen atoms. Compared with the 
1
H NMR spectrum of 

organic phase bio-oil, few signals were detected in the aromatic region (6.0 ppm – 8.5 ppm) of 
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the 
1
H NMR spectrum of aqueous phase bio-oil. This observation further confirms that most 

(hetero-) aromatic compounds were condensed in the organic phase bio-oil). 

 

The resonance signals of the aromatic ether protons presenting in guaiacol and syringol 

derivatives (lignin degradation products) are observed between 4.4 ppm and 6.0 ppm. This is in 

good agreement with the 
13

C NMR analysis of the organic phase bio-oil discussed above. 

Resonance signals in this region also represent many of the hydrogen atoms in carbohydrate 

sugars and their derivatives. Due to the high amounts of carbohydrates produced from thermal 

degradation of cellulose and hemicellulose during pyrolysis, this region (4.4 ppm – 6.0 ppm) is 

the most populated and complex region in the 
1
H NMR spectrum of the bio-oils. 

 

High amounts of water were generated and collected in the aqueous phase bio-oil during the 

microwave-assisted pyrolysis process, resulting in a broad resonance signal centred around 4.20 

ppm in the 
1
H NMR spectrum of the spruce wood chips derived aqueous phase bio-oil. In 

contrast, water content of the organic phase bio-oil is very low (only around 2 wt.%). Hence the 

1
H NMR spectrum of the organic phase bio-oil does not contain an obvious water resonance 

signal. Resonance signals in the region between 3.0 and 4.4 ppm suggest the possible presence 

of alcohols and ethers. In addition, this region also represents protons in methylene groups that 

join two aromatic rings. These moieties may exist in partially degraded lignin oligomers. The 

resonance signals in the most downfield region (9.5 ppm – 10 ppm) of the 
1
H NMR spectra 

indicate the presence of aldehydes and also possible trace amounts of carboxylic acids. The 

intensities of these signals in the spectrum of the aqueous phase bio-oil are lower than those of 

the signals in the spectrum of the organic phase bio-oil. 
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Figure 25: 
1
H NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of spruce wood chips. (Originally in colour) 

2.6.2 NMR characterization of waste office paper derived organic and aqueous 

phase bio-oils 

Figure 26 illustrates the 
13

C NMR spectra of organic and aqueous phase bio-oils yielded from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of waste office paper. The spectrum of 

organic phase bio-oil shows more signals and was of greater intensity than that of the aqueous 

phase bio-oil between 55 and 105 ppm, suggesting more carbohydrates and their derivatives 

(e.g., levoglucosan, levoglucosenone) were trapped in the organic phase bio-oil. A similar trend 

was observed in the (hetero-) aromatic region (110 – 165 ppm), which implies the organic phase 

bio-oil contains more (hetero-) aromatic compounds than the aqueous phase bio-oil. Although 

the true identify has not been ascertained, possible compounds in this region could include 

5-(hydroxyl-methyl)-2-furaldehyde (HMF) and phenolic compounds. It is well documented in 

the literature that simple phenols are present in bio-oils obtained from pyrolysis of cellulose and 
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hemicelluloses.
186, 187

 These relatively small amounts of phenolics may come either from gas 

phase polymerization of small molecular weight unsaturated species
187

 or from 

hydrothermolysis of HMF or other furan derivatives.
188

 Luijkx et al. studied the reaction 

pathway for hydrothermal transition of HMF to 1, 2, 4-trihydroxybenzene, which may also be 

present in the organic phase bio-oil.
188

 A small portion of signals in this region may also be 

attributed to phenolics derived from lignin pyrolysis, as lignin content in office paper is up to 

6%, but this is yet to be fully ascertained.
174

 

 

 

Figure 26: 
13

C NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of waste office paper. All spectra used the central resonance of 

DMSO-d6 (δC, 39.52 ppm) as internal reference. (Originally in colour) 

 

Both the organic and aqueous phase bio-oils produced from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of waste office paper contain carbonyl carbons: carboxylic 

acids and esters (165 – 180 ppm); ketones and aldehydes (180 – 215 ppm). The types of 
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carbonyl carbons in the organic phase bio-oil are more various and complex than those of the 

aqueous phase bio-oil. Among these, levulinic acid (4-oxopentanoic acid) is a common acid 

derived from HMF during pyrolysis of biomass. Signals between 0 and 55 ppm are attributed to 

aliphatic structures within the bio-oil. 

 

The 
1
H NMR spectra of waste office paper derived organic and aqueous phase bio-oils are 

illustrated in Figure 27. The presence of (hetero-) aromatic compounds in the organic phase 

bio-oil is further evidenced by the many resonance signals in the (hetero-) aromatic region of 

the spectrum (6.0 ppm – 8.5 ppm), although the intensities of these signals are not high. In 

contrast, the 
1
H NMR spectrum of the aqueous phase bio-oil contains few signals in this region, 

indicating almost all the (hetero-) aromatic compounds were collected into the organic phase 

bio-oil. In addition, the 
1
H NMR spectrum of the organic phase bio-oil shows much more and 

complex resonance signals and is of greater intensity in other regions compared with that of the 

aqueous phase bio-oil. This is in good consistency with the 
13

C NMR analysis that most 

carbohydrate sugars and their derivatives, alcohols, ethers, furans etc. generated from 

microwave-assisted pyrolysis of waste office paper were condensed into the organic phase 

bio-oil. The 
1
H NMR spectrum of the aqueous phase bio-oil shows an intense and broad 

resonance signal in the range between 3.10 ppm and 3.90 ppm. This resonance signal is 

attributed to high amounts of water present in this phase of bio-oil. The chemical shift of water 

may vary significantly depending on its amounts and chemical environment. 
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Figure 27: 
1
H NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of waste office paper. 

2.6.3 NMR characterization of DIR derived organic and aqueous phase bio-oils 

Figure 28 and 29 demonstrate the 
13

C and 
1
H NMR spectra of DIR derived organic and aqueous 

phase bio-oils. Similar to the 
13

C and 
1
H NMR spectra of organic and aqueous phase bio-oils 

produced from microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips 

and waste office paper, there are significant differences in the overall chemical composition of 

the two bio-oil phases. 

 

It is obvious that most carbohydrate sugars and their derivatives were condensed into the 

organic phase bio-oil, as the typical sugar region (55 – 105 ppm) contains many more and 

complicated signals in the spectrum of the DIR organic phase bio-oil compared with that of the 

DIR aqueous phase bio-oil. For example, levoglucosan is a common partially dehydrated sugar 

derivative resulting from pyrolysis of cellulosic matter. Signals in this region may also come 
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from carbons that are adjacent to an oxygen atom in ethers or alcohols. A similar trend can be 

observed between 105 and 165 ppm, where most carbon atoms in (hetero-) aromatic and alkene 

compounds resonate. Furan compounds were also present in both the DIR organic and aqueous 

phase bio-oils as several signals were detected between 145 and 165 ppm, in which region 

typical furan components resonate. The signals between 165 and 180 ppm are assigned to 

carbonyl carbon atoms of carboxylic acids and esters, while those between 180 and 220 ppm are 

due to carbonyl carbons of ketones and aldehydes. Resonance signals for aliphatic structures are 

observed from 0 to 55 ppm: short chain aliphatics (0 – 28 ppm) and branched long chain 

aliphatics (28 – 55 ppm). This region is very complicated with signals originating not only from 

aliphatics in the bio-oil, but also alkyl structures associated with sugar derivatives, aromatics, 

furans, ketones, esters, ethers, aldehydes and carboxylic acids. 

 

 

Figure 28: 
13

C NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of DIR. All spectra used the central resonance of DMSO-d6 (δC, 

39.52 ppm) as internal reference. (Originally in colour) 
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Figure 29: 
1
H NMR spectra of organic and aqueous phase bio-oil generated from 

microwave-assisted processing of DIR. 

 

Similar to the discussions for NMR analysis of bio-oils derived from spruce wood chips (section 

2.6.1) and waste office paper (section 2.6.2), the 
1
H NMR spectra of the DIR derived organic 

and aqueous phase bio-oil also show significant differences in their chemical compositions. For 

instance, (hetero-) aromatic compounds are present in the organic phase bio-oil, whereas the 
1
H 

NMR spectrum of the DIR aqueous phase bio-oil is almost clean in the aromatic region (6.0 

ppm – 8.5 ppm). Also, a similar trend could be observed in other regions of the 
1
H NMR spectra. 

In contrast to the organic phase bio-oil, the aqueous phase bio-oil mainly contains water as 

evidenced by the broad and intense resonance signal at around 4.60 ppm and trace amounts of 

other chemical components. 

2.6.4 Summary of liquid-state 
1
H and 

13
C NMR characterization of bio-oils 

Overall, the 
1
H and 

13
 C NMR characterization of both organic and aqueous phase bio-oils 

derived from microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips, 
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waste office paper and DIR provides a holistic overview of their chemical compositions. In 

consistence with infrared spectroscopy characterization, the NMR analysis further proves the 

efficiency of the separating system employed in the pyrolysis experiments. Most organic 

biomass decomposition products including carbohydrate sugars and their derivatives, aromatic 

compounds, furans, aldehydes, ketones, esters, aliphatic compounds etc. were trapped into the 

organic phases. The aqueous bio-oil phases essentially contain high amounts of water mainly 

generated from dehydration reactions of biomass compounds during pyrolysis processes, 

together with small amounts of organic compounds. 

 

By comparing the 
13

C NMR spectra of organic phases of bio-oils generated from 

microwave-assisted pyrolysis of spruce wood chips (Figure 24), waste office paper (Figure 26) 

and DIR (Figure 28), especially in the range between 105 ppm and 165 ppm where most 

aromatic and alkene carbons resonate, it is noteworthy that both the amounts and intensities of 

carbon resonance signals for the spruce wood chips derived organic phase bio-oil are greater. 

This is attributed to the higher lignin content of spruce wood chips compared with that of waste 

office paper and DIR. 

2.7 GC-MS characterization of bio-oils 

Gas chromatography-mass spectrometry (GC-MS) characterization was performed to identify 

the compounds obtained in the organic and aqueous phases of bio-oils produced from the 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office 

paper and DIR. The qualitative GC-MS characterization of bio-oils was conducted according to 

the procedure described in the experimental section 4.2.10 in chapter 4. Qualification analysis of 

chemical compositions of bio-oils was carried out by comparison with the National Institute of 

Standards and Technology 2008 mass spectral library (NIST 2008 library). The NIST library is 

a database of mass spectra allowing for the prediction of chemical structures of different 

components by the mass fragmentation. For the identification of chromatographic peaks, the 

NIST 2008 mass spectral library was employed in this study to search for the best possible 

match mass spectra. 



105 

 

Due to the complex chemical compositions of both organic and aqueous phase bio-oils, many 

chromatographic peaks were detected in the gas chromatography (GC) traces for both phases of 

bio-oils, even though generally only a relatively small fraction (around 25%) of bio-oil 

compounds can be observed by GC, as most lignin and carbohydrate oligomers have 

insufficient volatility under the operating conditions of the instrument.
182 - 184

 As a result, 

complete and accurate identification of chromatographic peaks in GC traces is very difficult and 

only those separated products in considerable amounts were qualified. The GC-MS analysis of 

organic and aqueous phase bio-oils derived from spruce wood chips, waste office paper and 

DIR are discussed in section 2.7.1, section 2.7.2 and section 2.7.3, respectively. 

2.7.1 GC-MS characterization of spruce wood chips derived bio-oils 

Figure 30 demonstrates the GC traces of spruce wood chips derived organic (Figure 30 A) and 

aqueous phase bio-oil (Figure 30 B). The major identified compounds according to the NIST 

2008 mass spectral library in the organic and aqueous phase bio-oils are summarized in Table 

13 and Table 14, respectively. 

 

 

Figure 30: GC-MS spectra of (A) organic and (B) aqueous phase bio-oils derived from 

microwave-assisted pyrolysis of spruce wood chips. 
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Table 13: Major identified compounds in spruce wood chips derived organic phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.18 Acetic acid 

2 3.28 Furfural 

3 3.48 Tetrahydro-2,5-dimethoxyfuran 

4 3.91 2(5H)-Furanone 

5 4.05 2-Hydroxycyclopent-2-en-1-one 

6 5.17 1-Hydroxy-2-pentanone 

7 5.61 3-Methyl-1,2-cyclopentanedione  

8 6.65 2-Methoxyphenol (Guaiacol) 

9 8.18 Levoglucosenone 

10 8.39 2-Methoxy-4-methylphenol 

11 9.07 1,2-Benzenediol (Catechol) 

12 9.81 4-Ethyl-2-methoxyphenol 

13 10.40 2-Methoxy-4-vinylphenol 

14 11.09 3-Allyl-6-methoxyphenol 

15 11.78 5-(Hydroxymethyl)-2-furaldehyde (HMF) 

16 12.51 2-Methoxy-4-(1-propenyl)phenol 

17 13.09 1-(4-Hydroxy-3-methoxyphenyl)ethanone 

18 13.72 Levoglucosan 

19 15.99 4-Hydroxy-3-methoxy-phenylacetyl formic acid 

20 16.54 4-Hydroxy-2-methoxycinnamaldehyde 

21 26.39 10,11-Dihydro-10-hydroxy-2,3-dimethoxydibenz(b,f)oxepin 

a
According to the NIST 2008 database. 
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Table 14: Major identified compounds in spruce wood chips derived aqueous phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.18 Acetic acid 

2 3.28 Furfural 

3 3.48 Tetrahydro-2,5-dimethoxyfuran 

4 3.92 2(5H)-Furanone 

5 4.06 2-Hydroxycyclopent-2-en-1-one 

6 5.20 1-Hydroxy-2-pentanone 

7 5.62 3-Methyl-1,2-cyclopentanedione 

8 6.66 2-Methoxyphenol (Guaiacol) 

9 8.40 2-Methoxy-4-methylphenol 

10 9.83 4-Ethyl-2-methoxyphenol 

11 10.43 2-Methoxy-4-vinylphenol 

12 11.11 3-Allyl-6-methoxyphenol 

13 11.81 5-(Hydroxymethyl)-2-furaldehyde (HMF) 

14 12.53 2-Methoxy-4-(1-propenyl)phenol 

15 13.10 1-(4-Hydroxy-3-methoxyphenyl)ethanone 

16 13.75 Levoglucosan 

17 16.56 4-Hydroxy-2-methoxycinnamaldehyde 

18 26.38 10,11-Dihydro-10-hydroxy-2,3-dimethoxydibenz(b,f)oxepin 

a
According to the NIST 2008 database. 

 

Carboxylic acids such as acetic acid were detected in both phases of bio-oils (Peak marked ‘1’ 

in Figure 30 A and B), the compounds identified between three and seven minutes mainly 

include furans and their derivatives such as furfural (peak marked ‘2’ Figure 30 A and B) and 

tetrahydro-2, 5-dimethoxyfuran (peak marked ‘3’ in Figure 30 A and B), together with several 

small polar molecules. 5-(Hydroxymethyl)-2-furaldehyde (HMF) was also observed at around 

11.78 min in both phases of bio-oils (peak marked ‘15’ in Figure 30 A and peak marked ‘13’ in 

Figure 30 B). The high-intensity chromatographic peaks observed between 6 and 13 minutes in 
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both GC traces of the two phases of bio-oils are mainly assigned to phenolic compounds. 

Compounds identified in this region (about 6 – 13 min) essentially comprise 2-methoxyphenol 

(guaiacol, peak marked ‘8’ in Figure 30 A and B), 2-methoxy-4-methylphenol (creosol, peak 

marked ‘10’ in Figure 30 A and peak marked ‘9’ in Figure 30 B), 4-ethyl-2-methoxyphenol 

(4-ethylguaiacol, peak marked ‘12’ in Figure 30 A and peak marked ‘10’ in Figure 30 B), 

2-methoxy-4-vinylphenol (peak marked ‘13’ in Figure 30 A and peak marked ‘11’ in Figure 

2.17 B), 2-methoxy-4-(1-propenyl)phenol (peak marked ‘16’ in Figure 30 A and peak marked 

‘14’ in Figure 30 B). Also, 1, 2-benzenediol (catechol) is present in the organic phase bio-oil 

(peak marked ‘11’ in Figure 30 A). The many (substituted) phenolic compounds detected in 

both bio-oil phases indicate significant breakdown/decomposition of the lignin content of spruce 

wood chips during the microwave-assisted low-temperature (<200 
o
C) pyrolysis process. In 

addition, it is obvious that many more chromatographic peaks (also of greater intensities) appear 

in the GC trace of organic phase bio-oil (Figure 30 A) compared to that of the aqueous phase 

bio-oil (Figure 30 B) in the region between 6 – 13 minutes. This suggests that the chemical 

composition of the volatile fraction of the organic phase bio-oil is much more complex than that 

of the aqueous phase bio-oil, and the concentrations of these organic compounds are probably 

higher in the organic phase bio-oil. The chemical structures of several above mentioned typical 

phenolic compounds generated from thermolysis of lignin are illustrated in Figure 31. 

 

 

 

Figure 31: Chemical structures of several representative aromatic compounds derived from 

thermal degradation of lignin. 
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In addition, sugars such as levoglucosan and levoglucosenone are observed in the GC trace of 

organic phase bio-oil (peak marked ‘18’ for levoglucosan and peak marked ‘9’ for 

levoglucosenone in Figure 30 A). These carbohydrate derivatives were generated from thermal 

decomposition of cellulosic matter of spruce wood chips. Interestingly, trace amounts of 

levoglucosan was also trapped into the aqueous phase bio-oil (peak marked ‘16’ in Figure 30 B). 

The chromatographic peak for levoglucosan in the GC trace of aqueous phase bio-oil (Figure 30 

B) is significantly smaller than that in the GC trace of organic phase bio-oil (Figure 30 A), 

indicating most of carbohydrate sugar derivatives were condensed into the organic phase bio-oil. 

Levoglucosenone was not detected in the aqueous phase bio-oil. The chemical structures for 

levoglucosan and levoglucosenone are shown in Figure 32. 

 

 

 

Figure 32: Chemical structures of levoglucosan and levoglucosenone. 

 

The chromatographic peak shown at around 26.3 min in the GC traces of both organic (peak 

marked ‘21’ in Figure 30 A) and aqueous phase bio-oil (peak marked ‘18’ in Figure 30 B) at 

around 26.4 min is assigned to a poly-aromatic compound named 10, 

11-dihydro-10-hydroxy-2,3-dimethoxydibenz(b,f)oxepin, which is probably an oligomer 

derived from lignin. The same compound was observed before by Liu and Zhang in their study 

about liquefaction of biomass for the production of fuels and chemical feedstocks.
189

 The size of 

this chromatographic peak in the GC trace of organic phase bio-oil (Figure 30 A) is significantly 

larger than that in the GC trace of aqueous phase bio-oil (Figure 30 B). Similarly, this also 

confirms that most organic pyrolysis products were collected in the organic phase bio-oil 

despite few amounts of organic matter was also trapped into the aqueous phase bio-oil during 

the pyrolysis process. 
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2.7.2 GC-MS characterization of waste office paper derived bio-oils 

Figure 33 illustrates the GC traces of organic (Figure 33 A) and aqueous phase bio-oil (Figure 

33 B) derived from waste office paper. The major identified compounds in the waste office 

paper derived organic and aqueous phase bio-oil are summarized in Table 15 and Table 16, 

respectively. 

 

 

Figure 33: GC-MS spectra of (A) organic and (B) aqueous phase bio-oils derived from 

microwave-assisted pyrolysis of milled waste office paper. *Possible artefacts 

 

The main difference between the organic phase bio-oil and the aqueous phase bio-oil is the 

absence of levoglucosan (peak marked ‘18’ in Figure 33 A) in the latter. The compounds 

identified in the organic phase bio-oil can be broadly categorized into several groups: 

carbohydrate and their derivatives such as 1,4:3,6-dianhydro-πD-glucopyranose (peak marked 

‘13’ in Figure 33 A), 3,4-anhydro-D-galactosan (peak marked ‘14’ in Figure 33 A) and 

levoglucosan; possible phenolic compounds such as guaiacol (peak marked ‘8’ in Figure 33 A), 

benzenetriol (peak marked ‘10’ in Figure 33 A) and 1,2-benzenediol (catechol, peak marked ’12 

in Figure 33 A) but their true identity is still to be ascertained; furanic structures such as furfural 

(peak marked ‘2’ in Figrue 33 A), tetrahydro-2,5-dimethoxyfuran (peak marked ‘3’ in Figure 33 
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A) and 5-(hydroxymethyl)-2-furaldehyde (HMF, peak marked ‘16’ in Figure 33 A). The organic 

phase bio-oil also contains acetic acid (peak marked ‘1’ in Figure 33 A) and 4, 

4’-(1-methylethylidene) bisphenol (bisphenol A, peak marked ‘19’ in Figure 33 A) which is a 

common additive in paper products added during the manufacture of paper.
190

 The aqueous 

phase bio-oil (Figure 33 B and Table 16) comprises a similar compositional profile in the range 

3–10 min albeit with fewer components. Water soluble acids are noted together with polar small 

molecules. Using the vacuum pump in the microwave-assisted low-temperature (<200 
o
C) 

pyrolysis experiments as described in section 2.3.1, these smaller molecules together with most 

water were transferred across the tube fitted between the two round-bottom flasks and 

condensed into the aqueous phase bio-oil. 
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Table 15: Major identified compounds in waste office paper derived organic phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.13 Acetic acid 

2 3.56 Furfural 

3 4.15 Tetrahydro-2,5-dimethoxyfuran 

4 4.57 2(5H)-Furanone 

5 4.85 1,2-Cyclopentanedione 

6 6.04 1-Hydroxy-2-pentanone 

7 6.58 3-Methyl-1,2-cyclopentanedione  

8 7.59 2-Methoxyphenol (Guaiacol)
b
 

9 8.03 Levoglucosenone 

10 8.12 Benzenetriol
b
 

11 9.31 2-Furanmethanol 

12 9.76 1,2-Benzenediol (Catechol)
b
 

13 9.82 1,4:3,6-Dianhydro-πd-glucopyranose 

14 10.09 3,4-Anhydro-d-galactosan 

15 10.34 3-Methylbenzaldehyde 

16 10.6 5-(Hydroxymethyl)-2-furaldehyde (HMF) 

17 12.96 5-Hydroxy-9-oxabicyclo[3.3.1]nonan-2-one 

18 14.7 Levoglucosan 

19 23.3 4,4’-(1-Methylethylidene)bisphenol 

a
According to the NIST 2008 database. 

b
Tentative assignment. 
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Table 16: Major identified compounds in waste office paper derived aqueous phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.13 Acetic acid 

2 3.46 Furfural 

3 4.09 Tetrahydro-2,5-dimethoxyfuran 

4 4.49 2(5H)-Furanone 

5 4.76 1,2-Cyclopentanedione 

6 6.04 1-Hydroxy-2-pentanone 

7 6.46 3-Methyl-1,2-cyclopentanedione  

8 6.88 1,2,3-Butanetriol 

9 7.05 2,2-Dimethyl-acetoacetic acid ethyl ester 

10 7.46 2,5-Dimethyl-4-hydroxy-3(2H)-furanone 

11 9.69 1,4:3,6-Dianhydro-πd-glucopyranose 

12 12.95 5-Hydroxy-9-oxabicyclo[3.3.1]nonan-2-one 

a
According to the NIST 2008 database. 

2.7.3 GC-MS characterization of DIR derived bio-oils 

Figure 34 demonstrates the GC traces of organic (Figure 34 A) and aqueous phase bio-oil 

(Figure 34 B) generated from microwave-assisted pyrolysis of DIR. The major identified 

compounds in the DIR derived organic and aqueous phase bio-oil are summarized in Table 17 

and Table 18, respectively. 

 

Similar to the bio-oils derived from spruce wood chips and waste office paper, the chemical 

composition of DIR derived organic phase bio-oil is very complex as indicated by the many 

chromatographic peaks shown in Figure 34 A. Carbohydrate sugars and their derivatives such as 

levoglucosan (peak marked as ‘22’ in Figure 34 A), 1,4:3,6-dianhydro-π-D-glucopyranose (peak 

marked as ‘18’ in Figure 34 A), 3,4-anhydro-D-galactosan (peak marked as ‘19’ in Figure 34 A) 

and levoglucosenone (peak marked as ‘12’ in Figure 34 A) were identified in the DIR derived 

organic phase bio-oil. Furans and their derivatives including 5-(hydroxymethyl)-2-furaldehyde 
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(HMF, peak marked as ‘20’ in Figure 34 A) also present in this phase of bio-oil, together with 

many smaller polar molecules such as acetic acid and ketones. 

 

 

Figure 34: GC-MS spectra of (A) organic and (B) aqueous phase bio-oils derived from 

microwave-assisted pyrolysis of DIR. *Possible artefacts 

 

The compositional profile of the DIR derived aqueous phase bio-oil is very similar to that of the 

organic phase bio-oil in the region between 3 and 16 minutes. Levoglucosan was also trapped 

into the aqueous phase bio-oil during microwave-assisted pyrolysis of DIR (peak marked ‘20’ in 

Figure 34 B). In comparison with the GC traces of bio-oils derived from spruce wood chips and 

waste office paper, it is noteworthy that the GC traces of DIR derived bio-oil show much more 

chromatographic peaks in the region between 3 and 16 min. This indicates that the DIR derived 

bio-oils contain much many smaller molecules than the bio-oils produced from spruce wood 

chips and waste office paper. This effect probably arises from the much higher inorganic 

mineral content of DIR compared with spruce wood chips and waste office paper. It is possible 
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that the metals within DIR catalysed the thermal decomposition of DIR and even initiated many 

other chemical reactions between pyrolysis products. 

 

Table 17: Major identified compounds in DIR derived organic phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.16 Acetic acid 

2 3.57 Furfural 

3 3.81 Tetrahydro-2,5-dimethoxyfuran 

4 3.97 2-Furanmethanol 

5 4.64 2(5H)-Furanone 

6 4.97 1,2-Cyclopentanedione 

7 5.46 5-Methyl-2-furancarboxaldehyde 

8 6.13 3-Methyl-1,2-cyclopentanedione 

9 6.31 Phenol 

10 6.42 2-Methoxyphenol (Guaiacol) 

11 7.65 2,5-Dimethyl-4-hydroxy-3(2H)-furanone 

12 8.09 Levoglucosenone 

13 8.17 3-Hydroxy-2-methyl-4H-pyran-4-one (Maltol) 

14 8.23 2(3H)-Furanone, dihydro-5-pentyl- 

15 8.32 3-Ethyl-2-hydroxy-2-Cyclopenten-1-one 

16 9.62 2-Methoxy-4-methylphenol 

17 9.8 Butanoic acid, propyl ester 

18 10.07 1,4:3,6-Dianhydro-πD-glucopyranose 

19 10.20 3,4-Anhydro-D-galactosan 

20 10.41 5-(Hydroxymethyl)-2-furaldehyde (HMF) 

21 13.89 2-Methoxy-4-(1-propenyl)phenol 

22 15.18 Levoglucosan 

23 16 - 28 Polyaromatic compounds 

a
According to the NIST 2008 database. 
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Table 18: Major identified compounds in DIR derived aqueous phase bio-oil
a
 

Peak 

number 

Retention time 

(min) 

Identified compound 

1 3.17 Acetic acid 

2 3.57 Furfural 

3 3.81 Tetrahydro-2,5-dimethoxyfuran 

4 3.97 2-Furanmethanol 

5 4.67 2(5H)-Furanone 

6 5.01 1,2-Cyclopentanedione 

7 5.48 5-Methyl-2-furancarboxaldehyde 

8 6.15 3-Methyl-1,2-cyclopentanedione 

9 6.32 Phenol 

10 6.45 2-Methoxyphenol (Guaiacol) 

11 7.66 2,5-Dimethyl-4-hydroxy-3(2H)-furanone 

12 8.10 Levoglucosenone 

13 8.20 3-Hydroxy-2-methyl-4H-pyran-4-one (Maltol) 

14 8.25 2(3H)-Furanone, dihydro-5-pentyl- 

15 8.35 3-Ethyl-2-hydroxy-2-Cyclopenten-1-one 

16 9.63 2-Methoxy-4-methylphenol 

17 10.11 1,4:3,6-Dianhydro-πD-glucopyranose 

18 10.23 3,4-Anhydro-d-galactosan 

19 10.42 5-(Hydroxymethyl)-2-furaldehyde (HMF) 

20 15.25 Levoglucosan 

a
According to the NIST 2008 database. 
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The major differences between the GC traces of DIR derived organic and aqueous phase bio-oil 

is the appearance of many chromatographic peaks after 16 min in the former. According to the 

NIST library, these chromatographic peaks are mainly assigned to polycyclic aromatic 

hydrocarbons (PAHs) such as 1,1'-(1,3-propanediyl) bis-benzene, 2,6-diisopropylnaphthalene 

and 1,1'-(3-methyl-1-propene-1,3-diyl) bis-benzene. The presence of PAHs in bio-oils generated 

from pyrolysis of paper deinking residue was also observed by Lou et al. previously in their 

study about pyrolysis of deinking residue in a static tubular furnace
162

 and Beauchamp et al.
191

 

These materials maybe resulted from the additives added during paper manufacturing processes, 

ink particles, coatings and chemicals used in deinking processes.
162, 191

 

 

In addition, the organic phase bio-oil generated from microwave-assisted low-temperature 

(<200 
o
C) pyrolysis of DIR was subjected to an external service for both qualitative and 

quantitative GC-MS characterization. Detailed instrumentation and experimental procedure are 

described in section 4.2.11 in chapter 4. This GC-MS characterization further reveals that the 

DIR derived organic phase bio-oil is a complex mixture of many compounds, mainly including 

carbohydrate sugars (around 20%), nonaromatic compounds such as acids, esters, alcohols, and 

aldehydes (in total around 15%), and heterocyclic compounds such as furans and pyrans (8%). 

Moreover, it reveals that aromatic compounds contribute to around 2.4% of DIR derived 

organic phase bio-oil, comprising benzenes, guaiacols, syringols, which were derived from 

remaining lignin within DIR. A comprehensive and detailed list of identified compounds, 

together with the GC-MS traces, is provided in the Appendix A (Table 26 and 27, Figure 112 - 

116). 

2.7.4 Summary of GC-MS characterization of bio-oils 

In this section, both the organic and aqueous phase bio-oils generated from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office paper and DIR were 

qualitatively characterized using GC-MS. The results are consistent with the ATR-IR and 

liquid-state NMR analysis. Most organic compounds were trapped into the organic phase 

bio-oils mainly including carbohydrate sugars and their derivatives (e.g., levoglucosan, 

levoglucosenone, 1,4:3,6-dianhydro-πD-glucopyranose etc.), furans (e.g., furfural, HMF etc.), 
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aromatic compounds, ketones, aldehydes, carboxylic acids etc. The chemical compositions of 

bio-oils are directly related to that of the feedstock. For instance, the spruce wood chips derived 

bio-oils contain prominently high amounts of substituted aromatic compounds (mainly 

methoxyphenols) such as guaiacol, creosol etc. as well as catechol due to the high lignin content 

of spruce wood chips. Except the “common” pyrolysis products, the DIR derived organic phase 

bio-oil contains polycyclic aromatic compounds that may come from paper additives, coatings, 

ink particles and/or other chemicals employed in the deinking processes. 

2.8 Adhesion properties of organic phase bio-oils 

It was pointed out previously in the literature that bio-oils generated from pyrolysis of biomass 

could be used for adhesive applications.
192, 193

 Indeed, several publications mentioned the use of 

the phenolic fraction of bio-oil, which derived mainly from lignin, as a replacement for the 

phenol needed in the phenol/formaldehyde resin formulations, used to produce oriented strand 

board (OSB) and plywood.
194, 195

 However, no literature was found about the adhesive 

properties of bio-oil themselves. Herein, the crude organic phase bio-oils produced from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office 

paper and DIR were applied directly as adhesives for aluminium – aluminium (Al – Al) bonding. 

The adhesive properties of organic phase bio-oils were investigated by measuring the tensile 

strengths of bio-oil adhered Al plates, which were cured at various temperatures and time in a 

lab oven (section 2.8.1 and 2.8.2). Scrapings of formed bio-oil polymers at the Al – bio-oil – Al 

interfaces were subjected to ATR-IR spectroscopy (section 2.8.3) and solid-state CP/MAS 
13

C 

NMR characterization (section 2.8.4). In addition, the scrapings were also characterized with 

solid-state CP/MAS 
13

C NMR with dipolar dephasing as an attempt to obtain a holistic 

overview of the chemical structures of cured bio-oil polymers. 

2.8.1 Adhesion tests of organic phase bio-oils 

Figure 35 demonstrates the procedure followed for the curing experiments and subsequent 

adhesion tests for the application of bio-oil as an adhesive for Al – Al bonding. More detailed 
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information is illustrated in experimental section 4.2.12 in chapter 4. Basically, the curing 

experiments and adhesion tests were conducted following the steps summarized below: 

 

Step 1: Organic phase bio-oil (70 mg) was homogeneously applied to the surface of one Al 

plate (50 mm x 50 mm). A glass rod was used to guarantee homogeneous spreading of bio-oil 

on the Al surfaces, the weight of bio-oil on Al surfaces were accurately measured by weighing 

the Al plate before and after applying the bio-oil. 

 

Step 2: The Al plate, which has bio-oil on its surface, was pressed together with another Al 

plate of the same surface size using light pressure (finger-strength), weighed down with a 

stainless steel metal block (350 g) to mimic constant pressure. 

 

Step 3: The specimens prepared in step 2 were subjected to heating for curing in a lab oven. 

The stainless steel metal block still stays at the top of the two Al plates to guarantee 

homogeneous pressure during curing. Samples were cured at various temperatures: 120 
o
C, 140 

o
C, 160 

o
C and 180 

o
C for 4 and 8 h curing to investigate the influences of curing temperature 

and time on the adhesion properties of bio-oil.  

 

Step 4: After curing, the bio-oil adhered Al plates were removed from the oven and cooled to 

room temperature naturally (around 25 
o
C), followed by gluing the cured Al plates to two 

stainless steel metal blocks (50 mm × 50 mm) with commercial ‘Superglue’ purchased from 

B&Q at York, UK. 

 

Step 5: The tensile strengths of the adhesive bonds formed between the two Al plates post cure 

was measured using an Instron 3367 universal testing machine (and accompanying software) 

fitted with a 3000 N capacity load cell, at a cross-head speed of 5 mm min
-1

 (as shown in Figure 

36). 
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Figure 35: Curing procedures for the application of bio-oil as an adhesive for Al – Al bonding. 

(Originally in colour) 

 

 

 

Figure 36: Illustration of tensile strength tests of bio-oil cured Al plates using an Instron 3367 

universal testing machine, at a crosshead speed of 5 mm min
-1

. (Originally in colour) 
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During tensile tests, the bio-oil cured Al plates were pulled apart at a fixed crosshead speed until 

the testing specimen failed and an extension – load (tensile strength) curve for the test was 

generated by the accompanying software. A representative extension – load (tensile strength) 

curve for bio-oil cured Al plates is shown in Figure 37. The load (tensile strength) continuously 

increases with extension distance until the testing specimen fails, which indicates that the cured 

bio-oil polymers at the interface of Al – Al plates undergo continual deformation prior to failure. 

The maximum load at breaking (i.e. maximum tensile strength) is one important parameter for 

determining the adhesive properties of bio-oils. In the following discussions, the average values 

of maximum tensile strengths for four measurements for each organic phase bio-oil sample are 

reported with error bars. 

 

 

Figure 37: A general extension – load curve generated by the accompanying software of Instron 

3367 universal testing machine for bio-oil cured Al plates. (Originally in colour) 

2.8.2 Adhesion strengths of organic phase bio-oils 

The appearances of the Al – bio-oil – Al interfaces post tensile strength tests for specimens oven 

cured by the organic phases of bio-oils generated from microwave-assisted low-temperature 
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(<200 
o
C) pyrolysis of spruce wood chips, waste office paper and DIR are shown in Figure 38, 

39 and 40, respectively. 

 

 

Figure 38: Appearances of the Al – bio-oil –Al interfaces of Al plates oven cured by the spruce 

wood chips derived organic phase bio-oil at various temperatures for 8 h. (Originally in colour) 

 

 

Figure 39: Appearances of the Al – bio-oil –Al interfaces of Al plates oven cured by the waste 

office paper derived organic phase bio-oil at various temperatures for 8 h. (Originally in colour) 
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Figure 40: Appearances of the Al – bio-oil –Al interfaces of Al plates oven cured by the DIR 

derived organic phase bio-oil at various temperatures for 8 h. (Originally in colour) 

 

It can be observed that all the bio-oil adhesives derived from different feedstocks were 

polymerized during curing in oven at various temperatures and time. It is prominent that all the 

bio-oil adhered Al plates were broken cohesively rather than adhesively during tensile tests. 

More specifically, with increasing tensile strengths applied on the bio-oil cured Al plates, the 

interfaces of Al–bio-oil–Al undergo continual deformation until failure occurs. For all the Al 

plates adhered together with organic phases of bio-oils derived from spruce wood chips, waste 

office paper and DIR, bond failure occurred within the bio-oil polymer formed between the two 

Al plates, rather than at the interfaces between the adhesive (organic phase bio-oil) and the 

substrate (Al plates). Hence, the fractured bio-oil polymers are observed at both surfaces of the 

two substrates (Al plates) in Figures 38, 39 and 40. Adhesion and cohesion are two important 

properties of adhesive materials.
196

 Basically, as described by von Fraunhofer, adhesion is any 

attractions between dissimilar molecular species (i.e. the adhesive and substrates) and cohesion 

refers to any attractions between similar molecules (i.e. within the adhesive).
196

 Cohesion 

primarily originates from chemical bonds formed between the individual adhesive components, 

hence cohesive describes the internal strengths of adhesives resulting from various interactions 
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within adhesive materials.
196

 Figure 41 illustrates the basic principles of adhesion and cohesion, 

as well as the differences between adhesive and cohesive failure patterns of cured systems. 

 

 

 

Figure 41: Illustration of principles of adhesion and cohesion, together with differences 

between adhesive and cohesive joint failure patterns, adapted from reference 196. (Originally in 

colour) 

 

The average tensile strengths of the bonds between Al plates adhered together by the organic 

phase bio-oil derived from spruce wood chips, waste office paper and DIR are shown in Figure 

42, 43 and 44, respectively. Samples were cured at 120 °C, 140 °C, 160 °C and 180 °C for 4 and 

8 h. In general, the bio-oil adhesives derived from spruce wood chips and waste office paper 

could bond the two Al plates with acceptable bond strengths at all curing temperatures and time 

periods. 
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Figure 42: Tensile strengths of spruce wood chips derived organic phase bio-oil (70 mg) cured 

Al plates 

 

 

Figure 43: Tensile strengths of waste office paper derived organic phase bio-oil (70 mg) cured 

Al plates. (Originally in colour) 
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Figure 44: Tensile strengths of DIR derived organic phase bio-oil (70 mg) cured Al plates. 

 

For the Al plates cured by spruce wood chips derived organic phase bio-oil (Figure 42), the 

maximum tensile strengths were obtained when cured at 140 °C for 8 h, reaching around 2520 

N. The minimum tensile strengths are around 1250 N for specimens cured at 120 
o
C for 4 h. 

When the curing temperature increased from 120 
o
C to 140 

o
C, tensile strengths of cured 

samples increased. This phenomenon is more prominent for shorter curing time. For instance, 

the average tensile strength significantly increased from around 1250 N (120 
o
C for 4 h) to 

around 2160 N (140 
o
C for 4 h). The average tensile strength of samples cured at 120 

o
C and 

140 
o
C for 8 h only increased about 560 N from 1960 N (120 

o
C for 8 h) to 2520 N (140 

o
C for 8 

h). For samples cured at temperatures above 140 
o
C, the tensile strengths decrease with 

increasing of curing temperature, higher curing temperatures result in lower tensile strengths. In 

addition, it is obvious that the average tensile strength increases with curing time, regardless of 

curing temperatures. This effect is more significant at lower curing temperatures. For example, 

the average tensile strength increased from approximate 1250 N (120 
o
C, 4h) to 1960 N (120 

o
C, 

8 h). For samples cured at 140 
o
C, the increase is less significant: from about 2160 N (140 

o
C, 4 

h) to 2520 N (140 
o
C, 8 h). 
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A similar trend could be observed for Al plates cured by the waste office paper derived organic 

phase bio-oil at various curing temperatures (120 
o
C, 140 

o
C, 160 

o
C and 180 

o
C) for 4 and 8 h 

(Figure 43). Although maximum tensile strengths were obtained at a slightly higher curing 

temperature: around 2300 N at 160 
o
C for 8 h curing. The minimum tensile strengths (around 

900 N) were obtained when cured at 120 °C for 4 h. Also, the longer the curing time, the higher 

the Al–bio-oil–Al bond tensile strengths. Similar to the spruce wood chips derived organic 

phase bio-oil, this effect is more significant when cured at lower temperatures. For example, 

when cured at 120 °C, the tensile strength increased by ∼50% to 1360 N (for 8 h cure) from 

around 900 N (for 4 h cure). However, at higher temperatures, the increase of tensile strength 

was only around 15%. 

 

In contrast to the organic phase bio-oils generated from microwave-assisted pyrolysis of spruce 

wood chips and waste office paper, the DIR derived organic phase bio-oil shows very poor 

adhesion properties. The tensile strengths of the Al plates bonded by the DIR derived organic 

phase bio-oil are much lower than those obtained with the organic phase bio-oils derived from 

spruce wood chips and waste office paper. As demonstrated in Figure 44, tensile strengths of Al 

plates cured by the DIR derived organic phase bio-oil were only around 400 N for all the 

specimens, regardless of curing temperatures and time. It was observed that the polymer formed 

at the Al–bio-oil–Al interfaces of DIR bio-oil cured Al plates was very soft and easy to scratch 

off. In contrast, the formed polymers at the interfaces of spruce wood chips and waste office 

paper derived organic phase bio-oil cured specimens were stiffer and more difficult to scratch 

off. The reason for this effect is uncertain but maybe due to the presence of polycyclic aromatic 

hydrocarbons (PAHs) in the DIR derived organic phase bio-oil, as revealed by the GC-MS 

analysis (section 2.7.3). 

 

The mass loss of bio-oil adhesive during oven curing was monitored and calculated by weighing 

the total weight of applied bio-oil (70 mg) plus two Al plates before and after curing. Figure 45 

and 46 demonstrate the mass loss in weight percentage (wt.%) of the organic phase of bio-oils 

derived from spruce wood chips, waste office paper and DIR during curing the Al substrates at 

various temperatures for 4 and 8 h curing, respectively. It is obvious that the mass loss of bio-oil 
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increased with curing temperature. For example, the mass loss (wt.%) of spruce wood chips 

derived organic phase bio-oil increased from 31.6 wt.% (120 
o
C) to 41.8 wt.% (180

 o
C) for 4 h 

curing (Figure 45). Similar trends are observed for the organic phase bio-oils derived from 

waste office paper and DIR. By comparing the mass loss for samples cured for 4 h (Figure 45) 

and 8 h (Figure 46) at various temperatures, it is noteworthy that the mass loss of bio-oil also 

increased with curing temperature. For instance, the weight loss of spruce wood chips derived 

organic phase bio-oil increased from 33.9 wt.% (140 
o
C, for 4 h curing) to 38.6 wt.% (140 

o
C 

for 8 h curing). In general, about 30 - 50 wt.% of the applied bio-oil adhesive (70 mg) was lost 

during curing in oven, the exact mass loss depends on curing temperatures and time. The mass 

loss of bio-oil during curing is probably due to the evaporation of small amounts of water 

(around 2 wt.%), carboxylic acids, other volatile compounds within bio-oil as well as 

compounds generated from the various polymerization reactions of bio-oil (e.g., water). The 

exact composition of released chemicals during curing needs further investigation. 

 

 

Figure 45: Mass loss (wt.%) of spruce wood chips, waste office paper and DIR derived organic 

phase bio-oil during curing Al in oven at various temperatures for 4 h curing. (Originally in 

colour) 
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Figure 46: Mass loss (wt.%) of spruce wood chips, waste office paper and DIR derived organic 

phase bio-oil during curing Al in oven at various temperatures for 8 h curing. (Originally in 

colour) 

 

To allow a direct evaluation of the strengths of bio-oil adhesive, as shown in Figure 47, the 

crude organic phase bio-oil (except the one derived from DIR) is strong enough to lift an adult 

(around 95 kg) without failure. The specimen used for this test is Al plates cured by the waste 

office paper derived organic phase bio-oil at 160 
o
C for 8 h curing. 
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Figure 47: Adhesion strength test of the waste office paper derived organic phase bio-oil. The 

tested specimen is Al plates adhered by the crude, waste office paper derived organic phase 

bio-oil at 160 
o
C for 8 h curing. (Originally in colour) 

2.8.3 ATR-IR characterization of scrapings of cured bio-oil polymers 

To get more structural information, the ATR-IR spectra of the spruce wood chips, waste office 

paper and DIR derived organic phase bio-oils and their scrapings from the organic/Al interface 

were recorded and compared. However, it is acknowledged that characterization of the 

scrapings of cured bio-oil polymers using Diffuse Reflectance Infrared Fourier Transform 

spectroscopy (DRIFT) could provide more holistic structural information, as the colour of the 

scrapings are generally dark brown/black. The scrapings were scratched off from the Al–

bio-oil–Al interfaces of specimens directly after tensile tests. In both cases, many significant 

changes of functional groups occurred before and after curing. 
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Figure 48 compares the ATR-IR spectra of the crude spruce wood chips derived organic phase 

bio-oil and the scrapings of the formed bio-oil polymers after curing Al plates in oven at 140 
o
C 

for 4 and 8 h (at which temperature maximum tensile strengths were obtained). To clearly see 

the subtle changes of functional groups in the fingerprint region, the ATR-IR spectra between 

2000 cm
-1

 and 500 cm
-1

 are highlighted in Figure 49. From Figure 48 and 49, it is obvious that 

many changes of functional groups had occurred before and after curing in oven. The carbonyl 

stretching vibration (C=O) at around 1718 cm
-1

 in the spectrum of spruce wood chips derived 

organic phase bio-oil drifts slightly to a lower wavenumber (around 1705 cm
-1

) in the spectrum 

of bio-oil polymers. The absorption band centred at around 1615 cm
-1

 attributed to C=C 

stretching of alkenes, furans and aromatic compounds etc. became much sharper after curing. In 

addition, the intensity of this band significantly increased after curing, suggesting the formation 

of new conjugated and/or aromatic structures. The characteristic absorption band for aromatic 

skeletal vibrations at around 1510 cm
-1

 presents in both the ATR-IR spectra of spruce wood 

chips derived organic phase bio-oil and the scrapings of cured polymers. The formation of new 

aromatic structures during curing is also evidenced by many subtle changes in region below 

1000 cm
-1

, which is mainly attributed to C-H out of plane bending vibrations of olefinic and 

aromatic structures. Many structural changes could also be observed between 1500 cm
-1

 and 

1000 cm
-1

, suggesting the involvement of many different compounds in the polymerization of 

bio-oil. 
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Figure 48: ATR-IR spectra of spruce wood chips derived organic phase bio-oil, scrapings of the 

Al-bio-oil-Al interface polymer formed at 140 
o
C for 4 and 8 h curing (between 4000 cm

-1
 and 

500 cm
-1

). (Originally in colour) 

 

 

Figure 49: ATR-IR spectra of spruce wood chips derived organic phase bio-oil, scrapings of the 

Al-bio-oil-Al interface polymer formed at 140 
o
C for 4 and 8 h curing (between 2000 cm

-1
 and 

500 cm
-1

). (Originally in colour) 
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Highest tensile strengths of Al plates cured by the waste office paper derived organic phase 

bio-oil were obtained at 160 
o
C. The ATR-IR spectra of waste office paper derived organic 

phase bio-oil and the scrapings of bio-oil polymers formed at 160 
o
C for 4 and 8 h curing are 

shown in Figure 50 (4000 cm
-1

 to 500 cm
-1

) and Figure 51 (2000 cm
-1

 to 500 cm
-1

) 

 

Compared with the crude organic phase bio-oil derived from waste office paper, the cured 

bio-oil polymer is characterized by a lower C=O:C=C ratio, suggesting polymerization occurred 

in carbonyl groups. Also, the C=C stretching frequency at 1617 cm
−1

 is characteristic of olefinic 

double bonds in five membered rings. The intensity of this peak increased after curing of the 

organic phase bio-oil on the Al surface, suggesting the formation of conjugated/aromatic 

structures. This effect is also evidenced by a significant number of changes between 800 cm
−1

 

and 900 cm
−1

, which represents the C–H out of plane bending vibrations in substituted alkenes 

and aromatics. This may be caused by changes in the substitution patterns of such molecules 

during polymerization. 

 

Another significant change is observed in the C–O stretching region (900 cm
−1

 – 1200 cm
−1

): 

the intensity of this band dramatically decreased, and many subtle changes occurred after curing. 

However, for bands centred at 1443 cm
−1

, 1184 cm
−1

, 1138 cm
−1

, 1075 cm
−1

, 1012 cm
−1

, 918 

cm
−1

, 890 cm
−1

 and 856 cm
−1

, they are either remaining or becoming more obvious in the 

spectra of scrapings. These bands are characteristic absorptions for levoglucosan, which is a 

common sugar derivative generated from pyrolysis of biomass. So it is possible that 

carbohydrate sugars were not significantly involved in the polymerization reactions during 

curing. This hypothesis is further investigated in the following discussions. 
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Figure 50: ATR-IR spectra of waste office paper derived organic phase bio-oil, scrapings of the 

Al-bio-oil-Al interface polymer formed at 160 
o
C for 4 and 8 h curing. (Originally in colour) 

 

 

Figure 51: ATR-IR spectra of waste office paper derived organic phase bio-oil, scrapings of the 

Al-bio-oil-Al interface polymer formed at 160 
o
C for 4 and 8 h curing (between 2000 cm

-1
 and 

500 cm
-1

). (Originally in colour) 
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The ATR-IR spectra of DIR derived organic phase bio-oil and the scrapings of polymers formed 

at 160 
o
C for 4 and 8 h curing are illustrated in Figure 52 (4000 cm

-1
 to 500 cm

-1
) and Figure 53 

(2000 cm
-1

 to 500 cm
-1

). In comparison with the ATR-IR spectrum of DIR derived organic 

phase bio-oil, the absorption band characteristic for O-H stretching vibration (3700 cm
-1

 to 3100 

cm
-1

) slightly drifts to a higher wavenumber, and the intensity of this band decreased. The 

absorption bands attributed to symmetrical and asymmetrical C-H stretching vibrations (3000 

cm
-1

 and 2800 cm
-1

) became much sharper after curing. The intensities of these bands also 

increased significantly. Similar to the spruce wood chips and waste office paper derived organic 

phase bio-oil, the carbonyl stretching absorption band of DIR derived organic phase bio-oil also 

drifts to a lower wavenumber (from around 1725 cm
-1

 to 1705 cm
-1

). Intensity of this band also 

decreased after curing. However, the absorption band characteristic for C=C stretching vibration 

became very broad (between 1670 cm
-1

 and 1540 cm
-1

) and the intensity of this band 

significantly increased after curing, even surpassing that of the carbonyl stretching absorption 

band. This effect might be resulted from the formation of new conjugated and/or aromatic 

structures during curing, but may also due to the presence of polycyclic aromatic hydrocarbons 

(PAHs) in the DIR derived organic phase bio-oil as revealed by the GC-MS characterization of 

the DIR derived bio-oils in section 2.7.3. 

 

Similar to the waste office paper derived organic phase bio-oil and its scrapings, characteristic 

absorption bands for levoglucosan centred around 1184 cm
-1

, 1138 cm
-1

, 1075 cm
-1

, 1012 cm
-1

, 

918 cm
-1

, 890 cm
-1

 and 856 cm
-1

 could also be observed in the ATR-IR spectra of DIR derived 

organic phase bio-oil and its scrapings after curing. The characteristic absorption bands for 

levoglucosan in the fingerprint region are also highlighted in Figure 53 with dashed lines. 
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Figure 52: ATR-IR spectra of DIR derived organic phase bio-oil, scrapings of the Al-bio-oil-Al 

interface polymer formed at 160 
o
C for 4 and 8 h curing (between 4000 cm

-1
 and 500 cm

-1
). 

(Originally in colour) 

 

 

Figure 53: ATR-IR spectra of DIR derived organic phase bio-oil, scrapings of the Al-bio-oil-Al 

interface polymer formed at 160 
o
C for 4 and 8 h curing (between 2000 cm

-1
 and 500 cm

-1
). 

(Originally in colour) 
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2.8.4 Solid-state CP/MAS 
13

C NMR characterization of scrapings of cured bio-oil 

polymers 

The scrapings from the Al – bio-oil – Al interfaces of Al plates cured by spruce wood chips, 

waste office paper and DIR derived organic phase bio-oil post tensile tests were further 

characterized with cross-polarization/magic angle spinning (CP/MAS) solid-state 
13

C NMR. In 

addition, a solid-state 
13

C NMR with dipolar dephasing (DD) spectrum was recorded for each 

sample to allow better assignment of resonance bands. The experimental details for solid-state 

13
C CP/MAS NMR with and without dipolar dephasing (DD) are described in section 4.2.13 in 

chapter 4. In the dipolar dephasing experiments, immobile carbons with directly attached 

hydrogens were significantly attenuated, so the spectrum will largely consists of the quaternary 

carbons and mobile carbons such as methyl groups. 

 

Figure 54 illustrates the 
13

C CP/MAS NMR spectra with and without dipolar dephasing of the 

scrapings from Al plates cured by spruce wood chips derived organic phase bio-oil at 140 
o
C for 

8 h. Similarly, the 
13

C CP/MAS NMR spectra with and without dipolar dephasing of the bio-oil 

polymer scrapings derived from waste office paper and DIR are shown in Figure 55 and 56, 

respectively. The scrapings for waste office paper and DIR derived bio-oil polymers are those 

cured at 160 
o
C for 8 h (i.e. same samples used for ATR-IR characterization in section 2.8.3). In 

both cases the solid-state 
13

C NMR spectra are overlapped with the liquid-state 
13

C NMR 

spectrum of the crude organic phase bio-oil derived from spruce wood chips, waste office paper 

and DIR, respectively. 

 

Comparing the solid-state 
13

C NMR spectra of the scrapings derived from spruce wood chips 

(Figure 54), waste office paper (Figure 55) and DIR (Figure 56), it is noteworthy that the 

solid-state 
13

C NMR spectrum of the scrapings of the spruce wood chips derived bio-oil 

polymer contains a sharp, high-intensity signal between 52 and 59 ppm. This sharp signal also 

exists in the 
13

C NMR spectrum with dipolar dephasing in Figure 54. As discussed previously in 

section 2.6.1, the sharp signal at around 55 ppm in the liquid-state 
13

C NMR spectrum of the 

spruce wood chips derived organic phase bio-oil is a characteristic resonance signal for the 

carbon atoms in methoxy groups on phenolic compounds such as guaiacol and syringol. These 
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phenolic compounds were generated from thermal degradation of lignin. Since the lignin 

content of spruce wood chips is significantly higher than the lignin contents of waste office 

paper and DIR, this signal is not prominent (even missing) in the solid-state 
13

C CP/MAS NMR 

spectra of the bio-oil polymer scrapings derived from waste office paper (Figure 55) and DIR 

(Figure 56). Despite the carbon atoms in these methoxy groups have three hydrogen atoms 

attached, they are not immobile carbons. Hence, this resonance signal still exists in the 
13

C 

NMR spectrum with dipolar dephasing. 

 

 

Figure 54: Solid-state 
13

C CP/MAS NMR spectrum of spruce wood chips derived bio-oil / Al 

scraping (black) and 
13

C CP/MAS NMR spectrum of spruce wood chips derived bio-oil / Al 

scraping with dipolar dephasing (red), overlapped with the liquid-state 
13

C NMR spectrum of 

organic phase bio-oil from spruce wood chips. (Originally in colour) 
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Figure 55: Solid-state 
13

C CP/MAS NMR spectrum of waste office paper derived bio-oil / Al 

scraping (black) and 
13

C CP/MAS NMR spectrum of waste office paper derived bio-oil / Al 

scraping with dipolar dephasing (red), overlapped with the liquid-state 
13

C NMR spectrum of 

organic phase bio-oil (*possible artefacts). (Originally in colour) 
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Figure 56: Solid-state 
13

C CP/MAS NMR spectrum of DIR derived bio-oil / Al scraping (black) 

and 
13

C CP/MAS NMR spectrum of DIR derived bio-oil / Al scraping with dipolar dephasing 

(red), overlapped with the liquid-state 
13

C NMR spectrum of organic phase bio-oil from DIR. 

(Originally in colour) 

 

The solid-state 
13

C CP/MAS NMR spectra with and without dipolar dephasing of the bio-oil 

polymer scrapings derived from spruce wood chips (Figure 54), waste office paper (Figure 55) 

and DIR (Figure 56) show similar trends in other resonance regions. For the solid-state 
13

C 

CP/MAS NMR spectra, the broad intense band between 59 ppm and 100 ppm in Figure 54, and 

those between 50 ppm and 100 ppm in Figure 55 and 56 are assigned to sugar carbons, which 

were almost not observed in the 
13

C NMR spectra with dipolar dephasing. This is because the 

carbon atoms in carbohydrate sugars and their derivatives generally have at least one hydrogen 

atom attached. Hence, these carbons were significantly attenuated in dipolar dephasing 

experiments. The various resonance bands between 105 ppm and 165 ppm verify the presence 

of complicated aromatic structures. Broadly, the resonance bands between 140 ppm and 160 
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ppm are attributed to quaternary aromatic carbons, which still exist in the dipolar dephasing 
13

C 

NMR spectra of bio-oil polymer scrapings. Resonance bands between 105 ppm and around 140 

ppm are attributed to aromatic carbons with a hydrogen atom attached, so the intensities of these 

bands decreased in the 
13

C dipolar dephasing spectra. The band between 100 ppm and 105 ppm 

in the 
13

C solid-state CP/MAS NMR spectra is a characteristic resonance band for anomeric 

carbons in carbohydrate compounds. The scrapings of bio-oil polymers derived from spruce 

wood chips, waste office paper and DIR also contain various carbonyl structures as proved by 

resonance bands centred at around 210 ppm and 175 ppm. In both cases these bands still remain 

in the spectra of 
13

C NMR with dipolar dephasing, suggesting that they are mainly ketone (210 

ppm) and ester (175 ppm) structures. Alkyl groups are also present in the scrapings: methyl 

groups (0 ppm to 20 ppm) and CH2 structures (20 ppm to 50 ppm). The mobile carbons in 

methyl groups (CH3) are not attenuated, whereas the CH2 structures were significantly 

attenuated in the solid-state 
13

C NMR with dipolar dephasing experiments. 

 

The assignments of carbon resonance bands according to chemical shifts in the solid-state 
13

C 

CP/MAS NMR spectra with and without dipolar dephasing are summarized in Table 19. The 

fact that there is no significant change seen in the spectra of the post-cure scrapings in all the 

Figures (Figure 54, 55 and 56) is indicative of little or no decomposition of the main structural 

units, i.e., the aromatic and sugar moieties largely remain intact, thus undergoing possible 

homo- and cross-coupling polymerisation reactions that help adhesion. 
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Table 19: Assignments of carbon resonance signals in the solid-state 
13

C CP/MAS NMR 

spectra with and without dipolar dephasing in accordance with the chemical shift range 

Chemical shifts 

(ppm) 

Carbon assignments Solid-state 
13

C CP/MAS NMR spectra 

Without dipolar 

dephasing 

With dipolar 

dephasing 

0 – 20 Methyl groups (CH3)   

20 – 50 CH2 structures   

52 – 59 Carbons in methoxy groups of 

methoxyphenols 

  

50 – 100 Carbons in carbohydrates   

100 – 105 Anomeric carbons in 

carbohydrates 

  

105 – 140 Aromatic carbons with hydrogen 

atom attached 

  

140 – 160 Quaternary aromatic carbons   

160 – 195 esters   

195 – 220 ketones   

Resonance signals observed in the spectrum 

2.9 Liquid-liquid fractionation of waste office paper derived organic 

phase bio-oil and the adhesive properties of different bio-oil fractions 

As characterized by the ATR-IR spectroscopy (section 2.5), liquid-state 
1
H and 

13
C NMR 

spectroscopy (section 2.6) and GC-MS (section 2.7), the organic phase bio-oils generated from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of the spruce wood chips, waste office 

paper and DIR are mainly complex mixtures of many different kinds of organic compounds. 

The organic compounds within organic phase bio-oils mainly contain sugar and its derivatives, 

(hetero-) aromatics, hydrocarbons and carbonyl containing compounds. In order to gain some 

understanding of the bonding behaviour of the organic phase bio-oils, the waste office paper 

derived organic phase bio-oil was subjected to a liquid-liquid fractionation process. In the 
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literature, extensive efforts have been devoted to upgrade crude bio-oil by separating with 

different solvents/liquids, mainly with the aim to recover valuable aromatic compounds and 

carbohydrate sugars etc.
197 - 201

 

 

Herein, the different fractions of bio-oil obtained from liquid-liquid fractionation of the waste 

office paper derived organic phase bio-oil were characterized with ATR-IR spectroscopy, 

liquid-state 
13

C NMR spectroscopy and GC-MS. The mechanical strengths (i.e. tensile strengths) 

of Al plates cured by these different bio-oil fractions were investigated using the same method 

which was employed for testing the crude organic phase bio-oil cured Al plates (as described in 

section 2.8.1 in this chapter and section 4.2.12 in chapter 4). The Al plates were adhered 

together using the different bio-oil fractions at 160 
o
C for 4 h curing. The curing temperature 

(160 
o
C) was selected because this is the temperature at which maximum tensile strengths were 

obtained for the Al plates cured by crude organic phase bio-oil generated from 

microwave-assisted pyrolysis of waste office paper (as described in section 2.8.2 in this chapter). 

The scrapings of the formed polymers at the Al–bio-oil–Al interfaces post tensile tests were 

characterized using ATR-IR spectroscopy. 

2.9.1 Liquid-liquid fractionation of the crude organic phase bio-oil derived from 

waste office paper 

The organic phase bio-oil (10 g) generated from microwave-assisted low-temperature (<200 
o
C) 

pyrolysis of waste office paper was subjected to liquid-liquid fractionation using alkali (aqueous 

sodium hydroxide) and organic solvent (ethyl acetate), from which three different bio-oil 

fractions (i. “neutral” ethyl acetate fraction, ii., “acidic” ethyl acetate fraction, i.e., acidified 

aqueous sodium hydroxide layer extracted with ethyl acetate, and iii., aqueous fraction) were 

obtained. The employed procedure was modified and adapted from the method reported by 

Amen-Chen et al.
201

 The experimental procedure is described in section 4.2.14 in chapter 4. 

Herein, a scheme for the liquid-liquid fractionation of waste office paper derived organic phase 

bio-oil is illustrated in Figure 57. 
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Figure 57: Liquid-liquid fractionation of the waste office paper derived organic phase bio-oil. 

(Originally in colour) 

 

Basically, the liquid-liquid fractionation procedure comprises five main steps: 

 

Step 1: The waste office paper derived organic phase bio-oil (10 g) was dissolved in ethyl 

acetate at a 1 : 1 weight ratio and transferred to a separating funnel containing an Equivolume of 

aqueous sodium hydroxide solution (2 M). The mixture was mixed by shaking the separating 

funnel and settled until two separate layers were formed. 
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Step 2: The aqueous layer was set aside whilst the organic layer (ethyl acetate layer) was further 

extracted with aqueous 2 M sodium hydroxide solution for five times (5 × 100 mL). 

 

Step 3: The remaining organic layer after five times extraction with aqueous sodium hydroxide 

in step 2 was isolated, dried and the solvent removed in vacuo to give the “neutral” ethyl acetate 

fraction as red-brown oil (1.9 g). 

 

Step 4: The combined aqueous extracts (aqueous layer in step 1 and the aqueous layers 

extracted in step 2) were acidified with HCl (1 M) until the pH of the solution dropped to 

around 6.  

 

Step 5: Thus obtained “acidified” aqueous solution was extracted with ethyl acetate (5 × 100 

mL), dried and the solvent (i.e. ethyl acetate) removed in vacuo to afford the “acidic” ethyl 

acetate fraction as red-brown oil (2.5 g). The water in the aqueous layer was removed to yield 

the aqueous fraction bio-oil which mainly contains solid matter. 

 

Figure 58 shows the appearances of the “neutral” ethyl acetate fraction, “acidic” ethyl acetate 

fraction and aqueous fraction bio-oil generated from the liquid-liquid fractionation of the waste 

office paper derived organic phase bio-oil. As illustrated in Figure 59. The yields for the 

“neutral” and “acidic” ethyl acetate fractions are 19% and 25%, respectively. For the aqueous 

fraction, as sodium chloride was generated during the acidification process, the yield for this 

fraction (56%) was calculated by mass difference. 
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Figure 58: Appearances of the “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction 

and aqueous fraction bio-oil. (Originally in colour) 

 

 

Figure 59: Yield of liquid-liquid fractionation of waste office paper derived organic phase 

bio-oil. (Originally in colour) 

2.9.2 
13

C NMR analysis of different bio-oil fractions 

The three bio-oil fractions obtained from liquid-liquid fractionation of the waste office paper 

derived organic phase bio-oil were dissolved in DMSO-d6 and characterized with liquid-state 

13
C NMR spectroscopy. The analysis method is similar to the one used for liquid-state 

13
C NMR 

characterization of the crude organic phase bio-oils, as described in experimental section 4.2.9 

in chapter 4. Figure 60 illustrates the 
13

C NMR spectra of “neutral” ethyl acetate fraction, 

19% 

25% 
56% 

"Neutral" ethyl acetate fraction

"Acidic" ethyl acetate fraction

Aqueous fraction
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“acidic” ethyl acetate fraction and aqueous fraction bio-oil. For all the 
13

C NMR spectra, the 

central resonance of DMSO-d6 (δC, 39.52 ppm) was used as internal reference. 

 

 

Figure 60: 
13

C NMR spectra of “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction 

and aqueous fraction bio-oil yielded from liquid-liquid fractionation of waste office paper 

derived organic phase bio-oil (all spectra used the central resonance of DMSO-d6 (δC, 39.52 

ppm) as internal reference). *possible artefacts. 
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Due to the complex chemical composition of the waste office paper derived original organic 

phase bio-oil, it was very hard to achieve complete separation. Basically, a relatively large 

percentage of (hetero-) aromatic compounds were separated into the “acidic” ethyl acetate 

fraction, with many peaks detected in the (hetero-) aromatic portion of the spectrum of “acidic” 

ethyl acetate fraction bio-oil, ranging from 110 to 165 ppm. The sharp signals (centred at 94 

ppm, 62 ppm and 15 ppm) shown in the spectrum of “neutral” ethyl acetate fraction bio-oil were 

also detected in the “acidic” ethyl acetate fraction bio-oil, but with lower intensities in the 

spectrum of the “acidic” ethyl acetate fraction. These peaks are possibly due to ethers with 

relatively short carbon chains. It is noteworthy that the 
13

C NMR spectrum of aqueous fraction 

bio-oil is almost “clean” in the aromatic portion (105 – 165 ppm), with most peaks detected 

between 55 and 105 ppm (mostly carbohydrate sugars and their derivatives). 

2.9.3 GC-MS characterization of different bio-oil fractions 

The GC traces for the “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction and 

aqueous fraction bio-oil resulting from liquid-liquid fractionation of waste office paper derived 

organic phase bio-oil are shown in Figure 61. The instrumentation and methodology for GC-MS 

characterization of the three bio-oil fractions are similar to those applied for crude organic phase 

bio-oils generated from the microwave-assisted pyrolysis experiments, as described in the 

experimental section 4.2.10 in chapter 4. 

 

It is noteworthy that compared with the GC trace of aqueous fraction bio-oil, carbohydrate 

sugars were not detected in both the “neutral” ethyl acetate and “acidic” ethyl acetate bio-oil 

fractions, suggesting most carbohydrate sugars and their derivatives were remaining in the 

aqueous fraction. Most furans and acidic compounds were separated into the “acidic” ethyl 

acetate fraction; while some furans and acidic compounds were also detected in the “neutral” 

ethyl acetate fraction. 
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Figure 61: GC-MS spectra of “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction and 

aqueous fraction bio-oil generated from liquid-liquid separation of waste office paper derived 

organic phase bio-oil. *possible artefacts. (Originally in colour) 

2.9.4 Adhesive strengths of different bio-oil fractions 

To investigate the adhesive properties of the three fractions of bio-oil generated from 

liquid-liquid separation of the waste office paper derived organic phase bio-oil, they were used 

as adhesives for Al – Al bonding. The same procedure which was applied for tests of the crude 

organic phase bio-oils was followed for the bonding and tensile strength tests of the Al plates 

cured by these three bio-oil fractions. 

 

The tensile strengths of the waste office paper derived organic phase bio-oil, and the 

subsequently fractionated “neutral” ethyl acetate fraction bio-oil, “acidic” ethyl acetate fraction 

bio-oil, aqueous fraction bio-oil, as well as the mixture of the two ethyl acetate fraction bio-oil 

cured Al plates are demonstrated in Figure 62. Specimens were cured in oven at 160 
o
C for 4 h 

(the temperature at which maximum tensile strengths were obtained for the Al plates cured by 

the waste office paper derived organic phase bio-oil). 
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Figure 62: Tensile strengths of waste office paper derived organic phase bio-oil, “neutral” and 

“acidic” ethyl acetate and aqueous fraction bio-oil, and a mixture of the “neutral” and “acidic” 

ethyl acetate fraction bio-oil cured Al plates (Specimens cured at 160 
o
C for 4 h. (Originally in 

colour) 

 

The tensile strengths obtained with different fractions of bio-oil are all lower than that obtained 

with original organic phase bio-oil generated from low-temperature (<200 
o
C) 

microwave-assisted pyrolysis of waste office paper. The tensile strength of the Al-“acidic” ethyl 

acetate fraction bio-oil-Al bond was about 1260 N, while the “neutral” ethyl acetate fraction 

bio-oil could also bond the two Al plates but with very weak tensile strength (around 300 N). 

For the solids obtained from the aqueous fraction bio-oil (water removed), they cannot bond the 

Al plates at all. As these solids are probably composed of carbohydrates mainly, it is obvious 

that the carbohydrate sugars by themselves could not bond the Al substrates. An interesting 

observation is that when the “neutral” ethyl acetate fraction bio-oil and the “acidic” ethyl acetate 

fraction bio-oil were mixed by a weight ratio of 1 : 1.25 (the same ratio as in the organic phase 

bio-oil prior fractionation), the tensile strengths of this mixture bonded Al plates (around 1460 

N) were higher than those when bonded separately, but still lower than that of organic phase 

bio-oil (around 1990 N). So it is possible that there is a co-operative or synergistic effect 

between the compounds from “neutral” and “acidic” ethyl acetate bio-oil fractions and those 

from aqueous fraction that is responsible for the bonding properties of the original organic 
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phase bio-oil, with the aromatic (mainly furanic) and acidic compounds mainly from “acidic” 

ethyl acetate fraction contributing more towards bonding. Bonding may be similar to 

phenol-formaldehyde cross-linking and this is further investigated with a model compound 

study using catechol, HMF and levoglucosan. 

 

 

Figure 63: Appearances of the Al – bio-oil –Al interfaces of Al plates oven cured by the 

“neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction and aqueous fraction bio-oil at 

160 
o
C for 4 h. (Originally in colour) 

 

The appearances of the Al–bio-oil–Al interfaces post tensile tests of the Al plates cured by the 

three bio-oil fractions (i.e. “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction and 

aqueous fraction bio-oil) are shown in Figure 63. For the specimen cured by “neutral” ethyl 

acetate fraction bio-oil, similar to the specimens cured by the crude organic phase bio-oils 

(described in section 2.8.2 in this chapter), the adhesive bonds were broken cohesively. 

Fractured bio-oil polymers present on both sides of Al plates. Interestingly, the failure pattern of 

the “acidic” ethyl acetate fraction bio-oil adhered Al plates were broken both cohesively and 

adhesively (more significant). The reason for this effect needs further investigation. The 

aqueous fraction bio-oil cannot cure the two Al plates, the residues stayed at the surface of the 
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Al plate. Figure 64 illustrates the mass loss (wt.%) of the three bio-oil fractions during curing Al 

plates in oven at 160 
o
C for 4 h. For comparison, the mass loss of the crude, waste office paper 

derived organic phase bio-oil (around 38.3 wt.%) under the same curing conditions is also 

shown in Figure 64. It is obvious that the compounds released during curing were mainly those 

consisted in the two ethyl acetate bio-oil fractions. The mass loss of the “neutral” and “acidic” 

ethyl acetate fraction bio-oil during curing is similar: around 41.8 wt.% for the “neutral” ethyl 

acetate fraction and 42.6 wt.% for the “acidic” ethyl acetate fraction bio-oil. As discussed 

previously in section 2.8.2, the compounds released during curing probably comprises residual 

water, small volatile organic compounds and the substances generated from various 

polymerization reactions occurred during curing. However, the exact chemical composition of 

the released compounds needs to be further investigated. 

 

 

Figure 64: Mass loss (wt.%) of waste office paper derived organic phase bio-oil, “neutral” ethyl 

acetate fraction, “acidic” ethyl acetate fraction and aqueous phase fraction bio-oil during curing 

Al plates in oven at 160 
o
C for 4 h curing. (Originally in colour) 

2.9.5 ATR-IR characterization of scrapings from cured different bio-oil fractions 

The hypothesis that the (hetero-) aromatic and acidic compounds consisted in the “acidic” ethyl 

acetate fraction bio-oil contribute more towards bonding is further proved by the ATR-IR 

characterization of the bio-oil polymer scrapings. Figure 65 compares the ATR-IR spectra of the 

“neutral” and “acidic” ethyl acetate fraction bio-oil with the scrapings of formed polymers after 
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curing Al plates in oven at 160 
o
C for 4 h. The polymer of the cured “neutral” ethyl acetate 

fraction bio-oil shows little structural changes before and after curing (Figure 65 A), while the 

polymer of cured “acidic” ethyl acetate fraction bio-oil shows dramatically significant changes 

after curing (Figure 65 B). Similar to the waste office paper derived organic phase bio-oil, the 

intensity of the carbonyl absorption band at 1710 cm
-1

 decreased dramatically due to 

polymerization on the carbonyl bonds. The intensity of the C=C stretching vibration band 

increased dramatically, and this stretching vibration band slightly shifts to a lower wavenumber 

(1625 cm
-1

 to 1617 cm
-1

). Also, significant structural changes and formation of new chemical 

bonds can be observed between 1630 cm
-1

 and 1450 cm
-1

, which is characteristic of skeletal 

vibrations of aromatic rings, suggesting the formation of new aromatic structures during curing. 

The formation of the significant shoulder peak between 1670 cm
-1

 and 1530 cm
-1

, together with 

the dramatic intensity increase of the C=C stretching band at 1617 cm
-1

, probably implies the 

formation of conjugated aromatic structures during curing. This is also confirmed by the 

changes in the alkene/aromatic C-H out of the plane bending region (800 cm
-1

 to 900 cm
-1

). For 

the “acidic” ethyl acetate fraction bio-oil, after curing between Al plates, the O-H stretching 

band drifts to higher wavenumbers, and the carbonyl stretching peak at 1710 cm
-1

 slightly drifts 

to lower wavenumbers, suggesting a reduction of hydrogen bonding. 
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Figure 65: ATR-IR spectra of (A) “neutral” ethyl acetate fraction bio-oil and scrapings of cured 

polymer of this fraction (B) “acidic” ethyl acetate fraction bio-oil and scrapings of cured 

polymer of this fraction (specimens cured at 160 
o
C for 4 h). (Originally in colour) 

2.10 Model compound study of adhesive properties of organic phase 

bio-oils 

From the previous discussions in this chapter, it is revealed that the crude organic phase bio-oils 

produced from the microwave-assisted low-temperature (<200 
o
C) pyrolysis of biorenewable 

feedstocks (i.e. spruce wood chips, waste office paper and DIR) are very complicated mixtures 
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of a wide variety of oxygenated compounds. These compounds are essentially thermal 

decomposition products of cellulose, hemicellulose and lignin, even though the amounts of 

these compounds vary significantly depending on the feedstock. Also, it was found that the 

spruce wood chips and waste office paper derived organic phase bio-oils could efficiently bond 

two Al plates, with relatively high tensile strengths. As an attempt to gain some understanding 

of the bonding behaviours and adhesive properties of the complex bio-oils, a model compound 

study was conducted. Model compound study has been widely used to study particular reactions 

of bio-oil.
202 – 205

 Hu et al. also investigated the polymerization reactions on heating up of bio-oil 

using model compound study.
206

 

 

Oxygen-containing functional groups (e.g., hydroxyls, carbonyls) present in most chemical 

compounds in bio-oil. These functional groups activate the compounds, making the reactions 

between these compounds very complex.
206

 Herein, three model compounds (levoglucosan, 

HMF and catechol) were selected representing carbohydrate sugars, sugar derivatives and 

aromatics found in bio-oil, to study their contributions towards bonding. More specifically, 

levoglucosan as a common anhydrate sugar which is generally found in high abundance in 

bio-oils represents carbohydrate sugars. HMF represents sugar derivatives in bio-oil and 

catechol is selected to represent aromatic compounds. The chemical structures of these three 

model compounds are illustrated in Figure 66. 

 

The adhesive properties of these model compounds towards Al bonding was studied by bonding 

Al plates using single model compound (section 2.10.1), mixtures of each two model 

compounds with various molar ratios (section 2.10.2) as well as mixtures of the three model 

compounds with various molar ratios (section 2.10.3). The tensile strengths of adhered Al plates 

were tested, following the procedure described in experimental section 4.2.12 in chapter 4. The 

polymers and/or residues on the Al plates post tensile tests were characterized by ATR-IR 

spectroscopy. 
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Figure 66: Chemical structures of the three selected model chemical compounds (catechol, 

HMF and levoglucosan). 

2.10.1 Adhesion properties of single model compounds 

Each component (70 mg) was applied homogeneously between two Al plates with surface sizes 

50 mm × 50 mm. The two Al plates were placed in a lab oven with a stainless steel metal block 

(around 350 g) on top to mimic a constant pressure at 140 
o
C for 4 h. After curing in oven, no 

bonding was achieved for all the specimens, suggesting individual compounds cannot bond Al 

plates at all. The appearances of the Al– single compound–Al interfaces after heating are shown 

in Figure 67. The residual material at the Al–HMF–Al interface is a brown colour liquid and the 

residual solids at the Al–catechol–Al and Al–levoglucosan–Al interfaces are mainly white 

powders. 

 

Figure 68, 69 and 70 compares the ATR-IR spectra of the single model compound and the 

residual matter at the Al – individual compound – Al interfaces post heating in oven for HMF, 

catechol and levoglucosan, respectively. Many structural changes could be seen in the ATR-IR 

spectra of HMF and the residual matter at the Al – HMF – Al interface (Figure 68). For example, 

the O-H stretching vibration band became very broad compared with that of HMF prior heating. 

Also, a significant number of changes could be seen in the fingerprint region, especially 

between 1500 cm
-1

 and 500 cm
-1

. These structural changes suggest some reactions such as 

(partial) oxidation occurred during heating. For the ATR-IR spectra of catechol and the residual 

matter at the Al – catechol – Al interface (Figure 69), there are no significant changes in the 

bands for catechol before and after heating. A slight change could be observed around 1000 
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cm
-1

. This indicates that catechol might be polymerized slightly during heating through the 

formation of new C-C and/or C-O-C bonds. For the ATR-IR spectra of levoglucosan and the 

residual matter at the interface of Al–levoglucosan–Al (Figure 70), the absorption bands for 

levoglucosan remain the same after heating, suggesting no change occurred. 

 

 

Figure 67: Appearances of the Al – single compound –Al interfaces of Al plates oven cured by 

single model compound (70 mg) at 140 
o
C for 4 h. (Originally in colour) 
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Figure 68: ATR-IR spectra of HMF and the residue at the Al-HMF-Al interface after curing at 

140 
o
C for 4 h. (Originally in colour) 

 

 

Figure 69: ATR-IR spectra of catechol and the residue at the Al-catechol-Al interface after 

curing at 140 
o
C for 4 h. (Originally in colour) 
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Figure 70: ATR-IR spectra of levoglucosan and the residue at the Al-levoglucosan-Al interface 

after curing at 140 
o
C for 4 h. (Originally in colour) 

2.10.2 Adhesion properties of mixtures of two model compounds 

Initially, mixtures of each two of the model compounds (70 mg) with various molar ratios (i.e. 

mixture of HMF and levoglucosan with molar ratio 5 : 5, mixture of catechol and HMF with 

molar ratio 1 : 9 and mixture of catechol and levoglucosan with molar ratio 1 : 9) were applied 

as adhesives for the bonding of two Al plates. Table 20 summarizes the tensile strengths of the 

Al plates cured by these mixtures. Basically, the mixture of HMF and levoglucosan (molar ratio 

5 : 5) and that of catechol and levoglucosan (molar ratio 1 : 9) show very poor adhesion 

properties. The tensile strengths of Al plates cured by these two mixtures are very low: around 

59 N for the mixture of HMF and levoglucosan, less than 50 N (failure occurred at the start of 

tensile tests) for the mixture of catechol and levoglucosan. The specimen cured by the mixture 

of catechol and HMF with molar ratio 1 : 9 has highest tensile strength (around 1734 N). These 

results indicate that the (hetero-) aromatic and other acidic compounds are of great importance 

towards good bonding. 

 

 



160 

 

Table 20: Tensile strengths of Al plates cured by mixtures of each two model compounds (70 

mg) with various molar ratios 

Mixture Molar ratio Tensile strengths (N)
a
 

HMF and levoglucosan 5 : 5 59 

Catechol and HMF 1 : 9 1734 

Catechol and levoglucosan 1 : 9 <50 

a
 The reported tensile strengths are averages of four times measurements 

 

The appearances of the Al–mixture (two model compounds)–Al interfaces post tensile tests are 

illustrated in Figure 71. The residual material remaining on the Al–mixture–Al interfaces for the 

mixture of HMF and levoglucosan (molar ratio 5 : 5) and that of catechol and levoglucosan 

(molar ratio 1 : 9) are essentially semisolids. On the contrast, the residue at the Al–mixture–Al 

interface for the mixture of catechol and HMF (molar ratio 1 : 9) is a polymer adhering on the 

surfaces of cured Al plates.  
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Figure 71: Appearances of the Al–mixture–Al interfaces of Al plates oven cured by mixtures of 

two model compounds (70 mg) at 140 
o
C for 4 h. (Originally in colour) 

 

It is noteworthy that the failure pattern of the Al plates cured by the mixture of catechol and 

HMF (molar ratio 1 : 9) is mainly cohesive, although some parts seem to be broken adhesively. 

According to McBride and Wesselink, catechol and other aromatic compounds as weak acids 

could be efficiently chemisorbed and bound on Al surfaces.
207

 Hence, higher tensile strengths 

could be potentially achieved with Al plates cured by mixtures containing (hetero-) aromatic 

compounds. 
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The high tensile strength of Al plates cured by mixture of catechol and HMF (molar ratio 1 : 9) 

is mainly attributed to the significant polymerization reactions between these two model 

compounds. Phenolic compounds contain conjugated π bonds, which could be easily targeted by 

electrophilic reagents. Hence, phenolic compounds (e.g., catechol) could directly react with 

other compounds within bio-oil such as furans to form a polymer.
206

 In addition, during curing 

Al plates with bio-oil in oven, phenolic compounds could act as catalysts for the acid-catalyzed 

polymerization reactions. The organic phase bio-oils generated from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office paper and DIR also 

contain small amounts of carboxylic acids including acetic acid. These acids could also act as 

catalysts for acid-catalyzed polymerization reactions. Due to the higher acidity of these 

carboxylic acids, they are much more efficient than phenolic compounds as catalysts.
206

 

 

Furthermore, Hu et al. have pointed out that among the various carbohydrate sugar derivatives, 

furans (e.g., furfural, HMF) present the highest tendency towards polymerization.
206

 This is 

mainly attributed to the presence of conjugated π bonds in furan rings and the carbonyl groups 

containing in many furan derivatives such as HMF. Figure 72 shows a possible reaction 

pathway for phenolic compounds and furans in the presence of acid catalysts (e.g., carboxylic 

acids, phenolic compounds). 
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Figure 72: Illustration of a potential reaction pathway for phenolic compounds and furans in the 

presence of acid catalysts (e.g., carboxylic acids, phenolic compounds) 

 

Figure 73, 74 and 75 demonstrate the ATR-IR spectra of the residual materials at the Al–

mixture–Al interfaces post tensile tests and those of the mixture of HMF and levoglucosan with 

molar ratio 5 : 5 (Figure 73), mixture of catechol and HMF with molar ratio 1 : 9 (Figure 74) 

and mixture of catechol and levoglucosan with molar ratio 1 : 9 (Figure 75). The ATR-IR 

spectra of the mixture of HMF and levoglucosan (molar ratio: 5 : 5) in Figure 73 shows a much 

broader absorption band between 3700 cm
-1

 and 3000 cm
-1

, compared with the absorption bands 

in this region in the ATR-IR spectra of single HMF (Figure 68) and levoglucosan (Figure 70). 

This is probably due to the formation of various hydrogen bonds between the hydroxyl groups 

of HMF and levoglucosan during mixing. Significant structural changes occurred during curing 

Al plates in oven with the mixture of HMF and levoglucosan (molar ratio: 5 : 5). The intensity 

of the carbonyl stretching vibration band centred at around 1662 cm
-1

 significantly decreased, 

along with many structural changes in the fingerprint region between 1500 cm
-1

 and 500 cm
-1

. 

Also, the shape of the absorption band characteristic for O-H stretching vibration has changed 

dramatically. All these changes in the ATR-IR spectra of this mixture before and after curing 

suggest various reactions occurred between HMF and levoglucosan. Reactions between the 

HMF molecules also leaded to the significant changes observed in the ATR-IR spectra. 
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However, these reactions did not contribute to bonding, the tensile strength of Al plates cured 

by the mixture of HMF and levoglucosan is only around 59 N. 

 

Polymerization between HMF and catechol during curing is evidenced by the many structures 

changes as can be seen from the ATR-IR spectra of the mixture of these two compounds before 

and after curing (Figure 74). The differences in the region between 3000 cm
-1

 and 2800 cm
-1

 

indicate that the C-H structures in the polymer are significantly different from the original 

mixtures. Various changes in the region between 2000 cm
-1

 and 500 cm
-1

 indicate the formation 

of new structures such as C-C, C-O and C-O-C etc. No significant differences could be 

observed from the ATR-IR spectra of the mixture of catechol and levoglucosan with molar ratio 

1 : 9 before and after curing (Figure 75). A slightly broad, low-intensity absorption band 

appears at around 1636 cm
-1

 in the ATR–IR spectrum of the residual materials at the interface of 

Al–mixture (catechol and levoglucosan)–Al interface. The appearance of this band is probably 

due to water, suggesting dehydration reactions between catechol and levoglucosan might occur 

during curing Al plates in oven. 

 

 

Figure 73: ATR-IR spectra of mixtures of HMF and levoglucosan with molar ratio 5 : 5 and the 

residue at the Al–mixture–Al interface after curing at 140 
o
C for 4 h. (Originally in colour) 
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Figure 74: ATR-IR spectra of mixtures of catechol and HMF with molar ratio 1 : 9 and the 

residue at the Al–mixture–Al interface after curing at 140 
o
C for 4 h. (Originally in colour) 

 

 

Figure 75: ATR-IR spectra of mixtures of catechol and levoglucosan with molar ratio 1 : 9 and 

the residue at the Al–mixture–Al interface after curing at 140 
o
C for 4 h. (Originally in colour) 
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For the Al plates adhered with mixtures of each two model compounds with various molar 

ratios (70 mg), the highest tensile strength (around 1734 N) of adhered Al plates was obtained 

with the mixture of catechol and HMF (molar ratio 1 : 9). To further investigate the influence of 

the amount of phenolic compounds on the tensile strengths of adhered Al plates, mixtures of 

catechol and HMF with molar ratio 3 : 7 and 5 : 5 were prepared and applied as adhesives for Al 

bonding. These specimens were also cured in oven at 140 
o
C for 4 h. Figure 76 illustrates the 

average tensile strengths of Al plates cured by mixtures of catechol and HMF with various 

molar ratios: 1 : 9, 3 : 7, and 5 : 5. It is obvious that the tensile strengths of adhered Al plates 

increase with the amounts of catechol significantly. The average tensile strength of Al plates 

cured by the mixture of catechol and HMF with molar ratio 3 : 7 is 3785 N, almost doubled the 

average tensile strength obtained with the mixture of catechol and HMF with molar ratio 1 : 9 

(1734 N). For Al plates cured with the mixture of catechol and HMF with molar ratio 5 : 5, the 

specimens could not be pulled apart during tensile tests and the tests were stopped manually 

when the tensile strength reached around 6000 N. 

 

 

Figure 76: Tensile strengths of Al plates cured by catechol and HMF mixtures with various 

molar ratios (1 : 1, 3 : 7 and 5 : 5), specimens cured at 140 
o
C for 4 h. (Originally in colour) 
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2.10.3 Adhesion properties of mixtures of three model compounds 

From the discussions above, it is clear that the presence of (hetero-) aromatic compounds (e.g., 

furanics) in the bio-oil is of pivotal importance to achieve high tensile strengths. The 

polymerization reactions between aromatic compounds and furans probably contribute most 

towards good adhesion. In this section, the adhesive properties of mixtures of the three 

compounds were investigated, with emphasis on studying the influences of the amount of 

catechol on the mixtures’ adhesive properties. For preparing the mixtures of three model 

compounds, the molar ratio of catechol increased from 4% to 40% while that of HMF and 

levoglucosan remaining the same. Each mixture (70 mg) was applied as adhesives for Al 

bonding and the specimens were cured in oven at 140 
o
C for 4 h, following the experimental 

procedure described in section 4.2.12 in chapter 4. 

 

Figure 77 shows the exact molar ratios of the three compounds in each mixture and the 

appearances of the Al–mixture (three model compounds)–Al interfaces post tensile tests. The 

tensile strengths of Al plates cured with the mixtures of catechol, HMF and levoglucosan at 

various molar ratios are illustrated in Figure 78. For Al plates cured by the mixtures with a 

relatively low catechol content (i.e. mixtures of catechol, HMF and levoglucosan with molar 

ratio 4 : 48 : 48 and 8 : 42 : 42), the residual materials at the Al–mixture–Al interface were 

mainly liquids. Hence, the tensile strengths of Al plates cured with these two mixtures were 

very low: less than 50 N (failure occurred at the start of tensile tests). With the increasing of 

molar ratio of catechol in the mixture, the tensile strengths of Al plates cured by the mixtures of 

three model compounds increased. This is also reflected by the morphology of the fractured 

polymers at the Al–mixture–Al interfaces (Figure 77). For example, the residual materials at the 

Al–mixture–Al interfaces for the specimens cured with mixtures of catechol, HMF and 

levoglucosan with molar ratios 12 : 44 :44 and 16 : 42 : 42 were polymers, rather than liquids. 

However, these fractured polymers were still wet. On the contrast, the fractured polymers at the 

Al–mixture–Al interfaces for the specimens adhered by mixtures of catechol, HMF and 

levoglucosan with molar ratios 20 : 40 : 40 and 24 : 38 : 38 were dry and stiff. 
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Maximum tensile strengths (around 5266 N) were obtained with the Al plates cured by mixture 

of catechol, HMF and levoglucosan with molar ratio 28 : 36 :36. After that, the tensile strengths 

dropped with increasing of the molar ratio of catechol (Figure 78). Significant differences in the 

morphology of fractured polymers at the Al– mixture–Al interfaces for specimens cured with 

mixtures which have very high catechol contents could be observed (Figure 77). For instance, 

the fractured polymers at the Al – mixture – Al interfaces of specimens cured with mixtures of 

catechol, HMF and levoglucosan with molar ratio 36 : 32 :32 and 40 : 20 : 20 were more brittle 

compared with those of other specimens. In addition, it is noteworthy that both cohesive and 

adhesive failure occurred for the Al plates cured with mixtures of catechol, HMF and 

levoglucosan with molar ratio 36 : 32 :32 and 40 : 20 : 20. The failure patterns of other 

specimens cured by mixtures with lower molar ratios of catechol were essentially cohesive, 

except the one cured with mixture of catechol, HMF and levoglucosan with molar ratio 4 : 

48 :48 (surface was liquid). 



169 

 

 

 

Figure 77: Appearances of the Al – mixture –Al interfaces of Al plates oven cured by mixtures 

of three model compounds (70 mg) with various molar ratios at 140 
o
C for 4 h. C: catechol; H: 

HMF; L: levoglucosan. (Originally in colour) 
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Figure 78: Tensile strengths of catechol, HMF and levoglucosan mixtures with variable molar 

ratios cured Al plates, samples cured at 160 
o
C for 4 h. (Originally in colour) 

 

The specimens cured with the mixture of catechol, HMF and levoglucosan with molar ratio 28 : 

36 : 36 showed the highest tensile strengths (around 5266 N) among the specimens cured by 

mixtures of three model compounds. The ATR-IR spectra of this mixture and the fractured 

polymer at the Al–mixture–Al interface of the specimen cured by this mixture are shown in 

Figure 79. A vast number of structural changes due to polymerization reactions occurred during 

curing in oven can be seen from the ATR-IR spectra. The shape of the O-H stretching vibration 

band between 3600 cm
-1

 and 3000 cm
-1

 changed significantly. It is noteworthy that the small 

absorption band centred at around 3120 cm
-1

 which is a characteristic absorption band for the 

C-H stretching vibrations of aromatic compounds and/or =C-H stretching vibrations of alkenes 

completely disappeared after curing. The formation of new C-H structures during 

polymerization is evidenced by the significant changes between 3000 cm
-1

 and 2800 cm
-1

. A 

similar trend was observed in the ATR-IR spectra of mixture of catechol and HMF with molar 

ratio 1 : 9 before and after curing in section 2.10.2, Figure 74. The intensity of the carbonyl 

stretching vibration centred at around 1659 cm
-1

 decreased significantly, suggesting 
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polymerization on the carbonyl groups in HMF. The polymerization reactions occurred during 

curing in oven also led to the formation of many new structures such as C-C, C-O and C-O-C, 

as evidenced by the vast number of changes in the fingerprint region between 1500 cm
-1

 and 

2000 cm
-1

. 

 

 

Figure 79: ATR-IR spectra of mixture of catechol, HMF and levoglucosan with molar ratio 28 : 

36 : 36 and the residue at the Al-mixture-Al interface after curing at 160 
o
C for 4 h. (Originally 

in colour) 

2.11 Characterization of DIR derived microwave residue 

The microwave residue represents the largest fraction (78%) of products generated from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of DIR. From the results presented 

above in section 2.3, it was found that the microwave-assisted pyrolysis process is very efficient 

in terms of simultaneously efficient fast separation and recovery of DIR’s organic content (as 

bio-oils) and inorganic content (microwave residue), at relatively low temperatures and within 

15 min. The ATR-IR characterization of DIR and its pyrolysis products (section 2.5.3) further 
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reveals that the microwave-residue essentially contains inorganic matter mainly including 

calcium carbonate, kaolinite etc. 

 

To gain a holistic understanding of the microwave residue, it was further characterized with a 

variety of analytical techniques in this section. The as-received DIR raw material and the 

microwave residue were characterized with solid-state CP/MAS 
13

C NMR (section 2.11.1). In 

addition, the morphology of DIR and its microwave residue, together with the TG ashes of DIR 

obtained from thermogravimetric analysis of DIR in both nitrogen and air atmosphere, were 

studied with scanning electron microscope (SEM) in section 2.11.2. These materials were also 

characterized by ATR-IR spectroscopy (section 2.11.3), ICP-MS analysis (section 2.11.4), 

powder X-ray diffraction (section 2.11.5) as well as solid-state Bloch-decay 
13

C NMR 

spectroscopy (section 2.11.6). 

2.11.1 Solid-state CP/MAS 
13

C NMR characterization of DIR and its 

microwave-residue 

The simultaneously complete separation of organic matter from inorganic content of DIR was 

also proved by the solid-state CP/MAS 
13

C NMR characterization. The instrumentation and 

methodology for the solid-state CP/MAS 
13

C NMR analysis are described in section 4.2.15 in 

chapter 4. 

 

Figure 80 demonstrates the solid-state CP/MAS 
13

C NMR spectra of the DIR raw material and 

its microwave residue. The major resonance bands of DIR raw material were characterized to be 

cellulose: C-1 (98 − 110 ppm), C-4 (80 − 92 ppm), C-2, -3, and -5 (70 − 80 ppm), and C-6 (58 − 

68 ppm).
208 - 210

 Furthermore, similar to naturally occurring cellulose, the DIR containing 

cellulose also comprises a crystalline phase and a disordered noncrystalline phase. This is 

evidenced by the two signals between 80 and 92 ppm (C-4). It is well-documented that the band 

between 86 and 92 ppm is derived from the crystalline region of cellulose and the signal from 

80 to 86 ppm may either result from the disordered noncrystalline phase or the crystal surfaces 

of cellulose.
208 – 211

 This is further proved by the shoulder band between 58 and 68 ppm which is 

assigned to C-6. The signals for the C-6 carbons within the crystalline phase of cellulose are 
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around 64 ppm, while those for the carbons contained in the disordered noncrystalline phase or 

crystal surface of cellulose are at about 62 ppm.
208, 209

 The 
13

C CP/MAS NMR spectra of the 

microwave residue suggest it contains very little organic material (very low signal-to-noise 

ratio), indicating that most organic matter of DIR was converted to bio-oil and gaseous products 

during microwave-assisted pyrolysis. 

 

 

Figure 80: Solid-state CP/MAS 
13

C NMR spectra of DIR raw material (upper) and its 

microwave residue (lower). 

2.11.2 SEM morphology of DIR, microwave residue and TG ashes 

The morphologies of DIR, its microwave residue and TG ashes of DIR obtained in both 

nitrogen and air atmosphere were studied with SEM. Figure 81 and 82 show the representative 

SEM micrographs of these materials on 100 μm and 10 μm scale, respectively. 

 

The SEM micrographs of the DIR raw material show it contains irregular cracked short fibers 

and aggregates of inorganic mineral particles, which is a typical morphology of this kind of 

waste material (Figure 81 A).
173

 After thermo-treatment, the amount of short cellulosic fibers 

significantly decreased. Small amounts of residual fibrous material can be observed in the 

micrographs of microwave residue (Figure 81 B) and TG ash of DIR obtained in nitrogen 

atmosphere (Figure 81 C), but not in the micrograph of TG ash of DIR obtained in air 
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atmosphere (Figure 81 D), as all the organic matter within DIR was burned off when the sample 

was heated in air to 625 °C. 

 

 

Figure 81: Representative SEM micrographs of (A) DIR raw material, (B) microwave residue, 

(C) TG ash of DIR (in N2), (D) TG ash of DIR (in air) on 100 μm scale. (Originally in colour) 

 

 

Figure 82: Representative SEM micrographs of (A) DIR raw material, (B) microwave residue, 

(C) TG ash of DIR (in N2), (D) TG ash of DIR (in air) on 10 μm scale. (Originally in colour) 
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2.11.3 ATR-IR characterization of DIR, microwave residue and TG ashes 

From the ATR-IR spectra of DIR raw material, microwave residue, and TG ashes of DIR 

obtained in nitrogen and air atmosphere (Figure 83), it is clear that the O−H stretching vibration 

(between 3200 cm
-1

 and 3600 cm
-1

) associated with organic matter (mainly cellulosic fibers) in 

DIR is not visible in the spectra of microwave residue and TG ashes, indicating most organic 

matter were converted to other products after thermo-treatment. This is also evidenced by a 

similar trend in the region between 3000 cm
-1

 and 2800 cm
-1

 associated with alkyl stretching 

vibrations. All of the samples show characteristic absorption bands of calcium carbonate: a 

strong and broad band at 1400 cm
-1

 and two sharp bands at 870 cm
-1

 and 710 cm
-1

. 

Characteristic bands for kaolinite at 3693 cm
-1

 and 3619 cm
-1

 can be observed in the spectra of 

DIR raw material and microwave residue, but not in the spectra of TG ashes, as the kaolinite 

dehydration and/or dehydroxylation reactions generally take place above 300 °C. Absorption 

bands between 1200 cm
-1

 and 900 cm
-1

 originate from both kaolinite and residual organic matter. 

The intensity of absorption bands in this region significantly decreased in the spectra of TG 

ashes, especially in the spectrum of TG ash of DIR obtained in air atmosphere, as in this case all 

of the organic matter within DIR was burned off and kaolinite was decomposed. The ICP-MS 

analysis also confirms calcium is the most predominant metal element in all of these samples, 

which will be further discussed in section 2.11.4. 
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Figure 83: ATR-IR spectra of DIR raw material, microwave residue, TG ashes of DIR obtained 

in N2 and air atmosphere. (Originally in colour) 

2.11.4 ICP-MS analysis of DIR, its microwave residue and TG ashes 

The mineral contents of DIR, microwave-residue and the TG ashes obtained from TG analysis 

of DIR in both nitrogen and air atmosphere are illustrated in Table 21. The ICP-MS 

characterization of these solid materials was carried out following the experimental procedure 

described in section 4.2.7 in chapter 4. The ICP-MS analysis further confirms calcium is the 

most predominant metal element in all of the samples, and all the products obtained after 

thermo-treatment show an elevated concentration of calcium. In general, the (trace) metal 

content of TG ash of DIR obtained in air atmosphere is highest among the three samples after 

thermo-treatment, because all the organic matter and fixed carbons within DIR were burned off 

completely in air when heated to 625 
o
C. 
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Table 21: Mineral contents of DIR raw material, microwave residue, TG ashes of DIR obtained 

in nitrogen and air atmosphere as determined by ICP-MS 

Element  

(ppm
a
) 

DIR raw 

material 

Microwave 

residue 

TG ash of DIR 

in N2 

TG ash of DIR 

in air 

Na 957.8 763.1 1110.3 1288.5 

Mg 2818.5 3264.4 3479.9 4607 

Al 1328.7 5405.8 13037.4 17771.8 

Si 75666.8 235726.5 273506.3 297260.5 

K 148.3 N.D.
b
 N.D. 234.3 

Ca 281806.5 327603.5 328085.6 431019.5 

Cr 4.7 5.6 9.7 12.3 

Mn 77.2 85.8 85.9 113 

Fe 924.8 1351.8 1469.7 1883.8 

Cu 52.9 58.2 369.5 265.3 

Zn 84.8 102.6 102.2 126.4 

As 2.1 1.9 3.0 2.4 

Nb 0.23 0.18 0.42 0.56 

Pd 0.56 0.63 0.89 0.95 

Sn 51.3 65.6 82.1 93.5 

Ir 0.18 0.12 0.27 0.35 

Pt 0.07 0.08 0.26 0.39 

Au 3.65 3.61 4.92 6.73 

Pb 2.8 4.6 5.8 7.7 

Co 3.4 3.7 4.4 6.1 

Ni 2.7 3.8 10.3 5.1 

Cd 0.6 0.2 0.2 0.4 

a 
ppm refers to parts per million in mass; 

b
 N.D. = not detected 
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2.11.5 Powder XRD characterization of DIR, microwave residue and TG ashes 

The powder X-ray diffraction patterns of DIR raw material, microwave residue, and TG ashes 

of DIR obtained in nitrogen and air atmosphere are shown in Figure 84 together with those of 

commercial calcium carbonate (calcite) and microcrystalline cellulose. The organic content of 

DIR raw material is mainly cellulose as further confirmed by the band between 21.3 and 22.6° 

2θ,
212, 213

 and the inorganic mineral content is predominantly composed of calcite and kaolinite. 

The cellulose bands are weak mainly due to the low cellulose content in DIR and cellulose 

degradation reactions that took place during the paper recycling process.
173

 After 

thermo-treatment, cellulose bands are visible neither in the XRD spectra of microwave residue 

nor in the spectra of DIR TG ashes obtained in nitrogen or air atmosphere, elucidating the 

conversion of organic matter to other products during thermo-treatment. Also, all of the XRD 

spectra show the characteristic diffraction pattern of calcite. Calcite is the most thermally stable 

form of the three forms of calcium carbonate, calcite, aragonite, and vaterite, and is 

characterized by the predominant band centered at 2θ = 29.35°.
214

 Kaolinite was detected in 

DIR raw material and microwave residue but not in the TG ashes of DIR. This is probably due 

to the dehydration and/or dehydroxylation reactions associated with kaolinite when heated to 

above 300 °C. The maximum sample temperature reached during microwave-assisted pyrolysis 

of DIR is around 190 °C, which is not high enough for such reactions to take place. 
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Figure 84: Powder XRD patterns of DIR raw material, microwave residue, TG ashes of DIR 

obtained in N2 and air atmosphere together with commercial CaCO3 (calcite) and kaolinite (k: 

kaolinite; cel: cellulose; c: calcite). 
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2.11.6 Solid-state Bloch-decay 
13

C NMR characterization of DIR microwave 

residue 

To further characterize the inorganic content of the solid materials, DIR raw material, 

microwave residue and TG ashes of DIR obtained in nitrogen and air atmosphere, together with 

commercial calcium carbonate (calcite), were characterized with solid-state Bloch-decay 
13

C 

NMR spectroscopy (Figure 85). All of these samples show a very strong resonance signal at 

168.6 ppm, which is a characteristic resonance signal for the most stable polymorph of calcium 

carbonate (calcite).
215

 The fwhh (full width at half-height) values of the resonance signals are 

also indicated in Figure 85. Compared with the resonance signal of commercial CaCO3 (calcite), 

the signals for other samples are slightly broader. For example, the fwhh for commercial CaCO3 

(calcite) is 0.27 ppm, and those for the other samples are around 0.5 ppm. This effect results 

from and reflects slightly poorer crystallinity of the CaCO3 in DIR raw material and its relative 

products after thermo-treatment.
215
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Figure 85: 
13

C Bloch-decay solid-state NMR spectra of DIR raw material, microwave residue 

resulting from microwave-assisted pyrolysis of DIR, TG ash of DIR (N2), TG ash of DIR (air) 

and commercial CaCO3 (calcite), with full width at half height (FWHH) of each signal indicated 

(background corrected). 
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2.12 Conclusions and future work 

It has been demonstrated in this chapter that the microwave-assisted low-temperature (<200 
o
C) 

pyrolysis offers great potential for valorisation of biorenewable waste streams by converting 

these low-value under-underutilised materials into value-added products, which could have 

many innovative applications. As demonstrated in Figure 86, three kinds of biorenewable waste 

streams including spruce wood chips, waste office paper (printed and/or photocopied), and 

paper deinking residue (DIR) have been successfully converted into two phases (organic phase 

and aqueous phase) of bio-oils, bio-char (microwave residue) and gas at relatively low 

temperatures (<200 
o
C) within about 15 min. 

 

 

 

Figure 86: Summary of microwave-assisted low-temperature (<200 
o
C) pyrolysis of three 

biorenewable waste streams. (Originally in colour) 
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Using the efficient separation system, the organic phase bio-oils generated from the 

microwave-assisted processes are energy densified. In other words, the calorific values of the 

organic phase bio-oils derived from the three biorenewable waste streams are all higher than 

those of their relative parent material. This effect is most prominent for DIR, the calorific value 

of DIR derived organic phase bio-oil (26.26 MJ kg
-1

) was almost five times higher than that of 

DIR (5.71 MJ kg
-1

). The ICP-MS characterization of the mineral contents of spruce wood chips, 

waste office paper and DIR and their relative pyrolysis products (organic and aqueous phase 

bio-oil, bio-char or microwave residue) revealed that the waste office paper, DIR and their 

pyrolysis products contain significantly higher levels of calcium and silica/silicon, in 

comparison with those of the spruce wood chips and relative pyrolysis products. This is mainly 

attributed to the additives including calcium carbonate, kaolinite and silica based and/or 

potential organosilane sizing agents added to paper products during paper manufacturing 

processes. From the ATR-IR, 
1
H and 

13
C NMR and GC-MS characterization of the organic and 

aqueous phases of bio-oils derived from the three biorenewable waste streams, it was found that 

the aqueous phase bio-oils mainly contains water generated from various dehydration reactions 

occurred during pyrolysis, carboxylic acids and traces amounts of organic matter. On the 

contrast, the organic phase bio-oils have complex but valuable chemical compositions, with 

trace amounts of water (less than 2%). The organic phase bio-oils are complex mixtures of 

broad categories of compounds, mainly including carbohydrate sugars and their derivatives such 

as levoglucosan and levoglucosenone, furans such as furfural and HMF, (hetero-) aromatic 

compounds, carbonyl-containing moieties such as aldehydes, ketones and carboxylic acids etc. 

The exact compositions of bio-oils are directly related to their parent material. For instance, due 

to the high lignin content of spruce wood chips, the organic phase bio-oil generated from 

microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips contains 

prominently higher amounts of methoxyphenols including guaiacol, creosol etc. GC-MS 

characterization of the DIR derived organic phase bio-oil indicates the presence of polycyclic 

aromatic hydrocarbons (PAHs) in this phase of bio-oil. These compounds were probably 

originated from paper additives, coatings, ink particles and/or other chemicals used during 

deinking processes. 
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It was found that the organic phase bio-oils generated from microwave-assisted low-temperature 

(<200 
o
C) pyrolysis of spruce wood chips and waste office paper hold great potential to be 

directly used as adhesives for Al – Al bonding. Application of small amounts of spruce wood 

chips derived organic phase bio-oil (70 mg) to two Al plates followed by curing in oven at 

various temperatures (120 
o
C, 140 

o
C, 160 

o
C and 180 

o
C) and time (4 and 8 h), maximum 

tensile strengths around approximately 2520 N could be reached. The waste office paper derived 

organic phase bio-oil could also bond Al substrates with high tensile strengths. The highest 

tensile strengths around 2300 N were obtained for specimens cured at 160 
o
C for 8 h. It is 

noteworthy that small amounts of spruce wood chips and waste office paper derived organic 

phase bio-oils (70 mg) could adhere Al plates with acceptable strengths (>900 N) under all these 

curing conditions. Also, the tensile strengths increase with curing time. This effect is more 

prominent at lower curing temperatures (e.g., 120 
o
C). However, tensile strengths decreased if 

the curing temperature is too high (e.g., 180 
o
C), the reason for this phenomenon needs to be 

further investigated. On the contrast, the tensile strengths of Al plates cured by the DIR derived 

organic phase bio-oil were only around 400 N, regardless of curing temperature and time. The 

polymers formed from DIR derived organic phase bio-oil were more “soft” and easier to scratch 

off compared with those formed from spruce wood chips and waste office paper derived organic 

phase bio-oils, this is probably due to the presence of polycyclic aromatic hydrocarbons (PAHs) 

in this phase of bio-oil. 

 

The mass loss of bio-oil during curing in oven varies with curing temperature and time, 

generally ranging from 30 wt.% to 50 wt.%. Also, the mass loss of bio-oil increases with curing 

temperature and time, which is probably attributed to evaporation of water, carboxylic acids 

and/or other volatile compounds within bio-oil and those generated from various polymerization 

reactions of bio-oil. The true chemical compositions of released compounds also require further 

investigation. By comparing the ATR-IR and solid-state CP/MAS 
13

C NMR (with and without 

dipolar dephasing) spectra of crude organic phase bio-oils and the scrapings of the formed 

polymers at the Al – bio-oil – Al interfaces, it was found that there is little or no decomposition 

of the main structural units including carbohydrate sugars and aromatics. This effect suggests 

that the possible homo- and cross-coupling polymerisation reactions of bio-oil contribute to 
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adhesion. The ATR-IR characterization of scrapings also indicates polymerisation reactions 

occurred on carbonyl groups, and new conjugated and/or aromatic structures were formed 

during curing. 

 

Liquid-liquid fractionation of the waste office paper derived organic phase bio-oil using alkali 

and organic solvent (ethyl acetate) was carried out to investigate the influences of different 

categories of compounds towards bonding. This study further reveals there is a synergistic 

and/or co-operative effect between various compounds within bio-oil, while “acidic” 

compounds such as furans and (hetero-) aromatics contribute most towards good adhesion. 

 

The adhesive properties of bio-oils were further investigated using a model compound study 

with HMF, catechol and levoglucosan. It was revealed that the presence of furans and aromatic 

compounds (even trace amounts) is of paramount importance for good adhesion. This result is 

in agreement with the liquid-liquid fractionation study of the waste office paper derived organic 

phase bio-oil. It is well documented in the literature that furans such as furfural and HMF have 

the highest tendency towards polymerization. The aromatic compounds could directly react with 

furans to form a polymer and could also act as catalysts for the acid-catalyzed polymerisation 

reactions. In addition, it was pointed out in the literature that the (hetero-) aromatic compounds 

could be effectively chemisorbed and bound on Al surfaces. The presence of small amounts of 

carboxylic acids might also catalyze the various polymerisation reactions of bio-oil, as their 

acidity is much higher than that of phenolic compounds. Future work should also include the 

study of the effects of carboxylic acids towards bonding. 

 

From the microwave-assisted low-temperature (<200 
o
C) pyrolysis of DIR, it was found that 

this process allows for simultaneously efficient fast separation and recovery of the organic and 

inorganic content of DIR at relatively low temperature and within 15 min. The organic content 

of DIR was converted to bio-oils and gas while the inorganic content (mainly calcium carbonate 

and kaolinite) remaining as microwave residue during pyrolysis. The microwave residue 

represents the largest fraction of products (78%) and is almost free from organic matter as 

evidenced by TG analysis, SEM, ATR-IR characterization. In addition, the microwave residue 
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was comprehensively characterized with solid-state CP/MAS 
13

C NMR, XRD, ICP-MS and 

solid-state Bloch-decay 
13

C NMR. The results further revealed that the microwave residue 

contained calcium carbonate is calcite, which is the most thermally stable form among the three 

forms of calcium carbonate. The fact that the microwave residue predominantly comprises 

calcite and kaolinite and is free from organic matter potentially allows its reuse in the paper 

recycling process to produce new paper/cardboard products. Thus, it should be industrially 

favorable. Notably, this study on microwave-assisted low-temperature (<200 
o
C) pyrolysis of 

DIR is the first highly detailed account of the use of microwave-assisted pyrolysis at low 

temperatures to effect this change. Also, as illustrated in Figure 87, this study demonstrates a 

potential route for valorisation of DIR in the concept of biorefinery using a 

low-environmental-impact technology. 

 

 

 

Figure 87: Illustration of a potential route for valorisation of DIR in the concept of biorefinery. 

(Originally in colour)  
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Chapter 3 
 

 

 

Valorisation of waste starch and 

the application of expanded starch and 

its esters in hot melt adhesives 

 
Aspect of work described in this chapter has been published in: 

 

Z. Zhang, D. J. Macquarrie, J. H. Clark and A. S. Matharu, RSC Advances,  

2014, 4, 41947-41955. 
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3.1 Summary 

The application of expanded high amylose corn starch (HACS) and its propionate derivatives 

with differing degrees of substitution (DS) in a formulation comprising polyvinyl alcohol 

(PVOH) and glycerol to afford potentially biodegradable hot melt adhesives is studied. 

Esterification of expanded starch was conducted to increase the stability and hydrophobicity of 

starch. The effects of amounts of esterifying reagent (propionic anhydride) and reaction time on 

DS of starch propionates were investigated. Native HACS was expanded (BET surface area, 

176 m
2
 g

-1
; DS, 0) and derived propionate esters were studied by ATR-IR, TGA, solid-state 

13
C 

CP/MAS NMR, 
1
H NMR and titrimetric methods. The HMAs, irrespective of DS, displayed a 

glass transition temperature (Tg) at approximately 0 
o
C, melting (Tpeak) at approximately 160 

o
C 

and crystallisation (on cooling) at approximately 115 
o
C. The adhesive properties (tensile 

strength) with respect to DS of expanded high amylose corn starch and its propionate esters 

show a distinct structure–property relationship. Expanded high amylose corn starch (DS, 0) 

gives the strongest adhesion, outperforming native (non-expanded) starch. The expansion 

process is beneficial in promoting adhesion which may be linked to the increased availability of 

hydroxyl moieties promoting better non-covalent interactions and mixing with PVOH and 

glycerol. Adhesion strengths decrease with increasing DS of base polymer and those of starch 

propionates with DS in the range 1.46 – 1.82 are comparable to that of non-expanded HACS 

based HMA. 

3.2 Introduction 

3.2.1 Hot melt adhesives 

In 2013, the total global market for adhesives and sealants reached about €34 billion, 

representing a global demand for over 13 million tonnes of adhesives.
216

 Among these, hot melt 

adhesives (HMAs) represent the most dynamically developing area because of a need within the 

industry to move away from solvent-based adhesives.
217

 Actually, since firstly introduced to the 

market in the 1950s, hot melt adhesives (HMAs) have become increasingly important and now 

occupy a special place in the adhesive family, reaching 15 – 21% of the global volume of 
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production and consumption of adhesives around the world.
217

 More importantly, the total 

average annual growth rate of the consumption of HMAs is 1.5 – 2 times higher than that for 

other types of adhesives.
217

 It has been estimated by several analytical and consulting agencies 

that the global hot melt adhesives market will grow significantly in the foreseeable future, 

despite their predicted market values are different.
218, 219

 The Frost & Sullivan announced that 

the global hot melt adhesives market will grow from about $3.56 billion in 2012 to $ 5.01 

billion in 2019 at a compound annual growth rate (CAGR) of around 5.0% in its 2013 report 

entitled Global analysis of the hot melt adhesives market.
218

 At the same time, another analytical 

agency MarketsandMarkets released its market research report about hot melt adhesives, in 

which it is predicted that the global hot melt adhesives market will be worth $7 billion by 

2018.
219

 In both reports, they pointed out that the Asia-Pacific market will be the fastest growing 

hot melt adhesives market in next several years, although the contribution of this market is 

currently meagre compared to other regions in the world.
218, 219

 

 

Importantly, according to the market investigation report published by MarketsandMarkets in 

September, 2013, there is a gradual but clear shift from traditional solvent based adhesives 

towards reactive and/or hot melt adhesives in terms of global demand for high performance 

adhesives.
219

 This shift in the adhesive portfolio has nurtured the globally fast growing market 

for HMAs. Also, this tread will be maintained and stimulated by the constant pressure from 

regulatory authorities such as EPA (Environmental Protection Agency) and the REACH 

(Registration, Evaluation, Authorisation and Restriction of Chemicals, implemented in the UK 

since April, 2007).
219

 The increasingly stringent regulations will probably limit the use of 

solvent-borne adhesives in order to reduce and/or eliminate the associated negative 

environmental impacts, which will in turn boost the global hot melt adhesives market. 

 

Hot melt adhesives are solvent-free thermoplastic materials. Specifically, they are solid 

materials at low-temperatures (<80 
o
C) and can melt to liquid or viscous-flow state at elevated 

temperatures, in which form they are applied on the surface of substrates.
220 - 224

 The application 

temperature of hot melt adhesive depends on the application and the materials that are to be 

adhered. They regain their solid form and cohesive strength during cooling by solidification 
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and/or crystallisation, thus adhering two substrates together.
224

 A typical temperature – time 

curve for hot melt adhesive is demonstrated in Figure 88. After application onto substrates in 

liquid state, the hot melt adhesives transfer to plastic state and then solidified to achieve 

bonding. The time between application of the hot melt adhesive and the beginning of the plastic 

state refers to “open time”, which means the second substrate must be applied during this time 

period to get acceptable bond.
225, 226

 

 

 

Figure 88: Illustration of a typical temperature – time curve for hot melt adhesive, adapted from 

reference 225 and 226. (Originally in colour) 

 

Compared with conventional solvent-based adhesives which generally involve evaporation 

and/or removal of solvents or polymerization to bond substrates together, hot melt adhesives 

show significant advantages. For example, the elimination of a carrier fluid or solvent in HMA 

formulations not only overcomes the hazards associated with solvent usage and emissions of 

volatile organic compounds (VOCs), but also allows for faster production speeds and lower 

costs.
226

 Also, their properties could be relatively easily modified to meet different application 

requirements. Since HMAs are 100% solid materials, they could be produced in various forms 

such as pellets, slugs, blocks, sticks and continuous rope forms for either bulk application or 

small-scale applications using heated gun.
219

 In addition, HMAs could also “fill the gaps” 
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between the surfaces of substrates to be adhered because they are applied in liquid state. Last 

but not least, they are clean and easy to handle.
226

 

 

On the other hand, due to the thermoplastic nature of HMAs, these materials also have several 

drawbacks, which may limit their use in certain applications.
220, 227

 For instance, the bonds may 

lose strength at elevated temperatures and/or even low temperatures since some HMAs might 

become brittle if the service temperature is too low. HMAs may be sensitive to certain 

chemicals and/or solvents and have the tendency to creep and fail with time. The high 

application temperatures of HMAs could also limit the widespread application of HMAs since 

the substrates and/or components of a substrate may be sensitive to high temperatures. For 

HMAs that are highly viscous, sophisticated application equipment may be required.
220, 221

 

 

 

Figure 89: Primary constituents of a typical hot melt adhesive and the general properties and 

functions of each constituent, according to references 225 - 228. (Originally in colour) 

 

In general, HMAs are provided in various forms of complex formulas, and consisting of four 

main components: polymers (around 33%), tackifiers/resins (around 33%), wax (around 33%) 

and antioxidants (around 1%).
225 – 228

 Some HMAs may have more complicated compositions 

comprising up to 10 components to meet certain application requirements.
218

 Figure 89 
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demonstrates the primary ingredients of a typical hot melt adhesive, together with the general 

properties and functions of each ingredient. 

 

Currently, almost all the base and/or major polymers for HMAs on the market are primarily 

derived from petroleum resources, such as ethylene vinyl acetate (EVA), block copolymers of 

styrene and butadiene (SBS) or isoprene (SIS), polyesters, polyamides, polyurethanes and 

polyolefins.
229 - 232

 To this, a variety of tackifiers, plasticizers, waxes, and antioxidants are 

incorporated to meet special application requirements.
226, 232

 However, such compositions are 

derived from depleting petroleum resources, and there are concerns over their degradation 

ability. Concerns of bio-degradation abilities are not only about the adhesive themselves, but 

also the substrates bonded with them, especially in the paper and pulp industry.
226, 233

 

3.2.2 The development of biodegradable “green” hot melt adhesives 

To reduce the environmental impacts associated with substrate recycling and to overcome the 

shortcomings associated with traditional petroleum resource based HMAs and meet the global 

growing demand for HMAs, it is imperative and necessary to develop natural product based 

HMAs. The utilisation of naturally abundant and renewable feedstocks in HMAs will not only 

contribute to the reduction of negative environmental impacts of currently widely used 

petroleum based HMAs, but also add value to the agricultural and or forest products.
234 - 239

 Thus 

derived hot melt formulations are generally considered to be renewable, biodegradable and 

“green”.
226

 The benefits of using hot melt adhesives and potential benefits of the development of 

bio-based hot melt adhesives are highlighted in Table 22. 
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Table 22: Current benefits of hot melt adhesives and potential benefits of bio-based hot melt 

adhesives, reproduced from reference 240. 

 

 

Actually, the development of natural product based adhesives dates back to early 1920s when 

soybean meal-based glue was firstly produced.
241, 242

 However, the availability of petrochemical 

based products at low costs and the better performances of these materials soon render it 

ineffective for using natural products in adhesive formulations.
226

 After about 50 years, it has 

been realized the importance and significance for using naturally renewable products instead of 

petrochemicals due to a number of factors: negative environmental impacts and safety concerns 

over petrochemical derived adhesives, rapid increasing of the prices of petrochemical products, 

advances in polymer sciences etc.
226

 Agricultural- and/or forest derived natural products hold 

great potential to be incorporated in adhesive formulations due to their high levels of inherent 

functionality, renewability, biodegradability and wide abundance.
226, 234

 

 

During the past several years, the development of HMAs using naturally abundant biorenewable 

materials has attracted increasing attention from both academia and industry. For example, Choi 

et al. developed a biodegradable hot melt adhesive formulation using poly-ε-caprolactone and 

soy protein isolate for uses in food packaging systems.
243

 The lap shear strength of the 

developed hot melt adhesive could reach about 1.9 MPa. Viljanmaa et al. also produced hot 

melt adhesives for packaging applications using biodegradable lactic acid based polymers.
244 - 246
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Ke and Sun investigated the mechanical properties of blends of starch, polylactic acid (PLA) 

and polyvinyl alcohol (PVOH).
247

 Inkinen et al. studied the stabilities of blends of a lactic 

acid-base hot melt adhesive and starch.
248

 Among the various bio-polymers, starch has attracted 

much attention for its applications in thermoplastic materials due to its abundant and guaranteed 

supply, low cost, renewability and biodegradability.
249 - 252

 There are a number of US patents 

with regard to the application of starch and its derivatives, especially starch esters, in potentially 

100% biodegradable hot melt adhesive formulations.
253 - 257

 For instance, Billmers et al. reported 

several HMA formulations comprising selected modified starch esters with ester component of 

about 2 to 18 carbons with DS varying from around 0.3 to 3.0.
254

 

 

 

Figure 90: The shift from petrochemical derived materials to biorenewable materials derived 

products in hot melt adhesive formulations, adapted from references 240 and 258. (Originally in 

colour) 

 

In the context of developing bio-based HMAs, Li et al. reviewed the current research and 

development status and prospect of HMAs, in which they also reviewed the new challenges and 

trends in terms of developing so-called “environmentally friendly” and/or “green” HMAs.
226

 

Petrie also provided a holistic review of the current status and trends of incorporating bio-based 
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components into hot melt adhesive formulations.
240

 The trend for using products derived from 

biorenewable materials to substitute their petrochemical derived counterparts in hot melt 

adhesive formulations is illustrated in Figure 90.
240, 258

 

3.2.3 Expansion of starch 

As mentioned above in section 3.2.2, starch as one of the most abundant and widely available 

natural polymers, together with its derivatives, has attracted significant attention for its 

utilisation in bio-degradable hot melt adhesives. However, natural starches are water/moisture 

unstable and mechanical properties of starches are poorer than those of synthetic polymers, 

something which hampers more wide-spread use of these materials in modern industry.
259, 260

 

Native starches are generally chemically and/or physically modified to overcome the limitations 

associated with starch and to improve its performance as an adhesive. Esterification of starch 

has been intensively studied and employed due to the large number of hydroxyl groups within 

starch molecules.
261

 However, access to these hydroxyl groups is significantly hindered due to 

the dense packing of polysaccharide chains within starch granules.
262

 Harsh pre-treatments and 

chemical modification conditions are required to obtain desired starch derivatives. Expansion of 

starch has been proposed as an effective method to increase the accessibility of hydroxyl groups 

by increasing the surface area of native starch (<5 m
2
 g

-1
) to around 180 m

2
 g

-1
.
263, 264

 After 

expansion of starch, chemical modification including esterification could take place under 

relatively mild conditions. This is of pivotal importance, especially when mild, environmentally 

friendly process conditions are desired. 

 

Glenn et al. initially developed the method of expansion of starch for preparation of 

starch-based microcellular foams (expanded starch) which were characterized as low density, 

high pore volume and surface area.
265, 266

 The microcellular foams (expanded starch) were 

prepared by gelatinising starch in water, followed by retrogradation in a fridge at 5 
o
C. The 

formed aqua gel was then solvent exchanged with ethanol and dried to yield expanded starch.  

 

The gelatinisation and retrogradation of various types of starches have been extensively studied 

previously. As illustrated in Figure 91, gelatinisation of starch generally occurs when starch 
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granules are heated in excess of water and can be described as a phase transition from an 

ordered to a disordered state of starch.
267, 268

 During gelatinisation, starch granules are heated 

above their critical temperatures and swell simultaneously. Gelatinisation of starch could also be 

achieved at lower temperatures and even room temperature (RT) in some other solvents such as 

liquid ammonia and dimethyl sulfoxide, and/or by mechanical milling.
269, 270

 This process could 

open up the dense packing of starch granules and thus enables more effective chemical 

modifications of starch, resulting in high degree of substitutions (DS) of starch derivatives.
271

 

The process of starch gelatinisation has been directly observed by Atkin et al. using a variety of 

microscopic techniques.
272

 In their study, they observed both radical and tangential expansion of 

dry starch granules in the presence of excess of water due to hydration reactions. The volume of 

dry starch granules could increase to around 6 times of its original volume at ambient 

temperature. About 25 times of its original volume could be achieved when temperature 

increases to around 65 – 75 
o
C, depending on the types of starch.

272
 Simultaneous to the 

swelling of starch granules during gelatinisation, the linear amylose diffuses out of the swollen 

granules and forms an aqua gel matrix surrounding the granules.
268

 It has been reported that 

after gelatinisation, starch granules lose their birefringence when visualised under crossed 

polarisation lenses, indicating the loss of crystallinity of starch granules and the transition from 

an ordered to a disordered structure of starch during gelatinisation.
273 

 

 

 

Figure 91: Illustration of gelatinisation and retrogradation of starch granules, adapted from 

reference 274. (Originally in colour) 
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The association and/or recrystallization of polysaccharide chains at relatively low temperatures 

(e.g., around 5 
o
C) in gelatinised starch are known as retrogradation.

268, 275
 During retrogradation, 

the aqua gel formed from the gelatinisation of starch changes from an amorphous state to a more 

ordered crystalline state through polysaccharide chain aggregation and/or recrystallization, 

resulting in precipitation, gelation and changes in the consistency and opacity of the starch aqua 

gel.
268

 

 

Due to the high surface tension of water, if water containing in the retrograded starch aqua gel is 

directly removed (e.g., through filtration) and/or evaporated off, then the capillary forces pull 

starch polymer blocks together and affect the starch porous structures, causing the expanded gel 

structures to collapse.
276

 This effect is highlighted in Figure 92. The surface area of collapsed 

starch when water is removed is less than 1 m
2
 g

-1
.
276

 Hence, solvent exchange of water using 

other solvents which have lower surface tensions compared with water, such as ethanol, is of 

pivotal importance to preserve the porous structures and high surface areas of expanded 

starch.
276, 277

 At this stage the solvents could be filtered and/or evaporated off. Then the residual 

starch material could be dried in vacuum oven at 50 
o
C for about 24 h, yielding white powers 

(i.e., expanded starch) with significantly high surface area around 180 m
2
 g

-1
.
278

 In comparison, 

the surface area of original non-expanded starch is less than 5 m
2
 g

-1
 as determined by nitrogen 

porosimetry. 

 

 

 

Figure 92: Illustration of collapsing of starch porous structures if water is directly removed 

from the aqua gel matrix without solvent exchange, adapted from reference 276. (Originally in 

colour) 
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Except for using as base materials for other modifications (e.g., esterification) as described in 

the proceeding discussions, expanded starch has also found its uses in a wide variety of 

applications. Recent advances for applications of expanded starch mainly include support media 

in catalysis,
271, 279

 chromatographic techniques,
280

 adsorption media,
281

 thermosetting resins
282

 

and adhesives (solvent-based)
283

. 

3.2.4 Esterification of starch 

To address the drawbacks associated with native starches as mentioned in section 3.2.3, 

chemical modification, including esterification, has been intensively studied to modify the 

properties of starch polymers.
284 - 286

 Due to the presence of abundant hydroxyl groups in starch 

molecules, a wide variety of reactions such as esterification, etherification and oxidation 

reactions could take place conveniently to yield a variety of chemically modified starch 

derivatives. Each anhydroglucose unit contains three hydroxyl groups on C–2, -3, -6 (i.e., OH – 

2, -3, -6), hence in general a maximum degree of substitution (DS) of three could be attained. 

However, theoretically a DS slightly higher than three could be achieved if end group 

modification is taken into consideration. The three hydroxyl groups (OH – 2, -3, -6) present in 

anhydroglucose units have different availabilities in terms of introducing new moieties onto 

these groups. The primary hydroxyl group located at C–6 (OH–6) is more readily available than 

the other two located at the secondary C–2 and C–3 (OH–2, -3) due to steric hindrance.
287

 In 

addition, the primary hydroxyl group (OH–6) is readily available at the exterior of the starch 

polymer surface compared with the other two secondary hydroxyl groups (OH–2, -3), which are 

located at the interior and associated with hydrogen bonding to neighbouring anhydroglucose 

units. 

 

The properties of starch derivatives are different from those of non-modified native starch and 

vary significantly depending on the degree of substitution and substituents. There is a large 

body of existing literature on the topic of preparation of various types of starch esters using 

different starting materials and the properties of derived starch esters.
284 - 291

 One of the most 

intensively investigated esterification methods of starch is acetylation. This is primarily due to 

the significant commercial interest of starch acetates for both food and non-food applications 
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such as adhesion, texturing paper coating and packaging etc., as well as their ease of preparation. 

The DS of starch esters depends upon a number of factors such as starting material (types of 

starch), reaction media, reaction time and temperature as well as reactant concentrations etc. For 

acetylation of starch, starch acetates with low DS (0.01 – 0.2) are commonly achieved by 

esterification of native starch using acetic acid and/or acetic anhydride in aqueous medium (e.g., 

dilute sodium hydroxide solution) with/without catalyst.
292, 293

 In recent years, starch esters with 

higher DS (1.5 – 3) have attracted much attention due to their thermoplastic properties, 

solubility in acetone and chloroform and a much wider variety of applications such as hot melt 

adhesives, coatings, tablet binders and biodegradable packaging materials.
292

 These starch esters 

with high DS could be prepared using strong polar solvents such as pyridine and dimethyl 

sulfoxide.
287, 294

 

 

A standard laboratory method using acetic anhydride and pyridine for the preparation of starch 

acetates with various DS is widely employed, due to its versatility, ease of preparation, 

minimum degradation and the ability to alter the DS of derived starch acetates via control of 

reaction temperature, time and/or concentration of acetic anhydride.
295

 Recently, Shuttleworth et 

al. have demonstrated that using acetic anhydride, toluene and 4-dimethylaminopyridine 

(DMAP) as a catalyst could be more efficient in terms of preparing starch acetates, especially 

for those with higher DS. They also reported that this method could potentially maintain or 

cause little damage to the porous structures and high surface areas of expanded starch if it is 

used as the base polymer.
283

 Due to the electron donating effect of the 4-dimethylamino group, 

DMAP is a more efficient nucleophile than pyridine, and hence a more effective catalyst than 

pyridine.
296

 In addition, it is documented in the literature that the efficiency of DMAP could be 

significantly improved if it is used with acid anhydrides instead of acids.
296

 Since DMAP is a 

solid, it is potentially more convenient and easier to use but care needs to be taken because it is 

still derived from pyridine. 

 

In this chapter, instead of preparing starch acetates, starch propionates with various DS were 

prepared using expanded starch, propionic anhydride (esterifying reagent) and DMAP as a 

catalyst. The incorporation of expanded starch and starch propionates with various DS into 
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potentially biodegradable hot melt adhesive formulations were studied subsequently (Figure 93). 

A possible reaction pathway for esterification of starch using propionic anhydride and DMAP is 

illustrated in Figure 94. 

 

 

 

Figure 93: Illustration of the concept of the work within this chapter. (Originally in colour) 

 

 

 

Figure 94: Mechanism for esterification of starch using propionic anhydride (esterifying 

reagent) and DMAP (catalyst). (Originally in colour) 
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3.3 Expansion and esterification of high amylose corn starch 

3.3.1 Preparation of expanded high amylose corn starch and its propionate 

derivatives 

The employed method for expansion of HACS was developed from the work of Shuttleworth et 

al. with slight modifications.
283

 Detailed experimental procedure for HACS expansion is 

described in section 4.3.1 in Chapter 4. Basically, HACS was gelatinized in hot water at 140 
o
C 

for 90 min and retrograded at 5 
o
C for 3 days. After that the formed matrix was solvent 

exchanged with less polar solvents (ethanol and toluene) followed by drying in vacuum oven to 

yield white powders, i.e. expanded HACS. The expanded HACS was characterized by much 

higher BET surface area (176 m
2
 g

-1
) compared with that of non-expanded HACS (<5 m

2
 g

-1
), as 

determined by nitrogen adsorption/desorption measurements (Experimental section 4.3.2 in 

chapter 4). The increased surface area of HACS could facilitate chemical modifications to take 

place under relatively milder conditions, as the accessibility of hydroxyl groups within starch 

molecules were dramatically increased. 

 

In the current work, a series of starch propionates with various degree of substitution (DS) were 

prepared by changing the amount of esterifying reagent (propionic anhydride) and reaction time 

using 4-dimethylaminopyridine (DMAP) as catalyst. Detailed reaction conditions and procedure 

for esterification of expanded HACS are described in the experimental section 4.3.3 in chapter 4. 

Table 23 summarizes the reaction conditions and DS of yielded starch propionates. The DS of 

derived starch propionates was determined by titrimetric method, which involves complete 

basic hydrolysis of ester linkages in aqueous sodium hydroxide and back titration of excess 

alkaline using hydrochloric acid,
292

 according to the experimental procedure described in 

section 4.3.4 in chapter 4. For 6 h reactions, with increasing amounts of propionic anhydride, 

the DS of starch propionates significantly increased from around 0.38 (5 g, 0.038 mol, propionic 

anhydride) to 1.91 (17.5 g, 0.134 mol, propionic anhydride). Thereafter, the reaction 

equilibrium was reached, as also highlighted in Figure 95, DS increased from around 1.91 (17.5 

g, 0.134 mol, propionic anhydride) just to 2.05 (40 g, 0.307 mol, propionic anhydride). To 
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further increase the DS, one more experiment was conducted with propionic anhydride (40 g, 

0.307 mol, propionic anhydride) for 12 h. By doubling reaction time, DS increased from 2.05 (6 

h reaction) to 2.54 (12 h reaction). 

 

For reference, the esterification of non-expanded HACS was conducted with propionic 

anhydride (10 g, 0.077 mol) and DMAP (0.4 g, 3.3 mmol) for 6 h. The DS of resulted starch 

propionate is only around 0.02, which is dramatically lower than that of the one obtained with 

expanded starch under the same reaction conditions (DS, 1.00). 

 

Table 23: Esterification reaction conditions and degree of substitutions (DS) of resultant starch 

propionates.
a
 

Propionic 

anhydride (g) 

Propionic 

anhydride (mol) 

Expanded 

HACS
b
 (mol) 

Reaction 

time (h) 

DS 

5.0 0.038 0.062 6 0.38 ± 0.03 

7.5 0.058 0.062 6 0.78 ± 0.02 

10.0 0.077 0.062 6 1.00 ± 0.02 

12.5 0.096 0.062 6 1.46 ± 0.03 

15.0 0.115 0.062 6 1.82 ± 0.03 

17.5 0.134 0.062 6 1.91 ± 0.02 

20.0 0.154 0.062 6 1.95 ± 0.02 

30.0 0.231 0.062 6 1.99 ± 0.03 

40.0 0.307 0.062 6 2.05 ± 0.02 

40.0 0.307 0.062 12 2.54 ± 0.04 

a
 For all the reactions, DMAP (0.4 g, 3.3 mmol) was added as catalyst. 

b
 Expanded HACS with 

surface area 176 m
2
 g

-1
 (10 g, 0.062 mol) was used as base polymer for esterification. 

 



204 

 

 

Figure 95: Effects of (A) amounts of esterifying reagent i.e. propionic anhydride for 6 h 

reaction and (B) reaction time on DS of starch propionates. 

3.3.2 ATR-IR characterization of expanded HACS and its esters 

Fourier transform-infrared spectroscopy (FT-IR) in attenuated total reflectance (ATR) mode 

was also used to characterize both the expanded HACS (surface area: 176 m
2
 g

-1
) and its 

propionate derivatives (DS varies between 0.38 and 2.54) in order to confirm the modification. 

Detailed instrumentation and testing procedure are described in section 4.3.5 in chapter 4. 

 

Figure 96 illustrates the ATR-IR spectra of expanded HACS and its propionates. The key band 

changes with increasing DS were highlighted in Figure 96 with dashed lines and the assignment 

of these bands is summarized in Table 24. Esterification is confirmed by the carbonyl stretching 

vibration band centred at 1745 cm
-1

. Intensity of this band increases and that of hydroxyl O - H 

stretching vibration band (3000 cm
-1

 to 3600 cm
-1

) decreases with increasing DS, suggesting the 

conversion of hydroxyl groups to ester groups. This is further evidenced by the band at 1152 
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cm
-1

 due to the ester C-O-C asymmetric stretching vibration, the intensity of which also 

increases with DS. The O–H stretching vibration band drifts to higher wavenumbers with 

increasing of DS, indicating a reduction in inter- and intra-molecular hydrogen bonding and 

increasing of hydrophobicity with DS. Increasing of hydrophobicity with DS is also indicated 

by the weak but slightly broad band at 1648 cm
-1

, which is associated with tightly bound water. 

This band gradually diminishes up until a DS of 2.0, when it is no longer apparent. Furthermore, 

the esterification of expanded starch also imparts obvious changes in the fingerprint region. For 

example, new bands appeared at 1456 cm
-1

 and 1360 cm
-1

 and the intensities of these bands also 

increase with DS. These two bands are assigned to methyl asymmetric bending vibration and 

C-H deformation vibration, respectively. 

 

In the spectrum of expanded HACS, some characteristic absorption bands for starch could be 

identified, such as bands centred at 1079 cm
-1

, 1013 cm
-1

 which are assigned to C – O bond 

stretching.
292, 297

 Also, there are several additional characteristic absorption bands due to the 

entire anhydroglucose ring stretching vibrations, such as bands at 929 cm
-1

 and 763 cm
-1

.
292

 All 

these bands also exist in the ATR-IR spectra of starch propionates. 
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Figure 96: ATR-IR spectra of expanded HACS and its propionates. (Originally in colour) 
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Table 24: Summary of the assignments of major bands in the ATR-IR spectra of expanded 

HACS and its propionates 

Wavenumber (cm
-1

) Assignment 

3600 - 3000 O-H stretching vibration 

2960 - 2850 C-H vibrations 

1745 C=O stretching vibration 

1648 Tightly bound water 

1456 CH3 asymmetric bending vibration 

1360 C-H deformation vibration 

1152 Ester C-O-C asymmetric stretching 

1079, 1013 C-O vibration (anhydroglucose ring) 

929, 763 Anhydroglucose ring stretching vibration 

3.3.3 Thermogravimetric characterization of expanded HACS and its esters 

To investigate the thermal properties of expanded HACS and its propionates with various DS, 

these materials were subjected to a thermogravimetric (TG) analysis. Samples were heated from 

30 
o
C to 625 

o
C at a heating rate of 10 

o
C min

-1
 in nitrogen atmosphere (100 mL min

-1
). Detailed 

instrumentation and methodology for TG characterization of expanded HACS and its 

propionates are described in section 4.3.6 in chapter 4. The TG and dTG traces of these 

materials are shown in Figure 97 and Figure 98, respectively. 

 

It is obvious that esterification considerably affects the thermal decomposition of starch. The 

first mass loss step for expanded HACS starts immediately as heat begins and finishes around 

150 
o
C with around 5% mass loss, which is mainly attributed to the evaporation of water 

moisture. For starch propionates, the weight loss in this temperature range is much smaller than 

that of expanded HACS and decreases with increasing of DS. For example, the starch 

propionate (DS, 0.38) lost around 2.5% between 30 – 150 
o
C, while the starch propionate (DS, 

2.54) shows almost no weight loss in this region. This results from increased hydrophobicity of 

starch propionates and is consistent with the ATR-IR analysis. 
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Figure 97: TGA traces for expanded HACS and its propionates, samples heated from 30 
o
C to 

625 
o
C at a heating rate of 10 

o
C min

-1
. (Originally in colour) 

 

 

Figure 98: dTG traces for expanded HACS and its propionates, samples heated from 30 
o
C to 

625 
o
C at a heating rate of 10 

o
C min

-1
. (Originally in colour) 
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Decomposition of expanded HACS starts at approximately 260 
o
C and is a one step process 

with peak decomposition temperature (dTG peak) at 310 
o
C. It is noteworthy that there is a clear 

shift towards higher decomposition temperatures with increasing of DS. For instance, the major 

peak decomposition temperature of starch propionate with DS 2.54 (376 
o
C) is much higher 

than that of expanded HACS, indicating the thermal stability increased with DS. With the 

increasing of DS, more hydroxyl groups on anhydroglucose units were converted to ester 

groups. As the thermal decomposition of starch is primarily due to inter- and/or intra-molecular 

dehydration reactions with water as a main product, the dehydration reactions became 

increasingly difficult and slow with increasing of DS.
287, 298

 This effect finally results in higher 

thermal stabilities of the derived starch propionates. 

 

Unlike expanded HACS, thermal decomposition of starch propionates mainly consists of two 

steps. From the dTG traces (Figure 98), it is obvious that the 1
st
 and 2

nd
 decomposition step of 

starch propionates show almost the same peak decomposition temperatures: around 321 
o
C for 

the 1
st
 step and 376 

o
C for the 2

nd
 decomposition step. Also, from the TGA traces (Figure 97), 

with increasing of DS, mass loss in the 1
st
 decomposition step decreased from around 60% (DS, 

0.38) to 3.6% (DS, 2.54). On the contrary, mass loss in the 2
nd

 decomposition step increased 

form around 20% (DS, 0.38) to 82% (DS, 2.54). This phenomenon probably indicates that inter- 

or intra-molecular dehydration reactions primarily occur during the 1
st
 decomposition step. As 

the amount of available hydroxyl groups reduce with increasing DS, mass loss of the 1
st
 

decomposition step decreases, while that of the 2
nd

 decomposition step increases. For both 

expanded HACS and its propionates, approximately 15 + 5 wt.% remains after heating to above 

600 
o
C. 

3.3.4 NMR characterization of expanded HACS and its esters 

Both expanded HACS and its propionates with various DS were further characterized by 

solid-state 
13

C CP/MAS NMR spectroscopy and liquid-state 
1
H NMR spectroscopy (using 

DMSO-d6 as solvent). The instrumentation and methodology for the solid-state 
13

C CP/MAS 

NMR and liquid-state 
1
H NMR characterization are described in section 4.3.7 and 4.3.8 in 

chapter 4, respectively. 
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Figure 99 illustrates the solid-state 
13

C NMR spectra of expanded HACS (Figure 99 A) and 

starch propionate with DS of 1.00 (Figure 99 B). From the 
13

C NMR spectrum of expanded 

HACS, the corresponding signals for carbon atoms in the starch molecule are assigned in 

accordance with literature.
299 - 301

 The signals between 106 and 92 ppm is attributed to the C-1 of 

the anhydroglucose units. Signals for the C-4 and C-6 are observed at 82 and 62 ppm, 

respectively. The large signal ranging from 70 to 76 ppm is attributed to C-2, C-3 and C-5 of the 

anhydroglucose units. From the 
13

C NMR spectrum of starch propionate with DS of 1.00 

(Figure 99 B), the characteristic peak for the carbonyl carbon is observed at 174 ppm. Also, the 

characteristic signals for the methylene and methyl group are observed at approximately 28 and 

9.8 ppm, respectively. These results are in good consistency with the ATR-IR analysis and 

further provide evidence for the success of esterification of expanded HACS. 

 

 

Figure 99: Solid-state 
13

C CP/MAS NMR spectra of (A) expanded HACS and (B) starch 

propionate (DS, 1.00). The repeating unit shown in Figure 99 B is with the ester group 

connected to the most probable C position (C – 6).
287
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The liquid-state 
1
H NMR spectra of expanded HACS and starch propionates with DS (0.38, 

1.46, 1.99 and 2.54) are illustrated in Figure 100. These samples were dissolved in DMSO-d6 

and the 
1
H NMR spectra were recorded at 25 

o
C. The broad, strong signals ranging from 3.2 to 

4.0 ppm are assigned to starch chain protons (H – 2, 3, 4, 5, 6), but is mainly attributed to 

residual water (centred at 3.30 ppm), because of the hygroscopic nature of starch and 

DMSO-d6.
302

 

 

According to the literature, the resonance signals centred at 5.40 ppm, 5.50 ppm and 4.59 ppm 

are assigned to the three hydroxyl groups on C – 2, 3, 6 (OH – 2, 3, 6), respectively.
292

 Also, 

resonance signal of the anomeric hydrogen atom (H – 1), which corresponding to the internal α 

– 1, 4 linkages, is observed at 5.10 ppm.
292, 302

 

 

During the esterification process, the propionate moieties were gradually introduced into starch 

molecules. From the 
1
H NMR spectra of starch propionates, the characteristic resonance bands 

of anhydroglucose units are still visible, even though the resolution of spectra decreased with 

increasing of the DS, which is probably due to the subsequent increased viscosity of the NMR 

solution. However, subtle changes of the resonance of protons on anhydroglucose units can be 

observed compared with that of expanded HACS, which is resulted from slightly changed 

chemical environments. 
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Figure 100: 
1
H NMR spectra of expanded HACS and its propionates (DS: 0.38, 1.46, 1.99 and 

2.54) in DMSO-d6. * Possible artefact 

 

With increasing DS, it is obvious that the resonance bands of OH – 2, –3, –6 (centred at 5.40 

ppm, 5.50 ppm and 4.59 ppm) gradually diminish, referenced to the intensity of the anomeric 

hydrogen (H–1) band at 5.10 ppm. In all the spectra of starch propionates, the resonance signals 

for CH2 and CH3 groups of propionate moieties are found between 2.0 – 2.45 ppm and 0.6 – 1.3 

ppm, respectively. 
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3.4 Preparation and characterization of hot melt adhesive formulations 

3.4.1 Preparation of hot melt adhesive formulations 

According to the experimental procedure described in section 4.3.9 in chapter 4, non-expanded 

HACS, expanded HACS and its propionates with various DS were incorporated into potentially 

biodegradable hot melt adhesive (HMA) formulations by mixing with glycerol and polyvinyl 

alcohol (PVOH) at the same weight ratio, as illustrated in Figure 101. This formulation 

comprising mixtures of starch, glycerol and PVOH was previously reported in an US patent.
254

 

 

 

Figure 101: Illustration of the potentially biodegradable hot melt adhesive formulations. 

(Originally in colour) 

3.4.2 DSC Characterization of hot melt adhesive formulations 

The prepared hot melt adhesives (HMAs) were characterized with differential scanning 

calorimetry (DSC) using a heat–cool–heat–cool method to mimic the real industrial application 

of HMAs. Instrumentation and methodology for DSC characterization of the formulated HMAs 

are described in section 4.3.10 in chapter 4. Before being subjected to DSC, the HMA 

formulations were equilibrated in a lab oven at 50 
o
C for 24 h. As the materials were mixed with 
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spatula in glass vials, the 2
nd

 cycle of the heat–cool–heat–cool DSC traces is of more interest 

and allows better evaluation of the thermal properties of the formulated HMAs. 

 

Figure 102 and Figure 103 show the 2
nd

 heating and cooling DSC traces of expanded HACS and 

its propionates with DS of 0.38, 1.00, 1.82 and 2.54 based HMA formulations, respectively. The 

glass transition of the HMAs (approximately between -5 
o
C and 5 

o
C) is observed in both 

heating and cooling traces. From the heating traces shown in Figure 102, slightly endothermic 

transitions of the HMAs could be observed around 115 
o
C; however, a significant large 

endothermic peak is shown between 135 
o
C and 175 

o
C for all the traces, corresponding to the 

major melting of HMA formulations. From the cooling traces (Figure 103), all the samples 

show an exothermic crystallization peak between 130 
o
C and 90 

o
C. All these transitions are 

characteristic for HMA formulations. As the major endothermic melting transition for all the 

HMA formulations ends around 175 
o
C, a higher temperature (190 

o
C) was chosen for the 

application of such HMAs during the adhesion experiments. 

 

In order to study the stability/reusability of the expanded HACS and its propionates based HMA 

formulations, the starch propionate (DS: 1.00) based HMA was characterized in DSC for more 

heat – cool cycles in accordance with the experimental procedure described in section 4.3.10 in 

chapter 4, which is similar to the heat – cool – heat – cool method mentioned above (just for 

more cycles). The DSC traces are demonstrated in Figure 104. Even though the peak 

temperatures of melting and crystallization shift slightly due to changes of the environment 

within sealed Tzero aluminium pans, characteristics of glass transitions, melting and 

crystallization transitions basically remain even after 5 heat – cool cycles, indicating high 

stability of the formulated HMAs. 
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Figure 102: DSC traces of the 2
nd

 heating run of expanded HACS and starch propionates (DS: 

0.38; 1.00; 1.82; 2.54) based HMAs. (Originally in colour) 

 

 

Figure 103: DSC traces of the 2
nd

 cooling run of expanded HACS and starch propionates (DS: 

0.38; 1.00; 1.82; 2.54) based HMAs. (Originally in colour) 
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Figure 104: DSC traces of the 2
nd

 to 5
th
 heat – cool cycle of starch propionate (DS, 1.00) based 

HMA formulation. (Originally in colour) 

3.4.3 ATR-IR Characterization of hot melt adhesive formulations 

Stability of formulated HMAs was further proved by comparing the ATR-IR spectra of the base 

material, formulated HMA before and after DSC measurement. Figure 105 shows the ATR-IR 

spectra of expanded HACS, and expanded HACS based HMA before and after DSC 

measurement (Figure 105 A) and that of starch propionate (DS, 1.82), starch propionate (DS, 

1.82) based HMA before and after DSC measurement (Figure 105 B). It is obvious that all the 

characteristic absorption bands of both expanded HACS and its propionate based HMA 

formulations are still remaining almost the same before and after heating and cooling in DSC, 

suggesting no thermal degradation and any non-reversible reactions occurred during heating and 

cooling. 
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Figure 105: ATR-IR spectra of (A) expanded HACS, expanded HACS based HMA before and 

after DSC measurement, (B) starch propionate (DS, 1.82), starch propionate (DS, 1.82) based 

HMA before and after DSC measurement. (Originally in colour) 

3.5 Adhesion testing of hot melt adhesives 

3.5.1 Adhesion tests of hot melt adhesives 

Non-expanded HACS, expanded HACS and derived starch propionates with various DS based 

HMA formulations (50 mg) were applied to bond Al plates (surface area, 50 mm × 50 mm). 

Specimens were bonded under pressure at 190 
o
C for 30 seconds using a hot press machine. The 
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tensile strengths of the Al – HMA –Al bond were measured using an Instron 3367 Dual Column 

System universal testing machine (and accompanying software) fitted with a 3000 N capacity 

load cell, at a crosshead speed of 5 mm min
-1

. Obtained results were normalized to effective 

tensile stress by calculating the effective bonding area using Adobe Photoshop CS6. Detailed 

experimental information is described in section 4.3.11 in chapter 4. 

3.5.2 Tensile stress tests of hot melt adhesives 

Figure 106 illustrates a typical failure pattern of the Al plates adhered with the formulated 

HMAs. All the other adhered specimens show a similar failure pattern and broken adhesively 

(failure occurred between the HMA – Al interface), suggesting the cohesive strengths of the 

HMA formulations are higher than adhesive strengths between HMA and Al substrates. 

 

 

 

Figure 106: A typical failure pattern of formulated HMA bonded Al plates, sample shown is 

the Al – HMA – Al interface of expanded HACS based HMA cured Al plates. (Originally in 

colour) 

 

To allow a better evaluation of the mechanical properties of the HMA formulations, measured 

tensile strengths were normalized to effective tensile stress by calculating the surface area of 

effective bonding area (circled by red lines, Figure 106). Figure 107 illustrates the normalized 

tensile stress of Al plates cured by the formulated HMAs. The reported values are average 

values of four specimens adhered by each kind of HMA formulation (50 mg). 
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Figure 107: Normalized tensile stress of non-expanded HACS, expanded HACS and its starch 

propionates based HMA formulations (50 mg) bonded Al plates. (Originally in colour) 

 

It is significant that the tensile stress of expanded HACS based HMA (around 2.0 MPa) is 

dramatically higher than that of HMA based on non-expanded HACS (around 1.1 MPa). This 

effect might result from the significant increased surface area of expanded HACS and 

subsequent improved accessibility of hydroxyl groups within starch molecules. This effect 

probably leads to higher extent of interaction (non-covalent and/or cross-linking) between starch, 

glycerol and polyvinyl alcohol (PVOH), resulting in significant increase of tensile stress. For 

the starch propionates based HMA formulations, tensile stress decreased with increasing of DS. 

When DS increased from 0.38 to 2.54, the tensile stress of the starch propionate based HMAs 

dropped from about 1.6 MPa to 0.6 MPa. As more and more hydroxyl groups were converted to 

ester groups during esterification, the amounts of available “free” hydroxyl groups decreased. 

As a result, the cross-linking effect between the three HMA components deteriorated, leading to 

decreased tensile stress. Also, as hydrophobicity of starch propionates increases with DS, starch 

propionates with higher DS might sacrifice their abilities to be compatible with glycerol and 
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PVOH, which will also leads to decreased tensile stress. However, tensile stress of starch 

propionates (DS<1.5) based HMA formulations are still higher than that of non-expanded 

HACS based HMA formulation, despite lower than that of the one based on expanded HACS. 

 

For reference, the tensile stress of commercial ethylene vinyl acetate (EVA) based LOCTITE 

hot melt glue (around 6 MPa, purchased from B & Q, York, UK) was tested under the same 

conditions. Due to the nature of the formulated potentially bio-degradable HMAs and the fact 

that they were not engineered, the maximum tensile stress of these HMA formulations is around 

2.3 MPa obtained with expanded HACS based HMA. However, within this work, the great 

potential of application of expanded starch in potentially biodegradable “green” HMA 

formulations is demonstrated. 

3.6 Conclusions and future work 

Following the expansion (gelatinisation, retrogradation and solvent exchange) procedure, 

surface area of high amylose corn starch (HACS) was dramatically increased to around 176 m
2
 

g
-1

 compared with that of non-expanded HACS (less than 5 m
2
 g

-1
). Thus the accessibility of the 

hydroxyl groups in starch molecules was significantly improved. This allows chemical 

modification of starch, including esterification, to take place at relatively milder conditions. To 

take advantage of this effect, esterification of expanded HACS was conducted with propionic 

anhydride (esterifying reagent) and DMAP (catalyst) in toluene. The DS of derived starch 

propionates were controlled through changing the amounts of propionic anhydride and reaction 

time. The results revealed that DS of derived starch propionates increases with increasing of the 

amounts of propionic anhydride used. For instance, DS increased almost linearly from around 

0.38 (with 5 g, 0.038 mol, propionic anhydride) to 1.95 (with 20 g, 0.154 mol, propionic 

anhydride) for 6 h reaction. After that, the esterification reaction reaches equilibrium; DS 

remains around 2 even if the amounts of propionic anhydride increased to 40 g (0.307 mol). DS 

also increases with reaction time, for example, DS increased from about 2.05 (6 h) to 2.54 (12 h) 

with 40 g (0.307 mol) propionic anhydride.  
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The derived starch propionates with various DS were characterized by ATR-IR, TGA, solid 

state 
13

C CP/MAS NMR and liquid-state 
1
H NMR spectroscopy. The results confirmed the 

success of esterification of expanded HACS and further revealed that the properties of starch 

were changed significantly during esterification. For instance, the thermal stability and 

hydrophobicity of starch propionates increase with DS. This is because with increasing of DS, 

more and more hydroxyl groups within starch molecules were converted to ester groups, which 

renders it more and more difficult for inter- and/or intra- molecular dehydration reactions to take 

place. 

 

The expanded HACS and starch propionates with various DS were incorporated into potentially 

bio-degradable HMA formulations by mixing them with glycerol and PVOH at the same weight 

ratio. The developed HMA formulations were characterized by DSC using a heat – cool – heat – 

cool method to mimic their real industrial applications. The glass transition generally occurs 

between -5 
o
C and 5 

o
C, and the major melting step occurs between 135 

o
C and 175 

o
C. During 

cooling, the hot melt adhesives recrystallize at temperatures between 130 
o
C and 90 

o
C. Both the 

DSC and ATR-IR characterization of the HMA formulations before and after DSC 

measurements revealed that no destructive and/or non-reversible reactions occurred during 

heating and cooling in DSC, suggesting high thermal stability of the formulated HMAs. 

 

The adhesion properties of the HMA formulations were studied by applying each HMA 

formulation (50 mg) in the middle of two Al plates with surface area 50 mm × 50 mm, and 

specimens were adhered in a hot press machine for 30 seconds at 190 
o
C. Tensile stress of the 

Al – HMA – Al bond was measured and normalized by calculating the effective bonding area 

using Adobe Photoshop CS6. The tensile stress of expanded HACS based HMA (around 2.0 

MPa) is dramatically higher than that of the one based on non-expanded HACS (around 1.1 

MPa). For those based on starch propionates, tensile stress decreases with increasing of DS of 

the base polymer. However, tensile stress of starch propionates (DS<1.5) based HMAs are still 

higher than that of the one based on non-expanded HACS, even though lower than that of 

expanded HACS based HMA. 
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The properties of starch derivatives vary significantly depending upon the types of new 

functional groups introduced into the starch molecules during modification. In the context of 

esterification of starch, the types (e.g., chain lengths) of the introduced ester moieties and also 

DS affect the properties of final products. Future work might include the investigation of the 

preparation of other starch esters from expanded starch and their applications into HMA 

formulations. In addition, the reported potentially biodegradable HMA formulations need to be 

improved, especially in terms of competing with commercial synthetic HMAs. 
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4.1 Materials and reagents 

4.1.1 Biomass 

Spruce wood chips were harvested in southern Sweden in 2011. Since being collected, they 

were stored at room temperature at the Green Chemistry Centre of Excellence, University of 

York. Waste office papers (printed and/or photocopied) were obtained from the offices of Green 

Chemistry Centre of Excellence, University of York. Paper deinking residue (DIR) was kindly 

supplied by SalveTech UK and used as received. High amylose corn starch (HACS) under the 

trade name Hylon
®
 VII with amylose content around 75% was obtained from National Starch & 

Chemical. 

4.1.2 Chemical reagents 

Hydrochloric acid, sodium hydroxide, potassium hydroxide, ethanol, acetone, ethyl acetate and 

toluene were supplied by Fisher Scientific. Propionic anhydride, 4-dimethyl-aminopyridine 

(DMAP), calcium carbonate (calcite), microcrystalline cellulose, kaolinite and DMSO-d6 used 

for NMR analysis (99.96% atom D) were purchased from Sigma-Aldrich, Gillingham, UK. All 

other standard laboratory reagents (purity>99.5%) were purchased from Sigma Aldrich, 

Gillingham, UK. All the chemicals were used directly without any further purification, unless 

specified otherwise. Oxygen free nitrogen gas (purity>99.5%) was used during 

thermogravimetric analysis (TGA) and supplied by BOC. 

4.1.3 Other used materials 

Commercial LOCTITE Precision Superglue and ethylene vinyl acetate (EVA) based LOCTITE 

hot melt glue were purchased from B&Q, York, UK. 

 

Aluminium plates used for adhesion tests were kindly provided and shot-blasted by the 

mechanical workshop of the Chemistry Department, University of York, UK. 
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4.2 Experimental details and instrumentation for chapter 2 

4.2.1 Microwave-assisted low-temperature (<200 
o
C) pyrolysis of biorenewable 

waste streams 

Microwave-assisted low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office 

paper and paper deinking residue (DIR) was performed on a Milestone ROTO-SYNTH Rotative 

Solid Phase Microwave Reactor (Milestone Srl., Italy) fitted with a vacuum system, which 

allows for in-situ separation, condensation and collection of generated volatile compounds. The 

experimental set-up for the microwave-assisted pyrolysis experiments is demonstrated in Figure 

108. 

 

 

Figure 108: Illustration of the experimental set-up used for the microwave-assisted 

low-temperature (<200 
o
C) pyrolysis, sample shown in the microwave vessel is DIR. (Originally 

in colour) 

 

Spruce wood chips (150 g per run, with particle sizes around 0.5 cm × 0.5 cm) were stored at 

room temperature and used directly without any pre-treatment. The collected waste office 
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papers (A4 printed and/or photocopied) were milled using a Farm Feed Solutions (UK) 12 KW 

hammer mill with 5 mm screen. Thereafter, milled office paper (150 g per run) was wet pressed 

into the microwave glass vessel and dried in an oven at 105 °C for 48 h until a fixed weight was 

reached (moisture content less than 3% with a density of around 0.3 g cm
−3

). 

 

Fibrous DIR was wet-pressed with tap water using a lab-scale paper briquette press. The then 

formed DIR brick was dried in a laboratory oven at 90 
o
C for 24 h, yielding a dry DIR brick 

with density around 0.56 g cm
-3

. The DIR brick (400 g per run) was placed in the microwave 

vessel (2 L) and the pyrolysis was carried out under vacuum. 

 

Samples (either spruce wood chips or waste office paper or DIR) were microwave irradiated at a 

fixed power (1200 W, 2.45 GHz). The process temperature gradually increased with reaction 

time and was monitored via on-line infrared temperature probes. The reaction was deemed 

complete after about 12-13 minutes irradiation based on no further release of volatiles and 

maximum temperature around 190 
o
C was achieved. Using the fitted vacuum system, two 

phases (organic and aqueous phase) of bio-oils and bio-char (microwave residue) were 

generated. In the current study the gas product was depleted from the system using the fitted 

vacuum pump and was not investigated further. 

4.2.2 Yield analysis of microwave-assisted low-temperature (<200 
o
C) pyrolysis of 

biorenewable waste streams 

For each feedstock (spruce wood chips, waste office paper and DIR), the pyrolysis process was 

conducted three times and the pyrolysis products (organic phase bio-oil, aqueous phase bio-oil 

and bio-char/microwave-residue) were combined together. The yield of organic phase bio-oil, 

aqueous phase bio-oil and bio-char/microwave-residue was determined by mass in relation to 

the total mass of raw materials (after pre-treatment for waste office paper and DIR) using the 

following equations. 
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For organic phase bio-oil: 

 

𝑌𝑖𝑒𝑙𝑑 =
mass of recovered organic phase bio − oil (g)

mass of raw material (g)
 × 100% 

 

For aqueous phase bio-oil: 

 

𝑌𝑖𝑒𝑙𝑑 =
mass of recovered aqueous phase bio − oil (g)

mass of raw material (g)
 × 100% 

 

For bio-char/microwave-residue: 

 

𝑌𝑖𝑒𝑙𝑑 =
mass of recovered bio − char/microwave − residue (g)

mass of raw material (g)
 × 100% 

 

Since the incondensable gaseous products were depleted from the microwave-assisted pyrolysis 

system, the yields of gaseous products were calculated by difference. 

4.2.3 Thermogravimetric analysis of paper deinking residue (DIR) 

Thermogravimetric analysis (TGA) of the as-received DIR and its microwave-residue was 

conducted on a Netzsch 409 simultaneous thermal analyzer (STA). Each sample (100 mg) was 

heated from 30 
o
C to 625 

o
C at 10 

o
C min

-1
 under nitrogen atmosphere with a flow rate of 100 

mL min
-1

. TGA of DIR was also conducted in air (100 mL min
-1

) under the same heating 

program. 

4.2.4 Proximate and ultimate analysis of raw materials and their 

microwave-assisted pyrolysis products 

The proximate analysis of spruce wood chips, waste office paper and derived pyrolysis products 

was conducted to determine their moisture, volatile matter, fixed carbon and ash contents using 

a Netzsch 409 simultaneous thermal analyzer (STA). This method was adapted from the work 

of Donahue and Rais.
303

 Samples (100 mg) were heated under nitrogen (100 mL min
-1

) and air 

atmosphere (100 mL min
-1

), respectively. The followed temperature programs are: 
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Under nitrogen atmosphere (100 mL min
-1

): 

(1) Ramp from 30 
o
C to 105 

o
C at a heating rate of 10 

o
C min

-1
 

(2) Isothermal at 105 
o
C for 10 min 

(3) Ramp from 105 
o
C to 900 

o
C at a heating rate of 50 

o
C min

-1
 

(4) Isothermal at 900 
o
C for 1 hour 

 

Under air atmosphere (100 mL min
-1

) 

(1) Ramp from 30 
o
C to 900 

o
C at a heating rate of 50 

o
C min

-1
 

(2) Isothermal at 900 
o
C for 1 hour 

 

The moisture content corresponds to the mass loss in nitrogen atmosphere between 30 
o
C and 

105 
o
C. The volatile matter content was determined by the mass loss between 105 

o
C and 900 

o
C 

under nitrogen atmosphere. Ash content was determined as the residual material after heating 

samples at 900 
o
C for 1 h in air. Fixed carbon content represents the solid combustible material 

that remains after loss of moisture and volatile matter when heated in nitrogen but combusted in 

air. The proximate analysis of spruce wood chips is illustrated in Figure 109 as an example. 

 

 

Figure 109: Proximate analysis (moisture content, volatile matter, fixed carbon and ash content) 

of spruce wood chips. (Originally in colour) 
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For ultimate characterization, elemental analysis (C, H, N and S) of spruce wood chips, waste 

office paper, DIR and their microwave-assisted pyrolysis products was conducted on an Exeter 

Analytical CE440 Elemental Analyzer. Sulfur contents of these materials, together with total 

organic carbon (TOC) of aqueous phase bio-oils were determined by Yara Analytical Services, 

York, UK. The oxygen contents of these materials were calculated by difference according to 

the following equation: 

 

𝑂 (%) = 100 % − C (%) − 𝐻 (%) − 𝑁 (%) − 𝑆 (%) 

 

4.2.5 Calorific value measurement 

The calorific values (CV) of spruce wood chips, waste office paper, DIR and their pyrolysis 

products were determined using a Parr 6200 bomb calorimeter (Parr Instrument Company, 

Moline, IL, USA). An exact known mass of each sample (around 1 g) was combusted in an 

oxygen-enriched atmosphere in the bomb calorimeter, and its caloric value (MJ kg
-1

) was 

determined. CV measurements were carried out in triplicate and mean values were reported. 

4.2.6 Karl Fischer Titration 

The Karl Fischer titration of organic phase bio-oils generated from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office paper and DIR was 

conducted on a GR Scientific Cou-Lo Aquamax Karl Fischer titrator to determine water content. 

HYDRANAL-Coulomat AK (anolyte solution) and HYDRANAL-Coulomat CG-K (catholyte 

solution) were used as coulometric reagents, to avoid any interference from ketones, amines, or 

aldehydes contained in the bio-oil. 

4.2.7 ICP-MS characterization 

Inductively coupled plasma-mass spectrometry (ICP-MS) of spruce wood chips, waste office 

paper, DIR and their microwave-assisted pyrolysis products were conducted on an Agilent 

7700× ICP-MS spectrometer to determine their metal contents. The TG ashes of DIR obtained 

in nitrogen and air atmosphere were also subjected to the ICP-MS analysis. Prior to analysis, 
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solid samples were acid digested in HCl and HNO3 at a volume ratio of 3 : 1. Liquid samples 

(bio-oils) were diluted in acetone. 

4.2.8 ATR-IR characterization 

The Fourier-transform infrared (FT-IR) characterization of spruce wood chips, waste office 

paper, DIR and their pyrolysis products (except gaseous products) was performed on a Bruker 

Vertex 70 spectrometer in attenuated total reflectance (ATR) mode, with a resolution of 2 cm
−1

 

and 64 scans. In addition, the ATR-IR characterization of all the other samples mentioned in 

chapter 2 such as TG ashes of DIR, scrapings of bio-oil polymers and residual materials 

obtained after tensile tests, commercial model compounds etc. were conducted in the same 

manner described above. 

4.2.9 Liquid-state NMR characterization of bio-oils 

Both the organic and aqueous phase bio-oils produced from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of spruce wood chips, waste office paper and DIR were 

subjected to liquid-state Nuclear Magnetic Resonance (NMR) characterization. The 
13

C NMR 

characterization of the three bio-oil fractions generated from liquid-liquid fractionation of the 

waste office paper derived organic phase bio-oil was conducted following the same procedure. 

13
C and 

1
H NMR spectra of bio-oils were recorded on a Jeol ECX-400 NMR spectrometer at 

100 MHz (1024 scans) and 400 Hz (64 scans), respectively. Bio-oil (150 mg) was dissolved in 

deuterated dimethyl sulfoxide (DMSO-d6, 99.96% atom D). The measurements were conducted 

at 25 
o
C. For 

13
C NMR analysis, the central resonance of DMSO-d6 (δC, 39.52 ppm) was used 

as the internal reference. 

4.2.10 GC-MS characterization of bio-oils 

The GC-MS characterization of liquid products (bio-oils) was conducted on a Perkin Elmer 

Claus 500 gas chromatograph equipped with a Perkin Elmer Claus 560 s mass spectrometer. 

The column was a non-polar ZB-5HT (30 m × 0.25 mm id × 0.25 μm film thickness) from 

Phenomenex (UK). The oven temperature programme was maintained at 60 °C for 1 min, then 

ramped at 8 °C min
−1

 to 360 °C and held for 1 min. The injection volume of sample is 1 μL. The 
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identification of chromatographic peaks was by comparison with the NIST 2008 library. In 

addition, the GC-MS characterization of the three bio-oil fractions generated from liquid-liquid 

fractionation of the waste office paper derived bio-oil were conducted using the same method. 

4.2.11 Qualitative and quantitative characterization of DIR derived organic phase 

bio-oil 

In addition to the qualitative analysis of the DIR derived organic phase bio-oil as mentioned in 

section 4.2 10. This phase of bio-oil was also sent for external validation to the Thunen Institute, 

University of Hamburg, Germany, for comprehensive qualitative and quantitative analysis. 

Detailed experimental procedure is: 

 

About 60 mg of the DIR derived organic phase bio-oil was dissolved in 1 mL acetone, which 

contained a known amount of fluoranthene as internal standard for quantification. GC was 

performed using an Agilent 6890. Injector conditions: split/splitless injector, temperature 

250 °C, split ratio 1:15, injection volume 1 µl. 

 

Separation was carried out on a 60 m × 0.25 mm VF-1701MS (Varian) fused-silica column, 

containing 14% cyanopropyl-phenyl-methylpolysiloxane (0.25 µm film thickness). Oven 

programme was as follows: hold constant at 45 °C for 3 min, heat with 4 °C min
-1

 to 280 °C and 

hold for 20 min. Helium was used as carrier gas with a constant flow of 2 mL min
-1

. The system 

was equipped with parallel FID & MS-detection. Electron impact mass spectra were obtained 

on a HP 5972 MS using 70 eV ionisation energy. 

4.2.12 Adhesion tests and tensile strength measurement 

The spruce wood chips, waste office paper and DIR derived organic phase bio-oils were applied 

as adhesives for Al – Al bonding. For the adhesion tests of other samples such as the three 

fractions of bio-oil generated from liquid-liquid fractionation of the organic phase bio-oil 

derived from waste office paper, and the (mixtures) of model compounds, they were performed 

in the same manner described below. 
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As mentioned in section 2.8.1, organic phase bio-oil (70 mg) was homogeneously applied to the 

surface of one Al plate (50 mm × 50 mm). The Al plates used throughout this project are blasted 

Al plates. Shot-blasting was carried out by the mechanical workshop of Chemistry Department, 

University of York, UK, to guarantee a fresh and homogeneous surface. Prior to adhesion tests, 

shot-blasted Al plates were washed with tap water and acetone to get rid of any impurities. A 

glass rod was used to guarantee homogeneous spreading of bio-oil on the Al surfaces, the 

weight of bio-oil on Al surfaces was accurately measured by weighing the Al plate before and 

after applying the bio-oil. The Al plate which has bio-oil on its surface was pressed together 

with another Al plate of the same surface size (50 mm × 50 mm) using light pressure 

(finger-strength), weighed down with a stainless steel metal block (350 g) to mimic constant 

pressure. After that, the specimens were subjected to heating for curing in a lab oven. The 

stainless steel metal block still stays at the top of the two Al plates to guarantee homogeneous 

pressure during curing. Samples were cured at various temperatures: 120 
o
C, 140 

o
C, 160 

o
C and 

180 
o
C for 4 and 8 h curing. After curing, the bio-oil adhered Al plates were removed from the 

oven and cooled down to room temperature naturally (around 25 
o
C). Then the weight of the 

bio-oil cured Al plates was measured and the mass loss during curing was calculated by 

difference. Then cured Al plates were adhered to two stainless steel metal blocks (50 mm × 50 

mm) with commercial ‘Superglue’ purchased from B&Q at York, UK. 

 

The tensile strengths of the adhesive bonds formed between the two shot-blasted Al plates post 

cure were measured using an Instron 3367 Dual Column System universal testing machine (and 

accompanying software) fitted with a 3000 N capacity load cell, at a cross-head speed of 5 mm 

min
-1

. For each kind of organic phase bio-oil, the tensile strengths of four cured Al specimens 

were measured and the average values of four times measurements were reported in the main 

text. 

4.2.13 Solid-state CP/MAS 
13

C NMR characterization of scrapings of cured bio-oil 

polymers 

The scrapings of cured bio-oil polymers post tensile tests were characterized using solid-state 

13
C NMR with and without dipolar dephasing. 
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Solid-state 
13

C CP/MAS NMR spectra were acquired using a 400 MHz Bruker Avance III HD 

spectrometer equipped with a Bruker 4 mm H(F)/X/Y triple-resonance probe and a 9.4 T 

Ascend
®
 superconducting magnet. The CP experiments employed a 1 ms linearly-ramped 

contact pulse, spinning rates of 10 000 ± 2 Hz, optimized recycle delay of 3 seconds, spinal-64 

heteronuclear decoupling (at vrf = 85 kHz) and are a sum of 1024 co-added transients.  

 

The dipolar dephasing experiments added a rotor-synchronized 180 μs dephasing delay with a 

pi refocusing pulse to minimize baseline distortion. Chemical shifts are reported with respect to 

TMS, and were referenced using adamantane (29.5 ppm) as an external secondary reference. 

4.2.14 Liquid-liquid fractionation of waste office paper derived organic phase 

bio-oil 

The waste office paper derived organic phase bio-oil was subjected to liquid-liquid fractionation 

using alkali (aqueous sodium hydroxide) and organic solvent (ethyl acetate) to yield three 

sub-fractions of bio-oils: “neutral” ethyl acetate fraction, “acidic” ethyl acetate fraction, i.e., 

acidified base layer extracted into ethyl acetate, and aqueous fraction bio-oil. This method was 

adapted from the procedure developed by Amen-Chen et al. with slight modifications.
201

 

 

Initially, the waste office paper derived organic phase bio-oil (10 g) was dissolved in ethyl 

acetate (10 g) at a 1 :1 weight ratio, followed by transferring into a separating funnel which 

contains an equivolume of aqueous sodium hydroxide (2 M). This mixture was mixed by 

shaking and left to settle until two separate layers were formed (about 1.5 h). The bottom layer 

(i.e. aqueous layer) was set aside and the upper layer (i.e. ethyl acetate layer) was further 

extracted (5x) using an equivolume of aqueous sodium hydroxide (2 M). The remaining organic 

layer (ethyl acetate layer) was isolated, dried and the solvent removed in vacuo using a 

Heidolph
TM

 Hei-Vap
TM

 rotary evaporator fitted with an ILMVAC pump to yield the “neutral” 

ethyl acetate fraction bio-oil (1.9 g, yield: 19%). 

 

The combined basic aqueous extracts were transferred into a beaker, acidified with hydrochloric 

acid (1 M) to pH around 6, and was extracted with ethyl acetate (5 × 100 mL). The combined 
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organic extract was dried (MgSO4), filtered and concentrated in vacuo using a Heidolph
TM

 

Hei-Vap
TM

 rotary evaporator fitted with an ILMVAC pump to generate the “acidic” ethyl 

acetate fraction bio-oil (2.5 g, yield: 25%). The aqueous layer (pH around 6) was removed to 

yield the aqueous fraction bio-oil which mainly contains solid matter (5.6 g, 56%). Figure 110 

demonstrates the procedure employed for liquid-liquid fractionation of the waste office paper 

derived organic phase bio-oil and the appearances of samples at crucial separation stages. 

 

 

 

Figure 110: Illustration of the procedure for liquid-liquid separation of waste office paper 

derived organic phase bio-oil and the appearances of samples at crucial separation stages. 

(Originally in colour) 
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4.2.15 Solid-state CP/MAS 
13

C NMR characterization of DIR and its microwave 

residue 

Solid-state cross-polarization/magic-angle spinning (CP/MAS) 
13

C spectra of DIR and its 

microwave residue were acquired using a 400 MHz Bruker Avance III HD spectrometer 

equipped with a Bruker 4 mm H(F)/X/Y triple resonance probe and 9.4T Ascend 

superconducting magnet. The CP experiments employed a 1 ms linearly ramped contact pulse, 

spinning rates of 10000 ± 2 Hz, optimized recycle delays of 5−7 s, and spinal-64 heteronuclear 

decoupling (with a nutation frequency, vrf  = 85 kHz) and are a sum of 1024 co-added transients. 

Chemical shifts are reported with respect to tetramethylsilane (TMS), and were referenced using 

adamantine (29.5 ppm) as an external secondary reference. 

4.2.16 Scanning electron microscopy 

Scanning electron micrographs (SEM) of DIR and its thermally treated samples (microwave 

residue, TG ashes of DIR obtained in nitrogen and air atmosphere) were taken on a JEOL 

JSM-6490LV (JEOL, Tokyo, Japan). Prior to analysis, samples were mounted on alumina 

sample holders and coated in a thin film of gold using a high-resolution sputter SC-7640 coating 

device at a sputtering rate of 1500 V min
−1

. 

4.2.17 Powder X-ray diffraction 

X-Ray diffraction pattern of DIR raw material and its thermally treated samples (microwave 

residue, TG ashes of DIR in both N2 and air atmosphere), together with commercial CaCO3 

(Calcite, Sigma-Aldrich, UK) were acquired using a Bruker-AXS D8 advance diffractometer, 

which was equipped with a Cu Kα radiation source. The diffractometer was operated at 40 mA 

and 40 kV and scans were taken across the angular range of 10-90
o
 2θ. 

4.2.18 Solid-state Bloch-decay 
13

C NMR spectroscopy 

Bloch-decay solid-state 
13

C NMR spectra were acquired with a 30
o
 tip-angle pulse at spinning 

rates of 10000 ± 2 Hz, recycle delays of 480 – 600 s, and spinal-64 heteronuclear decoupling (at 

νrf = 85 kHz) and are a sum of 32 – 100 co-added transients. Chemical shifts are reported with 
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respect to TMS and were referenced using adamantane (29.5 ppm) as an external secondary 

reference. 

4.3 Experimental details and instrumentation for chapter 3 

4.3.1 Expansion of high amylose corn starch 

The expansion of high amylose corn starch (HACS) under the trade name Hylon
®
 VII with 

amylose content up to 75% was achieved through an expansion process mainly including three 

steps: gelatinisation, retrogradation and solvent exchange. The method used within this project 

is developed from the method reported by Shuttleworth et al. with slight modifications.
283

 

 

HACS (150 g) was added to distilled water (3 dm
3
) in an adapted All American pressure cooker 

915. The mixture was stirred vigorously (mechanical stirrer) until all the starch had dispersed 

before further agitating at 140 
o
C for 90 minutes to gelatinise the starch. After that, the formed 

clear starch gel was cooled down to room temperature naturally. 

 

The homogeneous gelatinised starch was kept in a lab fridge at 5 
o
C for three days (72 h) for 

retrogradation. Then the water trapped in the aquagel was solvent exchanged (3x) with 

equivolume of low surface tension solvents (ethanol and toluene). The drying of the starch was 

carried out in a vacuum oven at 50 
o
C for 24 h to afford white powdered, expanded starch (143 

g, 95.3%) with a surface area (BET) of 176 m
2
 g

-1
. 

4.3.2 BET surface area measurement 

BET surface area measurement (nitrogen adsorption / desorption measurements) of expanded 

HACS were carried out on a Micromeritics ASAP 2010 volumetric adsorption analyser at 77 K. 

Prior to analysis, an exact known amount of expanded HACS (around 100 mg) was degassed at 

65 
o
C for at least 3 h and mass differences were corrected after the experiment. The resulted 

data were subjected to proprietary software for BET specific surface area determination. The 

reported value is mean value of three measurements. 
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4.3.3 Esterification of expanded starch 

A series of HACS propionates with various degrees of substitution (DS) were prepared by 

changing the amounts of esterifying reagent (propionic anhydride) and reaction time. Expanded 

HACS (10 g, 0.062 mol) was added to toluene (140 mL) in a 250 mL round bottom flask, and to 

this, varying amounts of propionic anhydride was added. The mixture was heated to 90 
o
C and 

stirred for 5 minutes with a magnetic stirrer. Then the catalyst 4-dimethylaminopyridine 

(DMAP, 0.4 g, 3.3 mmol) was added. The reaction was kept at 90 
o
C for 6 h while stirring to 

allow esterification. In one case with propionic anhydride (40 g, 0.307 mol), the reaction was 

kept at 90 
o
C for 12 hours to further increase degree of substitution. Detailed esterification 

reaction conditions (amounts of propionic anhydride, reaction time etc. are summarized in Table 

25. After that, the mixture was cooled to room temperature (around 25 
o
C) naturally and ethanol 

(100 mL) added. The formed precipitate was stirred for 5 minutes, filtered, and washed. This 

was repeated a further 4 times with ethanol (100 mL), yielding a white powdered product. Then 

the resulting material was dried in a vacuum oven for 24 h at room temperature under reduced 

pressure. 

 

Table 25: Summary of esterification reaction conditions 

Propionic 

anhydride (g) 

Propionic anhydride (mol) Expanded HACS
b
 (mol) Reaction time (h) 

5.0 0.038 0.062 6 

7.5 0.058 0.062 6 

10.0 0.077 0.062 6 

12.5 0.096 0.062 6 

15.0 0.115 0.062 6 

17.5 0.134 0.062 6 

20.0 0.154 0.062 6 

30.0 0.231 0.062 6 

40.0 0.307 0.062 6 

40.0 0.307 0.062 12 
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4.3.4 Determination of degree of substitution 

Determination of degree of substitution (DS) of starch esters by titration involved complete 

basic hydrolysis of ester linkages and back titration of excess alkaline. The titration method 

employed is based on literature.
283, 304, 305

 

 

Accurately weighed starch esters (0.5 g) were finely ground and added to 75% ethanol in 

distilled water (25 mL). The slurry was agitated at 50 
o
C for 30 minutes. It was then cooled 

down to room temperature followed by addition of an exact amount of aqueous solution of 

potassium hydroxide (0.5 N, 20 mL). After that, the solution was stirred for 72 h at room 

temperature. Then 2 - 3 drops of indicator (phenolphthalein) was added, and the excess of alkali 

was back-titrated with hydrochloric acid (0.5 N). Reference samples (original unmodified 

expanded HACS) and triplicate starch ester samples were tested similarly. For starch 

propionates, the propionic content (% propionyl) was calculated according to the following 

equation: 

 

% propionyl =
[(𝑉0 − 𝑉𝑛) × 𝑁 ×  0.057 × 100]

M
 

 

Where, 57 is the molar mass of the propionyl group. V0 is the volume of HCl (0.5 N) used to 

titrate reference blank samples (unmodified expanded starch); Vn is the volume of HCl (0.5 N) 

used to titrate starch ester samples, N is the molarity of HCl used, and M is the sample weight. 

Then the DS could be calculated according to following equation: 

 

DS =
162 × % piopionyl

[5700 − (56 × % propionyl)]
 

 

Where, 162 is the molar mass of the repeating unit of starch. 5700 is the molar mass of 

propionic group multiplied by 100. The value 56 is the actual molar mass increase if one 

propionic group is added to one starch unit. The reported DS values were the mean value of 

three measurements with error bars. 
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4.3.5 ATR-IR characterization 

FT-IR spectra of expanded HACS, starch propionates with various DS and formulated HMAs 

(before and after DSC measurement) were obtained on a PerkinElmer
® 

Spectrum™ 400 

FT-IR/NIR spectrometer (PerkinElmer, Inc., Shelton, CT USA). All the spectra were recorded 

in attenuated total reflectance (ATR) mode, using a resolution of 2 cm
-1

 and 64 scans. 

4.3.6 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of expanded HACS and its propionates was carried out on a 

Netzsch 409 Simultaneous Thermal Analyser (STA) to study their thermal properties. An exact 

known amount of each sample (around 100 mg) was accurately weighed in a dry and clean 

porcelain sample cup and heated in the furnace in a nitrogen flow (100 mL min
-1

) from 30 
o
C to 

625 
o
C at a heating rate of 10 

o
C min

-1
. 

4.3.7 Solid-state CP/MAS 
13

C NMR characterization 

Solid-state 
13

C CP/MAS NMR spectra of expanded HACS and its propionate with DS 1.00 were 

obtained using a Varian VNMRS 400 spectrometer at 100.56 MHz. Chemical shifts are reported 

with respect to tetramethylsilane (TMS). 

4.3.8 Liquid-state 
1
H NMR characterization 

1
H NMR spectra of expanded HACS and its propionates with various DS were recorded on a 

JEOL ECX-400 NMR spectrometer at 100 MHz for 64 scans at 25 
o
C. Prior to analysis, each 

sample (20 mg) was dissolved in DMSO-d6 (1 mL, 99.5% atom D) by agitating at 80 
o
C for 1 h 

to obtain homogeneous clear solution, followed by transferring into NMR tubes. 

4.3.9 Preparation of hot melt adhesive formulations 

Non-expanded HACS, expanded HACS and its propionates with various DS, together with 

glycerol and polyvinyl alcohol (PVOH), were incorporated into potentially bio-degradable hot 

melt adhesive (HMA) formulations by mixing in glass vials. 
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Each sample (non-expanded HACS, expanded HACS and its propionates) was accurately 

weighed (2 g) in a glass vial which contains glycerol (2 g). The mixture was mixed using a 

spatula followed by adding PVOH (2 g) into the glass vial. After that, it was further agitated 

with a spatula for approximately 10 min until a homogeneous mixture (i.e., formulated hot melt 

adhesive) was formed. 

4.3.10 DSC characterization of hot melt adhesives 

Differential scanning calorimetry (DSC) characterization of the formulated hot melt adhesives 

(HMAs) was conducted using a TA Q2000 differential scanning calorimeter. Each HMA (10 

mg) was accurately weighed into a Tzero hermetic aluminium pan and the lid was attached and 

crimped. After that, the sample was subjected to a heat – cool – heat – cool cycle according to 

the following procedure: 

 

(1) Equilibrate at -50 
o
C for 10 minutes. 

(2) Heat from -50 
o
C to 210 

o
C at a heating rate of 10 

o
C min

-1
. 

(3) Cool down from 210 
o
C to -50 

o
C at 10 

o
C min

-1
. 

(4) Heat from – 50 
o
C to 210 

o
C at a heating rate of 10 

o
C min

-1
. 

(5) Cool down from 210 
o
C to -50 

o
C at 10 

o
C min

-1
. 

 

In addition, the starch propionate (DS: 1.00) based HMA was subjected to 3 more heat – cool 

cycles according to the above mentioned temperature program as an attempt to investigate the 

stability/reusability of the formulated HMAs. 

4.3.11 Adhesion tests of hot melt adhesives 

The mechanical strengths of the non-expanded HACS, expanded HACS and its propionates 

based HMA formulations were tested with respect to Al–Al bonding. Each HMA formulation 

(50 mg) was applied to the middle of an aluminium plate (surface size: 50 mm × 50 mm) and 

covered using another Al plate with the same surface size. For each HMA formulation, four 

testing specimens were prepared and bonded at 190 
o
C for 30 seconds under pressure using a 

hot press machine. 
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Figure 111: Illustration of effective bonding area (the area covered by HMA polymer). 

(Originally in colour) 

 

Tensile strengths of the Al–HMA–Al bonds were measured using an Instron 3367 Dual Column 

System universal testing machine fitted with a 3000 N capacity load cell at a crosshead speed of 

5 mm min
-1

. Obtained tensile strengths were normalized to effective tensile stress by measuring 

the effective bonding area using Adobe Photoshop CS6. More specifically, as highlighted in 

Figure 111, the pixels of the effective bonding area (covered by HMA polymer) and those of the 

Al substrate were measured using Adobe Photoshop CS6, and the effective bonding area was 

calculated using the following equation: 

 

Effective bonding area

Total surface area of Al substrate
=

Pixels of the area covered by HMA polymer

Pixels of the area covered by Al substrate
 

 

Where, the total surface area of Al substrate is 2500 mm
2
. 

 

The measured tensile strengths were normalized to tensile stress according to the following 

equation: 

 

Normalized tensile stress =
Measured tensile strength

Effective bonding area
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The mean value of four measurements for each HMA formulation was reported in the main text 

of chapter 3 with error bars. In addition, the tensile stress of commercial ethylene vinyl acetate 

(EVA) based LOCTITE hot melt glue was tested following the same procedure described above 

for comparison. 
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Making efficient use of naturally abundant and renewable biomaterials, especially those 

currently low-value and underutilised biorenewable waste streams, contributes to a significant 

step towards sustainability and the achievement of a “zero waste” society. In the development of 

future biorefineries, it is crucially important to use low-environmental-impact technologies and 

to explore innovative high-value applications for derived products. In the scope of this project, 

potential routes and applications for the valorisation of three biorenewable waste streams (i.e., 

waste wood chips, waste office paper and paper deinking residue) as well as waste starch have 

been demonstrated to very good effect. 

 

The microwave-assisted low-temperature (<200 
o
C) pyrolysis process allows for the efficient 

conversion of spruce wood chips, waste office paper and paper deinking residue (DIR) into 

organic and aqueous phase bio-oil, bio-char (microwave residue) and gas within about 15 min 

without any additives. The speed of conversion is industrially attractive but this has to be 

tempered with infra-structure and operational costs. The yield distributions and compositions of 

pyrolysis products are directly related to their parent materials, as evidenced by ATR-IR, 
1
H and 

13
C NMR and GC-MS characterization. It was also found that with the aid of the fitted vacuum 

system during pyrolysis experiments, most organic compounds including carbohydrate sugars 

and their derivatives, (hetero)-aromatic compounds, ketones, aldehydes and small amounts of 

carboxylic acids etc. were condensed into the organic phase bio-oils. The aqueous phase bio-oils 

mainly comprise water, carboxylic acids and trace amounts of organic matter. Hence not 

surprisingly, the organic phase bio-oils were energy-densified in both cases. 

 

The spruce wood chips and waste office paper derived organic phase bio-oils hold great 

potential to be used as bio-based adhesives towards Al bonding. This represents a potential new 

market/application opportunity. A small amount of the spruce wood chips and waste office 

paper derived organic phase bio-oil (70 mg) could effectively adhere two Al substrates (surface 

sizes: 50 mm × 50 mm) together. The influences of curing temperatures and time periods on the 

tensile strengths of bio-oil cured Al plates were investigated. Maximum tensile strengths around 

2300 – 2600 N could be achieved when specimens were cured around 140 
o
C to 160 

o
C for 8 h 

curing (sufficiently strong to lift an adult without failure). Tensile strengths also increase with 
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curing time and this effect is more obvious especially when cured at relatively low temperatures 

(120 
o
C). High curing temperatures (above 160 

o
C) results in deterioration of adhesive bonds, 

the tensile strengths of bio-oil cured Al plates dropped for specimens cured at 180 
o
C. The 

reason for this effect is unsure at the moment and needs to be further investigated. The organic 

phase bio-oil derived from DIR could not bond Al substrates with satisfactory strengths, which 

were only around 400 N regardless of curing temperature and time. This effect probably 

resulted from the presence of polycyclic aromatic hydrocarbons (PAHs) in this phase of bio-oil. 

 

To investigate the influences of different categories of compounds within bio-oil on adhesive 

properties of bio-oil, a liquid-liquid fractionation study of the waste office paper derived organic 

phase bio-oil using aqueous sodium hydroxide and ethyl acetate, as well as a compound study 

using HMF, catechol and levoglucosan were carried out. It has been found that there is possibly 

a synergistic and/or co-operative effect between various components within bio-oil, and the 

“acidic” compounds such as furans and (hetero-) aromatic compounds may undergo possible 

homo- and cross-coupling polymerisation reactions during curing at elevated temperatures. In 

addition, the bonding behaviour of bio-oil may be similar to phenol-formaldehyde cross-linking 

reactions. 

 

In furthering the work on bio-oil adhesives it will be necessary to investigate the compositions 

of released chemicals during curing in oven in terms of safety and large-scale application. Also, 

it will be interesting to study the adhesive properties of bio-oil towards bonding of other 

substrates such as glass and stainless steel. Despite the great potential for its use as Al adhesive 

has been demonstrated and attempts have been made to understand its bonding behaviour, the 

mechanism still remains uncertain and worth further investigation. For the model compound 

study, the influences of carboxylic acids (e.g., acetic acid, propionic acid) should be investigated, 

since these acids are much better catalysts for the polymerization reactions between furans and 

aromatic compounds. 

 

The microwave-assisted low-temperature (<200 
o
C) pyrolysis of DIR demonstrates an excellent 

case study in terms of biorefinery. The microwave-residue was found to be free from organic 
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matter (as evidenced by the TGA). Solid-state CP/MAS 
13

C NMR, XRD and solid-state 

Bloch-decay 
13

C NMR characterization of the microwave residue further confirms this product 

primarily contains calcite and kaolinite. Hence, the microwave residue could be reused in the 

paper recycling processes for the production of new paper and cardboard products. 

 

In chapter 3, a series of starch propionates with various DS were prepared from expanded 

HACS. The expansion of HACS could significantly improve the surface area of non-expanded 

starch (less than 5 m
2
 g

-1
) to around 160 – 180 m

2
 g

-1
. The expansion process opens up the dense 

packing of starch granules and significantly improves the accessibilities of the hydroxyl groups 

within starch molecules, allowing esterification to be carried out at relatively mild conditions. A 

series of potentially biodegradable HMA formulations were prepared by mixing expanded 

starch, or its propionate derivatives, with the same amounts of polyvinyl alcohol (PVOH) and 

glycerol. The DSC and ATR-IR characterization of the formulated HMAs confirm the 

stability/reusability of these HMAs. Maximum tensile stress around 2.3 MPa were achieved 

with the expanded HACS based HMA, which is much higher than that achieved with 

non-expanded HACS based HMA. Despite the fact that the tensile stresses of the Al plates 

cured by starch propionate based HMAs are lower than those obtained with expanded starch 

based HMA (around 2.3 MPa), this work has for the first time demonstrated the promise of 

using expanded starch and its esters in HMA formulations. 

 

Since the properties of modified starches significantly depend upon the modification methods 

used, future work should focus on preparation of other starch esters with various chain lengths 

and their properties should be investigated. Furthermore, the current potentially biodegradable 

HMA formulations should be improved to compete with commercial fossil-derived HMAs 

and/or other natural product derived HMAs. 
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Appendix A: Qualitative and quantitative GC-MS characterization of 

the organic phase bio-oil generated from microwave-assisted 

low-temperature (<200 
o
C) pyrolysis of DIR 

The organic phase bio-oil (60 mg) produced from the microwave-assisted low-temperature 

(<200 
o
C) pyrolysis of DIR was dissolved in acetone. After addition of IS-solution 

(Fluoranthene in Acetone), some white precipitations were observed (probably small amounts 

of inorganic, e.g., calcite). The analysis was conducted after filtering. Detailed instrumentation 

and experimental procedures for GC-MS analysis are described in section 4.2.11 in chapter 4. In 

total 45.66 wt.% of the bio-oil was identified by GC-MS. 

 

(This GC-MS analysis was conducted by the Thunen Institute, University of Hamburg, 

Germany) 

 

 

 

 

 

 

 

 

 

 

 

 



254 

 

Table 26: Summary table of GC-MS characterization of the DIR derived organic phase bio-oil 

Substance group wt.%  

    

NONAROMATIC COMPOUNDS 14.98  

Acids 2.11  

Nonaromatic Esters 0.62  

Nonaromatic Alcohols 1.22  

Nonaromatic Aldehydes 8.13  

Nonaromatic Ketones 2.91  

Hydrocarbons 0.00  

    

HETEROCYCLIC COMPOUNDS 7.44  

Furans 6.41  

Pyrans 1.02  

    

AROMATIC COMPOUNDS 2.36  

Benzenes 1.23  

Catechols n.q. 

Aromatic Alcohols 0.00  

Aromatic Aldehydes 0.00  

Aromatic Ketones 0.00  

Aromatic Esters 0.00  

Lignin derived Phenols 0.13  

Guaiacols (Methoxy phenols) 0.75  

Syringols (Dimethoxy phenols) 0.25  

    

CARBOHYDRATES 19.75  

Sugars 19.75  

    

OTHER ORGANIC COMPOUNcS 1.13  

N-compounds 0.00  

Acetates 0.00  

Terpenes 0.00  

unknown compounds 1.07  

Miscellaneous 0.06  

Total 45.66  
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Table 27: Detailed GC-MS analysis of the DIR derived organic phase bio-oil 

Compound wt.%   

   

NONAROMATIC COMPOUNDS   

Acids 2.107  

Acetic acid 1.118 c 

Propionic acid 0.989 c 

   

Nonaromatic Esters 0.619  

poss: Oxopropanoic acid  methylester, 2-   (NIST MQ 77) 0.086 # 

poss. Propanoic acid, ethenyl ester (NIST MQ 75) 0.061 # 

3-Furancarboxylic acid, methyl ester   (NIST MQ 88) 0.117 # 

similar Butanoic acid, propyl ester  (NIST MQ 67) 0.354 # 

   

Nonaromatic Alcohols 1.217  

Ethylene glycol 1.035 c 

Ethene, 1,2-dihydroxy- 0.064 # 

unknown aliphatic alcohol 0.042 # 

1,2-Ethanediol, monoformate   (NIST MQ 89) 0.075 # 

   

Nonaromatic Aldehydes 8.131  

Acetaldehyde, hydroxy- 7.431 c 

Propionaldehyde, 3-hydroxy 0.540 # 

Butanedial or Propanal  (NIST MQ 88) 0.160 # 

   

Nonaromatic Ketones 2.907  

Acetol (Hydroxypropanone) 0.838 c 

Butanone, 1-hydroxy-2- 0.159 c 

Propan-2-one, 1-acetyloxy- 0.063 c 

Cyclopenten-1-one, 2- 0.028 c 

Cyclopenten-1-one, 3-methyl-2- 0.044 c 

Cyclopenten-1-one, 2-hydroxy-2- 0.261 # 

Cyclopenten-3-one, 2-hydroxy-1-methyl-1- 0.717 c 

Cyclopenten-1-one, 3-ethyl-2-hydroxy-2- 0.164 c 

3-Pentanone 0.027 # 

poss: Butan-2-one, 1-(acetyloxy)-  (NIST MQ 77) 0.053 # 

Isomere of Cyclopenten-1-one, 2-hydroxy-3-methyl-2- 0.361 # 

Isomer of Cyclopenten-1-one, 3-ethyl-2-hydroxy- 0.104 # 

similar to 1,3-Cyclohexanedione, 2-methyl-   (NIST MQ 77) 0.086 # 

   

Hydrocarbons 0.000  

HETEROCYCLIC COMPOUNDS   

   

Furans 6.414  
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Furfuryl alcohol, 2- 0.604 c 

Furanone, 2(3H)- 0.111 # 

Furanone, 2(5H)- 1.154 c 

Furaldehyde, 2- 0.099 c 

Furaldehyde, 5-methyl-2- 0.070 c 

Furaldehyde, 5-(hydroxymethyl)-, 2- 1.366 c 

2(3H)-Furanone, dihydro-4-hydroxy- 0.140 # 

Furan-x-on, x,x-dihydro-x-methyl- 0.378 # 

Butyrolactone, γ- 0.155 c 

Butyrolactone, 2-hydroxy-, γ- 1.442 c 

similar to 2-Furanmethanol, tetrahydro-   (NIST MQ 78) 0.030 # 

Isomere of 2(3H)-Furanone, dihydro-4-hydroxy- 0.055 # 

poss: 2(5H)-Furanone, 5-methyl-   (NIST MQ 84) 0.050 # 

2,5-Furandione, 3-methyl-   (NIST MQ 67) 0.124 # 

Furan-2-one, 4-methyl-(5H)-   (NIST MQ 88) 0.125 # 

Lactone derivative  (poss: (S)-(+)-2',3'-Dideoxyribonolactone  

NIST MQ 84) 

0.290 # 

Lactone derivative  (unspecific spectrum) 0.116 # 

Lactone derivative  (unspecific spectrum) 0.103 # 

   

Pyrans 1.022  

Maltol (Pyran-4-one, 3-Hydroxy-2-methyl-4H-) 0.322 c 

Pyran-4-one, 3-hydroxy-5,6-dihydro-, (4H)- 0.700 # 

   

AROMATIC COMPOUNDS   

   

Benzenes 1.228  

poss: Biphenyl 0.029 # 

Biphenyl, methyl- 0.019 # 

1,3-di-iso-propylnaphthalene  (NIST MQ 87) 0.035 # 

Propane, 1,3-diphenyl-  CAS#: 1081-75-0    (NIST MQ 

92) 

0.255 # 

1,7-di-iso-propylnaphthalene   (NIST MQ 87) 0.046 # 

1,4-di-iso-propylnaphthalene   (NIST MQ 87) 0.051 # 

x,y-di-iso-propylnaphthalene  (NIST MQ 87) 0.081 # 

2,6-di-iso-propylnaphthalene  (NIST MQ 87) 0.061 # 

unknown not identifiable aromatic compound  MW=?  (no 

NIST spectrum found) 

0.078 # 

poss: 1,1-Diphenylcyclopropane   (NIST MQ 82) 0.041 # 

Benzene, 1,1'-(1,4-butanediyl)bis-  CAS#: 1083-56-3    

(NIST MQ 69) 

0.030 # 

unknown not identifiable aromatic compound  MW=?  (no 

NIST spectrum found) 

0.016 # 

unknown not identifiable aromatic compound  MW=220  0.038 # 
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(no NIST spectrum found) 

unknown not identifiable aromatic compound  MW=?  (no 

NIST spectrum found) 

0.040 # 

unknown not identifiable aromatic compound  MW=262  

(no NIST spectrum found) 

0.028 # 

unknown biphenyl compound  MW=234  (no NIST 

spectrum found) 

0.040 # 

unknown not identifiable aromatic compound  MW=262  

(no NIST spectrum found) 

0.057 # 

unknown not identifiable aromatic compound  MW=262  

(no NIST spectrum found) 

0.035 # 

unknown not identifiable Benzene compound  MW=230  

(no NIST spectrum found) 

0.045 # 

similar to Naphthalene, 1-(phenylmethoxy)-  CAS#: 

607-58-9    (NIST MQ 67) 

0.015 # 

unknown not identifiable aromatic compound  MW=?  (no 

NIST spectrum found) 

0.191 # 

   

Catechols n.q.  

Hydroquinone (Benzene, 1,4-dihydroxy-) 3.295 n.q. 

   

Aromatic Alcohols 0.000  

   

Aromatic Aldehydes 0.000  

   

Aromatic Ketones 0.000  

   

Aromatic Esters 0.000  

   

Lignin derived Phenols 0.133  

Phenol 0.093 c 

Cresol, o- 0.041 c 

   

Guaiacols (Methoxy phenols) 0.752  

Guaiacol 0.054 c 

Guaiacol, 4-methyl- 0.069 c 

Guaiacol, 4-vinyl- 0.127 # 

Guaiacol, 4-allyl- (Eugenol) 0.041 c 

Guaiacol, 4-propenyl- cis (Isoeugenol) 0.077 c 

Guaiacol, 4-propenyl-(trans) (Isoeugenol) 0.273 c 

Vanillin 0.111 c 

   

Syringols (Dimethoxy phenols) 0.248  

Syringol 0.062 c 

Syringol, 4-methyl- 0.054 c 
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Syringol, 4-(1-propenyl)-, trans 0.131 # 

   

CARBOHYDRATES   

   

Sugars 19.751  

Anhydro-ß-D-xylofuranose, 1,5- 0.412 # 

Anhydro-ß-D-glucopyranose, 1,6- (Levoglucosan) 10.092 c 

Anhydro-α-D-galactofuranose, 1,6- 0.180 # 

Dianhydro-α-D-glucopyranose, 1,4:3,6- 1.309 # 

Levoglucosenone 0.880 # 

Anhydrosugar unknown  (unspecific spectrum) 3.801 # 

poss: 2,3-Anhydro-d-galactosan   (NIST MQ 78) 0.777 # 

poss: 2,3-Anhydro-d-mannosan   (NIST MQ 84) 1.196 # 

Isomer of 2,3-Anhydro-d-mannosan 0.256 # 

Anhydrosugar unknown  (unspecific spectrum) 0.325 # 

Anhydrosugar unknown   (no NIST spectrum found) 0.521 # 

   

OTHER ORGANIC COMPOUNDS   

N-compounds 0.000  

   

Acetates 0.000  

   

Terpenes 0.000  

   

unknown compounds 1.067  

Acetone derived compound = impurity in Acetone 0.097 # 

unknown unspecific spectrum  (looks like 2-Butanone RT 

5.2) 

0.017 # 

unknown not identifiable compound  (no NIST spectrum 

found) 

0.034 # 

overlapping not identifiable compounds 0.025 # 

overlapping not identifiable compound  MW=128  (no 

NIST spectrum found) 

0.104 # 

unknown compound  (unspecific spectrum)  (no NIST 

spectrum found) 

0.125 # 

unknown not identifiable compound  (no NIST spectrum 

found) 

0.084 # 

unknown carbohydrate (unspecific spectrum) (no NIST 

spectrum found) 

0.247 # 

unknown not identifiable compound  MW=?  (no NIST 

spectrum found) 

0.117 # 

unknown not identifiable compound  MW=?  (no NIST 

spectrum found) 

0.059 # 

unknown not identifiable compound  MW=?  (no NIST 

spectrum found) 

0.125 # 
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unknown not identifiable compound  MW=?  (no NIST 

spectrum found) 

0.032 # 

   

Miscellaneous 0.064  

4-Phenylcyclohexene   CAS#: 4994-16-5    (NIST MQ 

77) 

0.020 # 

Benzenebutanenitrile  CAS#: 2046-18-6  (NIST MQ 74) 0.031 # 

softener = Isobutyl phthalate 0.013 # 

      

c = calibrated compound   

n.q. = not quantified   

# = estimated response factor     
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Figure 112: Overall gas chromatogram of the DIR derived organic phase bio-oil. 



261 

 

 

 

Figure 113: Specified gas chromatogram identification of the DIR derived organic phase bio-oil (0-25 min). 
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Figure 114: Specified gas chromatogram identification of the DIR derived organic phase bio-oil (25-50 min) 
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Figure 115: Specified gas chromatogram identification of the DIR derived organic phase bio-oil (50-75 min). 
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Figure 116: Specified gas chromatogram identification of the DIR derived organic phase bio-oil (75-100 min)
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ATR - Attenuated total reflectance 

BET - Brunauer, Emmett and Teller 

CAGR - Compound annual growth rate 

CP/MAS - Cross-polarization/magic angle spinning 

CV - Calorific value 

DIR - Deinking residue 

DMAP - 4-Dimethylaminopyridine 

DMSO - Dimethyl sulfoxide 

DP - Degree of polymerisation 

DPS - Deinking paper sludge 

DRIFT - Diffuse reflectance infrared Fourier-Transform spectroscopy 

DS - Degree of substitution 

dTG - Derivative thermogravimetric 

EPA - Environmental Protection Agency 

EU - European Union 

FAO - Food and Agriculture Organization of the United Nations 

FT-IR - Fourier transform-infrared spectroscopy 

FWHH - Full width at half height 

GC - Gas chromatography 

GC-MS - Gas chromatography – mass spectroscopy 

GHG - Greenhouse gas 

GPC - Gas permeation chromatography 

HACS - High amylose corn starch 

HMA - Hot melt adhesive 

HMF - 5-(Hydroxymethyl)-2-furaldehyde 

HPLC - High-performance liquid chromatography 

ICP-MS - Inductively coupled plasma–mass spectrometry 

IEA - International Energy Agency 

LCF - Lignocellulosic feedstock biorefinery 
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MW (1) - Microwave 

MW (2) - Molecular weight 

NMR - Nuclear magnetic resonance 

NREL - National Renewable Energy Laboratory 

OSB - Oriented strand board 

PAHs - Polycyclic aromatic hydrocarbons 

PVOH - Polyvinyl alcohol 

RT - Room temperature 

SBS - Styrene-butadiene-styrene 

SEM - Scanning electron microscopy 

SIS - Styrene-isoprene-styrene 

SME’s - Small and medium enterprises 

STA - Simultaneous thermal analysis 

Tg - Glass transition temperature 

TGA - Thermogravimetric analysis 

TOC - Total organic carbon 

Tpeak - Peak temperature 

UK - United Kingdom 

USA - United States of American 

USDA - United States Department of Agriculture 

VOCs - Volatile organic compounds 

WCED - United Nations World Commission on Environment and 

Development 

WFD - Waste framework directive 

XRD - X-ray diffraction 
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