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Abstract 

Pyrolysis of lignocellulose biomass is proposed as a feasible method to substitute 

traditional fossil fuels. The thermal degradation behaviours of biomass vary from 

feedstock types, depending on the physical properties, such as particle size and 

chemical compositions, including the proportion of cellulose, lignin, and 

hemicellulose. The extractives and ash components also play significant catalytic 

effects during the thermal utilisation of biomass feedstock. To alter the product 

distribution for the desired chemical and bio-products with improved quality, some 

pre-treatment methods, including acid impregnation, AAEM loading and torrefaction, 

have been proposed. As a result, the biomass-derived products are obtained before 

further thermal utilisation. During the pyrolysis process, biomass experiences a molten 

intermediate phase before further evolving. Upon elevated heating flux, gas bubbles 

will be generated inside the intermediates. Those gas bubbles will either eject out as 

droplets or evaporate into the gas phase as vapours if the surface tension is breached 

out. Meanwhile, secondary reactions, including repolymerisation and interaction 

reactions, will occur with the gas bubbles remaining in the liquid intermediates. Those 

secondary reactions need to be minimised for the interpretation of primary pyrolytic 

behaviours and pyrolysis mechanisms of individual biomass components and biomass-

derived products. 

This PhD study reports the thermal behaviours and proposes reaction mechanisms 

during the pyrolysis of biomass components and the biomass-derived products using 

a wire mesh reactor. Due to the employment of a wire mesh reactor, the secondary 

reactions can be minimised and therefore, the primary products can be collected and 

analysed for investigation of the unknown primary pyrolysis mechanisms during the 
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pyrolysis of biomass components and biomass-derived products. The four research 

objectives achieved in this study include: (1) to determine the contributions of thermal 

ejection and evaporation to primary tar formation during cellulose pyrolysis at various 

heating rates; (2) to investigate the formation of reaction intermediates and primary 

volatiles during acid-catalysed fast pyrolysis of cellulose (3) to understand the release 

and transformation of organic and inorganic sodium during the fast pyrolysis of 

sodium impregnated lignin; (4) to study the effect of carbon dioxide assisted 

torrefaction and the subsequent pyrolysis of lignin. Among these objectives, the 

significance of liquid intermediates, especially the ejection and evaporation of the 

liquid and gaseous products during the pyrolysis process is addressed. 

Firstly, the ejected aerosols and the evaporated vapours from cellulose fast pyrolysis 

at 600 °C and various heating rates of 1 – 1000 K/s have been successfully collected 

and characterised. The results indicate that some non-volatile compounds (i.e., 

cellotriosan, cellotetraosan and cellopentaosan) are only present in the ejected aerosols 

with similar collection efficiencies, while volatile compounds such as 5-

hydroxymethylfurfural are only present in the evaporated vapours with high collection 

efficiencies (>90%). Those key compounds can be considered as the “tracers” to 

estimate the average collection efficiencies of the ejected aerosol and the evaporated 

vapours, which are critical to determining the true yields of the ejected aerosols and 

the evaporated vapours. Based on this novel method, it can be estimated that the true 

yield of the ejected aerosols from cellulose pyrolysis continuously increases with the 

heating rate from 29% at 1 K/s to 57% at 1000 K/s, accompanied by the continuous 

decrease in the yield of the evaporated vapours from 43% at 1 K/s to 28% at 1000 K/s. 

The total tar yield of cellulose pyrolysis still increases with the heating rate (from 72% 

at 1 K/s to 86% at 1000 K/s), with the contribution of the ejected aerosols increasing 
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from 40% at 1 K/s to 67% at 1000 K/s. The data clearly demonstrate the key role of 

thermal ejection in the formation of primary volatiles from cellulose fast pyrolysis, 

greatly influencing the yields and compositions of the generated volatiles (and the 

condensed bio-oil). Overall, the results of this study significantly enhance the 

understanding of the formation of primary volatiles from cellulose fast pyrolysis via 

thermal ejection and evaporation.  

Secondly, the fundamental reaction mechanisms during fast pyrolysis of the acid-

impregnated cellulose in a wire-mesh reactor are obtained. The key compounds in the 

reaction intermediates and primary volatiles were quantified. The results indicate that 

acid impregnation reduces the onset reaction temperature of cellulose pyrolysis. At 

temperatures <100 °C, acid catalyses hydrolysis reactions to produce glucose, which 

is further dehydrated to 1,6-Anhydro-beta-D-glucofuranose (AGF) at 120 °C. At 

temperatures >160 °C, acid enhances the dehydration of glucose, levoglucosan and 

AGF to produce 5-HMF and levoglucosenone (LGO) as major primary products. Once 

produced, those products can be easily released into the vapour phase, as either 

aerosols via thermal ejection or vapours via evaporation. As the pyrolysis temperature 

increases to 240 °C, aromatic compounds can be identified in the primary volatiles, 

indicating condensation reactions also play important roles during acid-catalysed 

cellulose pyrolysis under the conditions. As a result, char formation becomes the 

favoured pathway during acid-catalysed cellulose pyrolysis at temperatures >300 °C. 

Thirdly, acid-washed lignin, organic and inorganic sodium loaded lignin were 

pyrolysed at 300-800 °C. The collected primary tar and char were characterised and 

quantitatively analysed to reveal the effect of sodium loading. The results suggest that 

various sodium occurrences display different catalytic effects and distinguishing 

transformation properties during lignin pyrolysis. Sodium impregnation catalyses the 



ABSTRACT 

VI 
 

formation of aromatic structures during fast pyrolysis. While inorganic sodium yields 

more aromatics with more fused rings, organic sodium loaded lignin tends to release 

more low-molecule-weight compounds with sodium at low temperatures (e.g., 300 °C). 

The transformation between various sodium occurrences occurs in an early pyrolysis 

stage, and sodium within molten intermediates is mainly released to tar by ejection, 

especially inorganic sodium. Also, inorganic sodium is more stable than organic 

sodium, with more than 70% of the total sodium retained in char residues.  

Fourthly, the effect of CO2 addition and temperature on the torrefaction of lignin and 

the subsequent pyrolysis were investigated in this study. Torrefaction of lignin 

experiences breakage of β-O-4 bonds demethoxylation reactions to release methoxyl 

and methyl groups and polycondensation reactions. Those reactions result in the 

reduction of oxygen content and higher heating value. The addition of CO2 leads to 

more weight loss with densified lignin structure by releasing more aromatics with more 

fused rings into the gaseous products. For the subsequent pyrolysis, higher torrefaction 

temperature leads to significantly higher char yield. At torrefaction temperature 200 

ºC and 250 ºC, CO2 enhances the release of aromatic volatiles. However, the addition 

of 15% CO2 tends to reserve more aromatics in the char residues at 300 ºC. The dense 

structure inhibits the generation of gaseous products, and therefore the release of 

volatile is largely reduced.
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CHAPTER 1 Introduction 

1.1 Background and motive 

Lignocellulosic biomass has attracted massive attention in recent decades for its 

capability to serve as a potential renewable energy source.1 Thermal treatment of 

biomass to produce value-added bio-fuel and bio-chemicals is one of the most 

promising and feasible ways.2-4 As the intimal process of the three most fundamental 

thermal processing- pyrolysis, combustion and gasification,5 fast pyrolysis is widely 

recognised as an efficient method to produce liquid bio-fuel as well as platform 

chemicals6.  

Cellulose, lignin and hemicellulose are the three major compositions in lignocellulosic 

biomass, accounting for ~40- 60%, 20- 40% and 10- 25% of biomass, respectively, 

together with some inorganic metal species in the biomass matrix.7, 8 It is reported that 

the pyrolysis of lignocellulosic biomass experience a molten phase (so-called 

intermediates),9-11 before evolving into final solid, liquid and gaseous products. Those 

intermediates will either evaporate into vapours and thermal eject12, 13 into aerosols, or 

undergo secondary reactions13 to form secondary products. It is reported that the large 

oligomers with high molecule weight in bio-oil and the non-volatile inorganic species 

are likely to originate from the aerosols14, 15, since it is not possible to be evaporated 

because of high boiling points. Many researchers have studied the ejection and 

evaporation phenomenon during the pyrolysis of lignocellulosic biomass, but a 

quantitative method for the determination of ejection and evaporation yields is not 

available yet. Besides, understanding the properties of those intermediates and the 

primary volatiles is of significant importance for the subsequent production of bio-fuel 

and bio-chemicals. Because of the short-lived nature of the liquid intermediates16, it is 



CHAPTER 1 
 

2 
 

challenging for the characterisation. Therefore, a wire mesh reactor17-20 is introduced 

because of the unique features of rapid heating and swiftly sweeping of the generated 

volatiles. As a result, it is possible to minimise the secondary reaction and collect the 

primary products, and further understand the reaction mechanism of the pyrolysis of 

biomass and its model compounds.  

Despite the considerate potential of biomass utilisation, its commercialisation is 

hindered by poor properties of bio-products, such as high moisture content, high 

acidity, low energy density and poor stability.21, 22 Therefore, some pre-treatment 

methods, for instance, acid loading23-28, alkali and alkaline earth metals (AAEM) 

impregnation29-33, torrefaction34-36 have been proposed and studied. It is reported that 

the AAEM in biomass matrix results in the increase of char yield and decrease of 

organic volatile yield.29, 37 Also, organically bonded intraparticles and inorganic 

extraparticles have distinct catalytic effects on lignin pyrolysis.3,31 Acid treatment is 

often employed to remove the majority of metals in biomass in order to promote the 

production of liquid fuel. However, the addition of acid not only removes the metals, 

but also alters the organic structure of biomass, further influencing the reaction 

mechanisms and product distribution.38-40 Previous studies24, 38-40 primarily 

investigated the product distribution, ignoring the effect on the condensed-phase 

chemistry28. Torrefaction is another promising method to improve the grindability and 

high heating value of the raw biomass material.35, 41 These pre-treatment methods 

significantly alters the reaction mechanism, especially the formation of primary 

products. Understanding the effect of these pre-treatment methods on the production 

of primary volatiles is of great importance to understand the fundamental reaction 

chemistry and the yield of valuable bio-fuel and bio-chemicals. 
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1.2 Scope and objectives  

This thesis attempts to study the fundamental reaction mechanism and the effect of 

pre-treatment methods during the pyrolysis of cellulose and lignin with the following 

specific objectives:  

▪ to characterise the ejected aerosols and evaporated vapours during cellulose 

pyrolysis under various heating rates using a wire mesh reactor; 

▪ to investigate the formation of reaction intermediates and primary volatiles 

during acid-catalysed fast pyrolysis of cellulose using a wire mesh reactor;  

▪ to study the release and transformation of organic and inorganic sodium during 

the fast pyrolysis of sodium impregnated lignin using a wire mesh reactor; 

▪ to understand the effect of carbon dioxide assisted torrefaction and the 

following fast pyrolysis of lignin using a wire mesh reactor. 

 

1.3 Thesis outline  

This thesis contains eight chapters with detailed descriptions of each chapter listed 

below and a schematical structure diagram is presented in Figure 1.1. 

▪ Chapter 1 gives the background and objectives of this research; 

▪ Chapter 2 summarises a thorough range of literature in terms of fast pyrolysis 

of cellulose and lignin and the effects of various pre-treatment methods, 

including acid-loading, AAEM impregnation, and torrefaction. Subsequently, 

the research gaps and objectives are specified in current research; 

▪ Chapter 3 introduces the methodologies and techniques adopted in this 

research to accomplish the listing objectives in current study with a detailed 
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description of the employed samples, reactor configurations, analytical 

equipment and procedures; 

▪ Chapter 4 characterises and further proposes a quantitative method to 

determine the yield of ejected aerosols and evaporated vapours during cellulose 

pyrolysis under various heating rates; 

▪ Chapter 5 aims at the fundamental reaction mechanism, especially the 

formation of reaction intermediates during the pyrolysis of acid-loaded 

cellulose; 

▪ Chapter 6 reports the release and transformation of organic and inorganic 

sodium during the fast pyrolysis of sodium-loaded lignin; 

▪ Chapter 7 investigates the effect of carbon dioxide assisted torrefaction and the 

subsequent pyrolysis of lignin; 

▪ Chapter 8 concludes the major findings and lists our future research works. 
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CHAPTER 2  Literature Review 

2.1 Introduction 

Thermal conversion of biomass to produce solid, liquid and gaseous bio-fuels and 

chemicals is a feasible way to substitute fossil fuel.42 And fast pyrolysis of 

lignocellulose biomass is one of the most practical approaches to producing renewable 

and sustainable liquid fuel in a performance-competitive way.5 As the original poor 

properties of generated bio-liquid4, 22, 43-45 hinder its further utilisation, various pre-

treatment methods were proposed to improve the quality and alter the product 

distribution for more value-added chemicals. This chapter targets to provide a 

thorough review of the comprehensive and up-to-date research of the pyrolysis of 

biomass model compounds and biomass-derived products. The reaction process, 

mechanism and product distribution of biomass pyrolysis are outlined. In addition, the 

effects of various pre-treatment methods of biomass to yield more value-added or 

desirable bio-fuel and bio-chemicals are summarised. According to available 

knowledge and advancement of biomass pyrolysis, the research gaps are laid out, and 

the objectives of this thesis are accordingly put forward. 

 

2.2 Lignocellulosic biomass compositions 

Biomass is composed of cellulose, hemicellulose, lignin, organic extractives and 

inorganic metal species.46 The composition percentage varies by types of biomass, and 

the difference in composition significantly alters the following utilisation process and 

the ultimate product distribution.47 The structure of typical biomass is shown in Figure 

2.1. Cellulose associates with hemicellulose and lignin to form a heteromatrix structure 

to various extents, based on the species of biomass48. Lignin provides structural 
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support, elasticity, and strength to plant wall,49, 50 while hemicellulose entangles 

cellulose-fibrils48. Understanding the reaction mechanism of the individual 

compositions of biomass is fundamental to escalate to the overall biomass thermal 

utilisation. In addition, the natural occurrence of the organic extractives or inorganic 

AAEM species show catalytic effects during the thermal treatments of biomass and 

the model components.51  

  

 

Figure 2.1 Structures of biomass with cellulose, hemicellulose and lignin 

 

2.3 Pyrolysis of biomass 

2.3.1 Pyrolysis process 

The fast pyrolysis of biomass has arisen broad interest considering its potentiality to 

produce a high yield of bio-oil to ease the depletion of fossil fuel.52, 53 And recent 

research of biomass pyrolysis set emphasis on increasing the yield of bio-oil as well 

as upgrading the quality of the bio-products. The thermal utilisation of biomass is 
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demonstrated in Figure 2.2. The pyrolysis of biomass under different heating 

conditions leads to various yields and properties of char, tar and gas, as well as distinct 

product distributions. It is reported that the pyrolysis of biomass produces 60−75 % of 

bio-oil, 15−25 % of char, and 10−20 % of gases, depending on the feedstock types.54 

Biomass pyrolysis also has the potential to produce clean and renewable bio-chemicals, 

such as ethanol55, 56, levoglucosan and 5-hydroxymethylfurfural.6, 10, 57-60 The 

degradation of biomass under fast heating conditions evolves with the occurrences of 

liquid intermediate, depolymerisation, and the subsequent repolymerisation 

reactions.11, 61 The gaseous products evolve from the evaporation or ejection effect of 

the liquid intermediate phase, while the char is generated from the repolymerisation 

reactions between different phases. Due to the so-called “reactive boiling effect”13, the 

composition in bio-oil is composed of ejected aerosols, evaporated vapours, and some 

inorganic species. A recent investigation demonstrated that biomass and biomass 

components experience a combination of melting, ejection, evaporation process under 

100 °C/s.62 While the intermediate phase plays a vital role during biomass pyrolysis, a 

wide range of reaction parameters, including temperature, heating rate, and pre-

treatment methods, influences the biomass pyrolysis pathways and the subsequent 

production yield and distribution.63 Generally, high heating rates facilitate volatile 

generation64, 65 because of the shorter residence time of the generated vapours. In 

addition, the interactions66 between the different phases and the catalytic effect of 

inorganic species within the biomass matrix make significant differences. Previous 

research found that the pyrolytic lignin, as the heavy product in biomass pyrolysis oil, 

presents a similar and expected structure as the original lignin.67  

The process of breaking of chemical bonds during biomass pyrolysis is concluded as 

depolymerization68-70, fragmentation71, and char formation72-74 to define the 
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pathways.75 Many review papers summarised the potential pyrolysis mechanism of 

biomass pyrolysis, such as, the reaction evolution,63, 76, 77 reaction chemistry,75, 78 roles 

and reaction mechanisms of the individual component60, 75, 79 and effect of pre-

treatments35, 80. Owing to the complexity of biomass structure and composition, the 

achievement of the above mentioned objectives requires a more comprehensive 

understanding of the fundamental reaction mechanism and the corresponding detailed 

reviews are described in the following sections. 

 

 

Figure 2.2 Thermal utilisation of biomass 

 

2.3.2 Pyrolysis products  

Biomass pyrolysis leads to the formation of liquid, gaseous and solid products in 

general. However, before thermal conversion of biomass samples, pre-treatments are 

conducted to improve the quality and properties of those products. And the thermal 

process of biomass and biomass-derived products often undergoes a liquid 

intermediate phase, where the ejection and evaporation occur. Those ejected and 

evaporated products are referred to as primary volatiles. Meanwhile, if the liquid 

intermediates remain in the heating zone, considerable secondary reactions take place, 
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including the interaction between different phases and repolymerisation reactions. 

Overall, those secondary products and primary volatiles consist the ultimate products 

of biomass pyrolysis. 

 

Figure 2.3 Schematic illustration of biomass pyrolysis products 

 

2.3.2.1   Char 

The pyrolysis of lignocellulose biomass leads to the generation of a carbonaceous 

product, and often with porous and aromatic structures.81, 82 It is worth pointing that 

the carbonaceous product, namely char, originates from the intra- and intermolecular 

cross-linking reactions to facilitate the formation of benzene rings, benefiting the 

thermal stability of the residue83. Those processes are often influenced by the original 

feedstock and the peak temperature, significantly changing char composition. High 

pyrolysis temperatures result in a higher carbon content in char residues and produce 

a melted phase of biomass84, 85, thus completely changing the original structure. On 

the contrary, slow heating rates promote the char formation process with the 

reservation of the initial internal structure of the biomass matrix.  
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Inorganic species are present and often accumulate in char residues, mainly depending 

on the initial inorganic biomass composition. Because of the high boiling points and 

the non-volatile nature, some inorganic, such as Ca, Si, are almost completely retained. 

However, some other elements, such as K, Na, can be released to the liquid or gas 

phase. For example, alkali metals in water-soluble or ion-exchangeable forms have an 

outstanding potential for release86, 87. However, their release is usually quite low88. 

 

2.3.2.2  Volatiles 

The fast pyrolysis of biomass produces a large number of volatile compounds, 

including condensable liquid products and permanent gases. Permanent gases only 

contribute to ~20 wt % of total product, mainly CO, CO2, CH4, H2 and some other light 

molecule weight compounds. Meanwhile, the production of bio-oil is the top priority 

of biomass utilisation, with a typical yield higher than 75% under fast and flash 

pyrolysis conditions89. The condensable liquid products are utilised as a clean and 

sustainable new source of energy considering its environmental advantages over fossil 

fuels, such as CO2/ GHG neutral. 

Chemically, bio-oil fraction comprises hundreds of compounds, including water, acids, 

sugars, phenols, furans, ketones and other high molecular weight compounds with 

larger degrees of polymerisation.90 The oligomeric species in bio-oil, especially those 

with high degree of depolymerisations, are derived mainly from lignin and cellulose. 

As the boiling point of those large molecules are reported to be very high, most of 

those compounds are originated from the aerosols. And the compounds derived from 

lignin are known as pyrolytic lignin with various mass distributions.91 Also, the 

complexity and diversity of bio-oil composition complicate and hinder the subsequent 

https://www.sciencedirect.com/topics/chemistry/bio-oil
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utilisation or upgrading for commercial application as commodity chemicals and 

fuels 92. For example, the pyrolytic lignin will polymerise during storage, forming the 

heaviest lignin-rich fraction.93 Moreover, the acid and water in bio-oil and other 

thermal unstable compounds show the signs of reactions between different compounds 

during storage or handling. Those reactions can change the quality and properties of 

bio-oil, often increasing viscosity and water content while decreasing the volatility.  

To optimise the bio-oil quality, pre-treatment of biomass feedstock at the upward 

stream can couple with upgrading the bio-oil at the downward stream. Therefore, 

research has been done to improve the quality and properties of bio-oil by modifying 

the raw material with the addition of chemicals or catalysts and optimising the 

experimental conditions. For example, acid treatment promotes the dehydration 

reactions during biomass pyrolysis. Also, the removal of AAEM species dramatically 

influences the properties of bio-oil, e.g., viscosity, while hardly shows effects on the 

yields of bio-oil.  

 

2.3.3 Aerosols generation and thermal ejection  

The thermal utilisation of biomass undergoes a molten intermediate liquid phase. With 

the increasing heat flux, gas bubbles within the intermediate are produced. Once the 

bubbles breach the surface tension of the intermediate, the bursting with liquid jets 

starts to occur.9 Those gas bubbles and liquid jets contain generated vaporised products 

and melted intermediates. As a result, the aerosols generated from the thermal ejection 

effect contain the non-volatile biomass-derived products or partly decomposed 

oligomers with original linkages. Several studies have been conducted to visualise the 

generation and ejection effect during the pyrolysis of cellulose and other biomass 



CHAPTER 2 
 

13 
 

compounds using high speed photography.12, 13, 94. These observations confirmed the 

formation of liquid intermediates phase and gas bubbles and the process depended on 

the experimental conditions. For example, the crystallinity of cellulose 95, fast and slow 

heating of lignin96 influence the formation of liquid intermediates. It was suspected 

that the aerosols were originated from the collapse of gas bubbles during lignocellulose 

biomass pyrolysis due to the aerosol compositions.13, 61, 97, 98 Furthermore, the small-

angle neutron scattering (SANS) results supported the thermal ejection mechanism.99 

The aerosol size distributions were measured during the pyrolysis of sucrose and 

organosolv lignin in several different reactor systems, including a fluidised bed reactor 

and a cyclone pyrolyser.97 The results indicated that the collected bubble size follows 

a log-normal distribution, which changes in viscosity over the time frame resulting 

from the solidification process.  

During reactive boiling ejections, the aerosols contain the primary vapours and the 

non-volatile compounds, including the organic high molecule weight compounds and 

the inorganic species within the liquid intermediates. Those aerosols contribute to a 

large proportion of the liquid products from the lignocellulose biomass pyrolysis 

process.100-102 Previous studies indicated that 20- 42 wt% of bio-oil originates from 

aerosols and particulates from different collection reactors or accounts for 8– 30wt% 

of the original feedstock.14, 100, 101, 103-105 Moreover, the chemical composition of 

various oil fractions seems to be remarkably distinct.14, 100, 103, 106, 107 For example, 

ejected aerosols typically contain some non-volatile organic polysaccharides, heavy 

pyrolytic lignin fractions as well as inorganic compounds103, 106. Those compounds 

with higher boiling points are unlikely to be produced from evaporation. The ejected 

aerosols also contain some low molecular weight compound, primary cellulose derived 

oxygenates, but with much lower concentrations than the evaporated vapours. It is 
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reported that high heating rates favour the thermal ejection effect to produce 

aerosols.108 Furthermore, the particle size and temperature affect the bubbling process 

and the subsequent aerosol ejection. For example, previous work achieved an aerosol 

yield of 25 wt% with the condition of 1000 W/m2 °C with a 1 mm particle, and 10–15 

wt% with a lower heating rate at 50 W/m2 °C.98  Due to the higher fraction of lignin-

derived products,107 the aerosols own lower H/C and O/C ratios and higher heating 

values, compared with condensable oils. Also, the aerosol is more viscous and unstable 

because of the significant portion of energy-rich compounds.106, 109  

There were also differences in the distribution of inorganics between the ejected 

aerosols and evaporated vapours. A recent study suggests that more than 60 wt% of 

the inorganic species out of total liquid product existing in the aerosols.104 Differently 

from coal pyrolysis or combustion, biomass pyrolysis tends to yield high 

concentrations of volatile alkali and chorine110, 111. The existence of those inorganics 

was observed in the boiler walls and heat-exchange surfaces due to the deposition of 

the aerosols.112 There are several different interpretations for this phenomenon: (1) 

volatilisation of part of the inorganics and the nucleation/condensation reactions after 

the flue gas starting to cool down; (2) aerosols with melted inorganics (including ion-

free and organic bounded) are thermally ejected out; (3) some char particles with 

inorganics in the matrix, are transported with the evolution of aerosols; and (4) char 

particles served as condensation nuclei for the generated volatiles.105 Even though the 

significance of aerosols have been properly addressed for the transportation of non-

volatile organic and inorganic compounds, their yields and sizes are vital for 

downstream processes and further upgrading or utilisation. The characterisation and 

difference in separated ejected aerosols and evaporated vapours lack a comprehensive 

interpretation and require further investigation. 



CHAPTER 2 
 

15 
 

2.4 Pyrolysis of biomass model compounds  

2.4.1 Pyrolysis of cellulose 

Cellulose is a semicrystalline linear polymer with the replications of glucose monomer 

in a β glucosidic linkage113, 114, and hydrogen bonding to stabilise and support cellulose 

structure115. Three hydroxyl groups in glucose units can form hydrogen bonds,116 

which play an important role in the crystalline structures of cellulose microfibers.117  

118 The amorphous region of cellulose experiences a glass transition phase at a 

temperature ~243 °C119, while the pyrolysis of cellulose initiates at a temperature 

between 325 and 400 °C46, 120. The breakage of glycosidic bonds tends to occur under 

acidic or high-temperature conditions. The pyrolysis process of cellulose experiences 

an active intermediate phase,121-123 with the photographic observations12, 13, 94 

confirming the existence of the liquid phase and the active ejection phenomenon. 

Extensive studies have investigated the product composition from the pyrolysis of 

cellulose,124, 125 which is mainly levoglucosan. Other dehydrated and decomposed 

products might originate from levoglucosan (LG), including levoglucosenone (LGO), 

1,6-anhydro-β-d-glucofuranose (AGF), and 5-hydroxymethylfurfural (5-HMF)126. 

The formation of levoglucosan is either produced from unzipping reactions127 or 

heterolytic glycosidic cleavage128, 129. The furan products, including 5-HMF, were 

mainly produced from the subsequent dehydration of monosaccharide units. And the 

degree of polymerisation (DP) of cellulose samples alters the final product distribution, 

mainly changing the product yield to other species. A previous study129 showed that 

the pyrolysis of glucose-based carbohydrates generates almost identical products, 

including LG, 5-HMF, furfural, methylglyoxal, hydroxyacetaldehyde (HAA) and 

acetic acid. The formation of those pyran products was significantly related to the DP, 

with higher DPs favouring the generation of pyrans.  
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Figure 2.4 Structure of cellulose3, 117 

 

Several cellulose pyrolysis mechanisms were proposed, including Broido–Shafizadeh 

scheme127, 130 Piskorz scheme131  Banyasz scheme132, 133, and summarised in Figure 2.5. 

The Broido–Shafizadeh (B‒S) model was first proposed for cellulose pyrolysis based 

on the product formation.134 Before 300 °C, there is only minimal mass loss, mainly 

due to the loss of moisture from the cleavage of intermolecular and intramolecular 

hydrogen bonds135, 136. There also are some gaseous products, including CO, CO2 and 

organic compounds.137 However, different reactions already occur with the formation 

of the liquid intermediary phase, also called active cellulose.83, 132 As the temperature 

increases to higher than 300 °C, an intermediate phase gradually forms when the 

glycosidic bond becomes very reactive, leading to the fast depolymerisation process. 

As a result, as the most kinetically favoured products, levoglucosan and other 

condensable volatiles are generated. Meanwhile, the dehydration of some sugar 

polymers to form other anhydro-saccharides contributes to the product distribution71. 

5-HMF and furfural also exist in the volatiles due to the depolymerisation reactions95, 

138. The liquid products generated from the pyrolysis of cellulose can be divided into 

two parts, aerosols and vapours. Aerosols are composed of oligomers with high 

molecule weight, while the vapours are principally the volatilisable monomers and 

small molecules.61  
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Figure 2.5 Summarised pyrolysis pathways of cellulose 

     

It is reported that the occurrence of secondary reaction of cellulose pyrolysis largely 

depends on the vapour residence time,139 which will significantly alter the optimal 

product distribution. The secondary reactions mainly involve the thermal degradation 

of volatiles to generate light volatiles and repolymerisation reactions within the 

vapour–solid phase to form char. For instance, primary volatiles can crack at high 

temperatures if remaining in the heating zone once generated. The char yield depends 

on a variety of parameters, including heating rate, final temperature, retention time of 

the volatiles, pressure, presence of inorganics, and atmosphere.78 Low heating rates 

lead to a high char yield140 and the long retention time of the volatiles in the solid 

matrix also promotes char yield141. It has been142 claimed that the reactions between 

the pyrolytic vapours, with furans being probable intermediates143, maybe the only 

source of cellulose char. However, if the heating rate is dramatically increased and 

volatile residence time is greatly decreased, the char yield of cellulose could be ignored 

as widely reported.   
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2.4.2 Pyrolysis of lignin 

Lignin is phenolic polymer consisting of monolignols with three different 

polymerisations, including p-hydroxyphenyl (H type), guaiacyl (G type), and syringyl 

(S type).144-146 The main structure of lignin is presented in Figure 2.6. The high degree 

of cross linking147, 148 in lignin structure results in high thermally stablility149, leading 

to a higher decompose temperature between 300 and 550 °C.150 The linkages of basic 

lignin units are complex and can be divided into three classes: ether bonds, carbon-

carbon bonds and ester bonds, depending on the types of biomass lignin. The various 

oxygenated functional groups in lignin structure, including methoxyl, hydroxyl, 

significantly affect the reactivity of lignin and the subsequent formation of char 

residues. The evolution of methoxyl groups145 during lignin pyrolysis affected the 

product distribution151, 152. Also, methoxyl groups can undergo degradation reactions 

to form small molecular radicals, such as methane and methanol,153, 154 which are 

reported to stabilise the large-molecule fragments other than undergoing the 

repolymerisation for char formation. Thereafter, the lignin samples with high 

methoxyl group contents tend to generate less pyrolysis char. The hydroxyl groups, 

which varies from the different biomass types, also play important roles in lignin 

pyrolysis, affecting the final phenolic product distribution152, 155. And the hydroxyl 

groups mainly include aliphatic, guaiacyl phenolic, syringyl phenolic and p-

hydroxyphenyl hydroxyl groups. During the lignin pyrolysis process, the aliphatic 

hydroxyl group can be easily removed from the side chains via dehydration reactions 

at low temperatures, resulting in an unsaturated side-chain structure. Other oxygenated 

groups, including carboxyl and carbonyl groups, also exist in the lignin structure. 

Those oxygenated groups undergo depolymerisation reactions to form small-molecule 
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chemicals with low boiling points. Meanwhile,  they could also be retained in the side 

chains of phenols.156, 157  

Pyrolysis of lignin158 experiences several stages over a wide temperature range75, 159, 

compared with cellulose pyrolysis. Generally, lignin starts to melt at 160–190 °C160 to 

form a mobile glass transitions phase, and the occurrence of dehydration reactions 

happens at ~200 °C when the mass starts to lose. The cleavage of various linkage 

gradually involves increasing temperature. To be specific, the breakage of alkylether 

linkages, aliphatic side chains and methoxyl groups occurs at 150 to 300 °C, 300 °C, 

310 to 340 °C, respectively.96 Therefore, it is critical to investigate the product 

distribution and the mechanism of lignin pyrolysis. 

 

 

Figure 2.6 Chemical structure of lignin 

 

2.4.3 Pyrolysis of hemicellulose 

Hemicellulose consists of a bunch of short-chain heteropolysaccharides, including 

mainly glucose, mannose, galactose, xylose and arabinose. There are also some uronic 

and acetyl groups existing in the hemicellulose structure. Because of the complexity 

of hemicellulose compositions, the pyrolysis behaviour of hemicellulose is often 

studied by investigating the individual monosaccharide units. Xylose161, 162 as well as 

arabinose163 are mostly investigated. The product distributions from the pyrolysis of 
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those individual components were similar in species but with different product 

yields.164 Typically, the thermal decomposition of xylan starts at a temperature 

between 250 and 350 °C, generating furans, furfural, ketones and anhydrosugars as 

major products.162 The results suggested that those components in hemicellulose easily 

experience the ring-opening and cracking process, generating some small molecular 

compounds.162  

 

 

Figure 2.7 Chemical structure of hemicellulose48 

 

2.5 Pyrolysis of biomass-derived products 

Biomass-derived products56, 165-168 has attracted extensive research interests to 

overcome the obstacles in liquefaction of biomass. Those biomass-derived products 

are often obtained from various pre-treatment methods. Those pre-treatments alter the 

structure for more efficient and accessible conversions, including reducing the particle 

size, improving the high heating value, and enhancing the grindability. The pre-

treatments enhance properties of biomass-derived products, tune the reaction pathways 

and eventually influence the chemical characteristics of final products after thermal 
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conversion.169 The detailed review papers of biomass-derived products and the 

pyrolysis of biomass-derived products can be found elsewhere116, 170, 171. 

 

2.6.1 Acid impregnated biomass samples 

Dilute acid pre-treatment has been proposed as one of the most promising  methods 

for the commercial production of ethanol and other valuable chemicals from biomass 

products.168, 172 The acid treatment of biomass materials changes the physical as well 

as the chemical structure of biomass components. For example, acid presence leads to 

the loosened hydrogen bonding in cellulose structure, which plays an essential role in 

the crystalline structure. As a result, the acid-treated cellulose tends to contain lower 

DP but higher crystallinity,173 due to the loss of amorphous cellulose. In addition, acid 

is capable of dissolving some acid-soluble lignin fractions.116, 174 Acid also cleaves 

glycosidic bonds in hemicelluloses structures and glucuronosyl linkages in 

polyuronides,175 with the formation of inhibitor compounds, such as furfural, 5- HMF, 

and some organic acids116, 176. 

Different acids have been utilised for the acid treatment of biomass, including 

sulphuric acid, hydrochloric acid, and phosphoric acid. Sulfuric acid is widely 

investigated for the biomass pre-treatment177-181, leading to the damage of 

microstructures182. The addition of sulfuric acid was reported to promote the 

hydrolysis of cellulose into partly decomposed cellulose and glucose183 and remove 

some hemicellulose heteropolysaccharides. The introduction of sulphuric acid in 

biomass pre-treatment not only changes the structure of biomass matrix, but also the 

subsequent pyrolysis products. According to previous research, sulfuric acid addition 

was adopted for the manufacturing of commercial furfural.184 Also, it is reported that 
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it led to lower proportions of aromatics at pyrolysis temperature of 450 to 500 °C.185 

Hydrochloric acid186-188, and phosphoric acid 23, 176, 188, 189 have also been studied. 

Phosphoric acid was added for cellulose samples to obtain higher yields of 

levoglucosan and levoglucosenone in the liquid products.23 With the presence of 

phosphoric acid and water, the acid-catalysed ring contraction reaction and 

dehydration reactions, the cellulose samples with lower crystallinity tend to generate 

HMF, 5-methylfurfural, and furfural. By altering the concentration of phosphoric acid, 

the optimum active carbon yield189 and anhydro-sugar yield23 can be achieved from 

the pyrolysis of microcrystalline cellulose.  
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Table 2-1 Recent studies on the pyrolysis of acid-treated biomass samples 

Raw material Acid Reactor Conditions Results References 

Mallee 

Eucalyptus 

loxophleba 

Dilute nitric acid 
Fluidized bed 

reactor 
500 °C 

Increases phenolic concentration and 

decreases pyrolytic sugar 

concentration 

Mourant et al.190 

Douglas fir and 

hybrid poplar 

H2SO4 and 

NH4H2PO4 
Thermogravimetry 600 °C Bestows thermal stability in biomass Das et al.191 

Rice straw 

Dilute 

hydrochloric 

acid 

Fixed bed reactor 550 °C Influences on the pyrolysis process Cen et al.192 

Corn stover, rice 

straw and bamboo 
Sulfuric acid Py/GC–MS 900 °C 

Mitigates AAEMs effect, improves the 

pyrolysis performance. 
Zhou et al.193 

Rice husk H2SO4, HCl Furnace 1078 °C 
Effects the pyrolysis products 

distribution 
Dan et al.182 
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2.6.2 AAEM loaded biomass samples 

A small amount of inorganic species, including potassium, calcium, sodium, 

magnesium, silicon, phosphorus, sulfur, chlorine, and some trace elements, is present 

in biomass.194, 195 The presence of those inorganic species, especially the alkali and 

alkaline-earth metal salts, shows a catalytic effect during the thermal utilisation of 

lignocellulose biomass.196-198 For example, the occurrence of potassium in biomass 

results in decreased decomposition temperatures and the corresponding activation 

energy.199 These cations lead to the fragmentation of the monomers, compared with 

the predominant depolymerisation reactions of polymers in the absence of inorganics, 

favouring the formation of char residues while hindering the generation of liquid 

products. 200-202 As a result, it suppresses the formation of levoglucosan, but promotes 

the generation of some lower molecular weight compounds during cellulose 

pyrolysis.203  

The AAEM species have a negligible effect on the yields of bio-products; however,  

they dramatically change the product distribution and properties.204 For instance, with 

the removal of AAEM, the yields of sugars and lignin-derived oligomers in the bio-oil 

are promoted, while the char yield, water and light organic compounds content are 

supressed.190, 205 Also, the presence of AAEM oxalates promoted the generation of 

ketones. On the other hand, NaOH has been used for alkaline treatment in 

lignocellulosic biomass.116, 206 Soaking in alkaline solutions, the lignin content in 

biomass samples will be greatly obliterated.166 During the alkaline treatment, the 

diffusion of cations enhances the polyionic character. As a result, the lignocellulosic 

materials start to swell, causing higher digestibility. For the subsequent thermal 

treatment, AAEM species were reported to decrease the onset gasification temperature, 
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but increase the peak gasification value, due to the interaction between AAEM–

cellulose/lignin.207  

As AAEM plays an essential role in the catalytic effect during lignin pyrolysis, their 

existence in the bio-products also influences the stability and quality. Therefore, 

knowing the release and transformation of those inorganics is of great importance for 

the downstream utilisation of those products. A previous study observed the release of 

15−20% of AAEM species at 1000 °C/ s and 800 °C during the pyrolysis of pine.208 

The release of those AAEM species is partly due to the evaporation with the 

decomposition of lignin, hemicellulose and cellulose of biomass, while the other 

proportion is related to the char and volatile interactions.209, 210 In the low-temperature 

range (180−500 °C), a small amount of the alkali is released with the organic 

structures,218 while the release of the major part is connected with the chlorine content 

at the high-temperatures, during the pyrolysis of wheat straw.86, 211 It is also observed 

that K release took place at temperatures above 700 °C, leading to the loss of 25% K 

at 1050 °C, mainly in the form of KCl, KOH and/or elemental K during the pyrolysis 

of a fixed bed of wheat straw.212  The retentions of AAEM species in biomass char are 

less than 50% during the pyrolysis of mallee in a drop tube furnace.213 Davidsson et 

al.214, 215 studied the alkali (K and Na) release during the pyrolysis of biomass, 

suggesting the release of AAEM is caused by the surface ionisation techniques. It is 

found that more than 60% of released AAEM species were connected with liquid 

products and existing in the form of both water-soluble and water-insoluble tar.216, 217 

The recent studies AAEM-loaded biomass pyrolysis are presented in Table 2-2. In 

view of the above, the effect of AAEM species during the pyrolysis of biomass and 

biomass-derived product is vital for further utilisation. And the primary evolution and 
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release of those organic or inorganic AAEM species should be investigated to 

understand their migration properties.
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Table 2-2 Recent studies on pyrolysis of AAEM loaded biomass samples 

Raw material Conditions Results References 

Cypress wood 

sawdust 
1g sample/ 10ml AAEM (5-100g/L) 

Affects char morphology and pyrolysis 

product distribution 
Haddad et al.204 

Cellulose With the addition AAEM oxalates The Ea of cellulose pyrolysis is decreased Wang et al.218 

Glucose 0.35 mmol metal salt per g of glucose 

The catalytic effect of AAEMs could be 

attributed to the interaction of metal within the 

transition state 

Arora et al. 219 

Microcrystalline 

cellulose 
1g sample/ 10ml AAEM salt Enhances cracking and dehydration reactions Wang et al.220 

Southern pine 
0.1, 0.5, 1, and 2 wt of metals % of 

biomass 

Changes the thermal decomposition behavior 

of biomass 
Mahadevan et al.191 
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2.6.3 Torrefied biomass samples 

Torrefaction of biomass is considered a promising method to boost the energy 

efficiency of biomass pyrolysis and improve bio-oil quality. It has been widely 

approved that torrefaction of biomass results in the elimination of moisture and 

reduction of oxygen content, thus increasing the higher heating value and improving 

the grindability of the biomass.221 It can also reduce the power consumption required 

for size reduction222, making the treated materials more attractive for transportation 

and more efficient for following gasification223. Some researches proved that the 

pyrolysis of torrefied biomass generates a bio-oil with lower acid content and higher 

quality.34, 224, 225 A review paper226 demonstrated the torrefaction process, products 

distribution, the physical properties and chemical composition of the solid torrefied 

products. The recent studies of biomass torrefaction are listed in Table 2-3 Recent 

studies on the pyrolysis of torrefied biomass samples 

Torrefaction is the thermal treatment of feedstock under various atmospheric 

conditions in the temperature range of 200 to 300 °C.80 Briefly, biomass starts to lose 

water at temperatures of 50 to 100 °C. While at 120 to 200 °C, the lignin begins to 

soften and become a molten phase, and the thermal degradation commences to produce 

products including water, carbon dioxide, formic acid, and acetic acid. Further 

increasing of the temperature to 200–320 °C leads to carbonisation and devolatilisation 

of the biomass, particularly hemicellulose.226 The breakage of inter- and intra-

molecular hydrogen, C–C and C–O bonds during this temperature range will generate 

acids, alcohols, aldehydes, and light gases. The moisture loss of torrefied biomass is 

comparative to the continuous dehydration reactions during the torrefaction process. 

In addition, the generated non-polar unsaturated structures provide the torrefied 

biomass with hydrophobicity.227  
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Thermal pre-treatment also impacts the following pyrolysis process. For instance, high 

pre-treatment temperatures resulted in increased char production and decreased 

oxygen content in the pyrolysed liquid products.228 A research has been conducted to 

understand the torrefaction effects on fast pyrolysis with torrefaction temperatures of 

240 to 320 °C and a pyrolysis temperature of 520 °C.229 The results showed that the 

yield of water and acetic acid in volatiles decreased with increasing torrefaction 

temperature, while the total liquid yield was significantly suppressed. Kasparbauer230 

found the product yields and properties were less affected by the different particle size 

and moisture content from torrefaction, but were majorly influenced by the pyrolysis 

temperature. 

Some researchers also employ CO2, flue gas or oxidising environment for biomass 

torrefaction to improve the economic feasibility, with the detailed information 

presented in Table 2-3. Adopting CO2 as the torrefaction medium resulted in the 

increased weight loss, as well as improved grindability of the biomass due to the 

formation of pores and increased surface area.231, 232 The proximate and heating value 

analysis also showed that the heating value of the torrefied samples increases with 

escalated temperatures. CO2 wet torrefaction was also investigated and confirmed to 

present a faster torrefaction process and produced less solid product, compared with 

wet torrefaction in N2. It is also reported that CO2 enhances the capacity of wet 

torrefaction to remove ash compounds, promote reactivity during torrefaction, thus 

producing hydrochar with improved physical properties.233-237 Torrefaction with fuel 

gas, 238-240 and the difference of inert and non-inert gas 231, 235 air conditions241-244 were 

also investigated. Torrefaction of various biomass in those non-inert atmospheres 

resulted in increased energy density and carbon content with the hollow porous 
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structure. Those improved properties prove that the utilisation of non-inert 

atmospheres is a feasible way for biomass torrefaction.
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Table 2-3 Recent studies on the pyrolysis of torrefied biomass samples 

Raw material Torrefied conditions 
Pyrolysis 

conditions 
Results References 

Woody biomass 

Nitrogen; 

200, 225, 250 and 

275 °C 

Thermobalance; 

800 °C 
Increases char yield and decrease tar yield 

Wannapeera et 

al.245 

Cotton stalk and 

corn stalk 

Nitrogen; 

200, 230, 260 or 

290 °C 

Fixed bed reactor; 

550–650 °C 

Improves the grindability; liquid oil is 

upgraded 
Chen et al.246 

Poplar 
Nitrogen; 200, 225, 

250, 275, and 300 °C 

TA-Q500; 

800 °C 

Increases the high heating value and the 

mass energy density 
Ru et al.247 

Pine, ash wood, 

miscanthus, wheat 

straw 

Nitrogen; 

280 °C 

Fixed-bed reactor; 

500 °C 
Affects the yield and composition of tar 

Konsomboon et 

al.248 

Pine chips 
Nitrogen; 240, 260, 

280, 300, or 320 °C 

Bubbling fluidised 

bed; 520 °C 

Decreases the yield of total liquid because 

of the cross-linking and carbonisation 
Zheng et al.229 
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Table 2-4 Recent studies on torrefaction of biomass samples under non-inert atmospheres 

Raw material Atmosphere Torrefaction conditions Results 

Woody biomass 

Carbon dioxide 

240 °C Increases weight loss and improves grindability231 

200−300 °C Increases internal surface area232 

Bamboo, pine and 

poplar 
220–340°C Decomposes carbohydrates,236 increases hydrophobicity237 

Oil palm kernel shell 250 °C Increases gas yield and decrease energy yield235, 249 

Empty fruit bunches Combustion gas 200–300 °C Decreases yield of solid, with hollow porous structure239, 240 

Patula pine Air 180–240 °C Increases the specific surface area and reactivity241 

Oil palm empty fruit 

bunches 
Oxygen 220–350 °C Decreases mass yield and energy yield 242-244, 250 
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2.6  Pyrolysis reactors 

A wide range of techniques and reactors have been employed to investigate the 

pyrolysis mechanism, kinetics and product distribution of biomass and the model 

components.3 The employment of various kinds of reactors greatly influences the 

reaction pathways and the ultimate product distribution of biomass pyrolysis. Briefly, 

fixed bed reactors involve the slow pyrolysis process, with the heating rate ranging 

from 1 °C /min to 20 °C /min, while the fluidised bed reactor represents fast pyrolysis 

with a heating rate more than 1000 °C/s. TG54 and Py-GC-MS analysis were also 

widely employed for the investigation of pyrolysis kinetics and pyrolysis product 

distribution. However, many of those reactors cannot avoid the secondary reactions. 

Therefore, some flash pyrolysis reactors, such as ablative reactor and wire mesh 

reactor, are designed with minimised secondary reactions and able to provide fast 

heating over 100 °C/s. As presented in previous sections, the pyrolysis of biomass 

materials involves reactions in different phases, and the understanding of primary 

reaction in the liquid intermediate phase is critical for the biomass pyrolysis 

fundamental reaction mechanism and the subsequent utilisation. Therefore, it is vital 

to understand the advantages and disadvantages of various reactors. The features of 

various reactors are summarised in Characteristics of biomass pyrolysis reactors. 
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Table 2-5  Characteristics of biomass pyrolysis reactors 

Reactor type Samples Temperature Heating rate Oil yield Advantages Disadvantages 

Fixed bed 

Safflower seed251 500°C 
5, 40 or 80 °C/ 

min 
44% 

Large scale 

 

Slow heating; 

Secondary reactions 
Cotton stalk252 

400°C to 

700 °C 
7 °C/min 23% 

Fluidised 

bed 

Waste wood253 
400°C to 

550 °C 1000–10000 °C/s 
67.8% Efficient heat 

transfer; Large scale 
Secondary reactions 

Switchgrass254 480 °C 60% 

Ablative Pine wood255 
450°C to 

600 °C 
>1000°C/s 67.7% Fast or flash heating Small scale 

Vacuum 
Sugarcane 

bagasse256 
500 °C 12 °C/ min 62% 

Avoided side 

reactions 
Small scale 

Wire mesh 

reactor 

Cellulose16 
300°C to 

600 °C 
100°C/s 80% 

Primary reactions Small scale 

Pine wood257 500 °C 7000 °C/s 84% 



CHAPTER 2 
 

35 
 

2.7 Conclusions and research gaps 

Basing on previous literature review, the conclusions and research gaps are concluded 

as follows: 

1) The properties of liquid intermediates during biomass pyrolysis are unclear; 

the proportions of ejection and evaporation need further exploration; 

2) The properties and characterisation of primary products during biomass-

derived products pyrolysis need to be investigated. 

 

2.8 Research objectives 

As mentioned in the previous section, the research gaps need to be fulfilled. Due to the 

limited time frame in this PhD study, several research objectives were achieved which 

are listed as: 

1) to propose a quantification method for the proportions of ejection and 

evaporation during biomass pyrolysis.  

2) to investigate the formation of reaction intermediates and primary volatiles 

during acid-catalysed fast pyrolysis of cellulose;  

3) to study the release and transformation of organic and inorganic sodium during 

the fast pyrolysis of sodium impregnated lignin; 

4) to understand the effect of carbon dioxide assisted torrefaction and the 

subsequent fast pyrolysis of lignin.
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CHAPTER 3  Research Methodologies and Analytical 

Techniques 

 

3.1 Introduction 

This chapter introduces the research methodologies and techniques to achieve the 

current research objectives. The detailed experimental configurations and analytical 

methods are described below.  

 

3.2 Methodology 

Two main model compounds of biomass (cellulose and lignin) were employed in this 

study with various pre-treatment methods. Several sets of experiments were conducted 

to achieve the research objectives, including:  

▪ Pyrolysis of cellulose in a wire mesh reactor to collect and characterise the 

ejected aerosols and evaporated vapours at various heating rates;  

▪ Pyrolysis of acid-impregnated cellulose and raw cellulose; 

▪ Pyrolysis of inorganic and organic sodium loaded lignin at elevated 

temperatures; 

▪ Carbon dioxide assisted torrefaction at various concentrations and 

temperatures and the subsequent pyrolysis. 

The overall research methodology map is illustrated in Figure 3.1. All experiments and 

analysis were at least duplicated. Also, the employed reactors with different 

configurations are detailed in section 3.2.1-3.2-5.   
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Figure 3.1 Research methodology and the linkages to the research objectives in this 

PhD study 
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3.2.1 A method for quantifying ejected aerosols and evaporated vapours 

during cellulose pyrolysis 

Raw cellulose samples (Avicel PH-101) with a particle size of 150– 200 μm, were 

pyrolysed in a wire mesh reactor at various heating rates from 1°C/s to 1000°C/s. The 

generated bio-oil contains both ejected aerosols and evaporated vapours with different 

properties, which influence the downstream storage and utilisation. Therefore, in this 

objective, the ejected aerosols, evaporated vapours, and the total volatiles were 

separately collected using various reactor set-ups. The detailed description of the 

reactor configurations and experimental set-ups are presented in Section 3.3.2. The 

generated liquids were characterised using an IC-3000 compacted with HPAEC–PAD 

for their yields using commercially available standards. A quantitative method to 

calculate the ejection and evaporation yields in the total volatiles during the pyrolysis 

of cellulose was proposed. The results and discussion are laid out in Chapter 4. 

 

3.2.2 Effect of acid-impregnation during cellulose pyrolysis 

Acid-impregnated cellulose (see section 3.3.1) and raw cellulose were pyrolysed in a 

wire mesh reactor to investigate the effect of acid-loading at evaluated temperatures. 

The volatiles and intermediates (section 3.3.3) were collected, and the water-soluble 

parts were subjected to a total carbon analyser and post-hydrolysis. The conversions 

based on weight, sugar and carbon were calculated (section 3.4.2). Furthermore, the 

characterisation and comparison of the generated products from acid-loaded samples 

and raw samples were made (see section 3.4.1 for details). The generated volatiles 

were also subjected to a UV fluorescence spectroscopy analysis (section 3.4.4). 
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Eventually, a reaction mechanism of acid-impregnated cellulose pyrolysis was 

proposed, with detailed information presented in Chapter 5. 

 

3.2.3 Effect of AAEM and the release and transformation during lignin 

pyrolysis 

The alkali lignin was washed with acid and dried before loading with sodium sulfate 

and sodium acetate (section 3.3.1). The pyrolysis experiments were performed in a 

wire mesh reactor at various temperatures and a heating rate of 100 °C/s. The residues 

were subjected to an FTIR analyser, and generated volatiles were dissolved in a solvent 

and subjected to a UV-florescence analysis (section 3.4.4). The products were 

processed using acid digestion for the determination of total sodium. Another set of 

products with identical experimental conditions was dissolved with ultra-pure water to 

obtain the yield of water-soluble sodium. The liquid samples were subjected to a cation 

IC to measure sodium distribution during lignin pyrolysis. Based on the above result, 

the evolution and release of sodium within lignin pyrolysis were proposed. The 

detailed results and conclusions were summarised in Chapter 6. 

 

3.2.4 Effect of carbon dioxide assisted torrefaction and the subsequent 

pyrolysis of lignin  

The organosolv lignin was torrefied under various temperatures and different 

concentrations of carbon dioxide in a tube furnace. Before and after torrefaction, the 

physical and chemical properties of lignin were characterised for the ultimate and 

proximate analysis (section 3.4.6). Various characterisation techniques, such as HHV, 

EY, UV Fluorescence spectrum, FTIR spectra, and SEM, were conducted in this 
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research (see section 3.4 for details). The torrefied lignin samples were further 

pyrolysed in a wire mesh reactor. The yields and UV spectrum of generated volatile 

and intermediates from the pyrolysis of torrefied lignin under various experimental 

conditions were also obtained with detailed information presented in Section 3.3.   

 

3.3 Experimental 

3.3.1 Raw chemicals and sample preparation 

Objective 1. Raw cellulose (Avicel PH-101) was purchased from Sigma-Aldrich and 

seveied to a particle size at 106-150μm and used in Chapter 4. The filter (Teflo 2um) 

was from Pall Corporation and the glass slide (microscope slide) was from Rowe 

Scientific. 

Objective 2. The Avicel PH-101 cellulose at a particle size of 75-106μm was used.  

Sulphuric acid with a concentration of 0.5 mmol/g cellulose was used to prepare the 

acid acid-impregnated cellulose, according to our previous method25. Then the treated 

samples were dried using a freeze dryer (Alpha 2-4 L Dplus, Martin Christ) to remove 

the remaining moisture, and the dry samples were stored in a freezer at –20 ˚C. 

Objective 3. Alkali lignin samples were sieved to yield a particle size of 90-150 μm 

and washed with a diluted acid solution multiple times to prepare the acid-washed 

AAEM free lignin. The mixture was then washed with ultra-pure water to remove 

excess acid and dried in an oven at 105 °C overnight. The sodium sulphate and sodium 

acetate were dissolved in ultra-pure water with a concentration of 0.15 mmol Na/g 

lignin and added to the dry acid-washed lignin. Sodium acetate is able to organically 

bond with the carboxylic and phenolic groups in lignin structure, therefore can be 

employed as the organic sodium source. And it was further washed with ultra-pure 
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water to remove excess sodium to ensure completely organic sodium bonded lignin 

samples. The pre-treated samples with sodium sulphate and sodium acetate were 

referred to as In-Na-lignin and Or-Na-lignin, separately.  Then the residues were dried 

and stored for further pyrolysis experiments.  

Objective 4. Organosolv lignin was placed in an oven at 40 ºC until no weight loss.  

The dried organosolv lignin was stored in the desiccator for further use in Chapter 7. 

Solvents. Chloroform and methanol solution (80:20 in volume) was used to collect the 

volatile generated in the wire mesh reactor, and a THF solution was employed to 

collect the torrefied lignin gaseous products. 

Analytical chemical standards. A series of anhydro-sugar and sugar compound 

standards with the degree of depolymerisation up to 5 were purchased from Sigma-

Aldrich and Synthose, with the abbreviations are given below: levoglucosan, 

cellobiosan, cellotriosan, cellotetraosan and cellopentaosan (AC1 to AC5 respectively), 

glucose, cellobiose, cellotriose, cellotetrase and cellopentaose (C1 to C5 respectively). 

5-hydroxymethylfurfural (5-HMF), levoglucosenone (LGO), were also employed for 

identification and quantification. The standards of 1,6-anhydro-β-D-glucofuranose 

(AGF) and 1,4:3,6-Dianhydro-α-d-glucopyranose (DHGP) were purchased from 

Synthose. 

 

3.3.2  Reactor configurations 

The pyrolysis experiments were conducted in a wire mesh reactor with various set-ups, 

and the torrefaction experiments were carried out in a tube furnace. The wire mesh 

reactor was used for the pyrolysis of cellulose and lignin samples, while the tube 
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furnace was employed for the torrefaction of lignin samples under various 

experimental conditions. 

 

Wire mesh reactor configurations 

Wire mesh reactor is designed to minimise the secondary reactions in order to obtain 

the primary volatiles from the pyrolysis experiments under various heating rates. The 

first wire mesh reactor was invented by Loison and Chauvin258, then extensively 

modified by Howard and Anthony17, 18. Afterwards, Hamilton259 improved the 

electrical design with a PID temperature control feedback system for precise 

temperature control, which is integrated by Kandiyoti19, 20.  Other organisations also 

contributed to the development of wire mesh reactor, such as Niksa260, Stangeby261, 

Sathe208, 262, 263, and Zhou264, 265.  

  

Figure 3.2 Schematic diagram of wire mesh reactor 
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In this PhD study, the wire mesh reactor is adopted from Huazhong University of 

Science and Technology with the mechanical design and modified the electrical 

configuration. The schematic diagram of the wire mesh reactor is presented in Figure 

3.2 Schematic diagram of wire mesh reactor. The temperature control system includes 

the Labview based temperature measurement in PC and a Compact RIO integrated 

heating control system. The temperature of the samples on wire mesh is collected by 

two pairs of thermocouples, then fed to the PID controller. The actual temperature will 

be compared with the programmed temperature with a specific heating rate and peak 

temperature. Then the PID controller will produce an analog voltage signal 

accordingly and send it to the connected power supply to adjust the output voltage. 

The precise temperature control can be achieved by altering the PID parameter and 

maintaining the heating cycle period within 20 ms.  

 

The main mechanical drawing of the wire mesh reactor is presented in Figure 3.3. The 

main structure contains the base, which also connects to the negative electrode. The 

wire mesh is clamped between the positive and negative electrodes with the mica 

insulation to separate the mesh and the water-cooled plate holder. A liquid nitrogen 

cooled tar trap is tightly mounted above the sampling area of the wire mesh with a 

glass chamber. The glass chamber is fixed to the base of the wire mesh reactor to 

provide a separate environment from the atmosphere. During the experiments, a pulsed 

voltage will be applied to the electrodes to heat the sandwiched samples in the layered 

wire mesh. Two pairs of thermocouples will be connected to the thermocouple 

connection wire located at the base to provide temperature feedback. After the 

complement of the experiments, the generated volatiles was swiped by a stream of 

helium gas upwards. 
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Figure 3.3 Experimental set up of wire mesh reactor: a) collection of total tar, b) 

collection of ejected aerosols, and c) collection of evaporated vapours 

1) Reactor base 2) Hoop 3) Cooling water inlet/outlet 4) Glass chamber 5) Wire mesh 

6) Positive electrode 7) Helium gas inlet 8) Negative electrode 9) Sample holding area 

10) Tar trap 11) Teflon shredding 12) Glass slide 13) Filter  

 

The configurations of wire mesh reactor employed in this study for separate collection 

of volatile products were diagrammed in Figure 3.3. As shown, the configuration of 

wire mesh varies for three types of volatile collection: a) collection of total tar, b) 

collection of ejected aerosols and c) collection of evaporated vapours. The collection 

of total tar utilised a liquid nitrogen cooled tar trap, while the collection of evaporated 

vapours employed a filter at the bottom of the tar trap to block the ejected aerosols. 

Although the combination methods of total tar and aerosol collection could lead to the 

calculation of evaporated vapours, only a small amount of evaporated vapours can be 
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collected in a tar trap due to the loss of vapours inside of the glass chamber. To obtain 

the majority of vapours, the filter was placed at the bottom of the tar trap where all 

volatile stream goes through. A glass slide was placed over the mesh to collect the 

ejected aerosols. The height of the glass slide is adjusted to maintain the temperature 

at ~ 200 °C to minimise the secondary reactions and the condensation of vapours. With 

such configurations, the separate collection of those primarily released volatiles can 

be achieved. However, it should be pointed out that although the total liquid can be 

collected in the tar trap, those configurations are not capable of recovering the ejected 

aerosols and evaporated vapours. For the ejected aerosols, they not only can be adhered 

to the glass slide, but also can be carried away with the helium gas stream sideways, 

causing the loss in the experiments. Meanwhile, some evaporated vapours can also be 

captured on the surface of the filter, resulting in the incomplete collection of vapours. 

Despite the shortage of those set-ups, the separate collection of various volatiles is 

achieved, and the composition of those collected products is identical to their original 

formation.  

 

Tube furnace configurations 

The schematic system of the tube furnace is shown in Figure 3.4. The lignin samples 

were torrefied in the quartz reactor in a tube furnace. The nitrogen and carbon dioxide 

gas streams were applied, and the temperature was calibrated with a thermocouple. 

The condensable generated gaseous products were collected in the bubbler bottle. 
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Figure 3.4 Experimental set up of tube furnace for torrefaction of lignin samples 

 

3.3.3 Pyrolysis experiments 

Pyrolysis experiments in a wire mesh reactor were conducted in various conditions 

according to different objectives. In objectives 1, a series of pyrolysis experiments in 

a wire mesh reactor was conducted at 600 °C with four different heating rates: 1, 10, 

100 and 1000 °C/s and a holding time of 10s. During the pyrolysis experiments, a 

helium gas stream from the gas distributor with a flow rate of 2L /min was employed. 

In objectives 2, ~ 15 mg samples were sandwiched between the wire mesh. Then the 

mesh was heated up at a heating rate of 20 °C/s and temperature 40 – 320 °C using 

helium gas at 4L/min. Meanwhile, a temperature range of 300- 800 °C with a heating 

rate of 100 °C/s and a holding time 10s was employed in objective 3. Moreover, 

objective 4 adopted a temperature of 500 ºC at a heating rate of 100 °C/s.  

 

3.3.4 Torrefaction experiments 

Around 2 g dried organosolv lignin was loaded in the porcelain boat, thereby placed 

in the tube furnace. Nitrogen or carbon dioxide concentrations of 5% and 15% co-feed 

stream with a total flow rate of 500 ml/min was employed. The lignin samples were 
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heated with a heating rate of 10 °C /min to the desired temperatures of 200, 250 and 

300 ºC, respectively. After holding at the peak temperature for 30 min, the furnace was 

turned off while the gas flow was maintained until the temperature of the samples is 

under 40 ºC. The torrefied samples were stored in a desiccator for further analysis and 

experiments. 

 

3.4 Instruments and Analytical Techniques 

3.4.1 Quantification of sugars 

The quantification of the total sugar content of treated cellulose samples was obtained 

according to the NREL post-hydrolysis method266. And the filtered water-soluble 

cellulose samples were subjected to an HPAEC–PAD system in Dionex ICS-3000 and 

ICS-5000-MS for the identification and determination of sugar and anhydro-sugars 

compounds. The detailed methodology for quantitation of those compounds in this 

study followed a previous research267. In order to adequately separate the various 

components of cellulose pyrolysis, a CarbonPac PA20 analytical column was 

employed. Two different programs were used using 25% or 100% 100 mM NaOH as 

eluent with a flow rate of 0.5 mL/min. LGO, AGF and DHGP were analysed with ICS-

5000 coupling with MS.  

 

3.4.2 Conversion, yield and selectivity 

The weight before and after pyrolysis experiments was calculated for the weight 

conversion. The carbon content in the solution after post-hydrolysis was determined 

by a TOC. The sugar content was obtained according to section 3.4.1. After 
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quantification of the weight, carbon and sugar content, their conversions are calculated 

by the following equations:  

𝐂(𝒘𝒆𝒊𝒈𝒉𝒕) =
𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)−𝐖(𝐜𝐡𝐚𝐫)

𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)
                                                                                             (3-1) 

𝐂(𝒄𝒂𝒓𝒃𝒐𝒏) =
𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)∗𝐜(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)−𝐖(𝐜𝐡𝐚𝐫)∗𝐜(𝐜𝐡𝐚𝐫)

𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)∗𝐜(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)
                                                         (3-2) 

𝐂(𝒔𝒖𝒈𝒂𝒓) =
𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)∗𝐬(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)−𝐖(𝐜𝐡𝐚𝐫)∗𝐬(𝐜𝐡𝐚𝐫)

𝐖(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)∗𝐬(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞)
                                                            (3-3) 

where W, c and s refer to the weight (daf), carbon and sugar contents of samples, 

respectively. 

The sugar content (s) of the samples is calculated by the following equation: 

𝐬(𝒔𝒂𝒎𝒑𝒍𝒆) =
𝐖(𝐬𝐮𝐠𝐚𝐫)

𝐖(𝐬𝐚𝐦𝐩𝐥𝐞)
                                                                                                                (3-4) 

 

3.4.3 Quantification of inorganic species 

Lignin samples loaded with sodium were acid digested following a previous method268, 

and the remaining was dissolved in diluted methanesulfonic acid solution. Another set 

of samples was also dissolved in water to obtain the water-soluble sodium. The 

solution was filtered via a 0.45 um polyvinylidene difluoride (PVDF) syringe filter for 

further analysis. Subsequently, the solutions were subjected to an ion chromatography 

(IC, model DIONEX ICS-3000) following a previous method269 to determine sodium 

content. 
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3.4.4 UV fluorescence spectra and FTIR spectra  

Both liquid and solid samples were dissolved in the solvent and subjected to a 

fluorescence spectrometer (Perkin-Elmer LS 55 at a constant energy difference of 2800 

cm-1), with the detailed setting detailed elsewheres270. And the functional groups of 

solid samples were analysed with a Fourier transform infrared spectra (Perkin Elmer 

Spectrum 100).  

 

3.4.5 Optical imaging and SEM 

The optical images of ejected aerosols of cellulose pyrolysis experiments were 

acquired using an optical microscope. The obtained photos are processed in ImageJ 

for particle size distribution with a method described elsewhere13, 108. 

 

3.4.6 Ultimate and proximate analysis 

The ultimate analysis of solid samples was conducted in an elemental analyser 

(PerkinElmer 2400 series II CHN/O). The proximate analysis was carried out in a 

thermogravimetric analyser (TGA, Mettler TGA/DSC 1 STAR model). 

 

3.4.7 Higher heating value and energy yield 

The higher heating rate (HHV) and energy yield (EY) of torrefied lignin samples were 

calculated using the following equation, which is used in the previous studies271:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

𝐇𝐇𝐕 (𝐌𝐉/𝐤𝐠) = 𝟎. 𝟑𝟑𝟖𝟑𝐂 + 𝟏. 𝟒𝟐𝟐 (𝐇 −
𝑶

𝟖
)                                                                    (3-5) 
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𝐄𝐘(%) = 𝐘𝐦𝐚𝐬𝐬 ∗
𝐇𝐇𝐕 𝐩𝐫𝐨𝐝𝐮𝐜𝐭

𝐇𝐇𝐕 𝐟𝐞𝐞𝐝
∗ 𝟏𝟎𝟎                                                                                         (3-6) 

 

3.5 Summary 

Primary volatiles and intermediates can be produced from the pyrolysis of cellulose, 

acid-impregnated cellulose, sodium loaded lignin and torrefied lignin samples. The 

volatiles, including ejected aerosols and evaporated vapours, were separately collected 

and analysed in an IC. Then a quantitative method for the yield determination was 

proposed. Also, the effects of pre-treatment methods were analysed by utilising various 

ranges of techniques. In addition, the evolution and release of sodium during lignin 

pyrolysis were investigated. The effect of torrefaction under different atmospheres was 

explored by studying the physical and chemical properties of the treated materials. 

More importantly, the fundamental pyrolysis mechanism of the pyrolysis of biomass 

model compounds and biomass-derived products were suggested in this research.
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CHAPTER 4 Contributions of Thermal Ejection and 

Evaporation to the Formation of Condensable Volatiles 

during Cellulose Pyrolysis 

4.1 Introduction  

Biomass fast pyrolysis, as a promising process for producing renewable bio-oil and 

biochemicals, has received tremendous attention over the past decades.1, 272 Despite a 

high yield (60–70 wt.%) of bio-oil from biomass fast pyrolysis, it suffers from poor 

quality including high water content, high acidity, high viscosity, and phase instability, 

which has largely hindered the commercialisation of bio-oil production. 273-275 It is 

known that the bio-oil quality is largely determined by the composition of condensable 

volatiles generated during biomass pyrolysis. To develop novel technologies to 

produce a high-quality bio-oil, it is of critical importance to understand the formation 

mechanism of volatiles from biomass fast pyrolysis.  

The evaporation of volatile compounds in the pyrolysing biomass is key to the 

formation of volatiles from biomass pyrolysis. However, recent studies have reported 

the formation of a liquid intermediate phase during biomass pyrolysis. 276 10, 11, 277 As 

the volatile products are formed in the liquid intermediate phase, the bubbles need to 

diffuse through the liquid intermediate phase to the gas/liquid interface before 

evaporation. Eventually, the bubbles burst at the gas/liquid interface, generating the 

primary aerosols via thermal ejection, as captured by a high-speed camera.277 While 

the primary aerosols originate from the molten liquid intermediates, secondary 

aerosols can be also formed from the condensation of the primary products such as 

levoglucosan276. As a result, both the ejected aerosols and the evaporated vapours 
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contribute to the formation of condensable volatiles during biomass pyrolysis, thus 

affecting the composition and quality of condensable volatiles produced from biomass 

pyrolysis. Particularly, the ejection mechanism can explain the release of some non-

volatile species (i.e., such as cellobiosan278, 286 and inorganic species278) from biomass 

pyrolysis. It is known that the heating rate is an important factor influencing the 

ejection and evaporation behaviour of species in the liquid intermediate phase during 

biomass pyrolysis, thus greatly affecting the pyrolysis kinetics 279, 280 and char yield281-

283.  

Over the last several decades, considerable effort has been devoted to understanding 

the composition and properties of the liquid intermediates and the volatiles produced 

during the pyrolysis of biomass and its model compounds.16, 121, 123, 284, 285 Particularly, 

several important studies have been conducted to understand the release of aerosols 

from biomass pyrolysis, including the collection and characterisation of aerosol 

formation by thermal ejection108, 278 and the modelling of bubble formation dynamics 

and aerosol formation by thermal ejection. Unfortunately, the role of ejected aerosols 

and evaporated vapours in the formation of the volatiles during biomass pyrolysis 

remains unknown, which hinders a thorough understanding of the formation 

mechanisms of the volatiles during biomass pyrolysis. To this regard, this study has 

developed a novel method to estimate the contributions of the ejected aerosols and the 

evaporated vapours to the formation of the volatiles during cellulose pyrolysis at 

different heating rates. A wire mesh reactor (WMR) has been used to minimise the 

secondary reactions of primary volatiles in the vapour phase, thus facilitating the 

collection of primary volatiles from cellulose pyrolysis. The results of this study will 

greatly enhance the understanding of the important role of thermal ejection during 

cellulose fast pyrolysis. 
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4.2 The yields of the ejected aerosols and the evaporated vapours collected 

from cellulose pyrolysis at different heating rates 

The yields of the ejected aerosols and the evaporated vapours collected from cellulose 

pyrolysis at different heating rates are presented in Figure 4.1 The yields of the ejected 

aerosols and the evaporated vapours collected from cellulose pyrolysis at 600 °C with 

a particle size at 106-150μm and a holding time of 10s at different heating rates of 1–

1000 °C/s, together with the total tar yields. The calculation of the yields of ejection 

and evaporation is presented in the following equations: 

𝐘 (𝒆𝒋𝒆𝒄𝒕𝒊𝒐𝒏) =
𝐖(𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐚𝐞𝐫𝐨𝐬𝐨𝐥𝐬)

𝐖(𝐬𝐚𝐦𝐩𝐥𝐞)
                                                                          (4-1) 

𝐘 ( 𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒊𝒐𝒏) =
𝐖(𝐞𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐞𝐝 𝐯𝐚𝐩𝐨𝐮𝐫𝐬)

𝐖(𝐬𝐚𝐦𝐩𝐥𝐞)
                                                                           (4-2) 

where Y refers to the yield of collected ejected or evaporated products, while W refers 

to the weight of samples. Increasing the heating rate from 1 to 100 °C/s leads to an 

increase in the yield of the ejected aerosols but a slight decrease in the yield of the 

evaporated vapours. However, further increasing the heating rate from 100 to 

1000 °C/s leads to reduction in the yields of both the ejected aerosols and the 

evaporated vapours. Thus, the maximal yield of the evaporated vapours (~39%) was 

achieved at 1 °C/s, while the maximal collected yield of the ejected aerosols (~28%) 

was achieved at 100 °C/s. The results suggest that a higher heating rate seems to 

promote the formation of the ejected aerosols but suppress the formation of the 

evaporated vapours. This phenomenon is reasonable since the formation of the liquid 

intermediate phase is enhanced at higher heating rates,16 resulting in more aerosols 

ejected from the molten liquid.  
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The total yields of the ejected aerosols and the evaporated vapours collected from 

cellulose pyrolysis were also calculated and compared with the yields of the total tar 

yields under all heating rate conditions. The total collected yield of the ejected aerosols 

and the evaporated vapours is much lower than the total tar yield. For example, the 

total collected yield of the ejected aerosols and the evaporated vapours is only ~40% 

at 1 °C/s, much lower than the total tar yield of ~76% at the same heating rate. The 

total collected yield of the ejected aerosols and the evaporated vapours increases when 

the heating rate increases from 1 to 100 °C/s but decreases when the heating rate 

further increases to 1000 °C/s. Thus, the total yield of the ejected aerosols and the 

evaporated vapours achieves the maximum value of ~63% at 100 °C/s. In contrast, the 

total tar yield slightly increases with increasing the heating rate from 76 to 86% from 

1 to 1000 °C/s. Such data demonstrates that the current method is unable to collect the 

ejected aerosols and the evaporated vapours. Thus, the above yields cannot represent 

the actual yields of the ejected aerosols and the evaporated vapours from cellulose 

pyrolysis. 
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Figure 4.1 The yields of the ejected aerosols and the evaporated vapours collected from 

cellulose pyrolysis at 600 °C with a particle size at 106-150μm and a holding time of 

10s at different heating rates of 1–1000 °C/s 

 

4.3 Characterisation of the ejected aerosols and the evaporated vapours 

collected from cellulose pyrolysis at different heating rates 

4.3.1 Particle size distribution of the ejected aerosols droplets 

The ejected aerosol droplets captured by the glass slide were first analysed using a 

light microscope, and the microscope photos at 10 – 1000 K/s are shown in Figure 4.2. 

It should be mentioned that the microscope photo of the ejected aerosols at 1 K/s is not 

presented as the light microscope could not identify any droplets under this condition. 

The microscopy photos clearly show that the ejected aerosols can be successfully 

collected as droplets in the glass slide, and the size and number of droplets seem to 

increase with the heating rate. This indicates that thermal ejection is enhanced at a 

higher heating rate. The microscope photos were also processed using ImageJ108, 278 

for estimating the particle size distribution of the aerosol droplets, with results also 

presented in Figure 4.2. Further analysis of the particle size distribution of the aerosol 

droplets shows that majority of the droplets have a particle size <5 μm at10 °C/s. The 

percentage of larger droplets increases with an increased heating rate, indicating that 

the particle size of the ejected aerosols shifts from small to large particle size as the 

heating rate increases. This could be due to the formation of larger gas bubbles at 

higher heating rates. Once the surface tension reaches the critical point, the burst of 

gas bubbles is capable of carrying a considerable amount of liquid aerosol droplets, 

which is subsequently captured by the glass slide. 
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 Figure 4.2 Particle size distribution of the ejected aerosols droplets during cellulose 

pyrolysis at 600 °C with a particle size at 106-150μm and a holding time of 10s at 

different heating rates 

 

4.3.2 Yields of key compounds in the ejected aerosols and the evaporated 

vapours 

In our previous studies, 16, 25, 284it has been reported that anhydro-sugars (i.e., AC1-

AC5) account for a considerable amount of the primary tar product from cellulose 

pyrolysis. In order to understand the compositional difference between the ejected 

aerosols and the evaporated vapours, the water-soluble liquid samples from the ejected 

aerosols and evaporated vapours were analysed by HPAEC-PAD. Various compounds 

such as anhydro-sugars and 5-HMF were identified with available standards. The 

evaporated vapours mainly contains AC1, AC2, and 5-HMF, while anhydro-sugars 

with the degree of polymerisation (DP) up to 5 can be detected in the ejected aerosols. 

With increasing the heating rate, the amount of anhydro-sugars with larger DPs 

increases. It is a common understanding that AC1 easily evaporates because of its low 
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boiling point (i.e., 385 °C287). It can be found that AC2 (with a boiling point of 

~581 °C288-290) is also present in the evaporated vapours, which is due to the high 

pyrolysis temperature of 600 °C used in this study. It is worth pointing out that 5-HMF 

is only detected in the evaporated vapours, due to its low boiling point (114-116 °C).  

The yields of key compounds in the ejected aerosols and the evaporated vapours were 

further calculated and compared to their yields in the total tar, as shown in Figure 4.3. 

For the key compounds in total tar (see Figure 4.3a), their yields are strongly dependent 

on the heating rate, however with different trends. For instance, the yield of AC1 

increases from ~14% to ~23% when the heating rate increases from 1 to 1000 °C/s. 

On the contrary, the yield of 5-HMF decreases with increasing the heating rate, i.e., 

from ~1.2% at 1 °C/s to ~0.8% at 1000 °C/s. For other anhydro-sugars, the yields of 

AC2-AC5 increase with the heating rate and reach the maximal values at 10 °C/s, but 

start to decrease as the heating rate further increases to 1000 °C/s. For example, the 

yields of AC2-AC5 increases from 1.2%, 0.2%, 0.07 and 0.03% at 1 °C/s to the 

maximal values of 3.5%, 0.9%, 0.12% and 0.07% at 10 °C/s, then reduces to 2.2%, 

0.5%, 0.06% and 0.04% at 1000 °C/s, respectively. The results indicate that the heating 

rate greatly affects the tar composition during cellulose pyrolysis.  

As for the ejected aerosols during cellulose pyrolysis, anhydro-sugars with DPs up to 

5 can be identified, but their yields decrease with DP under all conditions. Among the 

quantified anhydro-sugars, the yield of AC1 increases continuously with the heating 

rate, from ~ 0.01% at 1 °C/s to ~2.34% at 10 °C/s, then to ~6.26% at 1000 °C/s. 

However, other anhydro-sugars shows different trends as the heating rate increases. 

The yields of AC2-AC5 increase first with the heating rate from 1 to 100 °C/s, but a 

further increase in the heating rate leads to a slight decrease in their yields. In contrast, 

only two anhydro-sugars (AC1 and AC2) are present in the evaporated aerosol together 
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with 5-HMF, obviously due to their low boiling points which allow those compounds 

to evaporate easily from the liquid intermediate phase. Both the yields of AC1 and 5-

HMF reduce with increasing the heating rate, from 9.8% and 1.10% at 1 °C/s to 7.4% 

and 0.76% at 1000 °C/s, while the yield of AC2 increases from ~0.66% at 1 °C/s to 

~1.47% at 1000 °C/s.  

 

 

Figure 4.3 The yields of key compounds in the total tar, the ejected aerosols and the 

evaporated vapours during cellulose pyrolysis at 600 °C with a particle size at 106-

150μm and a holding time of 10s at 1–1000 K/s. (a) Total tar; (b) Ejected aerosols; (c) 

Evaporated vapours. 

 

4.3.3 Collection efficiencies of key compounds in the ejected aerosols and 

evaporated vapours 

As shown in Figure 4.1, the total collected yield of the ejected aerosols and the 

evaporated vapours collected from cellulose pyrolysis experiments is much lower than 

the total tar yield, indicating that part of the ejected aerosols and the evaporated 

vapours are lost during the collection process. Since the total tar from cellulose 

pyrolysis can be collected, it allows us to estimate the collection efficiency of each 
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compound in the ejected aerosols and the evaporated vapours by normalising the 

amount of each compound in the ejected aerosols (or evaporated vapours) to the 

amount of the same compound in the total tar. The collection efficiencies of key 

components in the ejected aerosols and the evaporate vapour were further calculated, 

and the results are shown in Figure 4.4. And the calculations of collection efficiency 

(CE) are shown in the following equations: 

𝐲(𝑨𝑪𝒊) =
𝐰(𝐀𝐂𝐢)

𝐰(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞 𝐬𝐚𝐦𝐩𝐥𝐞 𝐟𝐨𝐫 𝐞𝐣𝐞𝐜𝐭𝐢𝐨𝐧 𝐨𝐫 𝐞𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐢𝐨𝐧)
(𝒊 = 𝟑, 𝟒, 𝟓)                                  (4-3) 

𝒚𝒕(𝑨𝑪𝒊) =
𝐰(𝐀𝐂𝐢)

𝐰(𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞 𝐬𝐚𝐦𝐩𝐥𝐞 𝐟𝐨𝐫 𝐭𝐨𝐭𝐚𝐥 𝐭𝐚𝐫)
(𝒊 = 𝟑, 𝟒, 𝟓)                                                          (4-4) 

𝐂𝐄 (𝒆𝒋𝒆𝒄𝒕𝒊𝒐𝒏) =
𝐲(𝐀𝐂𝐢)

𝒚𝒕(𝐀𝐂𝐢)
(𝒊 = 𝟑, 𝟒, 𝟓)                                                                                      (4-5) 

𝐂𝐄 (𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒊𝒐𝒏) =
𝐲(𝟓−𝐇𝐌𝐅)

𝒚𝒕(𝟓−𝐇𝐌𝐅)
                                                                                               (4-6) 

where y and yt present collection efficiency, the yield of collected ejected or evaporated 

products, and the yield in total tar, respectively.  

As discussed above, both AC1 and AC2 exist in the ejected aerosols and the 

evaporated vapours, while AC3-AC5 are only present in the ejected aerosols and 5-

HMF only exists in the evaporated vapours. Theoretically, the collection efficiencies 

of AC3-AC5 in the ejected aerosols and the collection efficiency of 5-HMF in the 

evaporated vapours should be 100% if there are no losses during the collection of the 

ejected aerosols and the evaporated vapours. However, the collection efficiencies of 

AC3-AC5 are much lower than 100%, further confirming that a large amount of AC3-

AC5 is lost during the aerosol collection process.  
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It is also interesting to see that AC3-AC5 almost have the same collection efficiency, 

which indicates that the collection efficiencies of compounds that only exist in the 

ejected aerosols may be independent on the species of the compound.  

It can be seen that the collection efficiencies of AC3-AC5 first increase from ~2.8% 

at 1 °C/s to the maximal value of ~58.5% at 100°C/s, followed by a decrease to ~45.5% 

as the heating rate further increases to 1000 °C/s. The low collection efficiencies of 

AC3-AC5 are probably due to the configuration of the wire mesh reactor for collecting 

the ejected aerosols. The application of a glass slide tends to influence the direction of 

the gas stream, resulting in a considerable amount of generated volatiles travelling 

downwards or sidewards. At a low heating rate, the smaller size of the aerosol may 

lead to more aerosol droplets carried away by the gas stream, thus greatly reducing the 

collection efficiency of the ejected aerosols. In contrast, the collection efficiency of 5-

HMF is over 90% under all heating rate conditions, indicating that majority of the 

evaporated vapours can be collected in this study. Also, the heating rate has a 

negligible effect on the collection efficiency of the evaporated vapours. 

However, such observations cannot be applied to AC1 and AC2, which are present in 

both the ejected aerosols and the evaporated vapours. As shown in Figure 4.4, the 

collection efficiencies of AC1 and AC2 in the ejected aerosols at 1 K/s are very low 

(only ~0.1 and 0.4%), but increase to 27 and 31% at 1000 °C/s, respectively. On the 

contrary, the collection efficiencies of AC1 and AC2 in the evaporated vapours reduce 

with increasing the heating rate, from 71 and 77% at 1 °C/s to 32 and 30% at 1000 °C/s, 

respectively. This indicates that AC1 and AC2 are mainly released into volatiles via 

evaporation, especially at low heating rates. However, at high heating rates, a large 

amount of AC1 and AC2 are released into volatiles via thermal ejection. Compared to 

those of AC2, the collection efficiency of AC1 in the evaporated vapours is slightly 
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higher, while its collection efficiency in the ejected aerosols is marginally lower, 

mainly due to the lower boiling point of AC1. 

 

 

Figure 4.4  The collection efficiencies of the key compounds in the ejected aerosols 

and the evaporated vapours during cellulose pyrolysis at 600 °C with a particle size at 

106-150μm and a holding time of 10s at 1–1000 K/s. (a) AC3-AC5 in the ejected 

aerosols; (b) AC1-AC2 in the ejected aerosols; (c) 5-HMF in the evaporated vapours; 

(d) AC1-AC2 in the evaporated vapours. 
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4.4 Estimation of the true yields of the ejected aerosols and the evaporated 

vapours from cellulose pyrolysis at different heating rates  

The above data have clearly demonstrated that thermal ejection plays an essential role 

in the formation of volatiles during cellulose pyrolysis, especially at high heating rates. 

However, the yields of the ejected aerosols and the evaporated vapours collected from 

cellulose pyrolysis experiments cannot represent their true yields, due to their 

significant losses (especially for the ejected aerosols) during the collection processes. 

To estimate the true yields of the ejected aerosols and the evaporated vapours, it is 

important to know the overall collection efficiencies of the ejected aerosols and the 

evaporated vapours, which are difficult to obtain from the current experiments. Further 

analysis of the collection efficiency data leads to an important observation that some 

key compounds that only exist in the ejected aerosols (i.e., AC3-AC5) or the 

evaporated vapours (i.e., 5-HMF) have almost the same collection efficiencies (see 

Figure 4.4). Therefore, it is reasonable to use the collection efficiencies of key 

compounds that only exist in the ejected aerosols and the evaporated vapours to 

represent the overall collection efficiencies of the ejected aerosols and the evaporated 

vapours, respectively. 

 Further calculations were conducted to estimate the true yields of the ejected 

aerosols and the evaporated vapours based on their yields from experiments divided 

by their overall collection efficiencies. 

Pej =
Y𝑒𝑗

CEej
                                                                                                                 (4-7) 

Pev =
Y𝑒𝑣

CEev
                                                                                                                (4-8) 



CHAPTER 4 
 

63 
 

where Pej and Pev represent the estimated yields of the ejected aerosols and the 

evaporated vapours, respectively. It should be noted that the overall collection 

efficiencies of the ejected aerosols (or the evaporated vapours) were determined based 

on the average collection efficiencies of the key compounds that only exist in the 

ejected aerosols (or the evaporated vapours).  

The estimated yields of the ejected aerosols and the evaporated vapours are shown in 

Figure 4.5, together with the yields of the ejected aerosols and the evaporated vapours 

collected from experiments as well as the yield of the total tar. The estimated yield of 

the ejected aerosols continuously increases with the heating rate, from 29% at 1 °C/s 

to 57% at 1000 °C/s. Although the estimated yield of the evaporated vapours 

continuously decreases with the heating rate, from 43% at 1 °C/s to 28% at 1000 °C/s, 

the estimated total tar yield still increases with the heating rate (from 72% at 1 °C/s to 

86% at 1000 °C/s). It is interesting to see that the total tar yields based on the estimated 

yields of the ejected aerosols and the evaporated vapours match well with the total tar 

yields measured from experiments under all heating rate conditions. Based on the 

research findings, it can be stated that the proposed method can be successfully used 

to predict the true yields of the ejected aerosols and the evaporated vapours during 

cellulose pyrolysis at various heating rates. 
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Figure 4.5 The estimated yields of the ejected aerosols and the evaporated vapours 

during cellulose pyrolysis at 600 °C with a particle size at 106-150μm and a holding 

time of 10s at 1–1000 K/s. Note: the yields of the ejected aerosols and the evaporated 

vapours collected from experiments (hatched) are also presented for comparisons. 

 

 

Figure 4.6 Distribution of ejected and evaporated products in the total tar during 

cellulose pyrolysis at 600 °C with a particle size at 106-150μm and a holding time of 

10s at 1–1000 K/s. 
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The successful estimation of the true yields of the ejected aerosols and the evaporated 

vapours allows us to obtain an in-depth understanding of the formation mechanism of 

primary volatiles during cellulose pyrolysis. The contributions of thermal ejection and 

evaporation to tar formation during cellulose pyrolysis at various heating rates were 

further calculated based on the estimated yields of the ejected aerosols and the 

evaporated vapours, and the results are shown in Figure 4.6. Thermal ejection 

contributes significantly to tar formation during cellulose pyrolysis. The contribution 

of thermal ejection increases with the heating rate, from ~40% at 1 °C/s to ~67% at 

1000 °C/s.  The results also demonstrate the importance of thermal ejection during 

cellulose pyrolysis at different heating rates. 
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Figure 4.7 The estimated yields of the ejected and evaporated AC1 (panel a) and AC2 

(panel b) during cellulose pyrolysis at 600 °C with a particle size at 106-150μm and a 

holding time of 10s at different heating rates. 

To further verify the accuracy of the estimated contributions of thermal ejection and 

evaporation, the (true) yields of the ejected and evaporated AC1 and AC2 were further 

estimated based on the collection efficiencies of thermal ejection and evaporation, and 

compared with the yields of AC1 and AC2 in the total tar in Figure 8. It can be found 

that the yield of the ejected AC1 increases as the heating rate increases, while the yield 

of the evaporated AC1 decreases slightly as the heating rate increases. As for AC2, 

both the yields of the ejected and evaporated AC2 reach maximal values at 10 K/s, 

then decrease as the heating rate further increases. Overall, the estimated total yields 

of AC1 and AC2 based on the collection efficiencies of thermal ejection and 

evaporation match well with the yields of AC1 and AC2 in the total tar under all 

heating rate conditions. This further proves that the proposed method can be also 

applied to estimate the true yield of each compound in the ejected aerosols and the 

evaporated vapours.  
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Figure 4.8 Distribution of the ejected and evaporated AC1 (panel a) and AC2 (panel 

b) in the total tar during cellulose pyrolysis at 600 °C with a particle size at 106-150μm 

and a holding time of 10s at 1–1000 K/s. 

The contributions of thermal ejection and evaporation to the formation of AC1 and 

AC2 during cellulose pyrolysis at 1–1000 K/s were also estimated and the results are 

shown in Figure 9. It can be seen that ~95% of AC1 and ~96% of AC2 in the total tar 

are released due to evaporation during cellulose pyrolysis at 1 K/s. As the heating rate 

increases, the contribution of evaporation decreases while the contribution of thermal 

ejection increases. During cellulose pyrolysis at 1000 K/s, ~63% of AC1 and ~68% of 

AC2 are released due to thermal ejection. This demonstrates that a higher heating rate 
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can lead to increased releases of some volatile species (i.e., AC1) as aerosols instead 

of vapours, due to enhanced thermal ejection. 

 

4.5 Further discussion on the formation mechanism of primary volatiles 

during cellulose fast pyrolysis  

The understanding of aerosol formation from biomass pyrolysis via thermal ejection 

is still in the infancy stage. As the first in the field, this study proposes a novel method 

to estimate the true yields of the ejected aerosols and the evaporated vapours from 

cellulose fast pyrolysis. This allows us to understand the important role of thermal 

ejection in the formation of primary volatiles from cellulose fast pyrolysis. Particularly, 

several important findings on the formation of the ejected aerosols during cellulose 

pyrolysis are discussed below. 

First, this study has identified some volatile compounds (i.e., 5-HMF) that are only 

present in the evaporated vapours (i.e., released via evaporation), and some non-

volatile compounds (i.e., AC3-AC5) that are only present in the ejected aerosols (i.e., 

released via thermal ejection). Those key compounds can be considered as the “tracers” 

to estimate the average collection efficiencies of the ejected aerosol and the evaporated 

vapours, which are critical to the estimation of the true yields of the ejected aerosols 

and the evaporated vapours during cellulose pyrolysis. However, it should be noted 

that the collection efficiency of the ejected aerosols can be greatly affected by the 

pyrolysis conditions, especially the heating rate. At a lower heating rate, the smaller 

size of the aerosol droplet may lead to more aerosols carried away by the gas stream, 

thus greatly reducing the collection efficiency of the ejected aerosols. In contrast, the 

effect of the heating rate on the collection efficiency of the evaporated vapours is 
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negligible. To estimate the true yields of the ejected aerosols and the evaporated 

vapours under different experimental conditions (i.e., temperature, heating rate, 

feedstock, reactor system), the collection efficiencies of both the ejected aerosols and 

the evaporated vapours should be determined before the true yields can be estimated.  

Second, the current results clearly demonstrate the important role of thermal ejection 

in the formation of primary volatiles during cellulose pyrolysis, under the current 

pyrolysis conditions. Previous modelling studies126, 291286 reported the highest aerosol 

yield of 25% for a 1 mm particle at a high heating rate (similar to that in a fluidised 

bed reactor). In this study, the estimated true yield of the ejected aerosols continuously 

increases with the heating rate, from 29% at 1 K/s to 57% at 1000 K/s, accompanied 

by the continuous decrease in the yield of the evaporated vapours from 43% at 1 K/s 

to 28% at 1000 K/s. Such a difference in the yield of the ejected aerosols indicates that 

the formation of the ejected aerosols can be greatly affected by the particle properties 

and the pyrolysis conditions. Overall, the total tar yield of cellulose pyrolysis still 

increases with the heating rate, from 72% at 1 K/s to 86% at 1000 K/s. This leads to 

the contribution of thermal ejection increasing from 40% at 1 K/s to 67% at 1000 K/s. 

The results confirm that the volatile formation mechanism is largely affected by the 

heating rate, with more volatiles released via the thermal ejection mechanism at higher 

heating rates. This can explain why a higher bio-oil yield can be obtained at a higher 

heating rate during cellulose/biomass pyrolysis. More importantly, the results further 

indicate that biomass pyrolysis knowledge (i.e., kinetics, mechanism, etc) obtained at 

slow pyrolysis conditions (i.e., in a thermogravimetric analyser) cannot be directly 

applied to fast pyrolysis conditions (i.e., in a fluidised bed reactor), due to different 

volatile formation mechanisms at different heating rates. Also, thermal ejection 
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mechanism must be considered in the modelling of biomass pyrolysis process, 

particularly for fast pyrolysis conditions. 

Third, the composition of primary volatiles from cellulose pyrolysis can also be 

affected by the enhanced formation of the ejected aerosols at higher heating rates. 

Although a higher heating rate leads to the formation of more AC1, but not for other 

anhydro-sugars (i.e., AC2-AC5). In fact, the yields of AC2-AC5 reach the maximal 

values at 10 K/s, and a higher heating rate results in reductions in their yields. In 

contrast, the yield of 5-HMF decreases with increasing the heating rate. The results 

indicate that a higher heating rate enhances the yield of the ejected AC1, thus 

suppressing the decomposition of AC1 in the liquid intermediate phase to form lower-

molecular-weight species such as 5-HMF. However, the formation mechanisms of 

AC2-AC5 are still unclear. Since the secondary reactions of primary volatiles are 

minimised in the WMR, it is more likely that the reactions of AC1 in the liquid 

intermediate phase largely determine the formation of the anhydro-sugars with higher 

DPs. Further research is required to understand the chemistry in the liquid intermediate 

phase.  

4.6 Conclusions 

This study reports a novel method to determine the true yields of the ejected aerosols 

and the evaporated vapours from cellulose fast pyrolysis using a wire mesh reactor. 

Separate experiments have been developed to collect the ejected aerosols and the 

evaporated vapours from the primary volatiles produced during cellulose fast pyrolysis 

at 600 °C and various heating rates of 1 – 1000 K/s. Using some key compounds in 

the ejected aerosols and the evaporated vapours as the “tracers”, the average collection 

efficiencies of the ejected aerosol and the evaporated vapours have been estimated to 
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determine the true yields of the ejected aerosols and the evaporated vapours. Based on 

this novel method, this study has successfully estimated the true yield of the ejected 

aerosols from cellulose pyrolysis, which continuously increases with the heating rate 

from 29% at 1 K/s to 57% at 1000 K/s. In contrast, the yield of the evaporated vapours 

continuously decreases with increasing the heating rate, from 43% at 1 K/s to 28% at 

1000 K/s. Since total tar yield of cellulose pyrolysis can also be determined (i.e., 72% 

at 1 K/s to 86% at 1000 K/s), this allows us to estimate the contributions of thermal 

ejection and evaporation to the formation of primary volatiles during cellulose 

pyrolysis. It can be found that the contribution of thermal ejection increases from 40% 

at 1 K/s to 67% at 1000 K/s, with the contribution of evaporation decreasing from 60% 

at 1 K/s to 33% at 1000 K/s. Obviously, thermal ejection plays a key role in the 

formation of primary volatiles from cellulose fast pyrolysis, especially at higher 

heating rates. The enhanced thermal ejection at increased heating rates greatly 

influences the yields and compositions of the generated volatiles (and the condensed 

bio-oil) during cellulose fast pyrolysis. The current results further suggest that thermal 

ejection mechanism must be considered in the modelling of biomass pyrolysis process, 

particularly for fast pyrolysis conditions (i.e., in a fluidised bed reactor). 
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CHAPTER 5 Formation of Reaction Intermediates and 

Primary Volatiles during Acid-catalysed Fast Pyrolysis of 

Cellulose  

 

5.1 Introduction 

Fast pyrolysis is a promising technology for producing renewable biofuels and 

biochemicals from biomass6. Particularly, acid-catalysed biomass pyrolysis is 

considered as an important method to produce value-added chemicals (i.e., 

levoglucosan, levoglucosenone)26, 292. Previous studies38-40 have reported that acid 

loading not only passivates the catalytic effect of inherent inorganic species in biomass, 

but also promotes the dehydration reactions for producing desired chemicals.  

However, there is considerable scope for research into understanding fundamental 

reaction mechanisms during biomass fast pyrolysis under acidic conditions. As one of 

the major components in biomass, cellulose is generally used as a model compound to 

study the acid-catalysed pyrolysis mechanism. It is well documented that fast pyrolysis 

of cellulose proceeds through the formation of a liquid (or molten) intermediate 

phase122, 123, 284, where significant reactions take place to form primary volatiles9. 

Therefore, the reactions in the liquid intermediate phase play important roles in 

determining the composition of primary volatiles during cellulose pyrolysis. However, 

due to the short-lived nature of reaction intermediates, it is difficult to collect and 

characterise those intermediates in the liquid intermediate phase. In addition, one 

major shortcoming of conventional reactor systems is the incapability of minimising 

the secondary reactions of primary volatiles in the vapour phase so that the collection 
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of primary volatiles is impossible9. Therefore, previous studies24, 38-40 mainly focused 

on product distribution during acid-catalysed cellulose pyrolysis, with little having 

been done on the liquid-phase chemistry28. To clearly understand the liquid-phase 

chemistry, it is critical to understand the composition of the reaction intermediates in 

the liquid phase and the primary volatiles in the vapour phase. This requires a reactor 

system with unique features for rapid quenching of reaction intermediates in the liquid 

phase, with the minimisation of secondary reactions of primary volatiles in the vapour 

phase. For example, our previous work16 has employed a wire-mesh reactor (WMR) 

to facilitate the collection of both reaction intermediates and primary volatiles from 

cellulose pyrolysis. Therefore, the main objective of this study is to understand the 

liquid-phase chemistry during acid-catalysed cellulose pyrolysis by quantifying the 

key compounds in the reaction intermediates and primary volatiles produced in a 

WMR. An in-depth understanding of the liquid phase chemistry is important to 

optimise the reaction conditions for producing value-added chemicals from cellulose 

or biomass pyrolysis. 

 

5.2 Cellulose conversion during the pyrolysis of the raw and acid-impregnated 

cellulose 

Figure 5.1 presents the cellulose conversions based on weight, carbon and sugar during 

pyrolysis of the raw and acid-impregnated cellulose as a function of pyrolysis 

temperature. The results show that the acid-catalysed cellulose pyrolysis starts at 

~160 °C, much lower than that (~250 °C) for the raw cellulose. The lower start 

temperature for the acid-impregnated cellulose pyrolysis is attributed to the partial 

destruction of crystalline structure and hydrogen bonding network within the raw 
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cellulose (that is known to take place during acid treatment293). The conversion of the 

raw cellulose on a weight basis increases from ~6% at 320 °C to ~87% at 450 °C. The 

cellulose conversions on three bases for the raw cellulose follow an order of sugar 

basis > weight basis > carbon basis, but only with small differences. This indicates that 

the raw cellulose pyrolysis mainly proceeds with depolymerisation reactions, which is 

consistent with our previous work294.  

 

 

Figure 5.1 Cellulose conversions based on weight, carbon and sugar during the 

pyrolysis of the raw (solid symbol) and acid-impregnated (open symbol) cellulose at 

different temperatures 

 

In contrast, the cellulose conversions for the acid-impregnated cellulose are 

substantially higher than those for the raw cellulose at temperatures < 320 °C. For 

example, the conversion of the acid-impregnated cellulose on a weight basis increases 

rapidly from ~9% at 200 °C to ~42% at 280 °C, but levels off as the pyrolysis 

temperature further increases to 320 °C, compared to that of only ~6% for the raw 

cellulose at 320 °C. Although the cellulose conversions on three bases still follow an 
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order of sugar basis > weight basis > carbon basis, the conversions on a sugar basis are 

much higher than the conversions on a weight basis, which are considerably higher 

than the conversions on a carbon basis. This clearly demonstrates that acid-catalysed 

cellulose pyrolysis mainly proceeds with dehydration reactions. In particular, almost 

all sugar structures are decomposed at 320 °C, although the conversion on a carbon 

basis is only ~12%. Such enhanced dehydration reactions tend to retain more carbon 

in the solid residue39, 40, enhancing char formation during acid-catalysed cellulose 

pyrolysis.  

 

5.3 Yields of the water-soluble products in the solid residue and tar during the 

pyrolysis of the raw and acid-impregnated cellulose 

Our previous studies 16, 284 have demonstrated that the water-soluble fraction in the 

solid residue (or char) contains important reaction intermediates from cellulose 

pyrolysis, while the water-soluble fraction in the tar contains key compounds in the 

primary volatiles. Therefore, the yields of the water-soluble products in both solid 

residue and tar from the pyrolysis of the raw and acid-impregnated cellulose at 

different temperatures were determined and presented in Figure 5.2. For the raw 

cellulose, the water-soluble intermediates in the solid residue start to form at ~280 °C 

with the yield increasing to ~5% at 320 °C, while the water-soluble tar starts to form 

at ~320 °C. For the acid-impregnated cellulose, a small amount of the water-soluble 

compounds (~2%) is already present in the sample even after acid impregnation. The 

yield of the water-soluble intermediates in the solid residue increases with temperature 

to ~7% at 200 °C, followed by a reduction as temperature further increases. At 320 °C, 

the yield of the water-soluble intermediates reduces to almost zero. Interestingly, the 
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water-soluble tar starts to form at 200 °C, at which the yield of the water-soluble 

intermediates starts to decrease with increasing pyrolysis temperature. The yield of the 

water-soluble tar also increases with temperature, from ~3% at 240 °C to ~5% at 

320 °C. These results demonstrate that the water-soluble tar is produced from the 

water-soluble intermediates in the solid residue.  

 

 

Figure 5.2 Yields of the water-soluble products in the solid residue and tar produced 

from the pyrolysis of the raw (solid symbol) and acid-impregnated cellulose (open 

symbol) at different temperatures 

 

5.4 Characterisation of the water-soluble products in the solid residue and tar 

produced from the pyrolysis of the raw and acid-impregnated cellulose 

The major compounds (i.e., C1-2, AC1-3, AGF, LGO, 5-HMF) in the water-soluble 

intermediates and tar were identified and quantified, and the respective yields and 

selectivities are presented in Figure 5.3 and Figure 5.4. For the raw cellulose, the major 

compound in the water-soluble intermediates is levoglucosan, which starts to form at 

~280 °C. The levoglucosan yield in the water-soluble intermediates increases with 
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temperature from ~0.1% at 280 °C to ~1.2% at 320 °C, with its selectivity in the water-

soluble intermediates increasing from ~13 to ~30%, respectively. This confirms that 

levglucosan is indeed a major primary product from cellulose pyrolysis. As for the 

water-soluble tar (see Figure 5.4), levoglucosan is also the major compound which can 

be identified in the tar at 280 °C. The levoglucosan yield in the tar increases with 

temperature from 0.03% at 280 °C to 0.8% at 320 °C, contributing to ~20% and ~86% 

of the water-soluble tar, respectively.  

For the acid-impregnated cellulose, glucose oligomers are present in the water-soluble 

intermediates at temperatures < 100 °C. The glucose yield increases with temperature 

due to the hydrolysis reactions, with the maximal yield of ~0.2% achieved at 160 ˚C, 

but its selectivity is low (<4%) and continuously decreases with temperature. The yield 

of C2 is even lower than that of C1. For the dehydrated sugars, AGF and levoglucosan 

are produced at 120 °C. The AGF yield first increases from ~0.3% at 120 °C to a 

maximal value of ~0.6% at 200 °C, then reduces to ~0.1% as the pyrolysis temperature 

further increases to 320 °C. The AGF selectivity in the water-soluble intermediates 

increases from ~8% at 120 °C to ~11% at 280 °C. The formation pathways of AGF 

have been proposed previously 129, 295, 296. One pathway is that glucose undergoes 

intramolecular dehydration to produce AGF and levoglucosan 129. Other pathways 

include the dehydration of glucose via isomerisation to fructose 296 or acyclic glucose 

295. The results in this study indicate that AGF is more likely produced from glucose, 

since only glucose is present in the water-soluble intermediates before AGF is formed. 

Compared to AGF, levoglucosan has much lower yields, which also increases with 

temperature from ~0.1% at 120 °C to a maximal value of ~0.2% at 200 °C, followed 

by a reduction to close to zero as temperature further increases to 320 °C. This 

confirms that the presence of acid inhibits the formation of levoglucosan during 
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cellulose pyrolysis 23, 38. Another major dehydrated product LGO starts to form at 

~160 °C, and its yield first increases from ~0.2% at 200 °C to a maximal value of ~0.8% 

at 240 °C, then reduces to ~0.1% as the pyrolysis temperature further increases to 

320 °C. The LGO selectivity in the water-soluble intermediates increases from ~4% at 

200 °C to ~20% at 280 °C, followed by a reduction to ~14% at 320 °C. It was reported 

that LGO could be produced from DHGP 297. However, DHGP was only detected in 

water-soluble tar from the pyrolysis of the acid-impregnated cellulose under current 

experimental conditions, with both very low yield (< 0.1% on a carbon basis) and 

selectivity (<0.2% on carbon basis). This confirms that LGO is a major product from 

acid-catalysed cellulose pyrolysis 23, 27, mostly produced from the dehydration of 

levoglucosan or AGF 292, 298.  

 

Figure 5.3 Yields (Panel a and c) and selectivities (Panel b and d) of the major 

compounds in the water-soluble intermediates from the pyrolysis of the raw (solid 

symbol) and acid-impregnated cellulose (open symbol) at different temperatures 
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As for the water-soluble tar from the acid-impregnated cellulose (see Figure 5.4), the 

yields of the major compounds in the water-soluble tar follow an order of AGF > LGO > 

5-HMF > AC1 > C1. These products are produced in the tar at ~200 °C, with the 

respective yields increasing with temperature to maximal values (i.e., 1.4% for AGF, 

1.3% for LGO, 0.65% for 5-HMF, 0.15% for AC1 and 0.004% for C1) at 280 °C, 

followed by decreases as the pyrolysis temperature further increases. As a result, AGF, 

LGO and 5-HMF contribute to ~42, ~31, ~14% of the water-soluble tar at 280 °C, 

respectively. In comparison, the levoglucosan selectivity in the water-soluble tar is low 

(<8%), while the glucose selectivity is even lower (<1%).  

 

Figure 5.4 Yields (Panel a) and selectivities (Panel b) of the major compounds in the 

water-soluble tar from the pyrolysis of the raw (solid symbol) and acid-impregnated 

cellulose (open symbol) at different temperatures 
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Further efforts were taken to calculate the distributions of key compounds (i.e., AC1, 

AGF and LGO) in both reaction intermediates and primary volatiles during acid-

catalysed cellulose pyrolysis, with the results presented in Figure 5.5. These key 

compounds gradually release from the liquid intermediate phase to the vapour phase 

as the temperature increases, but the distributions of these compounds are largely 

depending on the respective physical properties such as melting and boiling points. At 

160 °C, the majority of these compounds are present in the reaction intermediates, i.e., 

~95, ~100 and ~74% for AC1, AGF and LGO, respectively. Almost all AGF is in the 

reaction intermediates at 160 °C, indicating that it is difficult to evaporate into the 

vapour phase due to its high boiling point (i.e. ~416 °C 299). It is interesting to see that 

AGF starts to release into the vapour phase at 200 °C, much lower than its boiling 

point. It is known that AGF has a low melting point of ~110 °C. Therefore, AGF is 

unlikely to evaporate into the vapour phase. Instead, AGF is mainly released into the 

vapour phase as aerosols via thermal ejection mechanism, or carried away by the 

carrier gas.  AC1 follows a similar mechanism to release into the vapour phase due to 

its high boiling point. As for LGO, ~74% is present in the reaction intermediates at 

160 °C. LGO is unable to evaporate at this temperature, which is much lower than its 

boiling point of ~254 °C. As the temperature increases to 280 °C, LGO rapidly 

evaporates into the vapour phase, with ~87% in the vapour phase. As the temperature 

increases to 320 °C, the majority of those products are present in the vapour phase, i.e., 

~94, ~89 and ~87 for AC1, AGF and LGO. Although 5-HMF is not identified in the 

water-soluble intermediates, it can be easily produced from glucose under acidic 

conditions 300, 301. In addition, the boiling point of 5-HMF is only ~116 °C, which 

makes it easy to evaporate into the vapour phase once it is formed. 
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Figure 5.5 Distribution of the major compounds in the reaction intermediates (hatched) 

and primary volatiles (empty) as a function of temperature 
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Figure 5.6 Constant energy (-2800 cm-1) synchronous spectra of the solvent-soluble 

tars produced from the pyrolysis of acid-impregnated cellulose at 240 and 320 °C 

 

While the compounds in the tar from the raw cellulose pyrolysis are mostly soluble in 
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demonstrate the formation of aromatic structures via condensation reactions during 

acid-catalysed cellulose pyrolysis at 240 °C or above. 

 

5.5 Discussion on the acid-catalysed cellulose pyrolysis mechanism 

The results in this study provide new insights into the chemistry in the liquid 

intermediate phase during acid-catalysed cellulose pyrolysis, via the quantification of 

key compounds in the reaction intermediates and primary volatiles. Figure 5.7 

summarises the fundamental reaction mechanisms of acid-catalysed cellulose 

pyrolysis under the reaction conditions. Acid impregnation can break the hydrogen 

bonding networks in crystalline cellulose, leading to the formation of sugar oligomers 

in the acid-impregnated cellulose. Due to the presence of acid and water in the acid-

impregnated cellulose, hydrolysis reactions can easily take place to produce glucose 

at temperatures <100 °C. At 120 °C, levoglucosan is also produced via 

depolymerisation reactions from sugar oligomers, and AGF is formed via glucose 

dehydration. At 160 °C, various dehydrated compounds such as LGO and 5-HMF can 

be produced from glucose, levoglucosan or AGF via acid-catalysed dehydration 

reactions. For example, LGO can be produced from both levoglucosan and AGF, while 

5-HMF can be produced from glucose. Therefore, dehydration reactions are the 

dominant reactions during acid-catalysed cellulose pyrolysis, with AGF, LGO and 5-

HMF as major primary pyrolysis products. At temperatures of 240 °C or above, 

aromatic compounds are also produced as important primary pyrolysis products during 

acid-catalysed cellulose pyrolysis. Once produced, these primary products can be 

released into the vapour phase via either evaporation (e.g. 5-HMF) or thermal ejection 

(e.g. AGF, LGO).  
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Figure 5.7 Proposed acid-catalysed cellulose pyrolysis mechanism 

 

5.6 Conclusions 

This study reports the formation of reaction intermediates and primary volatiles 

produced from the pyrolysis of the raw and acid-impregnated cellulose at 40–320 °C 

in a WMR. While cellulose pyrolysis mainly proceeds with depolymerisation reactions 

to produce levoglucosan, acid-catalysed pyrolysis is dominated by dehydration 

reactions. The pyrolysis of the acid-impregnated cellulose has a lower start 

temperature compared to that for the raw cellulose pyrolysis, due to weakened 

hydrogen bonding networks during acid impregnation process. At temperatures 

<100 °C, hydrolysis reactions can take place to form glucose due to the presence of 

acid and water. Once glucose is formed, it can be easily dehydrated to form AGF at 

~120 °C, which is a major primary pyrolysis product from acid-catalysed cellulose 

pyrolysis. A small amount of levoglucosan is also formed at ~120 °C. At 

temperatures >160 °C, significant dehydration reactions of glucose, levgolucosan and 

AGF take place to form 5-HMF and LGO. Once those compounds are produced, they 

can be released into the vapour phase via either evaporation or thermal ejection. When 
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the temperature increases to 240 °C, aromatic compounds are formed and released into 

the vapour phase as part of the primary volatiles. 
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CHAPTER 6 ̀ The Release and Transformation of Organic 

and Inorganic Sodium during Fast Pyrolysis of the 

Sodium Impregnated Lignin 

 

6.1 Introduction 

Alkali lignin is considered as an alternative to producing valuable biofuels and 

chemicals302 under thermochemical utilisation methods, especially pyrolysis. Alkali 

and alkaline earth metals (AAEM ), existing within the three-dimension lignin 

structure, cause severe ash related issues, such as slagging and corrosion during the 

thermal utilisation process.303, 304  Those AAEM species play a vital role during lignin 

thermal decomposition, increasing char yield and decreasing of organic volatile 

yield.29, 37  Sodium (Na), as one of the most abundant metal species in alkali lignin,305 

exists in lignin matrix inorganically as well as organically attaching to carboxylic and 

phenolic groups30. Investigations also reported that the organically bonded 

intraparticles and inorganic extraparticles have distinct catalytic effects on lignin 

pyrolysis3,31. In addition, the transformation of different forms of alkalis is partly 

responsible for the releasing characteristics of volatile products. At low temperatures, 

the release of alkalis is attributed to the devolatilisation of organic bonded compounds 

with low melting points,215, 306 while the inorganic AAEM species are thermally or 

chemically released to vapour phase at higher temperatures307, 308. Therefore, the 

understanding of the release and transformation behaviour of AAEM, particularly Na, 

is vital to provide fundamental research to achieve both economically and 

environment-friendly application of biomass pyrolysis. 
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With all the effort on the catalytic effect of AAEM species during biomass pyrolysis, 

the release and transformation of sodium in primary tar and char residues require 

further clarification. Therefore, the main objective of this chapter is to investigate the 

catalytic effect, the release and transformation of different types of sodium during 

lignin pyrolysis under a wide range of experimental temperatures with a high heating 

rate. Three different types of lignin, including acid-washed lignin, organic sodium and 

inorganic sodium loaded lignin, were pyrolysed in a wire mesh reactor to achieve 

minimised secondary reactions. The effect of sodium additives with different chemical 

forms on the product yield and characteristics was investigated. Furthermore, the 

distribution of organic and inorganic sodium in tar and char residues and their physico-

chemical transformations during pyrolysis were reported and elucidated. 

As detailed in section 3.3.1, The pre-treated samples with sodium sulphate and sodium 

acetate were referred to as In-Na-lignin and Or-Na-lignin. Those samples were 

subjected to a predesigned ashing process309 for the examination of sodium content. 

The total loaded sodium in both lignin samples was 0.15 mmol (Na) /g (lignin). The 

proximate, ultimate and ash compositional analysis of three lignin samples are listed 

in Table 6-1. 

. 
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Table 6-1 proximate, ultimate and ash compositional analysis of three lignin samples 

 Alkali lignin305 A-lignin Or-lignin In-lignin 

Proximate analysis (wt% dry basis)  

Moisture  3.43 2.20 3.01 3.57 

Ash 3.83 0.10 1.64 1.46 

Volatile 

matter 

67.46 63.9 64.91 64.40 

 

 

28.71 33.8 30.44 30.57 

Ultimate analysis (% dry and ash free) 

C 65.80 64.79 62.43 62.65 

H 6.24 5.61 5.51 5.28 

N 1.02 0.23 0.78 0.57 

S 2.12 1.18 2.83 3.73 

O 24.82 28.19 28.45 27.77 

Ash compositional analysis (mg/kg dry basis) 

K 1255.46±1.99 Not detected 6.77±0.39 2.88±0.16 

Mg 192.15±9.00 58.29±1.54 91.96±8.42 66.42±6.49 

Na 11567.10±148.17 Not detected 3503.66±29.65 3489.35±37.14 

Ca 

Ca 

106.77±15.63 120.01±2.41 107.43±3.69 100.13±0.63 

 

6.2 Product distribution during the pyrolysis of different types of lignin  

Table 6-2 presents the char, tar and gas yields of three lignin samples pyrolysis as a 

function of temperature. As can be seen, the char yield of acid-washed lignin is 

continually lower than that of sodium loaded lignin under all temperatures, which 

demonstrates that AAEM loading promotes the char yield during lignin pyrolysis29. 

However, the different types of sodium loaded lignin show different tendencies. For 

example, the char yield of In-Na-lignin is 86% at 300 °C, higher than that of Or-Na-

lignin of 83% at 300 °C. While oppositely, at temperatures above 450 °C, the char 

yield of Or-Na-lignin is slightly higher. This phenomenon demonstrates that the 

organic sodium bonded structure tends to evaporate to form volatiles310 or can be easily 

ejected as liquids at lower temperatures. As for condensed tar yield, the yield of In-

Na-lignin tar is continually higher than that of acid-washed lignin and Or-Na-lignin 
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after 300 °C, suggesting that the inorganic sodium have a stronger catalytic effect on 

tar production. Despite that Or-Na-lignin tar yield is higher than that of acid-washed 

lignin at temperatures below 500 °C, the yield of acid-washed lignin tar takes over at 

temperatures above 500 °C. The data indicate that inorganic sodium enhances the 

production of tar under all elevated temperature ranges, while organic sodium 

promotes tar yields below 500 °C and inhibits its tar yield at higher temperatures. The 

presented gas yield was calculated by difference. It is clearly shown that the gas yield 

follows an increasing tendency with increasing temperatures, with the gas yield of 

acid-washed lignin higher than Or-Na-lignin, and followed by In-Na-lignin. For 

example, the gas yields of acid-washed lignin, Or-Na-lignin and In-Na-lignin are 

~11%, 4% and 6% at 300 °C, and increase to ~32%, 28% and 29% at 800 °C, 

respectively. Those results strongly imply that the addition of sodium inhibits the 

generation of light gaseous products at the current temperature range. Meanwhile, Or-

Na-lignin generates more volatiles with lower molecular weight that cannot be 

quenched by the liquid nitrogen cooled tar trap, than In-Na-lignin.  

In conclusion, Na-impregnation increases char yield and decrease light non-

condensable gas products under the current temperature range. Different types of 

sodium show divergent catalytic effects at different temperature ranges. While 

inorganic sodium promotes the production of condensable tar products, organic 

sodium tends to generate more low- molecule-weight compounds, especially at the 

low-temperature range.  
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Table 6-2  Product yields during the pyrolysis of the lignin samples at different 

temperatures 

Temperature 

(°C) 
300 400 500 600 700 800 

Char 

yield 

(%) 

Acid- 

lignin 
80.352.49 57.711.25 39.920.64 32.213.40 26.892.24 24.052.05 

In-

lignin 
85.983.16 61.225.00 40.112.14 34.163.17 28.420.57 27.460.16 

Or-

lignin 
83.070.65 57.993.56 43.020.24 33.561.43 30.822.48 29.170.70 

Tar 

yield 

(%) 

Acid- 

lignin 
8.350.69 18.580.99 34.761.31 42.110.36 42.890.50 44.330.98 

In-

lignin 
10.200.32 23.941.21 41.321.66 42.411.26 44.132.25 47.582.89 

Or-

lignin 
11.192.99 22.572.01 34.982.99 38.601.21 39.543.17 42.312.26 

Gas 

yield

(by 

differ

ence) 

(%) 

Acid- 

lignin 
11.30 23.71 25.32 26.68 30.22 31.61 

In-

lignin 
3.81 14.84 18.56 23.43 27.44 27.96 

Or-

lignin 
5.73 19.44 22.00 24.84 29.63 28.53 

 

6.3 Characterization of tar and char products during the pyrolysis of organic 

and inorganic sodium loaded lignin  

6.3.1 FT-IR analysis of lignin samples and the char residues  

The FT-IR spectra of lignin samples and their char residues are presented in Figure 

6.1, while the peak assignments are listed in Table 6-3 according to previous 

literature311-313. As shown in Figure 6.1, three types of lignin samples display the same 

main structures. Although the pyrolysis of three samples at 300 °C for 10 seconds 

yields less than 20% light volatiles, it rarely has notable effects on the functional 

groups. This indicates that, at the early pyrolysis stage, the generation of light volatiles 
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is likely due to the ejection effect of molten lignin intermediates as well as the 

evaporation of light molecule weight compounds. When the temperature reaches 

600 °C, the function groups decrease dramatically. The reduction of C-O stretching of 

aromatic acetoxy at 1766 cm−1 and aromatic skeletal vibration at 1513, 1462, 1423 

cm−1 indicates that the release of tar product could be attributed to the release of 

aromatic structures. When samples are pyrolysed at 800 °C, functional groups barely 

remain in the char residues for all three lignin samples. Compared with the other two 

samples, sodium loaded lignin char samples tended to retain more carbon in char, yet 

show a negatable difference with regards to functional groups. This phenomenon 

indicates that sodium impregnation promoted carbonation reactions. It can also be seen 

in Figure 6.1c, the impregnation of different occurrences of sodium influences the 

function group of C-O aromatic acetoxy stretching at 1766 cm−1, as well as the 

aromatic C-H deformations at 1766 cm−1. The decrease of main aromatic structures 

during the pyrolysis of sodium impregnated lignin samples suggests that the generation 

of aromatic volatiles is enhanced. 
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Figure 6.1 FT-IR spectra of lignin char samples from different pyrolysis temperatures 

in the region of 700–2000 cm−1 

 

Table 6-3  Peak assignments for FT-IR spectra 

Wavenumbers 

(cm-1) 

Assignments 

1766 C-O stretching of aromatic acetoxy 

1612 C=O stretching and C=C aromatic vibration 

1509-1513 Aromatic skeletal vibration 

1461-1462 C-H bending vibration, CH3, CH2 asymmetric bending 

vibration aromatic skeletal vibration. 

1421-1423 Aromatic skeletal vibration and C-H in-plane bending 

vibration  1368 OH in-plane bending, CH bending, Syringyl ring breathing 

with C-O stretching 

1155 Aromatic C-H deformations of guaiacyl ring  

1126 Aromatic C-H deformations of syringyl ring, C-H aromatic 

-plane bending vibration, C-O stretching vibration  

1031 C-H aromatic in-plane bending vibration,  C=O stretching 
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6.3.2 UV fluorescence analysis of tar samples 

To verify the effect of different forms of sodium on the aromatic structures in tar 

samples, the UV fluorescence spectra at various pyrolysis temperatures were 

normalised to per gram of lignin sample as well as per gram of tar samples are 

presented in Figure 6.2. Overall, it is observed that acid-washed lignin tar products 

contain aromatic with more low-fused-rings structures, while In-Na-lignin yields 

aromatics with more fused rings, even at the early pyrolysis stage. It further proves 

that the loading of sodium will intensify the ejection effect during lignin pyrolysis, as 

the existence of aromatic structures with high fused rings tends to have high boing 

points thus cannot be attributed to evaporation. As shown in Figure 6.2a and Figure 

6.2d, the aromatics that existing in acid-washed lignin volatile samples are higher than 

the other two samples at 300 °C. As the temperature increases, the fraction of aromatic 

structures with more fused rings (> 400nm) increases. The intensity of the aromatic 

structures for these three types of lignin samples shows neglectable differences when 

normalised to per gram of lignin samples. However, when normalised to tar products, 

the spectrum shows slightly different trends. At 300 °C, the sodium loaded lignin 

samples, Or-Na-lignin in particular, have considerably lower intensity compared to the 

acid-washed lignin. The results demonstrate that sodium impregnated lignin yields 

more incondensable gaseous products at low temperatures. And organic sodium tended 

to produce more aromatic structures with low molecular weight, compared with In-Or-

lignin. When the temperature reaches 600 °C and 800 °C, the intensity of aromatic 

structures is slightly higher in Or-Na-lignin. In conclusion, sodium impregnation 

slightly enhances the release of aromatic structures during lignin pyrolysis, while 

organic sodium tends to yield more low-molecule-weight incondensable compounds 

at low temperatures. 
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Figure 6.2 Constant energy (-2800 cm-1) synchronous spectra of the solvent-soluble 

tar produced from the pyrolysis of lignin samples at different temperatures 

 

6.4 Sodium distribution and transformation in the tar and char residues 

during the pyrolysis of organic and inorganic sodium loaded lignin  

6.4.1 Sodium retention  

The sodium retention of both sodium loaded samples are presented in Figure 6.3. As 

can be seen, ~90% or more sodium was collected in both samples, with more than 75% 

in the char residues. As for Or-Na-lignin, sodium retention in char is highest, reaching 

~88% at 300 °C. With increasing temperature, the sodium retention in char slightly 

decreases and then remains stable at ~76%. On the contrary, the amount of sodium in 

tar is rising consistently from ~7% at 300 °C to ~14% at 800 °C. For the In-Na-lignin 
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pyrolysis products, the sodium retention at all temperatures remains relatively stable. 

~ 80% to ~ 85% of total sodium are retained in char residues, and ~9~11% sodium is 

transferred to volatile products. The high sodium retention in char residues shows 

consistency with the findings in high-Na coal pyrolysis314. 

 

Figure 6.3 Sodium retention during the pyrolysis of sodium loaded lignin samples at 

different temperatures 

 

6.4.2 Organic and inorganic sodium distribution in the tar and char residues  

To have a better understanding of the evolution and transformation of sodium during 

lignin pyrolysis, the organic and inorganic occurrence of sodium were separately 

collected and analysed with detailed methods described below. The solid residue was 

subjected to an ashing procedure to obtain ash. The collected ash and tar samples were 

digested in the concentrated HNO3/H2O2 acid solution. After acid digestion, the 
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remaining was dissolved using diluted methanesulfonic acid for total sodium content 

in both tar and char products. In another set of experiments, the tar trap was washed 

with ultra-pure water to collect the inorganic sodium in the tar (hereby referred to as 

In-Na-Tar), while the solid residue sample was subjected to water leaching process to 

extract inorganic sodium in char (hereby referred to as In-Na-Char). Subsequently, 

liquid samples were filtered via a 0.45 um syringe filter. The acquired liquid solution 

was further analysed in an ion chromatography. Therefore, the organic sodium 

remaining in tar and char samples can be calculated by difference respectively, and 

were denoted as Or-Na-Tar and Or-Na-Char. 

The sodium contents with different forms within tar and char residue were quantified 

and presented in Figs.4 and 5. For the inorganic sodium loaded lignin, some inorganic 

sodium is transferred to the water-insoluble form at a temperature as low as 300 °C. In 

particular, with regards to the sodium distribution in char residues, the content of 

organic sodium grows steadily from ~17% at 300 °C to ~37% at 800 °C. On the 

contrary, the content of preloaded inorganic sodium decreases continuously, but to a 

smaller extent, from ~67% at 300 °C to ~42% at 800 °C. It could be concluded that 

even under the pyrolysis temperature of 300 °C, the transformation of sodium forms 

already commences, which results from the ion exchangeable liquid intermediate 

phase during lignin pyrolysis, where free hydrogen ions can be replaced by the 

inorganic sodium. And with increasing temperature, the transformation becomes more 

severe. In terms of tar products, sodium in different forms are identified, and their 

amount remains steady at all temperatures. Inorganic sodium in tar products is less 

likely to be generated through evaporation, as the boiling point of sodium and sodium 

salts are greater than 800 °C. It is reported that lignin pyrolysis undergoes an 

intermediates phase, during which process ejection and evaporation occur.13 The 
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ejected aerosols are clearly captured by a high-speed camera. The same author reported 

the primary ejected aerosols containing calcium during cellulose pyrolysis, which also 

undergoes a molten liquid phase.12 It is also evident that the “tar ball” from the collect 

aerosols from biomass burning contains variable inorganic species, and is the most 

abundant particles in smoke.315  Therefore, it can be assumed that the different types 

of sodium transferred within the molten phase can be partially ejected to the liquid 

phase, which is subsequently captured in a liquid nitrogen-cooled tar trap.  

As described in Figure 6.5, the sodium distribution of Or-Na-lignin shows a different 

tendency. As speculated, the content of organic sodium decreases rapidly with 

increased temperature, from ~79% at 300 °C to ~28% at 800 °C. The decreased amount 

of organic sodium in the char residues of Or-Na-lignin is more than three times the 

involved inorganic sodium in In-Na-lignin. However, the increased amount of 

inorganic sodium is only 38% in the char products, which is considerably lower than 

the decreased organic sodium. As for the sodium form in tar products, the yield of 

inorganic sodium slightly increases with increasing temperature, but to a smaller extent 

and lower value, compared with the organic sodium in tar samples. Therefore, some 

of the reduced organic sodium could be released to the volatile phase by evaporation. 

Also, at temperatures above 600 °C, the amount of inorganic sodium in char exceeds 

the amount of initial organic sodium. It is spectacled that the chemical bond of 

carboxylic and phenolic sodium is broken due to the massive loss of aromatics. 

Therefore, at high temperature, some organic sodium tend to be left in the char matrix 

and become free sodium ions. Meanwhile, some sodium can attach to the low molecule 

weight compound thus is released to the vapour phase. It is also reported that the 

addition of AAEM of lignin pyrolysis results in the reduction of reaction energies.33 

As a result, the exchange of free radicals and sodium in lignin structure are 



CHAPTER 6 
 

98 
 

significantly enhanced.  Also the data suggest that the occurrence of sodium forms in 

lignin char is strongly dependent on pyrolysis temperature under fast heating 

conditions. However, the amount of different types of sodium in tar products grows 

slightly with increasing temperature.  

 

 

Figure 6.4 Sodium distribution during the pyrolysis of In-Na-lignin 

 

 

Figure 6.5 Sodium distribution during the pyrolysis of Or-Na-lignin 
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Based on above data, it can be concluded that the ejection effects occur during the 

heating periods when the transformation of sodium already happens. Also, the 

transformation between different types of sodium mainly happens inside liquid 

intermediates, as the secondary reaction in the volatile phase is minimised. With 

increasing temperatures, the transformation between organic and inorganic sodium 

during pyrolysis is intensified. As a result, the sodium existence in tar products can be 

distributed into two parts. Firstly, the active ejection effect during biomass pyrolysis 

is able to deliver sodium into tar, which consists of both types of sodium. Secondly, as 

the evolution continues, the organic bonded sodium in lignin structure also starts to 

decompose and evaporate into the liquid phase, while inorganic sodium is retained in 

the solid phase. However, it can also be assumed that the ejection of liquid components 

is intense in the initial pyrolysis process and starts to calm down during char burn-out 

stage. Therefore, it could partly explain that even the tar yield doubles as temperature 

increases, the total amount of released sodium does not seriously change. Also, the 

amount of ejected sodium is not severely reinforced by increasing temperature.  

 

6.4.3 Sodium transformation in the tar and char residues  

To further investigate the overall physio-chemical transformation of sodium, the 

comparison of the amount of organic and inorganic sodium during Na loaded lignin 

pyrolysis is presented in Figure 6.6. As for Or-Na-lignin, it is shown that with the 

increasing temperature, the amount of organic sodium within the products declines 

gradually until 600 °C, then remains stable when temperature increase to 800 °C. It is 

notable that the amount of inorganic sodium exceeds that of original loaded organic 

and reaches ~56% at 800 °C. Similarly, for the inorganic sodium loaded lignin, the 

change in terms of inorganic sodium follows the same decreasing manner, while the 
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organic sodium shows the opposite tendency. However, the amount of inorganic 

remains higher than that of organic sodium, decreasing from 78% at 300 °C to 53% at 

800 °C.  It appears that the sodium forms existing in the intermediates tend to exist 

and stabilise in inorganic form. Those results are consistent with the previous results 

that organic sodium tends to generate higher yields of volatiles and light organic 

gaseous products during lignin pyrolysis, compared with inorganic sodium. Also, the 

transformation of sodium not only occurs during devolatilisation but also following 

stabilising stage within molten lignin, which is consistent with the findings of 

potassium releasing.316  

 

Figure 6.6 Inorganic and organic sodium distribution during the pyrolysis of lignin 

samples 

 

The detailed Or-Na-Tar, Or-Na-Char, In-Na-Tar and In-Na-Char distribution is also 

listed to comprehend the transformation of sodium in different forms. As can be seen 
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from Figure 6.7, for both samples, the original form of sodium is gradually transferred 

to the other form in solid residues, but to different extents. Unlike the evolution of 

sodium forms in the solid, sodium in tar products is more stable with much slighter 

changes. However, in both samples, the percentage of inorganic sodium in tar is always 

lower than that in char residues. As clarified previously, inorganic sodium is unlikely 

to be released to vapor phase through evaporation, but more likely via thermal ejection. 

However, the proportion of the two sodium in tar is not the same as that in char. The 

results indicate that some organic sodium is also released to the vapour phase, with 

some low molecule weight compounds. Also, from the slight change of sodium forms 

in tar, it can be concluded that the ejection of sodium is not intensified with increasing 

temperature. This phenomenon is probably because that the ejection happens in the 

early stage of heating, but further increasing temperature leads to limited influence.  

 

Figure 6.7 Organic and inorganic sodium distribution in char and tar during the 

pyrolysis of lignin samples 
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6.5 Discussion on the release and transformation of different sodium during 

lignin pyrolysis  

The release and transformation of inorganic and organic sodium are discussed in this 

study with their detailed distribution in primary tar and char residues. The proposed 

transformation is elucidated in Figure 6.8. Sodium occurrence in lignin samples can 

be divided into two parts: inorganic sodium within the pores of lignin structures and 

organic sodium attached to carboxylic and phenolic groups. During the pyrolysis 

process, lignin undergoes a molten intermediate phase where the transformation and 

evolution of different sodium occurs. And the transformation is intensified with 

increasing temperature. Upon heating, the free radicals can replace the organic 

attached sodium or in the opposite direction. At low temperatures, the ejection effect 

already occurs under the high heating rate condition, generating aerosols that consist 

of organic and inorganic sodium. Besides, some organically bonded sodium 

components with low boiling points can be released to the tar phase via evaporation. 

Those ejected aerosols and evaporated organic components make up the primary tar 

products. As the ejection and evaporation undergo, the evolution of sodium forms 

within the molten phase continues. In addition, because of the limited ejection and 

evaporation effect, most sodium is still retained in char residues.  
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Figure 6.8  Proposed release and transformation of various sodium during lignin 

pyrolysis 

 

6.6 Conclusions 

This study investigates the catalytic effect and transformation of inorganic and organic 

sodium during lignin fast pyrolysis at 300- 800 °C in a wire mesh reactor. Both forms 

of sodium additive lead to an increased char yield, while organic sodium tends to 

generate more light gaseous products than inorganic sodium. In addition, the sodium 

impregnation promotes the breakage of aromatic functional groups, yielding more 

aromatic structures with more fused rings. The transformation between various types 

of sodium occurs in an early stage and is intensified with increasing temperature. The 

molten phase of lignin provides the environment for the replacement of free hydrogen 

and inorganic ions and organic bonded ions. Also, the transformation of sodium in 

different occurrences takes place in the molten lignin phase, while no such evolution 

in the tar phase occurs as secondary reactions are minimised in this study. Also, it 
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appears that inorganic sodium is more stable than organic sodium, as the 

transformation from inorganic sodium to organic form is far less than the opposite 

evolution. More than 70% sodium is retained in char residues in both cases, while more 

than 15% sodium is released to tar. The existence of sodium in tar products results 

from two possible reasons. While some organic sodium can be released to the liquid 

phase by evaporation through the decomposition of lignin structure, the inorganic 

sodium and other organic sodium are ought to be attributed to the ejection effect of the 

molten intermediate phase of lignin.  
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CHAPTER 7 Effect of Carbon Dioxide Torrefaction on the 

Fast Pyrolysis of Lignin 

 

7.1 Introduction 

Lignocellulosic biomass is of increasingly widespread interest to be utilised as the 

potential alternative for fossil fuel due to the aggravating environmental issues. And 

pyrolysis is a promising method to convert the lignocellulosic biomass into liquid bio-

fuel or valued chemicals. Lignin is one of the main components (15- 35%wt) in 

lignocellulosic biomass with a 3D structure of branched aromatic rings.60 In addition, 

lignin and pyrolytic lignin often significantly influence the black liquor or the 

conventional pulp industry. However, the undesired properties of lignin with large 

molecule weight components containing a high amount of moisture and oxygen, hinder 

their further utilisation. Therefore, some pre-treatment methods are employed to 

improve the properties of lignin. Among the pre-treatment methods, torrefaction which 

normally occurs at a temperature between 200 ºC and 300 ºC under inert atmospheres 

is one of the most potential methods. It is reported that torrefaction of biomass reduces 

the moisture and oxygen content, enhances the carbon concentration, boosts energy 

density, increases the grindability of the pellet,35 and thus favours the following 

treatment of biomass such as pyrolysis and combustion41. The effect of torrefaction on 

the subsequent pyrolysis of biomass, confirms more pyrolytic lignin and phenols are 

enriched in the bio-oil.34, 36, 317-319 It is reported that the torrefaction of lignin involves 

deoxygenation320 and demethoxylation321 reactions and alters the pyrolytic product 

distribution322, with increased phenol yield and decreased aromatic hydrocarbon 

yield323. Despite plenty of researches focusing on torrefaction on biomass, the 
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torrefaction effect on individual lignin components, especially the subsequent thermal 

utilisation, needs a more thorough understanding. 

Even though torrefaction has been proved to be effective to improve the properties of 

biomass, the requirement of inert atmospheres, on the other hand, is a drawback in the 

economic aspect. However, if the flue gas consisting of oxygen, carbon dioxide and 

nitrogen, from a burner, could be utilised in the torrefaction process, the extra input of 

torrefied biomass under inert atmospheres could be diminished to achieve both 

economic and environmental efficiency. CO2, as a massive output product during the 

thermal utilisation of fossil or lignocellulosic fuels, has been applied to the biomass 

torrefaction process.231, 232, 235 It is reported that the introduction of CO2 into inert 

atmospheres leads to more mass loss, higher energy yield and improved grindability.238 

Those promising results suggest that CO2 can be served as a prospective medium for 

the torrefaction of biomass to yield bio-fuel with higher quality yet lower costs.  

Therefore, the objective of this chapter is to obtain a better understanding in terms of 

the effect of temperature as well as CO2 addition on the torrefaction of organosolv 

lignin and the subsequent pyrolysis. The physical properties and chemical 

compositions of the torrefied samples were analysed and compared. Also, UV 

fluorescence spectra were obtained for the aromatics in torrefied and subsequent 

pyrolysed lignin samples. These results will provide fundamental understandings for 

producing high-quality bio-fuel and desired value-added platform chemicals on the 

torrefaction and subsequent pyrolysis behaviour of lignin. 
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7.2 Characterisation of organosolv lignin torrefied under various 

temperatures and atmospheres 

7.2.1 Conversion of the torrefied organosolv lignin  

The mass yield of torrefied lignin under three different atmospheres and temperatures 

are presented in Figure 7.1. As can be seen, the increase of temperature leads to the 

decrease of solid yields in all three atmospheres, yet to various extend. In addition, the 

difference intensifies as the temperature evolves. While the addition of 5% of CO2 

shows a neglectable difference compared to the inert environment, the introduction of 

15% of CO2 results in a more noticeable decrease in all temperatures. For example, 

the mass yields decrease to 81.5%, 81.3% and 77.9% from 95.4%, 95.9% and 95.3% 

for pure nitrogen, co-feed with 5% CO2 and 15% CO2 respectively. The results comply 

with previous studies that the addition of CO2 results in more mass loss during biomass, 

which could be attributed to the reactions of CO2 with the fixed carbon within 

biomass231 and enhanced thermal degradation235. 

 

Figure 7.1 Solid yield of torrefied organosolv lignin under different atmospheres and 

temperatures 
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7.2.2 Elementary composition of the torrefied organosolv lignin  

Further characterisation and comparison of the solid torrefied products under various 

temperatures and atmospheres are presented in Table 7-1. The ash content has a minor 

increase while the moisture content is largely reduced under all conditions. The fixed 

carbon content in the torrefied lignin samples is enhanced by the increase of 

torrefaction temperature. Also, generally, the addition of CO2 yields torrefied lignin 

with higher carbon content. In addition, a higher torrefaction temperature results in a 

higher loss of hydrogen and oxygen. At the condition of 15% of CO2 and 300 ºC, the 

oxygen content is the lowest. This result suggests that the introduction of CO2 can 

facilitate oxygen removal efficiency. The HHV results show that torrefaction leads to 

an increase of HHV compared with raw lignin. And the addition of CO2 has a minor 

influence on the HHV value. With the 5% introduction of CO2 in the torrefaction 

atmosphere at 200 and 250 ºC, the HHV is higher than that in inert atmospheres. And 

at the atmosphere of 15% CO2, the HHV is slightly lower at all torrefaction 

temperatures compared with lignin torrefied under N2. The lower HHV value at other 

conditions with CO2 addition could be attributed to the enhanced carbon loss. As for 

the energy yield, the effect of temperature and atmosphere follows the same trend as 

that of HHV.  
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Table 7-1 Ultimate, proximate analysis, estimated HHV and EY of torrefied lignin 

Sample 

Ultimate analysis Proximate analysis (wt %) 
HHV 

(MJ/Kg) 

EY 

(%) C H N O* Ash Moisture Volatile 
Fixed 

carbon 

Raw-40 65.13 6.19 0.18 28.32 0.05 2.49 64.25 33.22 25.77 100.00 

N2-200 65.86 5.97 0.16 28.01 0.14 0.98 65.42 33.45 25.79 95.48 

N2-250 67.67 5.59 0.19 26.57 0.15 1.00 65.40 33.45 26.11 91.67 

N2-300 68.94 5.49 0.25 25.32 0.09 1.28 65.61 33.02 26.62 84.22 

5% CO2-200 67.17 6.10 0.28 26.45 0.06 0.90 65.38 33.65 26.04 96.90 

5% CO2-250 68.10 5.46 0.19 26.25 0.07 1.03 65.52 33.65 26.45 92.21 

5% CO2-300 69.05 5.43 0.18 25.35 0.05 1.42 64.92 33.61 26.57 81.88 

15% CO2-200 66.51 5.73 0.18 27.59 0.11 0.92 65.94 33.03 25.64 94.78 

15% CO2-250 66.75 5.57 0.18 27.51 0.06 1.06 65.25 33.64 25.77 89.85 

15% CO2-300 69.75 4.99 0.18 25.09 0.08 1.36 65.41 33.15 26.23 77.47 
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The van Krevelen plot is also illustrated in Figure 7.2. As can be seen, the atomic ratios 

of H/C and O/C in three atmospheres decrease with increasing temperature. With the 

addition of 5% CO2, the O/C ratio is slightly reduced compared with inert atmospheres. 

And the addition of 15% CO2 significantly lower both H/C and O/C ratios, especially 

at 300 ºC. In addition, the slopes for three atmospheres are 3.1, 3.6 and 4.0 respectively 

for N2, 5% CO2 and 15% CO2. This result indicates that, with the introduction of CO2, 

the slope inclines to the direction of losing more hydrogen than oxygen. In all samples, 

the slope is larger than that caused by dehydration reaction, with the slope being 2. 

This phenomenon indicates that the presence of demethoxylation reactions results in 

the release of methoxyl and methyl groups, and CO2 facilitate those processes. 

 

Figure 7.2 Van Krevelen plot of torrefied lignin under various temperatures and 

atmospheres 

 

7.2.3 Morphological changes of the torrefied organosolv lignin  
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sample evolves from brown to dark brown or black. Macroscopically, the torrefied 

lignin samples under inert atmospheres barely show large vesicles, compared to the 

hollow porous structure in lignin samples treated in CO2. Also, the introduction of CO2 

yields a more crunchy structure, as a result of the enhanced reaction between CO2 and 

generated volatiles.324 In terms of the microscopical structure changes, the SEM 

photographs of the lignin samples before and after torrefaction under various 

temperatures and atmospheres are diagrammed in Figure 7.5. As shown in the photo, 

the raw lignin samples (oven-dried) present a semi-spherical porous structure. At all 

atmospheres, and even under a temperature as low as 200 ºC, the plasticisation of 

lignin began with the softening, melting and fusion into the lignin matrix. As a 

consequence, the cross-linked vesicles are gradually formed with the release of 

volatiles from the torrefied samples. In addition, presumably due to capillary and 

hydrophobic forces325, the molten lignin samples will flow to form more densified 

structures with smaller inner pores. With the evolving temperature, the pore size within 

the residue structure tends to decrease, leaving a smooth, flat and almost nonporous 

surface with densified and homogeneous cubic structure. For comparison, the addition 

of CO2, tends to yield a clear cross-section with fewer pores. In addition, higher CO2 

concentration leads to smoother and finer surfaces. Those physical changes indicate 

that high torrefaction temperature and CO2 leads to intensified volatile release, thus 

leaving a frame with finer and densified inner structure but with large vesicles overall. 
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Figure 7.3 SEM photos of organosolv lignin samples before and after torrefaction 

1) Oven-40 

2) N2-200 3) N2-250 4) N2-300 

7) 5%CO2-300 6) 5%CO2-250 5) 5%CO2-200 

8) 15%CO2-200 9) 15%CO2-250 10) 15%CO2-300 
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7.2.4  FTIR spectrum of the torrefied organosolv lignin  

The FTIR spectrum of raw organoslov lignin and the torrefied lignin samples is 

presented in Figure 7.4, and the corresponding peak assignments are given in table 2. 

All lignin samples show the band at 3460 cm-1 for OH Stretching vibration, and its 

slight decrease with increasing temperature indicates the occurrence of dehydration 

reaction during torrefaction. The bands at 2925 and 1462 cm-1 are ascribed to CH2 and 

CH3 stretching vibrations, and the band at 2856 cm-1 is assigned to the C-H stretching 

of methyl or methoxyl groups. The sharp decrease of these bands with increased 

temperatures is likely due to the spitting of propyl side chains and methoxyls in lignin 

samples.322 The bands at 1600, 1504 and 1422 cm-1 are corresponding to the aromatic 

skeletal vibration, C=C stretching vibration in aromatic rings and aromatic skeletal 

vibration together with C-H in-plane bending vibration, respectively. The reduction of 

the peak intensities suggests the release of aromatic rings in lignin321. In addition, the 

decline of signals at bands 1155, 1108 and 817 cm-1, which are assigned to aromatic 

C-H deformations, aromatic C-H in-plane deformation and aromatic C-H out of plane 

bending, also suggests that the degradation of guaiacyl and syringyl structures. Those 

results are consistent with the results of the UV fluorescence spectrum that the 

introduction of CO2 leads to more release of aromatics. The C-H bending and 

stretching in methyl and phenolic alcohol was observed at 1370 cm-1. The bands at 

1317, 1264, 1226, 988 and 896 cm-1, which decrease with evaluated temperatures, are 

mainly assigned to C-O stretching. The decrease of those signals could be indicators36 

of the breakage of β-O-4 bonds and demethoxylation322 and polycondensation 

reactions of lignin samples during torrefaction. 
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Figure 7.4 FT-IR spectra of lignin char samples from different pyrolysis temperatures 

in the region of 700–2000 cm−1 

Table 7-2 FTIR peak assignment of torrefied lignin samples326-330 

Wavenumbers 

(cm-1) 

Band assignments 

3460 OH Stretching vibration  

2925 Asymmetric –CH2–, symmetric –CH3 and –CH2– stretching 

vibrations 

2856 C-H stretching of methyl/ methoxyl groups 

1600 Aromatic skeletal vibration 

1504 C=C stretching vibration in aromatic rings 

1462 C-H bending vibration, CH3, CH2 asymmetric bending vibration 

aromatic skeletal vibration 

1422 Aromatic skeletal vibration and C-H in-plane bending vibration  

1370 C-H bending, C-H stretching in methyl and phenol OH 

1317 C-O stretching of C5 substituted aromatic units 

1264 C-O stretching 

1226 C-C, C-O, C=O stretching 

1155 Aromatic C-H deformations of guaiacyl ring  

1108 Aromatic C-H in plane deformation 

988 C-O stretching or –CH=CH- out of plane bending 

896 C-O-C stretching 

817 Aromatic C-H out of plane bending 
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7.2.5 UV-fluorescence spectrum of the solvent-soluble torrefied organosolv 

lignin and its generated volatiles 

Figure 7.5 and Figure 7.6 show the UV spectra of the aromatic structures in the 

generated gaseous products and solvent-soluble residues. With increasing 

temperatures, the solvent-soluble gaseous aromatic shifts towards the direction with 

more fused rings. Besides, the addition of CO2, especially with a higher concentration 

of 15%, results in yielding more aromatic structures with more fused rings. As for the 

lignin residues after torrefaction, all aromatic structures in three sample matrics 

experience a drop with increasing temperature. The intensity of aromatics follows a 

trend of 15% CO2 < 5% CO2 < N2 at all three temperatures. This result suggests that 

the addition of CO2 tends to release a large amount of aromatics from the solids to the 

volatile phase, and the process is intensified with a higher concentration of CO2. 

  

 

Figure 7.5 Constant energy (-2800 cm-1) synchronous spectra of the solvent-soluble 

volatiles from the torrefaction of lignin at different temperatures and atmospheres 
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Figure 7.6 Constant energy (-2800 cm-1) synchronous spectra of the solvent-soluble 

residues from the torrefaction of lignin at different temperatures and atmospheres 

 

7.3 Effect of torrefaction on pyrolysis  
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of primary volatile. It suggests that CO2 inclines toward the reaction with 

hydrogenated and oxygenated groups, generating carbon-abundant char.331 As clarified 

in previous sections, the structure of torrefied lignin under 300 ºC with 15% CO2 

addition is very stable with only minor functional groups available and a small amount 

of aromatics existing. In addition, as shown in the SEM pictures, the more densified 

morphology of lignin samples after torrefied with CO2 addition, provide less 

opportunity for the generation and escape of gaseous products. This phenomenon 

could lead to less testified ejection effect which is widely occurred during lignin 

pyrolysis. As a result, fewer condensable volatiles is generated and collected compared 

with other torrefied lignin samples. Similarly, while the torrefaction temperature is less 

intense, porous structures remain in lignin matrix and are less visible with the addition 

of CO2. Therefore, fewer gas products are produced.  

  

Figure 7.7 Pyrolysis product yields of torrefied organosolv lignin samples at 500 ºC 
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7.3.2 UV-fluorescence spectrum of the pyrolysis of torrefied organosolv lignin  

In order to have an understanding of the evolution of aromatics from the pyrolysis of 

torrefied lignin under various conditions, the UV spectra are presented in Figure 7.8 

and Figure 7.9. For the solvent-soluble gaseous products, the increase of torrefied 

temperature leads to a minor increase of aromatics released during pyrolysis in the N2 

torrefied lignin samples. While the increase of temperature from 200 to 250 ºC shows 

neglectable effects in the conditions of CO2 addition, the further increase of 

temperature results in the sharp decrease of aromatic volatiles produced from the 

pyrolysis of 15% CO2 torrefied lignin. This result is consistent with previous 

research332 that tar generated in CO2 atmosphere is less aromatic than N2 atmosphere 

during pyrolysis. As for the dissolved char residues, it shows a completely different 

tendency. The amount of aromatics within the char residues in three atmospheres under 

200 ºC is almost identical, while only aromatics in samples treated with 15% CO2 is 

more than the aromatic char in other temperatures. In addition, in terms of the 

pyrolysed char of 15% CO2 torrefied lignin, the aromatics remained only shows minor 

change with the evaluated temperature but is significantly higher than that treated in 

the other atmospheres at temperature 250 to 300 ºC.  
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Figure 7.8 Constant energy (-2800 cm-1) synchronous spectra of the solvent-soluble 

volatiles from the pyrolysis of torrefied lignin at different temperatures and 

atmospheres 

 

 

Figure 7.9 Constant energy (-2800 cm-1) synchronous spectra of the soluble solid 

residues from the pyrolysis of torrefied lignin at different temperatures and 

atmospheres 

 

300 400 500 600

0

200

400

600

800

300 400 500 600

0

200

400

600

800

300 400 500 600

0

200

400

600

800

 

Wavelength (nm)

a) 200°C b) 250°C c) 300°C

 N2  5% CO2  15% CO2

F
lo

u
re

s
c
e
n
c
e
 i
n

te
n
s
it
it
y
 

(a
.u

)/
(m

g
) 

s
o
lid

 s
a
m

p
le

300 400 500 600

0

300

600

900

1200

1500

300 400 500 600

0

300

600

900

1200

1500

300 400 500 600

0

300

600

900

1200

1500

 

Wavelength (nm)

a) 200°C b) 250°C c) 300°C

 N2  5% CO2  15% CO2

F
lo

u
re

s
c
e
n
c
e
 i
n

te
n
s
it
it
y
 

(a
.u

)/
(g

) 
s
o
lid

 s
a
m

p
le



CHAPTER 7 
 

120 
 

7.4 Conclusions 

This study reports the effect of CO2 assisted torrefaction on lignin and the subsequent 

pyrolysis process. During torrefaction, a series of reactions takes place, such as 

breakage of β-O-4 bonds, demethoxylation to release methoxyl and methyl groups and 

polycondensation reactions. Those reactions result in char residues with better 

grindability and higher heating value. The addition of CO2 facilitates the thermal 

degradation of lignin, resulting in more weight loss. Higher CO2 concentration leads 

to smoother and finer surfaces, releasing more aromatic structures with more fused 

rings to the gaseous products. For the subsequent pyrolysis, higher torrefaction 

temperature leads to significantly higher char yield. And the addition of 15% CO2 tends 

to reserve more aromatics in the char residues at 300 ºC. 
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CHAPTER 8 Conclusions and Recommendations  

 

8.1 Introduction 

This chapter presents the key discoveries of this PhD study with recommendations for 

future work. Overall, this research has investigated the chemistry of pyrolytic 

behaviour of biomass model components and biomass-derived products, with a focus 

on the primary products with minimised secondary reactions. A new quantification 

method for determining the contribution of thermal ejection and evaporation during 

cellulose pyrolysis has been proposed in this research. In addition, this study also 

characterises the physical properties and chemical reaction pathways during the 

pyrolysis of biomass-derived products.   

 

8.2 Conclusions 

Several conclusions can be drawn based on the above information in Chapter 4−7. 

 

8.2.1 Contributions of thermal ejection and evaporation to primary tar 

formation during cellulose pyrolysis in a wire mesh reactor at various 

heating rates 

• Up to 29% of ejected aerosol and ~ 39% of evaporated vapour were collected 

with different compositions. 

• While AC3-5 present in the ejected products, 5-HMF only occurs in the 

evaporated vapours. 
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• The collection efficiency of ejection and evaporation reach up to 58% and 95% 

respectively in this research. 

• The proportion of ejection is enhanced by the intensified heating rates, 

accounting for 29% to 57% of cellulose intermediates while the proportion of 

evaporation is inhibited from 43% to 28%.  

• The ejection process is remarkably intensified by the increasing heating rate, 

producing aerosols with larger particle diameters. 

 

8.2.2 Formation of reaction intermediates and primary volatiles during acid-

catalysed fast pyrolysis of cellulose in a wire-mesh reactor 

• At temperatures <100 ºC, hydrolysis reactions can take place to form glucose 

due to the presence of acid and water. 

•  Once glucose is formed, it can be easily dehydrated to form AGF at ~120 ºC. 

•  At temperatures >160 ºC, dehydration reactions of glucose, levoglucosan and 

AGF take place to form 5-HMF and LGO. 

•  When the temperature increases to 240 ºC, aromatic compounds are formed. 

•  Once those compounds are produced, they can be released into the vapour 

phase via either evaporation or thermal ejection.  

 

8.2.3 The release and transformation of organic and inorganic sodium during 

the fast pyrolysis of sodium impregnated lignin 

• During the pyrolysis process, lignin experiences a molten intermediate phase 

where the transformation and evolution of different sodium occurs.  

• The transformation is intensified with increasing temperature.  
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• At low temperatures, the ejection effect already occurs under the high heating 

rate condition, generating aerosols that not only consists of organic but also 

inorganic sodium.  

• Some organic bonded sodium components with low boiling points can be 

released to the tar phase via evaporation.  

• As the ejection and evaporation undergoes, the evolution of sodium forms 

within the molten phase continues, but most sodium is still retained in char 

residues. 

 

8.2.4 Effect of carbon dioxide assisted torrefaction on the fast pyrolysis of lignin 

in a wire-mesh reactor 

• During torrefaction, a series of reactions takes place, such as breakage of β-O-

4 bonds, demethoxylation to release methoxyl and methyl groups and 

polycondensation reactions. Those reactions result in residues with better 

grindability and higher heating value.  

• The addition of CO2 facilitates the thermal degradation of lignin, resulting in 

more weight loss. Higher CO2 concentration leads to smoother and finer 

surfaces, releasing more aromatic structures with more fused rings to the 

gaseous products. 

• For the subsequent pyrolysis, higher torrefaction temperature leads to 

significantly higher char yield. And the addition of 15% CO2 tends to reserve 

more aromatics in the char residues at 300 ºC. 
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8.3 Recommendations 

Based on the above findings in this study, future research should be addressed to 

supplement the following research gaps: 

• Contribution and characterisation of ejection and evaporation of other biomass 

components, and biomass-derived products during pyrolysis process should be 

further investigated. And the parameters affecting the ejection mechanism and 

the product distribution, such as particle size, temperature and inorganics, 

should be clarified. Basing on the individual pyrolytic behaviours and 

contribution of ejection, a systematic model should be developed to predict the 

ejected aerosols and evaporated vapours according to the compositions of the 

feedstock. 

• The pyrolysis acid and AAEM catalysed biomass can be conducted using a 

fixed bed reactor where secondary reactions cannot be minimised. Analysing 

the generated product, together with the current research findings, the 

mechanism of secondary reaction is able to be revealed. 

• The effect of different atmospheres during lignin torrefaction, especially the 

product distribution should be systematic addressed.  
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