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ABSTRACT  

The rapidly growing global energy demand leads to the increased utilization of fossil 

fuels, which results in significant greenhouse gas (GHG) emissions. These emissions 

aggravate climate change and global warming. The decarbonisation of the energy 

sector is therefore crucial and has received a lot of attention recently. Biomass as a fuel 

is renewable and carbon-neutral, and some pretreated biomass (e.g., torrefied/leached 

biomass) has quite satisfying properties for energy generation.  

Various thermochemical technologies have been studied for biomass utilization, such 

as combustion, pyrolysis, gasification, and hydrogenation. Among these technologies, 

the direct combustion of raw or pretreated biomass in pulverized-fuel (PF) power 

plants is very attractive because only slight retrofit of the existing facilities is required 

to replace fossil fuels with biomass, which is very economic. Rapid pyrolysis, being 

the first stage of biomass conversion process, happens at the same combustion 

temperature inside pulverized-fuel boilers and generates char and volatile. As the 

capacity of a boiler is limited by char conversion, the investigation of char properties 

after rapid pyrolysis is of great importance.  

Despite many studies for the rapid pyrolysis of biomass at high temperatures, a few 

questions remained unaddressed for decades. Firstly, the true/experimental char yield 

during biomass rapid pyrolysis under conditions pertinent to pulverized-fuel 

applications was unavailable. Therefore, the ash-tracer method has been widely used 

for decades as an indirect way to determine the char yield based on a key assumption 

(no ash loss during conversion) and a simple equation: char yield = 𝐴𝑓/𝐴𝑐 ×

100, where 𝐴𝑓 and 𝐴𝑐 are the ash content in the fuel and char, (both on a dry basis). 

But it is well-known that this method is prone to error due to the evaporation of ash 

elements during rapid pyrolysis. Secondly, previous studies always assumed a 

spherical particle shape for biomass and char when modeling and calculating various 

conversions. However, the transformation of particle shape and size for biomass 

particles during rapid pyrolysis is drastic, which cannot be neglected for an accurate 

estimation of conversion. So far, little information is available about the change of 

biomass particle shape and size during rapid pyrolysis by quantitative analysis. 
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This Ph.D. thesis provides a better understanding of the rapid pyrolysis of raw and 

pretreated biomass under conditions pertinent to pulverized-fuel applications, focusing 

on the physical and chemical properties of resultant char. The specific objectives of 

this research are to investigate: (1) the effects of biomass particle size; (2) the evolution 

of biomass pyrolysis; (3) the effects of torrefaction on biomass powder; (4) the effects 

of torrefaction and pulverization on wood chips; (5) the effects of water and acid 

leaching, on the char yield, the release of inorganic species, and the transformation of 

particle shape and size, during the rapid pyrolysis of biomass at high temperature. The 

rapid pyrolysis was conducted in the novel drop-tube furnace, which enables the direct 

determination of char yield. These objectives are successfully achieved and the main 

research outcomes are summarized below. 

Firstly, the analysis of the char samples after rapid pyrolysis of mallee and pine wood 

samples with different particle sizes at 1300 °C indicates the dependence of resultant 

char properties on the particle size. Char yields of large mallee and pine particles (250-

355 µm) are several times higher than the char yields for small particles (90-106 µm), 

which is mainly ascribed to the much higher heating rate for small particles. The 

estimation of the heating rate for a spherical particle shows that the heating rate 

experienced by small particles is 5.4 times faster than large particles. The extensive 

release of inorganic species from biomass/char during the thermochemical conversions 

leads to the significant overestimation of char yield, especially for small biomass 

particles. Further investigation of major inorganic elements in mallee and pine wood, 

which are alkali and alkaline earth metallic species (AAEM species: Na, K, Mg, and 

Ca), shows that retentions of AAEM species relate to the chemical properties of the 

elements and the biomass particle size. As the particle size reduces from 250-355 µm 

to 90-106 µm, the retentions of AAEM species decrease by more than half, which can 

be partly attributed to the difference in heating rate. The changes in particle dimensions 

and aspect ratio show that rapid pyrolysis leads to severe shrinkage for both biomass 

species. But for mallee wood, only small biomass particles form near-spherical char 

particles, while large particles tend to retain their elongated shape as only partial 

melting is experienced by them. Contrary to mallee wood, all pine wood samples with 

different sizes have a substantial reduction in the particle aspect ratio and a cenosphere 

structure, suggesting a high degree of particle deformation during pyrolysis. 
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Secondly, the evolution in char yield (determined by direct experimental method as 

the first time in the field), in transformation of alkali and alkaline earth metallic 

(AAEM) species in chars, and in char particle shape/morphology during rapid 

pyrolysis of mallee and pine wood powders (250–355 µm) is investigated. The char 

yield decreases with particle residence time but remains unchanged at 3.8% and 2.8% 

after 0.51 s and 0.41 s for mallee and pine chars, respectively, indicating the pyrolysis 

reaction is mostly completed. But O/C and H/C molar ratios continue to decline as 

char continue to undergo thermal cracking and annealing at high temperatures. 

Similarly, the retention of AAEM species decreases with particle residence time. But 

the retentions of AAEM species in pine char continue to decrease after 0.41 s, which 

indicates AAEM species in nascent char can continue to vaporize due to the scission 

of oxygen-containing groups where AAEM species are bounded during thermal 

cracking or annealing. Chemical fractionation of partially and completely pyrolyzed 

mallee char samples shows the transformation of decomposed water-soluble Na and K 

species to ion-exchangeable Na and K. But with the continuous deoxygenation of char 

matrix, the Na and K bound to oxygen-containing groups are released. Furthermore, 

the percentages of water-soluble and ion-exchangeable Mg and Ca in mallee wood 

drop because they become increasingly incorporated into char matrix due to rapid 

deoxygenation during pyrolysis. Results of char morphology show char particle length 

and diameter continue to shrink, and the char particles become increasingly spherical 

as pyrolysis progress. Mallee wood shows stronger resistance to deformation as its 

original elongated shape is maintained. On the contrary, pine char particles rapidly 

melt and deform during the early stage of pyrolysis. 

Thirdly, the rapid pyrolysis of torrefied mallee wood powder samples with the size 

fraction of 150-250 µm is studied. The results of char yields for raw and torrefied 

mallee wood after pyrolysis show that although torrefaction at 220 °C, 250 °C, and 

300 °C cause increasing mass loss, rising torrefaction temperature leads to 

significantly higher char yield. The reasons for this include the much higher content 

of acid-insoluble lignin and inorganic species in torrefied biomass, indicating 

extensive cross-linking and charring reactions happen during torrefaction, especially 

at high torrefaction temperature 300 °C. The results also show that torrefaction alters 

the occurrence of AAEM species in biomass, making them more stable during 

conversions. Therefore, significantly higher retentions of AAEM species are observed 
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after rapid pyrolysis. Another reason for the higher retentions of AAEM species for 

torrefied mallee is the less extensive devolatilization process, which favors the gradual 

release and re-combining to char matrix for AAEM species. Despite some dehydration 

and degradation of biomass constituents, the torrefaction process has negligible effects 

on particle size and shape. But after rapid pyrolysis, high-temperature torrefaction at 

300 °C can noticeably alleviate the shrinkage of biomass particles, producing larger 

char particles. 

Fourthly, a set of experiments were carried out to evaluate the effects of torrefaction 

temperature on the pulverization of mallee and pine wood chips and then the behaviour 

during rapid pyrolysis. Different torrefaction temperature (220 °C, 250 °C, and 300 °C) 

and two size fractions (90-106 µm and 250-355 µm) of biomass particles sieved from 

torrefied biomass powder were used. The comparison of particle shape and size for 

pulverized particles shows that higher torrefaction temperature can significantly 

reduce the particle length, equivalent diameter, and aspect ratio for large particles 

under the same pulverization conditions, while these parameters for small particles is 

not affected by torrefaction. Further rapid pyrolysis for torrefied samples in two size 

ranges shows that higher torrefaction temperature facilitates the formation of char, but 

large particles still have higher char yields. The investigation of AAEM species 

suggests that higher torrefaction temperature can mitigate the variation in the 

retentions of AAEM species caused by different particle sizes. Reasons could be the 

closer actual particle size (equivalent diameter) for torrefied biomass particles in two 

size fractions, the higher stability of AAEM species, and the lower volatile content in 

torrefied biomass. Besides, analysis for cross-sectional images presents the compact 

internal structure for char particles produced from torrefied biomass, especially those 

having high torrefaction temperature, which hinders the escape of volatilized AAEM 

species and facilitates the re-bonding of AAEM species with reactive char matrix.  

Lastly, the impacts of water and acid leaching on the contents of inorganic species in 

mallee wood are investigated and the char products after rapid pyrolysis of leached 

mallee wood are characterized. The quantification of the AAEM species in samples 

and leachates shows that water-leaching can remove most Na and K but only a small 

amount of Mg and Ca, whereas the removal efficiency by acid-leaching can reach up 

to 97~98% for all AAEM species. Except for the significant reduction in the content 
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of inorganic species, no considerable variation is induced to other properties of 

biomass. Char yields of water-leached and acid-leached mallee are significantly lower 

than raw mallee wood. Meanwhile, increasingly aggressive leaching agents can lead 

to higher retentions of AAEM species during pyrolysis, which can be ascribed to the 

higher proportions of less reactive (acid-insoluble) AAEM species after the removal 

of water-soluble (such as chlorides and sulphates) or acid-soluble elements with 

relatively lower thermal stability. The morphology of char shows that raw and leached 

mallee wood particles have similar particle size and shape, whereas their char particles 

exhibit distinct shape and surface morphology. Char particles pyrolyzed from raw 

mallee wood have elongated shape and complex internal char structure, while acid-

leached mallee wood produces char particles that resemble cenospheres with rough 

surface. Besides, the summary of particle porosity shows that leached char particles 

have higher cross-sectional porosity. These results indicate the pivotal role of 

inorganic species during the deformation process of biomass particles. 
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CHAPTER 1 INTRODUCTION  

1.1 Background and motives 

There are rapidly growing demands for energy worldwide but fossil fuels remain as 

the primary source of power. Reports showed that coal accounted for 64% of electricity 

generated in Australia. The extensive burning of fossil fuels brings about severe 

problems about the emission of carbon and other greenhouse gases, which is known 

for their contribution to climate change and global warming. Studies showed that the 

emission of CO2 has increased by 63% since the 1990s.1 Therefore, it is of urgent need 

to reduce the reliance on fossil fuels by developing clean and renewable energy sources. 

Many countries have announced their plans to gradually switch to renewable energy. 

Globally, half of the renewable energy consumed in 2017 was bioenergy. In European 

countries, more than 30% of transportation fuels will be required to be derived from 

biofuels in 2040;2 In the US, most renewable fuels need to be produced and derived 

from Cellulosic Biomass after 2016.3 It can be found that biomass is considered an 

important source of renewable energy.  

In western Australia, native mallee wood as short-cycle coppice crops, were initially 

planted to combat the dryland salinity in wheatbelt region of Western Australia, thanks 

to its diverse and vigorous characteristics.4 Thus there is no competition between the 

production of mallee and the production of agricultural crops. Over decades, the scale 

of mallee production is quite considerable. The feasibility for mallee as an energy crop 

has been comprehensively studied and proved to be promising.4-6 

There are various technologies designed for biomass utilization, including direct 

combustion,7 gasification8, and pyrolysis9, converting biomass into other useful bio-

fuels like bio-oil and biochar products by thermal treatment. 10-11 Among these 

methods, the direct combustion of biomass in existing power generation plants is very 

attractive because it can take advantage of the existing power generation infrastructure 

and reduce the reliance on fossil fuels by partially or completely substituting coal by 

biomass. Studies for biomass combustion have been carried out to investigate the 

behaviour of biomass,12 gaseous products,13 particulate matter emission,14-15 and etc. 

Attentions were also placed on the first stage of biomass combustion which is the rapid 
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pyrolysis of biomass at the same temperature. The reactions of this stage determine the 

properties of char residue, which will govern the subsequent oxidation process by 

affecting the heat and mass transfer and etc. The effect of temperature,16-19 heating 

rate,17 atmosphere,20 types of biomass21, and the distribution of pyrolysis products18 

on rapid pyrolysis have been widely studied.  

However, the basic problem of rapid pyrolysis is the determination of char yield, which 

has not been answered due to the poor char collection efficiency after reactions. The 

value of char yield is critical when modelling the conversion and designing the reactors 

(combustor or gasifier).22 Therefore, a novel drop-tube furnace was designed by Liaw 

and Wu to tackle this problem.23 The new configuration was proved to achieve a near-

complete collection of char products and thus the direct determination of char yield is 

realized. A systematic investigation of char yield for biomass rapid pyrolysis is then 

possible. 

Regarding the application of biomass in pulverized fuel plants, there are a few more 

concerns. Firstly, the poor grindability of biomass can cause a high energy demand 

when pulverizing the biomass wood chips to the required particle size range suitable 

for pulverized fuel furnaces.24 Moreover, the intrinsic inorganic species in biomass can 

be released during thermochemical conversions and are harmful to equipment and the 

environment. Torrefaction is an efficient method to improve biomass grindability but 

few studies investigated the rapid pyrolysis of torrefied biomass so far.25-26 The 

inorganic species in biomass can be removed by leaching but little is known about the 

release extent of those inorganic species that are remained in leached biomass. Besides, 

the particle shape of biomass fine particles has been found to be elongated, whereas 

most models established for biomass conversions assume a spherical shape for 

biomass and their char particles.27 Consequently, the effects of particle shape on the 

conversion rate and products were not considered. This is partially because the 

transformation of particle shape after rapid pyrolysis is still unknown.  

1.2 Scope and objectives 

The present study aims to provide a better understanding of raw and pretreated biomass 

rapid pyrolysis at high temperatures which is carried out in a novel DTF. The detailed 

objectives of this study are as follows: 
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 To investigate the effects of particle size on the chemical and physical 

properties of char derived from the rapid pyrolysis of biomass powder samples. 

 To study the evolution of char properties during rapid pyrolysis at a high 

temperature. 

 To evaluate the pretreatment of biomass powder by torrefaction and the effects 

on the subsequent rapid pyrolysis. 

 To simulate the industrial usage of biomass wood chips and torrefaction 

technology and study the particle shape of their resultant char. 

 To examine the impacts of leaching on the properties of biomass and the rapid 

pyrolysis of leached biomass.  

1.3 Thesis outline 

This thesis comprises 9 chapters in total (including this chapter). The structure of this 

thesis can be found in the thesis map (Figure 1.1) and a brief introduction for each 

chapter is outlined below: 

 Chapter 1 introduces the background and objectives of the current research 

 Chapter 2 provides a review of up-to-date studies of the biomass/char physical 

and chemical properties and thermal conversion technologies of biomass. This 

chapter identifies the current research gaps and the objectives of the current 

Ph.D. study. 

 Chapter 3 summarizes the research methodology for this study. The details of 

samples preparation steps, experiments procedures, instruments, and sample 

characterization methods are introduced.   

 Chapter 4 studies the effects of different particle sizes on the experimental char 

yields, retentions of AAEM species, and the shape of char particles for mallee 

and pine wood after rapid pyrolysis at a high temperature.  

 Chapter 5 reveals the evolution of mallee and pine wood particles by 

characterizing the char yields, the gradual release of AAEM species, and the 

particle shape during the process of rapid pyrolysis at a high temperature. 

 Chapter 6 reports the fundamental research about the results of different 

torrefaction temperatures and their impacts on the subsequent rapid pyrolysis 

for torrefied biomass. 
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 Chapter 7 investigates the results of particle shape, char yield, and the release 

of AAEM species for biomass treated by torrefaction and rapid pyrolysis. 

 Chapter 8 demonstrates the influence of biomass leaching by water and acid 

and compares the physical and chemical properties of char samples derived 

from the rapid pyrolysis of raw and leached biomass. 

 Chapter 9 summarises the conclusions drawn in this Ph.D. study and also lists 

some recommendations for future work. 
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Figure 1.1 Thesis map 
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CHAPTER 2 LITERATURE REVIEW  

2.1 Introduction 

Extensive efforts have been dedicated to the study of developing clean and renewable 

energy to meet the rapidly growing demands for power, thereby reducing the 

dependence on fossil fuels, which has cast severe environmental problems over 

decades. Biomass as a sustainable energy source has attracted worldwide interest. 

Numerous research studies have been carried out to study biomass conversion 

technologies, such as combustion, gasification, pyrolysis, and beneficial biofuels 

derived from biomass. The combustion of biomass in sophisticated power plants for 

coal is economically competitive as it can minimize the extra investment for biomass 

combustion facilities. However, this technology still faces several challenges, partially 

due to the discrepancies in fuel properties between coal & biomass and the diversity 

in biomass samples. Therefore, investigations have been carried out on the multiple 

aspects of biomass properties and its thermal behaviour, particularly during the 

pyrolysis process when some key reactions happen.  

This chapter aims to have a comprehensive review of the current literature relating to 

biomass properties and its pyrolysis conversions under pulverized-fuel (PF) 

combustion conditions. This literature review will first discuss the significance of 

biomass (especially mallee biomass in Western Australia) utilization with a brief 

introduction of the biomass properties and a list of the popular thermochemical 

conversion technologies for biomass. Then, a more detailed review on the rapid 

pyrolysis of biomass will be presented, with further discussion on the limitations on 

the current lab equipment to carry out rapid pyrolysis. Next, a brief summary will be 

given about studies on the behaviour of inorganic species and the evolution of particle 

size and shape during rapid pyrolysis. Besides, two common pretreatment methods for 

upgrading biomass before rapid pyrolysis will be introduced. Lastly, this chapter will 

identify the research gaps based on the literature review and propose the scope and 

objectives of this Ph.D. study. 
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2.2 Biomass utilization 

2.2.1 The advantages of biomass and its thermochemical conversions 

There have been many concerns about greenhouse gases (GHGs) pollution and the 

dreadful consequences as the annual emission of GHGs has been continuously 

increasing for decades.28 Inventory of U.S. Greenhouse Gas Emissions and Sinks 

reports a total of 6,577 million metric tons of carbon dioxide equivalents mission in 

2019.29 The data reported by British Petroleum in 2018 show that there are 33,431 

million tonnes of CO2 surrounding earth.30 Over decades, carbon dioxide (CO2) is the 

main contributor to GHG. Data shows that CO2 emission consists the dominant part 

(81%) of the total GHGs emitted in the U.S. in 2018.29 Other GHGs include methane 

(CH4), nitrous oxide (N2O), and fluorinated gases, which are relatively fewer in 

quantity but have much higher Global Warming Potential (GWP). Fossil fuels are the 

primary source for CO2 production for their mining process, transportation, and 

combustion generate a significant amount of CO2 and other gases such as CH4 and 

N2O.29 They are widely used as the fuels for machines, vehicles, power generating 

plants and etc., to provide heat and electricity. The economic and population growth 

mean that more fuels are needed to meet the massive demands nowadays. Therefore, 

it is critical to develop a clean energy and reduce the reliance on fossil fuels. In Western 

Australia, the government set the goal to achieve net zero emissions of GHGs by 

2050,31 which further highlights the great importance of renewable energy. 

The near carbon neutrality of biomass is a very attractive characteristic in reducing 

carbon emission. The abundance of biomass means that a large-scale biomass 

utilization to control the GHGs emission is feasible. Other advantages of biomass 

include cheap resources, low contents of harmful elements, high reactivity, etc.32 

However, the utilization of biomass also faces several major problems, such as low 

energy density, poor uniformity of property, seasonal availability, and ash problems. 

The advantages and disadvantages of biomass are summarized in Table 2.1. 
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Table 2.1 The advantages and disadvantages of biomass32 

Advantages: 

 Being environmentally friendly, renewable from nature, and carbon neutral 

 Low in contents of ash and other harmful inorganic species. 

 High reactivity 

 Low emission of hazardous gases, including GHGs 

 Some hazardous emission can be captured by ash after combustion 

 Cheap resources, and high fuel diversity and abundance 

 Contribution to the local economy 

Disadvantages: 

 Dependence on the location 

 No standards due to biomass variety 

 High contents of alkali metals 

 Low energy density 

 May compete with food plantation 

 Potential soil damage 

 Emission control problems 

 High logistical expense 

 No mature waste materials treatment technology 

 

The thermo-chemical process of biomass is an efficient way to convert biomass into 

useful biofuels considering its higher reaction rate in comparison to bio-chemical 

process.33-34 Typical thermo-chemical conversions include 1. Combustion; 2. Pyrolysis; 

3. Gasification; 4. Liquefaction; 5. Hydrogenation.9, 34 Briefly, combustion of biomass 

directly releases the energy stored inside biomass and leaves ash in the end, whereas 

the rest of thermo-chemical conversion methods can transform biomass into other 

useful biofuels, such as charcoal, bio-oil, synthetic gas, which can be utilized in 

different ways. The conditions for these conversions vary widely, including the 

conversion temperature, atmosphere, equipment, pressure, reaction time, etc. The 
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utilization of biomass by thermo-chemical conversions needs huge investment, and it 

depends on many other aspects. Therefore, it is important to do a feasibility 

investigation and choose the suitable biomass and conversion method according to the 

local circumstances.  

In Western Australia, Mallee Eucalyptus was intentionally planted to combat the 

dryland salinity in the wheatbelt region of Western Australia in the early 1990s.4 Until 

now, there are more than 15000 hectares of mallee trees which can produce 10-20 gt 

(green tonne) of biomass annually, with optimal environmental conditions (rainfall and 

soil fertility).35 Research about the feasibility/environmental performance/carbon 

balance/energy balance has systematically demonstrated the massive potential of a 

sustainable bioenergy system with mallee wood as the feedstock.4-6, 36-38 The 

combustion of mallee has already been commercialized in a local company called 

Macco Feeds. About 3500~4000 tonnes of mallee woodchips are burnt in one year in 

their gasification boiler to generate up to 1.7MW of thermal power.39  

2.2.2 Biomass co-combustion in pulverized-fuel boilers and its challenges  

Biomass combustion is regarded as the most straightforward energy release process. 

The generated heat can be further transformed into other forms, such as mechanical 

power, electricity, etc. Considering the economic efficiency, biomass combustion in 

existing power generation plants that were initially built for coal combustion is very 

cost-effective. The prediction given by Spliethoff and Hein shows that a total cost of 

800~1500 DM/(kW of installed thermal capacity) would be needed to build a new 

plant dedicated to biomass combustion, while the investment for the update or 

modification (retrofit) of a coal-firing plant to a co-combustion plant of coal and 

biomass only needs 300 DM/(kW of installed thermal capacity).40 The combustion of 

biomass can also reduce the reliance on fossil fuels to mitigate the problems brought 

by fossil fuel combustion.41 Moreover, less emission of NOx and SOx can be achieved 

if using biomass for combustion.42  

However, there are still some limitations on biomass combustion. For example, direct 

combustion is not achievable if the moisture content in biomass is larger than 50%.9 

Besides, detrimental products of biomass combustion, such as fuel gas, particulate 

matter, ash, will cause serious problems to the environment and human health. Two of 
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the main challenges faced by the combustion of biomass in pulverized-fuel (PF) boilers 

are summarized below.  

Pulverization of biomass 

Particle size plays a dominant role in determining the pathways and kinetics of 

reactions. The regular particle size of coal burnt in a furnace is <100 µm to ensure the 

high heating rate and conversion rate for coal.42-43 Therefore, the particle size of 

biomass needs to meet the requirements of feeding system in power plants. Besides, 

particle size can restrict the burnout degree of biomass particles. Spliethoff and Hein 

found that the particle size for straw and Miscanthus must be less than 6 mm and 4 

mm to ensure a complete burnout, and co-combustion with coal requires smaller 

biomass particles.40 The normal particle size for fluidized bed reactors is reported to 

be 0.5-20 mm, whereas the typical particle size for pulverized coal-fired boilers is only 

0.1-1 mm.44 In lab research furnaces such as drop tube reactors (DTR) and entrained 

flow reactors (EFR), the particle size of biomass is usually required to be <1 mm to 

achieve a high heating rate.45 Therefore, size reduction of biomass prior to combustion 

in PF boilers is necessary. However, the pulverization process of biomass is known to 

be energy-intensive because of its fibrous nature. Phanphanich and Mani reported that 

the regular grinding energy for coal is 7~36 kW h/t, while the raw pine wood chips 

they investigated need about 250 kW h/t of specific energy for grinding.46 Therefore, 

the pulverization of biomass would be the major energy-demanding process that 

requires more investigation. Using large biomass particles could reduce the cost, but 

the increase in particle size is related to the ignition delay and partial burnout.47-48 

Mock et al. investigated the combustion behaviour of large biomass particles and 

found that particles >425 µm would drop to the bottom of the furnace and cannot 

achieve complete burnout.49 Therefore, it requires more research on the optimal 

particle size of biomass for combustion.  

Discrepancies in fuel properties 

Problems of biomass combustion in coal boilers are usually because of the 

discrepancies in fuel properties between biomass and coal.42 The energy density of 

biomass (<5GJ/m3) is much lower than coal (~35GJ/m3),50 which is partly due to the 

chemical properties of biomass, such as higher moisture content, but lower fixed 
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carbon content. The higher moisture content in biomass than coal can cause problems 

in ignition and combustion. On the other hand, the fibrous nature of biomass particles 

after pulverization makes the bulk density for biomass very low and thus increases the 

logistics cost for biomass powder.51 Due to the low bulk density and carbon content 

but high ash, oxygen, moisture contents, the energy density and heating value for 

biomass are much lower than coal. It will cause a lower burning rate and lower flame 

temperature, which will eventually lead to problems on biomass co-combustion, such 

as flame instability.42 For example, the lower burning rate and lower temperature can 

result in the delay of char oxidation, which in the end, would cause the existence of 

unburnt carbon materials. It will not only decrease the fuel conversion efficiency but 

also lead to more detrimental gas pollution.52 Therefore, biomass is seldom used in 

blast furnaces because of its high requirement of energy density.53  

The composition of inorganic species in biomass is distinct from coal. Usually, 

biomass has higher contents of alkali and chlorine elements,54 but less aluminum and 

iron.42 There have been many works focusing on the ash behaviour after biomass 

combustion. Biomass ash exhibits lower ash and deposit fusion temperature due to the 

abundance of alkali content.55 A more complicated issue is related to the combined 

effects of different ash elements on the ash behaviour in boilers, considering the 

various species of biomass and their different inorganic species composition. Heinzel 

et al. found that mixing biomass with coal can introduce differences in the fusion and 

slagging during combustion, suggesting the interaction between biomass and coal.55 

Many researchers have observed the release of inorganic species during the 

thermochemical conversions.56-64 These evaporated elements would also influence the 

combustion reactions and may damage the boiler as they lead to serious corrosion and 

slagging problems. Demirbas mentioned that the vaporized biomass AAEM species 

and chlorine would interact and mix with gases generated by coal during cofiring and 

produce different gaseous products and particulate matter.42 

2.3 Rapid pyrolysis of biomass at temperatures pertinent to combustion  

2.3.1 Rapid pyrolysis of biomass 

Pyrolysis 
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Pyrolysis receives increasing attention as it is the first and vital step for many thermal 

conversion processes, including combustion, gasification, and liquefaction.16-17, 41, 65 It 

is also considered to be an efficient method to convert biomass with low energy density 

to more useful fuels with higher energy density. Demirbas and Arin proposed the 

primary pyrolysis reaction as the degradation of biomass into charcoal and volatile 

matter.66 There are various operation conditions for pyrolysis, but the critical point is 

to keep an inert atmosphere during biomass heating. Different pyrolysis processes and 

conditions are designed to meet the requirements of target products and other 

economic or environmental concerns. Research about pyrolysis divides the pyrolysis 

procedure into three types based on biomass heating rate: slow pyrolysis, fast pyrolysis, 

and rapid (flash) pyrolysis,9 which have char, bio-oil, and gas as the main pyrolysis 

product, respectively.  

Rapid pyrolysis 

PF boilers are usually maintained at high temperatures (> 1000 °C). The conversion of 

biomass during combustion was divided into three steps: drying (moisture 

evaporation); pyrolysis (devolatilization), and combustion (oxidation) of char, volatile, 

and gas.34, 67 It is believed that under conditions of PF combustion, fuel particles will 

undergo complete pyrolysis before being ignited.68 Therefore, rapid pyrolysis would 

be the first thermal conversion process experienced by biomass after being injected 

into the boiler. It is believed that this rapid pyrolysis happens at the same temperature 

of combustion.16 Studies for coal have demonstrated that rapid pyrolysis governs the 

behaviour of coal combustion, including the ignition temperature and flame stability, 

as well as other behaviours of coal particles, such as the degree of swelling and 

agglomeration.69 This can be partly ascribed to the relation between the oxidation rate 

and the reactivity of char, the latter being directly linked to the pyrolysis reactions.22 

The oxidation of char is also significantly influenced by the diffusion of oxidative 

gases, which is mainly dependent on the char matrix formed during pyrolysis.  

Due to the discrepancy in the fuel properties of coal and biomass, the rapid pyrolysis 

of biomass under conditions of PF combustion needs further investigation. For 

instance, biomass has a much higher volatile content compared to coal.41 A large 

amount of volatile matters being released during the pyrolysis stage generates higher 

reactive char samples, resulting in better burnout during the following oxidation 
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stage.70-71 For some char samples, the oxidation of char is even the rate-limiting step 

during combustion. Thus the rapid pyrolysis of biomass under conditions of PF 

combustion urgently needs better understanding.22-23 

In recent years, many works have been carried out aiming at the rapid pyrolysis of 

various biomass species and multiple aspects of pyrolytic products. Below are some 

of the studies that clearly stated that their rapid pyrolysis experiments were conducted 

at temperature >1000 °C and heating rate >103 °C/s.  

Pyrolysis conditions are numerously studied, such as different temperatures, pressure, 

gases, heating rate. Hu et al. pointed out that the pyrolytic conditions have strong 

influences on the char reactivity by affecting the evolution of pore structure and 

morphology of rice husk char. They observed the formation of a more carbonaceous 

and thermally stable structure after rapid pyrolysis.72 Zhang et al. found a peculiarity 

in the carbon conversion extent for sawdust pyrolyzed in DTF at a wide range of 

temperatures (600 °C-1400 °C) and they ascribed the decrease of char yield 

at >1000 °C to the gasification of char and reactive pyrolysis gases H2O and CO2.
16 

The effects of pyrolysis temperature were also studied by Johansen et al. who 

conducted the rapid pyrolysis for pine and miscanthus at 1405-1667 K with particle 

heating rate reaching 105 K/s.73 They investigated the devolatilization rates via a 

unique methodology and found that the actual devolatilization kinetics for pyrolysis 

with heating rates on the order of 103-105 K/s were higher than what was reported 

previously that underestimated the heating rate (< 103 K/s) for biomass.73-74 This again 

emphasizes the importance of studies concerning rapid pyrolysis at high temperatures. 

Biagini and et al. studied the effects of heating rate on the structure, shape, and other 

superficial parameters for wood pellets and olive residue. They compared the evolution 

of size and shape during pyrolysis for two biomass species.68 Most importantly, they 

proposed a method to evaluate the shape of char by analyzing the SEM images.75 

Dall’Ora et al. investigated the effects of heating rate and temperature on the char yield, 

char morphology, and the oxidation rate of resultant char.76 Their results show that a 

high heating rate (105 K/s) can considerably lower char yield than using a low heating 

rate (10 K/s) pyrolysis at the same temperature (1273 and 1573 K), and it also has a 

critical role in the transformation of char particle shape. 



                                                                                                                   CHAPTER 2 

14 

 

Studies listed above also suggested that different biomass species play a dominant role 

in rapid pyrolysis. Trubetskaya et al. conducted a series of experiments of rapid 

pyrolysis at high heating rate and high temperature for different biomass and provided 

important data for the char reactivity, char structure, char yield, particle shape, and 

composition of inorganic species in char samples.43, 77-78 Different biomass species also 

mean variation in particle size and shape. The effects of particle size and pyrolysis 

temperature on the solid mass yield and surface morphology of Norway spruce were 

investigated.45 A systematic study of the influence of biomass particle size and shape 

on the properties of char and reaction rates was carried out. The results indicated that 

the geometric parameters (size and shape) can determine the actual heating rate inside 

the particle, the pyrolysis kinetics, and products distribution.79 This finding of the 

evolution of particle shape for biomass is a new area for researchers to explore because 

it is crucial to understand the deformation of biomass particles as it will have a 

noticeable influence on the later conversion stage: oxidation. These studies indicated 

that apart from the rapid pyrolysis process, there are variances in the char particle shape 

and size among different biomass species, even after being pyrolyzed in the same 

conditions.  

The effects of residence time and char thermal annealing for biomass rapid pyrolysis 

were relatively rarely investigated, probably due to the limitations in the experimental 

equipment. Septien et al. observed changes in the char matrix and the crystallinity of 

mineral matters for char prepared in a DTF at > 1000 °C and ascribed it to the char 

thermal annealing.80 The reactivity of char was found to be drastically decreased 

during a very short thermal annealing time (< 2s) and showed high dependence on the 

peak temperature.81 Apart from the organic changes, a loss of inorganic species, 

especially for K, happened during the thermal annealing process. Hu et al. obtained 

rice husk char with various reaction ratios after rapid pyrolysis in a DTF at 1200 °C 

and observed the smoother surface, changes of pore size, decreased H/C and O/C ratio, 

and the loss of C-O, C-H function groups, as the evolution of char structure during 

rapid pyrolysis.72 

The kinetic analysis for biomass conversion is usually done by TGA which can 

monitor the sample weight, temperature, and gaseous products if coupled with in situ 

gas chromatography, FTIR, and other analysis equipment, as the conversion evolves. 
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However, the kinetics of biomass undergoing rapid pyrolysis at PF combustion 

temperature is difficult to obtain due to the fixed reaction time, the difficulties in solid 

mass yield determination, or other limitations. Only several papers have been found 

concerning biomass rapid pyrolysis kinetics and have experimental data as evidence. 

Umeki et al. determined the char yield of a Norway spruce in an EFR to verify their 

model, which considered the pyrolysis temperature, particle size, and conversion 

rate.45 It is important to note that while the model had good agreement with the 

experimental data for small particles, the model significantly underestimated the char 

yield for large particles. This suggests that particle size has a vital part in the thermal 

conversion of biomass.  

The above-mentioned research covered many aspects of biomass rapid pyrolysis. 

However, there are still things unclear, such as the release of inorganic species, the 

evolution of particle shape, the true char yield for biomass when subjected to rapid 

pyrolysis at high temperature.  

2.3.2 Typical equipment for conducting rapid pyrolysis of biomass 

Table 2.2 A list of studies using Drop-tube furnaces (DTF), Entrained flow reactors 

(EFR), and, Wire mesh reactor (WMR) to carry out rapid pyrolysis of biomass at high 

temperatures (>1100 °C). 

Typical equipment deployed for rapid pyrolysis at high temperatures (>1100 °C) 

 Temperature Heating rate 

Drop-tube 

furnaces 

(DTF) 

Zhang et al.16  

Trubetskaya et al.43  

Panahi et al.7  

Cetin et al.82  

McNamee et al.83 

600 to 1400 °C 

≤ 1500 °C 

≤ 1127 °C 

≤ 1500 °C 

1100 °C 

not provided 

104 – 105 °C/s 

104 °C/s 

~105 °C/s 

not provided 

Entrained 

flow 

reactors 

(EFR) 

Trubetskaya et al.77 

Lu et al.79 

Dall’Ora et al.76 

≤ 1600 °C 

≤ 1377 °C (wall) 

1000 °C and 1300 °C 

not provided 

~104 °C/s 

2×104 to 4×105 °C/s 
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Gil et al.84 

Johansen et al.73 

≤ 1500 °C 

1132-1394 °C 

not provided 

~105 °C/s 

Wire mesh 

reactor 

(WMR) 

Trubetskaya et al.43 

 

≤ 1700 °C ≤5000 °C/s 

Flat flame 

burner 

Schiemann et al.27 ≤ 1597 °C not provided 

 

After pulverized fuel is injected into the boilers maintained at high temperatures 

(>1000 °C), it is reported that these fuel particles will be rapidly heated at a rate of 

~105 °C/s.63 To simulate the conditions for biomass inside industrial PF boilers, two 

basic requirements have to be satisfied: high temperature and high heating rate. A high 

heating rate at about 104-105 °C/s is necessary to simulate the conditions for industrial 

power plant furnaces.65  

Drop-tube furnaces (DTF) or sometimes being called as drop-tube reactors are 

commonly used for conducting the combustion and gasification for coal and biomass 

in the presence of air or oxy-fuel gases.27 Most DTF can reach high 

temperature >1100 °C, as many papers reported. The heating rate for DTF is in the 

order of 104-105 °C/s, which corresponds to the situation in PF boilers. Another 

advantage of DTF is that it is easier to estimate the residence time of fuel particles in 

DTR because their movement inside is considered linear and with constant velocity. 

There are slight differences in the furnace configuration of DTF used by researchers 

to carry out rapid pyrolysis. The DTFs used by Zhang et al.,16 Trubetskaya et al.,43 

Panahi et al.,7 Cetin et al.,82 McNamee et al.,83 are externally heated by electrical 

furnaces. There are other DTFs that are heated by CH4/H2 understoichiometric pilot 

flame used by Johansen et al.73 Panahi et al. developed a DTF with a transparent quartz 

tube that allows direct observation of the conversion process for biomass particles.7 

Entrained flow reactors (EFR) are also widely used to perform rapid pyrolysis at high 

temperatures. The EFR used by Trubetskaya et al. can be heated to 1000-1500 °C and 

provide heating rates up to 104 °C/s.77 Lu et al. used a smaller EFR, with a syringe 

feeder on the top and two cyclone separators coupled after the exist of the furnace.79 

The EFR used by Dall’Ora et al. can achieve a high heating rate of 2 × 104 ~ 5 × 105 
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and a high temperature up to 1600 °C, providing an average residence time of 1.5~2 s 

for biomass particles with various particle size.76 Char particles are collected at the 

bottom of EFR through a sampling probe, such as the schematic diagram provided by 

Gil et al.84 

There are other less common reactors for conducting rapid pyrolysis. One is the 

fluidized bed reactors (FBR) which cover a wide range of heating rates (103-105 °C/s) 

and are suitable for high heating rate pyrolysis, but the operating temperatures for 

FBRs are lower than PF combustion temperature, being 400-600 °C.68 Wire mesh 

reactor (WMR) or sometimes called heated wire grid (HWG) usually can provide a 

heating rate in the order of 103 °C/s. It is a bit lower compared to the temperatures in 

PF boilers.63 Trubetskaya et al. used a WMR that can perform at a heating rate of 

5000 °C/s and a maximum temperature of 1700 °C.43 Biagini et al. described a 

Platinum Filament Pyrolyzer with three parts: a pyrolysis probe, a heated interface, 

and a control system.85 It can reach a temperature up to 16070 K and a maximum 

heating rate of 20,000 K/s. However, the actual temperature and heating rate may not 

be as high as the maximum value. The above-mentioned studies are summarized in 

Table 2.2. 

2.3.3 Current studies involving char yield  

Char yield and reactivity are two critical data in designing the capacity of PF boilers 

or gasifiers.17, 22 As the rate of combustion or gasification is limited by the oxidation 

of char, low char yield but high char reactivity generated after pyrolysis is preferred to 

maximize the conversion capacity. Char burning rate is an essential parameter in 

designing PF boilers.27 Numerous studies investigated the effects of pyrolysis 

temperature, heating rate, particle size, biomass species, pyrolysis atmosphere, and 

particle size on the properties of char samples and pyrolytic gases produced under 

conditions pertinent to PF combustion as stated in Section 2.3.1. However, few of them 

achieved an accurate quantification of char yield for biomass. This is an inevitable 

consequence of conducting rapid pyrolysis in DTF or EFR at high temperatures. The 

char collection in most DTF or EFR faces two problems: 1. Incomplete collection; 2. 

Mixed char particles with other products. For instance, DTF used by Zhang et al. 

collects the char in the bottom hopper but is not able to avoid possible coke deposition 

on char or the wall of the hopper.16 The drop-tube laminar flow reactor used by 
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Johansen et al. not only fails to achieve acceptable char collection efficiency but also 

cannot collect char under desired conditions either.74 The EFR and DTF used by 

Trubetskaya et al. employ a char bin at the bottom of the reactor to collect the solid 

particle dropped, which bring about the same problem that char collected inside the 

bottom is mixed with other condensable materials, such as soot/coke.43, 77 The EFR 

used by Lu et al. is coupled with a staged cyclone separation, but two problems remain 

that 1. There is a gap between the collection probe and the outer tube, where the 

trapped char particles cannot be collected; 2. It is not verified that solid samples (< 25 

µm) collected in the second cyclone are all char samples.79 Dall’Ora et al. used an EFR 

with a cyclone and a sampling probe that was heated to 723-823 °C to avoid tar from 

depositing on the tube wall and the surface of char particles, but the collection may 

still be incomplete as the char yields they reported were based on ash-tracer method.76 

Therefore, many studies listed in 2.2.1 conducted rapid pyrolysis in DTF, but most of 

them quantified char yield indirectly due to the above-mentioned difficulties in char 

determination. The ash-tracer method has been widely used by many researchers to 

calculate the char yield of biomass pyrolyzed at high temperatures.76, 83-84 Sometimes, 

researchers would choose a particular element as the tracer instead of the total ash 

amount. Johansen et al. used Ca as the tracer to calculate the char yield of several 

biomass species at pyrolysis temperature of 1405-1667 K.73 Hu et al. assumed stable 

contents of carbon and ash in rice husk and calculated the reaction (conversion) ratio 

based on the data obtained in thermogravimetric analysis (TGA).72 Ballantyne et al. 

used the synthetic ash as the tracer when calculating the conversion of low-ash coal.86 

This reflects the disadvantages of using ash-tracer method for biomass char yield 

determination, including: 1. The more or less evaporation of ash elements during 

conversions has been verified by many researchers;19, 23, 56 2. Ash evaporation during 

biomass rapid pyrolysis at high temperature is noticeable, which would make the 

impacts of ash evaporation on the calculated char yield significant;87 3. The low ash 

contents of biomass than coal can bring higher errors due to instrument analysis. 
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Figure 2.1  Schematic diagram of the innovative drop-tube furnace with double-tube 

configuration.23 

The first study that successfully quantified the char yield after rapid pyrolysis in a DTF 

by experiments is conducted by Liaw and Wu, who developed a novel drop-tube 

furnace that deployed a unique feature of double-tube configuration (see Figure 2.1).23 

The detailed operation of this furnace can be found elsewhere.23, 87 In brief, such 

configuration enables the direct determination of char yield by achieving a near-

complete collection of char particles during rapid pyrolysis of pulverized biomass 

particles at 1300 °C. Their study also shows the significant overestimation of char 

yield for low-rank fuels (e.g., biomass) during rapid pyrolysis at high temperature 

using ash tracer method.23 

Some studies developed other methods to determine the char yield. Leth-Espensen 

summarized the reported char yields obtained under conditions representative for 

suspension firing, then proposed a model based on chemometrics to predict the char 

yields. But they also admitted that more devolatilization experiments are required to 

replenish the database, and this model is limited by many uncertainties.88 
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2.4 Fate and behaviour of inorganic species inherited from biomass during 

thermal conversions 

2.4.1 Inorganic species in biomass 

Biomass initiatively takes the inorganic species from the soil. As the nutrients and 

counter ions, these inorganic species have an essential role in the growth of biomass.89 

Woody biomass contains relatively lower concentrations of inorganic species 

compared to herbaceous plants and other energy crops that are fertilized and irrigated 

regularly.90 It is reported that inorganic species have < 1% of weight percentage in 

woody biomass, while they can take up to 15% of the weight percentage in herbaceous 

biomass.91 However, the species of elements are various for biomass, including more 

than 19 metals.92 Usually, a high amount of K and Ca is found in woody biomass. 

However, the detailed composition of inorganic species depends on biomass species.32, 

56 Different biomass parts (i.e., leaf, trunk, bark) show the different compositions of 

inorganic species.93 For mallee wood, previous studies have shown that the ash content 

of mallee is 4.1%, 7.1%, and 0.6% for leaf, bark, and wood components.93 

The review paper by Bryers firstly made a comprehensive summary of the inorganic 

species in biomass and their occurrence.94 Later, a few papers are dedicated to the 

existing forms of inorganic species in biomass.95 However, due to the variety of 

biomass, the contents of inorganic species in different biomass species and their 

occurrence are diverse. Therefore, it is still necessary to investigate the detailed 

composition and occurrence of inorganic species in the specific biomass species to 

better understand the reactions and conversions these inorganic species could 

experience. 

For anion elements, Bryers stated that sulfur (S) existed as sulfates or combined with 

other organic species as reduced S. S is required for metabolic synthesis and can be 

converted to organic sulfur.96 Chlorine (Cl) were often found as water-soluble salts, 

while phosphorus (P) could be phosphate salts or act as organic phosphorus. Unlike 

anion elements, the occurrence of metal elements is less complicated. Alkali metal 

elements are accumulated inside the biomass, especially for halophyte biomass such 

as Mallee in Western Australia, to combat the salinity. The main inorganic species are 
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K and Ca, being ~ 0.07% and ~ 0.131% of weight percentages for mallee wood.23 K 

can bond with functional groups to form organic-associated K, which can be either 

stably left in char or released with other gaseous products or ejected materials.97-98 Ca 

is an essential element for biomass because it bonds to carboxyl groups to contribute 

to the strength of cell wall. Other forms of Ca include nitrate, chloride, oxalate, and 

carbonates, which can be contained in biomass fluids or organic structures. Other 

species (such as Na, Mg) occur as positive cations. Silica (Si) is often found in grass 

biomass.90 The occurrence of Si is less understood as it could be in oxidized forms or 

combined with other metal elements.95 Other elements with lower contents are found 

in biomass, including aluminum (Al), iron (Fe), manganese (Mn), titanium (Ti).32, 96 

Generally speaking, AAEM species are the major metal elements in woody biomass. 

AAEM species in woody biomass exist in two forms: organically connected to oxygen-

containing groups or inorganic salts.60 The carboxylic groups are commonly 

considered as the primary bonding sites for ion-exchangeable elements.99 According 

to the solubility of inorganic species in different solutions, a method was proposed to 

clarify those species in several groups. This method was initially established for 

coal,100-101 then it was also used to investigate the occurrence of inorganic species in 

biomass. Many studies have used and described this step-washing method. Briefly, 

this method involves a series of leaching in different chemical solutions, including 

water, ammonium acetate, acid. Elements that can be washed out by water are 

considered in a water-soluble state, represented by alkali chlorides, sulfates, and 

carbonates. Ammonium acetate can leach out those elements that are organically 

bound to the biomass structure, which are referred to as ion-exchangeable elements. 

Acid-washing can dissolve those carbonates and sulfates of alkaline earth elements, 

oxalates, which are classified as acid-soluble elements. After all step-leaching, those 

elements retained in biomass are considered as acid-insoluble elements, which 

normally are silicates, stable-bound elements. Shoulaifer et al. investigated the 

chemical forms of inorganic species in raw and torrefied birch wood, deploying this 

method.96  

Apart from the inherent inorganic species inside biomass, the harvest activities, 

transportation, pulverization, and other processes can add more ash elements to 
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biomass, which will eventually cause ash-related problems. These inorganic species 

accumulated in biomass as inherited or contaminated can be removed by washing.  

 

2.4.2 The impacts of inorganic species on biomass utilization 

 Positive effects 

The intrinsic inorganic species in biomass could have positive effects on the thermal 

conversions of biomass.59 Various inorganic species could be catalysts to influence the 

degradation rate of biomass during thermal conversions.92  

Pyrolysis 

Generally, it is believed that the catalytic effects of ash content in biomass pyrolysis 

are ascribed to several main elements, including Na, K, Mg, and Si.10, 102 There are 

many works trying to figure out the exact effects of inorganic species on the pyrolysis, 

by removing inorganic species using different solutions and compare the degradation 

behaviour of washed and unwashed biomass.91 Nowakowski et al. used raw and acid-

washed biomass to conduct pyrolysis in TGA and studied their differences in pyrolysis 

rate and products.103 TGA analysis was also conducted by Hsisheng et al. for water-

washed rice hull, which had lower inorganic species contents.104 It was found that 

inorganic species were responsible for lower decomposition temperature and more 

solid products. A similar observation of the relation between char yield and volatile 

yield was also reported by Shafizadeh et al.105 Their experimental results showed a 

positive relationship between inorganic species contents and secondary reactions. 

Fahmi et al. also observed that the pyrolysis and combustion of biomass greatly 

depended on the inorganic species, particularly alkali metals, as they can influence the 

temperature and rate of biomass components degradation, as well as the degradation 

products. More inorganic species can facilitate the breakup of large molecules.106 Aho 

et al. studied the organically bound metals by removing inorganic species then 

impregnated cations of K, Na, and Ca back on the pine wood. Those elements were 

organically combined with the biomass structure. They realized that those elements 

could lead to higher bio-oil yield during pyrolysis but lower char and gas yields.106 

The hydrothermal pretreatment done by Stephanidis et al. removed a part of inorganic 
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elements and the subsequent pyrolysis showed that reactions that happened during 

pyrolysis had changed due to a lack of catalytic elements, leading to more dehydration 

reactions, cracking reactions, aromatization, and polymerization reactions. Therefore, 

the pyrolysis products show higher percentages of sugars in bio-oil.107 Considering the 

dependence of pyrolysis reactions on the contents of inorganic species, Liden et al. 

developed a model to predict the pyrolysis pathways and evaluate the effects of 

inorganic species.108 Their model indicated the two main ways of inorganic species 

affecting pyrolysis. When contents of inorganic species are high, the main effects were 

considered as the scission of large or aromatic compounds and producing small 

molecules. In contrast, when there are few inorganic species in biomass, the 

depolymerization dominates the reactions, which will cause more large molecules 

produced. A few studies revealed that alkali metal elements can catalyze the formation 

of char structure.102, 109-111  

Experiments were carried out to study the effects of inorganic species on the pyrolysis 

of biomass. However, most of these studies adopted mild pyrolysis conditions, which 

have lower temperatures and heating rates. Only several papers were found concerning 

the impacts of inorganic species in rapid pyrolysis at temperature > 1000 °C. 

Experiments done by Trubetskaya et al. illustrated the positive effect of K on char 

yield when pyrolysis took place at 1000-1400 °C with a heating rate of 103 °C/s.78 

Research on the effects of inorganic species at higher heating rates (> 103 °C/s) is even 

rarer.43, 73, 76 Johansen et al. investigated the effects of K on the char yield under high 

heating rate (105 °C/s) and high temperature (1378–1566 K) and their data confirmed 

that a higher content of K facilitates the production of char even at conditions of PF 

combustion.73 Trubetskaya et al. believed that the different plasticization behaviour of 

herbaceous biomass and woody biomass is because of the different contents of K and 

Ca, which could enhance the char stability and prevent melting after rapid pyrolysis.43 

Apart from the influence on pyrolysis products yield, the presence of inorganic species 

is reported to have influence on the shape of char particles.43 

Other biomass thermochemical conversions 

Other biomass thermal conversions, such as gasification, were found to be catalyzed 

by inorganic species like K,112 and Na.113 Those inorganic species in other forms, for 

example, oxide and carbonates of calcium, aluminum, and silicon, can also act as the 
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catalysts of gasification.114-116 A study carried out by Zolin et al. indicated that those 

vaporized inorganic species could be the catalysts to promote the conversion of 

gaseous products.117 

The catalytic effects of AAEM species on the gasification of char produced by the 

rapid pyrolysis of biomass have been well investigated by Kaijita et al.118 They 

compared the gasification rate of raw char and acid-washed char and found that the 

gasification rate for raw char was noticeably higher than acid-washed char. They 

deduced that it was due to the removal of K from raw char, which was the most 

abundant inorganic element in their samples and had the highest removal efficiency 

by acid. Other researchers also recognized the important catalytic effect of K.119 It was 

discovered by Kramb et al. that Ca is the main contributor to catalyzing the gasification 

of birch wood.120 An interaction between different inorganic species is suspected 

considering the unique behaviour of raw birch wood during pyrolysis and 

gasification.120 

The catalytic effects of inorganic species have been found during biomass torrefaction, 

which is a mild pyrolysis process at low temperatures (< 300 °C). Shoulaifar et al. 

investigated the mass loss of several biomass species during torrefaction at 240 °C and 

280 °C.121 By acid-washing and doping with K, Na, Ca, or Mn, they discovered that K 

and Na could significantly increase the mass loss of biomass, indicating the more 

severe decomposition during torrefaction. However, the catalytic effect of Ca on mass 

loss and reaction rate was reported to be negligible. Similar results were obtained by 

Saddawi et al.122 They compared K played a vital role in torrefaction and the removal 

of it leaded to a rise in the volatile matter content and back-impregnation of K into the 

biomass could increase the mass loss again.  

It can be found from the above studies that the individual effects of Na, K, Mg, and Ca 

are various and they also have different impacts during different conversions, which 

suggests the necessity to carry out systematic studies concerning the behaviour of 

AAEM species during thermal conversions, especially rapid pyrolysis which is a 

critical stage of biomass PF combustion.  
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 Negative effects 

Inorganic species are responsible for many unwanted problems in different equipment, 

including furnaces, reactors, tubes, heat exchangers, turbines, emission control devices, 

and many other equipment.90  

Inorganic species can cause serious fouling, slagging deposits on the devices. For heat 

exchangers, fouling is a major problem caused by inorganic species. Alkali salts 

generated by the combustion of biomass inside a boiler will deposit on the surface of 

the heat-exchanging tube as some molten salt mixture89 and this process will be 

exacerbated after long-time effects of inertial impaction, chemical reactions between 

the deposit and the gases, and thermophoresis. An aerodynamic wedge inside the tube 

will form if the deposit continues to grow.90 The combustion of biomass that has 

abundant K, Cl, Si, and S often faces serious fouling problems, which will lead to 

inefficient heat transfer and deterioration from corrosion. KCl is the main 

contamination during the combustion of rice straw, while Ca and Mg chemicals are 

the main concern for wood combustion.89 For fluidized bed reactors, inorganic species 

also contribute to the agglomeration of bed materials and de-fluidization in the end.90 

For example, silica sand as the common bed material of fluidized bed reactors could 

react with the vaporized alkali elements and form low-melting materials to damage the 

fluidity.123 

Corrosion is another typical adverse result of the deposition of inorganic species on 

the surface of the equipment. Cl and S are considered the major elements contributing 

to corrosion, metal wastage, and atmospheric pollution because they can promote the 

release of other inorganic species, especially alkali metal elements.90 In the meantime, 

Cl can form acidic solutions when in contact with moisture released by fuel inside 

reactors, which will cause serious corrosion for the equipment. Besides, the presence 

of K is also highly responsible for reducing the capacity and efficiency in the power 

generation plants burning biomass.89  

Therefore, a thorough understanding of the destiny of inorganic species during thermal 

conversions is vital. The behaviour of inorganic species during rapid pyrolysis at high 

temperatures is particularly important due to the huge potential of biomass combustion 

in PF boilers.  
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2.4.3 Pathways of inorganic species during biomass thermal conversions 

The presence of inorganic species would bring about problems including slugging, 

erosion, and corrosion for the combustion in PF boilers and de-fluidization in fluidized 

bed reactors during the thermal conversion of biomass.60, 117, 124 The behaviour/release 

of inorganic species during pyrolysis will influence the later thermal conversion of 

biomass, which means it is extremely important to understand the release of inorganic 

species at this stage.  

The release of inorganic species is mentioned by many researchers.45 The SEM images 

provided by Umeki et al. showed the absorbance of released inorganic species on the 

char surface, which is believed to be the result of variation in the velocity of solid and 

gas.45 Temperature is an important parameter for the release of inorganic species. 

Previous studies with coal showed that elevating combustion temperature from 500-

550 °C to 1000-1300 °C results in a reduction of 20-70% in the yield of low-

temperature ash or high-temperature ash.32, 56 Okuno et al. pyrolyzed pine sawdust and 

sugarcane bagasse powder in a WMR and TGA at temperatures of 300-900 °C.60 Their 

analysis for the contents of inorganic species in biomass and char showed that more 

inorganic species were released as the pyrolysis temperature increased. K is a key 

element in biomass. Therefore, many studies so far focus on the release of K. Some 

researchers believed that K has the most important role during biomass conversions, 

which is being the major catalyst.103 The literature shows that K starts to react with the 

organic structure at around 200-400 °C. The main activity of K at this temperature is 

the breakage of K-C bonds and the formation of KCl and the dispersion of it throughout 

the structure. The true release of K begins at ~700 °C, when KCl starts to evaporate.103 

The release of K is not significant until the temperature is raised to > 700 °C.125 High 

temperature can cause the transformation of organic K to K2CO3, which may be the 

reactions that are responsible for the release of K at high temperature.64, 126 At high 

temperatures, Si could react with metal elements to form thermally stable constituents, 

such as K silicates, 97, 127 Cl which is abundant in biomass is a very volatile element 

which can be released in low-temperature conversion. Literature shows that at least 

20-60% of Cl is vaporized at <700 °C.62, 64, 128 Cl-containing salts such as KCl or NaCl 

can react with the oxygen-containing groups. These functional groups will bond to the 
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metal elements and form HCl, CHCl, and tar-Cl, which can be easily released at low 

temperature.127, 129 

In WMR, 30% of Mg, Ca, and K were lost at 800 °C with a heating rate of 103 °C/s, 

while 20-10% of Mg and Ca, and ~60% of K were released with the heating rate being 

1 °C/s. The same slow heating rate (1 °C/s) in TGA caused no release of Mg, Ca, and 

K, which was believed to be the consequence of the reaction between volatile and 

nascent char, causing desorption and re-adsorption of inorganic species in the gas 

phase.62 This indicated that the heating rate contributes more to the release of Mg, Ca, 

and K than the temperature, and extending the reaction time facilitates the release of 

K more than Mg and Ca, suggesting the more stable bond of Mg and Ca with char 

matrix.60 Keown et al. found that when the heating rate is > 1000 K/s, more than 80% 

of Na and K are released, but when the heating rate is 10 K/s, less than 20% of AAEM 

species would be released after pyrolysis at 900 °C.130 The release of Cl, K, and S 

during combustion at temperature up to 1150 °C was determined by Knudsen et al.62 

Although the heating rate was relatively low, the release of K and Cl was rapidly 

increased from < 50% at 500 °C to > 80% at 1150 °C for most biomass species, while 

the release of S was relatively less. The release of these inorganic species was found 

to be related to their intrinsic properties and the biomass species. It is widely believed 

that Cl will facilitate the release of K by forming volatile KCl, which has been verified 

by Keown et al. and Bjorkman et al.128, 130 S is also reported to contribute to the release 

of alkali metal elements,90 which will worsen the ash-related problems of corrosion 

and pollution. Jiang et al. presented the release ratio of AAEM species at different 

stages of pyrolysis at 900 °C.59 It was found that the release ratios of AAEM species 

continuously increase at the beginning of pyrolysis, but the release rates of Mg and Ca 

slow down when pyrolysis conversion reaches > 70%. Under the conditions they used, 

53-76% of Na and K, and 27-40% of Mg and Ca vaporized during pyrolysis. The 

impacts of free radicals on the release of inorganic species were discussed. It is 

believed that free radicals like H could substitute the inorganic species that are bond 

with char matrix, thus promoting the release of inorganic species.59, 130 Besides, the 

difference in the release ability of alkali elements and alkaline earth elements is clearly 

demonstrated in this study, that alkali elements have higher tendency of being 

released.59 This is ascribed to the chemical valence of alkaline earth elements which 

are divalent elements with higher stability.130-131 
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Usually, the release of inorganic species is quantified by analyzing the contents of each 

inorganic element in biomass and char, and determining the mass yield after the 

conversion. However, due to the difficulty in obtaining the actual char yield of rapid 

pyrolysis at high temperatures, no data is available for the release of inorganic species 

under conditions pertinent to PF combustion. Other methods have been employed to 

investigate the release of inorganic species. Davidsson et al. placed a surface ionization 

detector inside a single-particle pyrolysis reactor which can simultaneously but 

indirectly detect the release of inorganic species as the pyrolysis of biomass.89, 132 

Particle size and biomass species were found to influence the release of alkali metals 

significantly.89, 132 Fuel washing by water and acid was proven to be useful in reducing 

the alkali evaporation during pyrolysis.89 Dayton et al. used a molecular beam mass 

spectrometer (MBMS) system inside the furnace to measure the relative amounts of 

released inorganic molecules during the thermal conversion of biomass at 1100 °C.90  

Studies about the release of inorganic species in different occurrences indicate a few 

things. Firstly, water-soluble and ion-exchangeable elements are less stable and are 

prone to be released when heated.133 The pyrolysis experiments done by Davidsson et 

al. used raw and washed biomass as feedstock. The detected signal of released alkali 

elements suggested that water or acid-leaching can reduce the amount of alkali 

elements vaporized during pyrolysis.89 They concluded that the reason for reduced 

alkali elements release after washing was that the retained alkali elements in washed 

biomass were stably combined with the biomass structure so that the bonds between 

them were difficult to break up. 

Parts of inorganic species are retained in pyrolytic products, such as char and bio-oil. 

It was mentioned that some of the retained inorganic species could stay on the surface 

of char when pyrolyzed at moderate temperature, and they can have catalytic effects 

on the formation of char structures and other conversions.91 Therefore, a sound 

understanding of the evaporation of AAEM species during rapid pyrolysis of biomass 

at high temperatures is necessary for preventing and controlling the adverse effects of 

ash-related problems. 
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2.5 Shape and size of biomass particles and derived char particles  

2.5.1 The importance of particle shape and size characterization  

The importance of particle shape and size has been recognized as it concerns the 

transportation, fluidity, conversion rate, etc., of biomass particles. Podczeck and Mia 

investigated the flow behaviour of biomass particles and found that needle-like 

biomass particles can have a large angle of internal friction.134 The stability of a slope 

of a poured biomass granular pile was studied by Robinson and Friedman.135 The 

effects of particle shape were considerable as more angular particles could reduce the 

slope angle. The higher particle length/width ratio can significantly increase the 

difficulty in the shear flow of particles due to higher strength.136 During biomass 

utilization, the size, shape, and density of the raw biomass particles are known to affect 

the feeding system, flow properties,137 as a low aspect ratio is preferable for powder 

flow ability,138-139 Tests done by Reaction Engineering International showed that wood 

particles only meet the requirements of flowability by mixing with coal particles, 

which are relatively rounder and can improve the total flowability of the fuel through 

the bunker.54, 140 Particle size can also affect other physical behaviours, such as the 

bridge tendency of powder particles. Therefore, research has been carried out to study 

the various parameters of ground biomass.141 Usually, focuses are placed on particle 

size, particle size distribution, particle shape, and irregularity. Several parameters are 

used to indicate the particle shape, such as sphericity, aspect ratio, angularity, whose 

definitions are summarized in Section 2.5.2. Guo et al. studied the particle shape for 

several biomass species and found that they all have large aspect ratios, and particles 

from different biomass species differed a lot for their particle size and distribution, 

even after the same procedure of milling.141 

Over decades, many models of biomass/coal conversions developed by researchers 

assume biomass/coal particles to be spherical to simplify the question. Coal particles 

are generally spherical particles, whereas biomass particles after pulverization are 

highly irregular. Usually, for woody biomass particles, they have a needle-like shape, 

as stated above. However, it was found that particle size, shape, and surface area had 

significant impacts on pyrolysis and combustion characteristics of biomass and coal79, 

142 For biomass, Leth-Espensen et al. investigated the devolatilization process 
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(moderate pyrolysis conditions) and its dependence on size and morphology.143 The 

experimental data and model results showed that 1. The devolatilization rates for 

smaller particles were much higher than large particles; 2. Elongated particles showed 

a higher devolatilization rate compared to spherical particles. Rezaei et al. pointed out 

that ignition temperature and kinetics of drying and thermal decomposition were 

related to the particle size and shape.137 After the initial pyrolysis process, char particle 

size is also crucial as it affects the ignition temperature and emissions during the 

combustion stage.144 Shiemann et al. systematically studied the effects of particle size 

on the char burning kinetics.27 The initial particle shape of biomass particles and the 

change of shape during the combustion process were recorded by pyrometric 

measurements. A model was proposed to evaluate the impacts of particle shape. The 

experimental results showed that different particle shape has noticeable effects on the 

burning of char. Spherical particles showed a higher burning rate compared to long 

particles, which was ascribed to the ratio of mass and surface area for each particle. A 

similar study has been conducted by Pattanotai et al.145 However, they used large 

particles (2-8 mm) with different aspect ratio to carry out slow pyrolysis at 1423 K. 

The effects of particle shape were clear that it could affect the pyrolysis products yield 

(less tar when aspect ratio higher), the reactivity of resultant char (higher reactivity for 

particles with low aspect ratio), the internal structure. 

2.5.2 Shape and size of biomass particles after pulverization 

After pulverization, biomass powders usually exhibit a wide size distribution. 

Different indexes were used in literature to represent the particle size distribution.  

1. Cumulative mass fraction: D =
𝑑

𝑑𝑎
, 𝑑𝑖 = ∑

𝑚𝑖𝑑𝑖

𝑚𝑖  

where D is a dimensionless index to represent particle size, 𝑑𝑎 is the average particle 

size, 𝑚𝑖 is the mass of particles in the size range of 𝑖, 𝑑𝑖 is the average value of the 

upper and lower limits of the size range i, and m is the total mass of particles. 

1. Rosin–Rammler distribution: 𝑌𝑑 = 𝑒𝑥𝑝 [− (
𝑑

�̅�
)

𝑛

] 

where 𝑛 , 𝑑 , and �̅�  refer to the distribution spread, the diameter of a particle, and 

Rosin–Rammler mean diameter, respectively.73 
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2. Frequency distribution over Martin minimal diameter: 𝑞3(𝑥𝑀𝑎,𝑚𝑖𝑛) =
𝑑𝑄3(𝑥𝑀𝑎,𝑚𝑖𝑛)

𝑥(𝑥𝑀𝑎,𝑚𝑖𝑛)
  

where 𝑥𝑀𝑎,𝑚𝑖𝑛  and 𝑄3  refer to the Martin minimal diameter and the cumulative 

particle size distribution normalized to the volume.43 

Biomass particles exhibit extremely various particle shapes after pulverization. 

Researchers classified those biomass particles using different methods. For example, 

based on the aerodynamic behaviour, ground biomass particles of sawdust and poplar 

smaller than 300 µm are separated into categories: flake-like, cylinder-like, and equant 

by Lu et al.79 Needle-shaped biomass parties has been reported for many species, 

including pine and miscanthus,73 

The shape of a particle can be evaluated by several parameters: 

Sphericity =
4𝜋𝐴

𝑝2
 

Aspect ratio: AR =
𝑙

𝑑
 

where 𝐴, 𝑝, 𝑙, and d are the projected area of a particle, the perimeter of the projection, 

the particle length, and the particle width.  

Operational sphericity, φ = √
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑖𝑟𝑐𝑢𝑚𝑠𝑐𝑟𝑖𝑏𝑖𝑛𝑔 𝑆𝑝ℎ𝑒𝑟𝑒

3
,146 

2.5.3 Transformation of shape and size during thermal conversions 

The transformation of particle shape and size for biomass particles after pyrolysis has 

been observed previously. Zhang et al. compared the SEM pictures of Hinoki cypress 

sawdust (<500 µm) pyrolyzed in a DTF at 600-1400 °C. They noticed that the original 

shape and size of biomass particles were maintained for char obtained at 600 °C, but 

higher pyrolysis temperature caused melting and fusion of char particles.16 It is 

reported that biomass with higher silicon content tends to hold its original particle 

shape after pyrolysis.73, 77 Trubetskaya et al. examined the particle shape and surface 

morphology for char particles after rapid pyrolysis at three temperatures between 

1000 °C, 1250 °C, and 1400 °C.43 A difference in particle shape was observed for pine 

char and beechwood char, with pine char particles being more spherical and smooth 
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on the surface, as the SEM images showed.43 Besides, the authors also suspected that 

the char particle shape involves the pyrolysis temperature but stops at a certain point. 

The effects of pyrolysis temperature on the char particle shape were also investigated 

by Panahi et al.7 They used raw and torrefied Miscanthus and Beechwood to conducted 

rapid pyrolysis at 975K and 1400K. Their findings are in line with the others that 

higher pyrolysis temperature can accentuate the deformation of biomass particles. 

They observed the big blowholes on the exterior of molten biomass particles that 

resemble cenospheres. This is due to the rapid escape of volatile matters.83 The high 

heating rate causes the massive amount of volatiles generated in a short time, leading 

to the overpressure inside the particle. Therefore, the release of volatiles creates 

openings, and these new openings are left after pyrolysis is completed. Other shape 

transformation of biomass particles during rapid pyrolysis includes melting, swelling, 

plastic deformation, and fusion, which have been observed and summarized by many 

other researchers. The melting start temperature or fusion temperature was 

investigated and reported to be 739 K for wood,147 and 722-725 K for cellulose.148 The 

melting of biomass particles usually results in the decreased aspect ratio and the 

increased roundness, which is specifically termed as “spherodization”.7 Such 

phenomenon is the consequence of the softening and melting of char matrix/structure. 

In summary, the temperature has a key role in the transformation of biomass pyrolysis. 

However, among those studies, only a few have been found to quantitatively analyse 

the changes in particle size and shape of biomass after rapid pyrolysis. 

The heating rate has been confirmed by Dall’Ora et al.,76 Cetin et al.,8, 82 as the other 

key parameter that can influence the shape of char particles. It was found that char 

particles pyrolyzed at 1373 K and low heating rate (10 K/min) maintain the needle-

like shape as their parent biomass particles, whereas char particles pyrolyzed at the 

same temperature but at a much higher heating rate (105 K/s) lost all of the original 

structure and became spheres with internal cavities.76 The melting phenomena of 

biomass particles are believed to be related to the depolymerization and 

repolymerization steps during pyrolysis.149 The high heating rate makes these two 

steps take place consecutively, thus promoting biomass melting. In contrast, these two 

steps happen simultaneously at low heating rates, and therefore, no noticeable molten 

structure is observed. Another explanation for the more significant melting behaviour 

of biomass particles at high heating rates is proposed by Cetin et al.82 They pyrolyzed 
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pine wood at 950 °C in a tubular reactor with a low heating rate and a WMR with a 

high heating rate. It was believed that the intrinsic pores in biomass structure allow the 

gradual and gentle release of volatiles during pyrolysis, which cause no apparent 

change to the fibrous structure. On the contrary, the high heating rate leads to the rapid 

generation of volatiles that are forced to be released through the molten cell structure, 

further damaging the structure. Besides, Solomon et al. pointed out that the slightly 

different rate of cross-linking can lead to significant difference in the fluidity of char.69 

For biomass pyrolysis, there are many aspects that could influence the cross-linking. 

For example, the higher oxygen content can facilitate the cross-linking.  

Apart from the many biomass species mentioned above, Gil et al. deployed four kinds 

of biomass to conduct rapid pyrolysis at 1300 °C in an EFR. All of them exhibited 

noticeable shape changes.84 McNamee et al. also noticed melting for Willow and 

Eucalyptus.83 Such phenomenon of melting biomass particles as summarized above 

seems to be a general characteristic of different biomass types. Besides, it was found 

that the melting of particles occurs very quickly after particles being exposed at a high 

temperature of 1000 °C.82  

Different biomass species always introduce variation in the contents of inorganic 

species. Some inorganic species such as Ca and K are known to catalyze the cross-

linking reactions, leading to higher char yield. It seems that they are also responsible 

for the less plasticization of biomass during pyrolysis.  

The effects of other pyrolysis conditions on the shape of char particles were 

investigated by researchers. Cetin et al. investigated the influence of pyrolysis pressure 

on the char morphology.8, 82 Their analyses show that increasing pyrolysis pressure can 

cause the increase in char particle size and internal cavities but the decrease in the 

thickness of the char wall.8 Umeki et al. qualitatively investigated the evolution of 

Norway spruce particles by changing the residence time of particles and found that 

particles <500 µm would lose their original morphology after pyrolysis conversion 

completed whereas particles >500 µm could reserve some structure, which can be 

ascribed to the lower heating rate of large particles.45 Pretreatment for biomass, such 

as torrefaction, has been found to affect the final morphology of char after pyrolysis. 

McNamee et al. compared the char morphology pyrolyzed from raw and torrefied 

biomass.83 Their SEM images show that the char particles produced from raw biomass 
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have smooth edges but are still elongated as entire particles. However, the deformation 

of torrefied biomass derived char particles appears to be more severe, which can be 

ascribed to the degradation of biomass structure during torrefaction. Panahi et al. 

compared the AR of original biomass particles and torrefied biomass particles and 

found that torrefaction at 275 °C for 30 min could decrease the AR, which suggested 

that particles became more round after torrefaction.7 The direct observation of the 

initial combustion stages of a biomass particle shows that the biomass particle is 

surrounded by enveloping flames due to the ignition of evaporated volatile matters, 

and in the meantime, the biomass particles rapidly rotate and shrink, forming a 

spherical particle before being burnt.7 The effects of pyrolysis atmosphere gas on the 

shape changes of biomass particles was studied as well.84  

2.5.4 Summary of size and shape characterization methods for biomass and char 

particles 

The most common method to characterize particle size is mechanical sieving.138 There 

are other ways like laser diffraction,150 Image analysis, principal component analysis 

(PCA) for particle shape and size evaluation.138  

Image analysis has been widely used because images for particles provide the most 

direct and detailed information of the observable surface morphology. Optical 

microscopy was deployed by Zygourakis to study the macroporosity of char particles. 

Digital image analysis quantified the pore volume and surface area (>1-2 µm) for 

particles in images.151 The scanning electron microscope (SEM) is the most popular 

tool to study the morphology details at the micro-level. For instance, Guerrero et al. 

qualitatively compared the morphology of char particles produced at different heating 

rates by their SEM images and found that the high heating rate created large internal 

cavities and surface openings due to the rapid release of volatile matters.152 Panahi et 

al. took SEM pictures for char particles and observed the blowholes on the surface of 

char particles.7 SEM analysis has also been used by Cetin et al.,82 Gil et al.,84 

McNamee et al.,83 However, there are disadvantages to use SEM analysis. For instance, 

such SEM analyses are basically visual comparison and qualitative description. 

Besides, SEM analysis can be biased if the observed particle represents the unusual 

situation. Using image analysis to conduct quantitative analysis is challenging due to 
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several facts. Table 2.3 revealed the difference in the number of qualitative and 

quantitative studies about the transformation of biomass particle shape and size. Firstly, 

works related to SEM images analysis usually require a massive amount of time. 

Secondly, a comprehensive description may need a large number of images to be taken 

due to the heterogeneous characteristics for each particle.68 Lu et al. developed an 

algorithm to rebuild the three-dimensional structure of a biomass particle based on the 

images taken on three orientations, then derive the particle surface area, volume, and 

other parameters based on the model.79  

Table 2.3 Qualitative and quantitative studies of the particle shape and size during the 

biomass thermal conversions 

Studies of the particle shape and size during the biomass thermal conversions 

Qualitative studies Quantitative studies 

Zhang et al.16 

Trubetskaya et al.43 

Panahi et al.7 

McNamee et al.83 

Dall’Ora et al.76 

Cetin et al.8, 82 

Solomon et al.69 

Gil et al.84 

Umeki et al.45 

Johansen et al.73 

Zhang et al.16 

Lu et al.79 

Biagini et al.68 

 

Nowadays, there are several specialized instruments designed for quick and massive 

analysis of particle shape. A Netzsch CAMSIZER XT was used by Johansen et al. to 

collect the characteristic length for pine and miscanthus powder that were initially 

mechanically sieved to 63–90 and 106–125 μm using sieving screens.73 A similar 

instrument but with a different brand CAMSIZER XT (Retsch) was used by 

Trubetskaya et al. to generate the projected area, Martin minimal and Feret maximal 

diameters, sphericity, and aspect ratio for biomass and char particles. The advantage 

of this instrument is that its air pressure dispersion can avoid the agglomeration of 

particles and provide the true dimensional parameters for individual particle.43 Another 

laser diffraction instrument SEISHIN, LMS-30 with water and methanol as the 

dispersion medium was used to analyse the particle size of char particles, the minimum 

diameter being 1 µm.16 
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The cross-sectional structure of char particles is rarely reported. Research done by 

Cetin et al. shows the cross-sectional images of char particles pyrolyzed at different 

pressure. They found that higher pyrolysis pressure can produce char particles with 

thinner particle wall and larger size.82 

2.6 Biomass upgrading via torrefaction 

2.6.1 Torrefaction and its impacts on the properties of biomass 

Biomass accounts for the largest proportion among renewable energies (including 

biomass, solar, wind energies) so far.  

The utilization of biomass is hindered because of its disadvantages, including high 

moisture content and low energy-density. The high moisture content due to the 

hydrophilic nature of biomass feedstock not only increases the cost of thermochemical 

conversion,153 but also makes biomass not suitable for long-term storage.154 Fibrous 

properties lead to high energy consumption for grinding; poor spherical shape causes 

poor fluidization behaviour and low flowability.155 heterogeneity of biomass makes 

process design and control more complicated. A pretreatment technology 

(Torrefaction) for biomass was proposed aiming to mitigate those disadvantages of 

biomass. 

Torrefaction can be defined as the heat treatment of biomass in an inert environment 

and under a temperature of 200 °C-300 °C. This has become a promising pretreatment 

method that can convert biomass to energy-intensive solid fuels with higher 

grindability and lower moisture content. During the torrefaction process, biomass will 

partially decompose and release various types of volatile substances. These volatile 

substances can be divided into condensable volatile substances (including water and 

acid) and non-condensable volatile substances (including CO and CO2). The impacts 

of torrefaction on the properties of biomass are listed below: 

Grindability 

In lignocellulosic biomass, cellulose microfibers are embedded in a hemicellulose 

matrix, where hemicellulose and cellulose are densely packed by the lignin layer. After 

torrefaction, biomass cell walls are destroyed and a part of the hemicellulose is 
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removed. This microstructure change can significantly improve the torrefied biomass 

grindability. Under the same grinding conditions, the improved grindability of biomass 

leads to an increase in the weight percentage of fine particles, which is the desired 

feedstock for the utilization in PF boilers155 In other words, torrefaction can also reduce 

energy consumption for grinding torrified wood chips by ~90%, compared to raw 

wood chips.46  

Moisture content 

As a high moisture content will cause high energy loss during thermal conversion 

processes (e.g., combustion, pyrolysis), it is important to reduce the moisture content 

of biomass. For example, the water content of biomass feedstock is required to be less 

than 30 wt % (preferably, < 15 wt%) in the syngas production process and less than 

10% by weight in the pyrolysis process.156 Reducing water content of biomass can 

directly increase the energy density, improving the quality of product and reducing 

emissions during the combustion process.157 In general, the water content of biomass 

ranges from 30 to 60 wt%, depending on biomass feedstocks, storage method, time of 

harvest.156 Wu’s et al. work has shown that the torrefaction process can significantly 

reduce moisture content in biomass, as the biomass has been converted to be 

hydrophobic.158 For example, Felfri et al. reported that the moisture content in wood 

briquettes was approximately reduced by 73% after torrefaction.159 When the biomass 

is torrefied, the hydroxyl groups will be partially destroyed and water will be released 

from biomass.160 This can make biomass become hydrophobic by preventing the 

formation of hydrogen bonds.161  

H/C and O/C ratio 

Torrefaction changes the chemical composition of biomass, which upgrades the fuel 

properties of biomass. The carbon content of the torrefied biomass increases as the 

torrefaction temperature increases, while the hydrogen and oxygen content decrease 

due to the release of hydrogen- and oxygen-rich volatiles (e.g. water and carbon 

dioxide),3 resulting in the decrease of H/C and O/C ratios.162 Torrefied woody biomass 

has a similar chemical composition to sub-bituminous coal under high temperature and 

long residence time and can be directly used for gasification and co-firing as well.163 
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2.6.2 Rapid pyrolysis of torrefied biomass and the products 

During the pyrolysis process, non-torrefied biomass undergoes a three-stage reaction 

with increasing temperature:164 evaporation of free water in biomass feedstock; main 

decomposition; a slow period of degradation; formation of bio-char; secondary/tertiary 

reactions between pyrolysis products. Because of the char-like thermal properties of 

torrefied biomass, the starting temperature of pyrolysis of such biomass samples 

increases,165 and pyrolysis peak temperature increases with increasing torrefaction 

temperature.166  

The torrefaction process will significantly affect the pyrolysis products in terms of 

product yields and chemical composition.167 For example, as the torrefaction 

temperature increases, pyrolysis of torrefied biomass produces less bio-oil,168 more 

char,165 and a similar amount of non-condensable gas.169 Wannapeera and co-workers 

reported that the higher char yield is due to the cross-linking reaction during 

torrefaction.170 The biochar produced from pyrolysis of torrefied biomass shows lower 

activity, relatively poor mechanical strength, and lower specific surface area.171 The 

adsorption performance of the biochar produced from pyrolysis of torrefied biomass 

is improved.172 

The moisture content of the bio-oil produced from the pyrolysis of torrefied biomass 

significantly drops, indicating that fuel properties of bio-oil have been improved 

compared to non-torrefied biomass.173 The heating value of the bio-oil produced from 

pyrolysis of torrefied biomass becomes higher because the oxygen content reduces, 

but the bio-oil yield significantly decreases.174 Moreover, the acidity of the produced 

bio-oil decreases with an increasing degree of torrefaction,175 which reduces corrosion 

in bio-oil.176  

With recent improvements in the conversion process, pyrolysis of torrefied biomass 

has become promising.164 Researchers have been focused on a low to medium 

temperature (< 900 °C), and there are little studies on the pyrolysis of torrefied biomass 

at a high temperature (≥ 1100 °C).177 The effects of torrefaction temperature on the 

properties of bio-char produced from pyrolysis of torrefied rice straw at  800 °C, 

1000 °C, and 1200 °C were investigated.171 It was found that char yields increase with 

increasing torrefaction temperature. Li et al. studied the size distribution of char 
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samples produced from torrefied and non-torrefied forest residue at 1200 °C, and ash-

tracer method was used to determine the carbon and other organic element conversions 

of these char samples.178 However, due to the evaporation of ash-forming elements, 

the ash-tracer method might not be accurate. Thus, it is vital to find a method to directly 

determine the char yield of rapid pyrolysis of torrefied biomass. 

2.7 Biomass upgrading via leaching process 

2.7.1 The significance of biomass leaching and its impacts 

The deposit of inorganic species on the equipment surface can be mitigated if the 

concentrations of inorganic species in fuel gases can be reduced.90 Biomass washing 

is the critical step to tackle ash-related issues during pyrolysis, gasification, and 

combustion by decreasing the reaction rate between deposits and gaseous inorganic 

species. 

Table 2.4 summarizes some examples of biomass leaching. Generally, water washing 

is used as a common pretreatment method to remove AAEM and other inorganic 

elements (such as Cl, S, and P). Water washing is also used as the first step in 

sequential leaching of biomass to quantify water-soluble compounds in biomass.95 

Moreover, some researchers used water washing method to remove AAEM species 

from biomass to study their effects on pyrolysis of biomass,110 the product yields, and 

compositions of bio-oil.179 

Table 2.4 Previous studies of biomass leaching 

Reference Purpose of leaching Methods 

Wu et al.180 To quantify the nutrients from biomass 

components and the derived biochars 

Batch 

Arvelakis et al.181 Pre-treatment method. 

To remove water-soluble Na, K, and Cl from 

biomass to prevent agglomeration problems in 

a gasifier 

Batch 
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Jenkins et al.182 Pre-treatment method. 

To remove Na, K Cl in biomass to reduce 

slagging and fouling in a furnace. 

Batch, water spray, 

and flushing 

Turn et al.183 Pre-treatment method. 

To remove inorganic elements in biomass to 

prevent ash-related issues in thermochemical 

conversions. 

Mechanical 

dewatering and 

leaching 

Davidsson et al.89 Removing AAEM from biomass to study its 

effect on AAEM release during pyrolysis 

Semi-batch 

Arvelakis et al.184 To remove water-soluble and ion-

exchangeable inorganic elements in biomass 

Batch 

Skoulou et al.185 Pre-treatment method. 

To study the effect of leaching of hydrogen 

production during biomass gasification 

Batch 

Werkelin et al.95 Water leaching is the first step of chemical 

fractionation. 

Batch 

Jensen et al.110 Pre-treatment method. 

To study the effect of KCl on biomass 

pyrolysis 

Batch 

Mourant et al.179 Pre-treatment method. 

To study the effect of AAEM on the 

yield/composition of bio-oil 

Batch 

 

Biomass water leaching as a pretreatment strategy 

The leaching method is mainly used to remove or reduce AAEM species and other 

elements in the biomass, as most of them are soluble in water (see Table 2.4). For 

example, Turn and co-workers reported that the combination of leaching method and 

mechanical dewatering of biomass could remove 98% of Cl, 90% of K, 68% of Na, 

and 72% of P, in addition to the reduction of 45% of ash.183 Dayton et al. found that 
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leaching of various biomass samples can remove 55% of Na2O, 83% of K2O, 91% of 

Cl, and 51% of MgO on average.90 The removal of these elements greatly reduces the 

ash-related issues during biomass gasification and pyrolysis. Arvelakis and co-workers 

reported there were no deposition or caking problems during the combustion of water-

washed olive residues.186 

Leaching of Organic Matter from Biomass 

In addition to inorganic species, organic matters can also be removed when biomass 

samples are washed with water. Turn et al. found that sugar monomers accounted for 

~ 4wt % of biomass (dry basis) that can be leached.183 Recently, Wu and co-workers 

found that 30 % of organic matters were leached from mallee leaves, possibly because 

mallee leaves have high extractive contents.180 In addition, various studies have been 

conducted on biomass as an adsorbent for metal pollutants. For example, organic 

matter is leached from the absorbent prepared from seaweed.187-188 Other researchers 

have also reported that organic matter is leached from algal biomass to remove metal 

contaminants,189 and organic matter can be leached from wood and bark materials.190 

The leaching of organic matters from biomass after a water-washing method may 

result in acidic leachate. For instance, Arvelakis and coworkers found that the pH of 

the water leachate decreases during wheat straw leaching.191 

2.7.2 Thermochemical processes of leached biomass  

Combustion and Gasification of Leached Biomass 

Biomass can be directly burned to produce heat and power. However, the use of raw 

biomass in conversion systems such as fluidized bed reactors is associated with serious 

ash-related problems, which can lead to severe operating problems (e.g., 

agglomeration, deposition, and corrosion). Arvelakis et al. reported that leaching had 

been proven to significantly reduce the ash-related operating problems during the 

combustion of wheat straw samples.186 However, the authors still found that the 

agglomeration occurred during combustion tests with leached wheat straw samples. 

This is because the discharge of AAEM species and chlorine from the wheat straw 

during the leaching process is limited, which can still cause ash-related problems 

afterward. But the problems were much lesser compared to those from the combustion 
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tests with raw wheat straw samples. Some researchers had reported similar results,182 

and more studies are required to understand the mechanism of leaching.  

Ash-related problems have also been found during gasification processes. Researchers 

found that K and Cl in ash are the most important factors causing operating problems 

during gasification.192-193 Therefore, ash-related problems can be addressed by 

removing those elements. For example, Arvelakis and coworkers reported that using 

leached biomass samples could significantly reduce the agglomeration problems than 

using untreated biomass samples during gasification.184 Because most AAEM species 

and Cl in ash have been washed out via leaching methods, thereby reducing 

agglomeration and deposition problems during gasification. 

Pyrolysis of Leached Biomass 

Tan et al. reported that the contents of metallic elements in biomass decreased after 

being washed with hydrochloric acid (HCl), which leads to an increase in the release 

rate of volatiles during pyrolysis.194 The increase in the release rate of volatiles leads 

to an increase in bio-oil yield but a decrease in secondary reactions of volatiles. 

Cellulose pyrolysis produces a higher yield of bio-oil compared to lignin and 

hemicellulose, whereas they produce more char and gas.195 Strong acid washing 

reduces the amount of hemicellulose and cellulose in the biomass due to hydrolysis, 

thus increasing the proportion of lignin. This finally leads to a decrease in bio-oil yield 

but an increase in the yield of char and gas.196 Fahmi and co-workers studied the 

contents of lignin and inorganic species on pyrolysis of biomass. They found that the 

yields of bio-oil samples produced from washed biomass samples were much higher 

compared to those produced from raw biomass samples.197 According to results in this 

paper, a lower level of water is produced if ash/metals are washed, resulting in a higher 

heating value of the bio-oil and lowering the possibility of phase separation. This 

means that more stable bio-oil samples can be produced after biomass washing as a 

pretreatment method. Besides, this idea was also confirmed by Bank et al.,198 who 

found that the yield of bio-oil produced from Triton X-100 (surfactant) washed 

biomass was 76.21 wt.%, in comparison to untreated biomass (64.05 wt.%) and water 

washed (64.13 wt.%). The Triton X-100 washed bio-oil had the lowest water content 

than other bio-oil samples produced from pretreated and raw biomass. They believed 
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more bio-oil was the result of less inorganic species in biomass, which significantly 

reduces secondary reactions during pyrolysis. 

samples produced from torrefied and non-torrefied forest residue at 1200 °C, and ash-

tracer method was used to determine the carbon and other organic element conversions 

of these char samples.178 However, due to the evaporation of ash-forming elements, 

the ash-tracer method might not be accurate. Thus, it is vital to find a method to directly 

determine the char yield of rapid pyrolysis of torrefied biomass. 

2.8 Conclusions and research gaps 

From the literature review above, there are a few conclusions that can be made: 

 Mallee biomass is an important energy resource with a high potential for local 

renewable energy improvement.  

 Biomass combustion in existing pulverized coal boilers is an attractive 

technology as it is economically efficient. However, it still faces many 

problems due to the different properties between biomass and coal.  

 The rapid pyrolysis of biomass under conditions pertinent to PF combustion 

receives increasing attention because the reactions that happened during rapid 

pyrolysis will influence the subsequent combustion stage. The properties of 

char produced after pyrolysis significantly affect combustion behaviour. 

 A major problem regarding the studies of rapid pyrolysis at high temperatures 

for biomass is the determination of char yield due to the limitation of 

experimental instruments. The ash tracer method has been widely used. It is 

based on the assumption of no loss of ash elements during rapid pyrolysis. 

However, several papers have observed the evaporation of inorganic species 

for biomass rapid pyrolysis at high temperatures, which suggests the 

unreliability of the ash-tracer method. Although DTF is ideal to simulate the 

conversion of biomass under PF conditions, yet so far, most of the works done 

in DTF still use the ash tracer method to determine char yield. 

 A few works have been done on the fate and behaviour of inorganic species 

during the conversion of biomass at temperatures <1000 °C. A common 

finding is that those major or minor inorganic species in biomass are subject to 

different extents of evaporation during the conversion, which can be 
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determined quantitatively. However, there is very little work in literature that 

revealed the behaviour of inorganic species during rapid pyrolysis of biomass 

at high temperatures (>1000 °C). This could be the result of inaccurate char 

yield that prevents the quantification of element retention. No direct data had 

been found concerning the release of inorganic species under PF combustion 

conditions and thus it is unknown the extent of evaporation for biomass when 

going through rapid pyrolysis at high temperature. 

 TGA is the most common method to investigate the evolution of biomass 

particles during pyrolysis. However, the heating conditions for biomass 

experienced in TGA are not comparable to the conditions of rapid pyrolysis, 

which means those data obtained by TGA cannot be comparable to the actual 

reactions happened under PF conditions and is not reliable to guide the future 

industrial biomass application.  

 Biomass particles show diverse and irregular shapes after pulverization, which 

is an essential step for biomass PF combustion. Studies on the shape and size 

distribution of biomass particles showed their complexity. Besides, previous 

researches revealed that most biomass particles went through deformation 

(plasticization/ melting/ swelling) during rapid pyrolysis, especially at high 

temperatures and high heating rates. But a quantitative study has not been 

found regarding the change and transformation process of particle shape during 

biomass rapid pyrolysis. 

 Torrefaction and leaching are two useful pretreatment methods to improve the 

properties of raw biomass. Studies have been carried out focusing on the effects 

of torrefaction/leaching on the properties of torrefied/leached biomass and their 

thermal conversion behaviour under mild/moderate pyrolysis conditions 

(heating rate <103 °C/s, temperature <1000 °C). Nevertheless, it is extremely 

important to understand the pyrolysis performance of the pulverized biomass 

fuels treated by torrefaction/leaching. 

Therefore, further research and development are required to address the above-

mentioned research gaps, including: 

 Investigating the impacts of pulverized biomass powder with wide particle size 

distribution on the properties of char particles after rapid pyrolysis at high 
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temperature. The previous studies did not reveal the true char yield for biomass 

pyrolysis carried out at high temperatures and high heating rates (~104-105 

K/min). But the modified drop-tube furnace can realize experimental 

determination of char yield at 1300 °C. The dependence of particle shape and 

release of inorganic species on particle size during pyrolysis needs to be studied. 

 A study for the evolution of biomass during rapid pyrolysis at high 

temperatures is necessary as precious studies about the pyrolysis evolution 

were usually done in a thermogravimetric analyzer. The actual progress of solid 

mass loss should be reported. The data about the gradual release of inorganic 

species as the evolving pyrolysis are important to help understand the 

transformation of inorganic species. Characterization of the evolution of 

particle size and shape is vital when modeling the reaction rate. 

 Torrefaction as a promising pretreatment method for biomass has been used to 

improve biomass fuel properties. The true char yields of torrefied biomass 

during rapid pyrolysis at high temperatures need to be reported. Analysis on 

the retention of inorganic species for torrefied biomass should be carried out to 

evaluate the effects of torrefaction temperature on ash-related problems. The 

changes in particle size and shape for biomass with different torrefaction 

temperatures require detailed investigations as particle size and shape are 

important factors to the oxidation of char. The actual situation of industrial 

utilization of biomass wood chips has to be considered. A comparison of 

particle size and shape for biomass powder particles pulverized from raw and 

torrefied wood chips is required. 

 Biomass leaching would cause variation in the occurrence of retained inorganic 

species. Therefore, it is of great importance to understand the evaporation 

ability of retained inorganic species during rapid pyrolysis under conditions 

pertinent to PF combustion. The lack of inorganic species for biomass can 

cause changes in particle size and shape for char particles after rapid pyrolysis, 

which should be carefully studied. 

2.9 Research objectives of the current study 

The above literature review has identified a few research gaps for biomass combustion 

in PF boilers/furnaces. Limited by the timeframe of this Ph.D. study, this thesis aims 
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to fill up some of the research gaps mentioned above. Focuses will be placed on the 

experimental/true char yield of biomass, the release of inorganic species from biomass, 

and the evolution of particle size and shape, during the rapid pyrolysis under conditions 

relevant to PF combustion. The detailed objectives of this Ph.D. study are listed below: 

(1).  To investigate the effects of biomass particle size on the properties of char 

derived from biomass rapid pyrolysis at high temperatures. 

(2).  To understand the evolution of biomass rapid pyrolysis by characterizing the 

evolving physical and chemical properties of char samples. 

(3).  To study the effects of torrefaction temperature on the subsequent rapid 

pyrolysis of torrefied biomass powders and the properties of their char. 

(4).  To examine the particle size and shape of torrefied biomass by simulating the 

industrial biomass utilization steps by conducting the torrefaction of wood 

chips first, before pulverizing and sieving. 

(5).  To study the impacts of leaching as a pretreatment method for biomass by 

analyzing the physical and chemical properties of leached biomass and their 

char samples after rapid pyrolysis at a high temperature
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CHAPTER 3 RESEARCH METHODOLOGY AND 

ANALYTICAL TECHNIQUES 

3.1 Introduction 

This chapter will introduce the research methodology employed in this Ph.D. study to 

achieve the objectives outlined in CHAPTER 2. The experiments and analysis methods 

will be described in detail in Sections 3.3 and 3.4.  

3.2 Methodology 

This Ph.D. study focuses on the rapid pyrolysis of biomass at high temperatures, which 

is relevant to the conditions of PF combustion. Two biomass species (mallee wood and 

pine wood) were studied. Several experiments were carried out to achieve the 

objectives listed in Section 2.9, which include:  

 Rapid pyrolysis in the modified DTF for raw biomass particles with different 

size fractions. 

 Mallee wood was subjected to rapid pyrolysis with various residence times and 

the properties of pyrolysis products were analysed. 

 Torrefaction of biomass powder and wood chips in a drop-tube/fixed bed 

quartz reactor at different temperatures. 

 Leaching of mallee wood powder in semi-continuous and batch mode with 

water and acid, respectively. 

 Rapid pyrolysis of pretreated (torrefied or leached) biomass in the modified 

DTF. 

 Image analysis of biomass and char particles using an optical microscope or 

scanning-electronic microscope, and image processing software (ImageJ). 

Experiments and sample characterization were repeated at least twice to ensure 

reproducibility. Image analysis was applied to hundreds of particles. An overview of 

the research methodology is depicted in Figure 3.1. 
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Figure 3.1 Overall research methodology and linkage to research objectives 
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3.2.1 Effect of particle size on char yield, retentions of AAEM species, and char 

particle shape 

Biomass powders (mallee wood and pine wood) were mechanically sieved to 3 size 

fractions to study the effects of particle size on the char properties after rapid pyrolysis 

of biomass (see Section 3.3.1 and Section 3.3.2) at conditions pertinent to PF 

combustion. The proximate and ultimate analysis, as well as the inorganic composition 

of char samples with different sizes were conducted (see Section 3.4.2, Section 3.4.3, 

and Section 3.4.4). Focuses were placed on the experimental char yield obtained in a 

novel double-tube drop-tube furnace (see Section 3.4.1). The chemical properties of 

char samples revealed the discrepancy in composition and retentions of AAEM species 

of biomass with different particle sizes. A model was established to evaluate the 

heating rates for biomass particles. The impacts of particle size on the morphology of 

char particles were studied based on image analysis via optical microscope and 

scanning electron microscope (SEM) (see Section 3.4.7). The results and discussion 

can be found in CHAPTER 4.  

3.2.2 Evolution of char properties during rapid pyrolysis of biomass at high 

temperature 

The evolution of biomass rapid pyrolysis was investigated by adjusting the residence 

time of biomass particles (mallee wood in size fraction of 250-355 µm) in the novel 

drop-tube furnace, which was achieved by varying the flow speed of carrying gases 

for biomass particles. Char samples with different residence times were collected and 

subjected to proximate and ultimate analyses, chemical composition analysis, and 

image analysis. Based on the collected data, the change of char yield with time, the 

gradual release of AAEM species from biomass, and the evolution of char particle 

shape with time were derived. The contents of structural carbohydrates were quantified 

via a National Renewable Energy Laboratory (NREL) method (see Section 3.4.6). The 

occurrence of AAEM species in partially pyrolyzed char and completely pyrolyzed 

char was examined by the chemical fractionation analysis (see Section 3.4.5). The 

results and discussion for this part are stated in CHAPTER 5. 
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3.2.3 Rapid pyrolysis of pulverized biomass at high temperature: Effects of 

torrefaction temperature on char yield, retention of alkali and alkaline earth 

metallic species and char particle shape 

Biomass powder (mallee wood) was sieved to the size fraction of 150-250 µm firstly.  

Torrefaction experiments were carried out in a drop-tube/fixed bed quartz reactor at 

three selected temperatures: 220 °C, 250 °C, and 300 °C (see Section 3.3.3). Torrefied 

biomass samples and the raw biomass sample were all subjected to rapid pyrolysis in 

the novel drop-tube furnace. Char yields for these samples were determined. Proximate 

and ultimate analyses were conducted to study the pyrolysis extend of different 

samples. The retentions of AAEM species were calculated based on the inorganic 

composition of char samples. The chemical fractionation analysis was applied to raw 

biomass and torrefied biomass samples, and their char samples after rapid pyrolysis to 

investigate the effects of torrefaction on the occurrence of AAEM species in biomass 

and the derived char samples. Image analysis to study the change of shape was carried 

out for biomass particles before and after torrefaction, as well as char particles. The 

detailed results are presented and discussed in CHAPTER 6. 

3.2.4 Wood chips torrefaction, pulverization, and rapid pyrolysis 

Wood chips of mallee and pine proximately in the size of 1-2 cm were torrefied in a 

drop-tube/fixed bed quartz reactor using the same method as described before. They 

were kept at the desired torrefaction temperature (220 °C, 250 °C, and 300 °C) for 30 

min. The torrefied wood chips, as well as the raw wood chips, were pulverized with 

the same conditions before being sieved to get two size fractions: 90-106 and 250-355. 

The effects of torrefaction on the shape of pulverized biomass particles were 

investigated via image analysis. The main functional groups in torrefied biomass were 

determined by Fourier Transform Infrared Spectroscopy (FTIR) analysis (see Section 

3.4.8). Sieved biomass samples were then pyrolyzed in the novel drop-tube furnace at 

1300 °C. Char yields for samples were determined, and proximate & ultimate analyses 

were conducted for char samples. The retentions of AAEM species were obtained by 

the data of inorganic species in samples to investigate the influence of torrefaction and 

particle size. Image analysis was also applied to char particles. CHAPTER 7 includes 

the results and discussion for this study. 
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3.2.5 Effect of biomass leaching on the properties of char after rapid pyrolysis 

Mallee wood particles in the size fraction of 250-355 µm were subjected to water-

leaching and acid-leaching, which were realized through a batch reactor and a semi-

continuous reactor (see Section 3.3.4). The leached carbon in leachates was quantified. 

The quantification of inorganic species composition in raw mallee wood and leached 

samples was used to determine the leaching efficiency of water and acid (0.1 M 

hydrochloric acid) regarding AAEM species. Raw and leached biomass particles were 

used for rapid pyrolysis in the novel-drop-tube furnace to determine the char yields for 

them. Proximate and ultimate analyses, as well as the quantification of inorganic 

species in raw & leached biomass and their char samples, were conducted. Image 

analysis was applied to study the change of shape after leaching and the impacts of 

leaching on the morphology of char particles. The results and discussion are covered 

in CHAPTER 8.  

3.3 Experimental 

3.3.1 Sample preparation 

Mallee (Eucalyptus) is locally grown in Western Australia and has huge potential as 

an energy crop to substitute fossil fuels. Therefore, This Ph.D. study chose mallee 

wood as one of the research focuses. Pine wood has been widely investigated due to 

its international abundance. Researches were also carried out using pine wood as a 

comparison and reference to the behaviour of mallee wood during thermal conversions. 

Mallee wood and pine wood are categorized as hardwood and softwood, respectively.  

Locally harvested mallee wood and pine wood were chipped in a factory and delivered 

to the lab. Wood chips were sun-dried for days and stored in a fridge at a temperature 

<4 °C. Before experiments, wood chips were pulverized using a rotor mill (model: 

Retch ZM 200) with a screen sieve being 0.5 cm. After pulverization, biomass powders 

were mechanically sieved to three size fractions: 90-106 µm, 150-250 µm, 250-355 

µm. Those size-fractionated biomass samples were stored in sealed plastic bags. 

Before usage, biomass powders were oven-dried at 60 °C overnight and placed at room 

temperature for several days to reach moisture equilibrium. 
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3.3.2 Rapid pyrolysis of biomass in the novel Drop-tube furnace 

Rapid pyrolysis of biomass was carried out in the novel drop-tube furnace developed 

by Liaw and Wu.23 The new design was based on a drop-tube furnace which consisted 

of the external electrical furnace and the internal alumina tube where reactions took 

place. The maximum operating temperature for the furnace was 1600 °C, with 

approximately 600 mm of the isothermal zone.199 Usually, biomass particles were 

directed to the alumina tube with 67 mm outer diameter (OD). Char particles free-fell 

through a water-cooling probe and were collected in a DEKATI cyclone which could 

segregate particles with aerodynamic particles >10 µm. However, previous studies 

have demonstrated that a good mass closure using this collection method was not 

achievable,19, 23, 56 due to some particles being trapped inside the furnace, including 

possible places as the inclined surface of the water-cooling probe. The novelty of this 

design was to achieve a near-complete collection of char particles via a double-tube 

configuration. A smaller alumina tube (OD: 19 mm) was placed inside the 67 mm OD 

tube as the area where reactions happened. The bottom of the small alumina tube was 

inserted into a stainless-steel tube which was directly connected to the DEKATI 

cyclone. During experiments, biomass powders were entrained into the small alumina 

tube by a stream of argon (1.0 L/min). On the top of the furnace, a water-cooling probe 

prevented the early heating of biomass, and another stream of argon (0.2 L/min) was 

added to avoid the possible back-flow of biomass due to the released volatiles. The 

pyrolysis products including char, soot, and volatiles, were directed to the DEKATI 

cyclone through the stainless-steel tube, where a flow of nitrogen (2.4 L/min) was 

added into the space between the bottom water-cooling probe and the stainless-steel 

tube, which would go through the stainless-steel tube and cyclone. Between the 

annulus space of the small and large alumina tubes, a 5.2 L/min flow of nitrogen was 

introduced. These nitrogen flows could help prevent deposition on the tube wall and 

forced particles exiting the small alumina tube to enter into the stainless-steel tube and 

cyclone. Char particles with an aerodynamic diameter >10 µm were collected in a 

cyclone. A 13-stages DEKATI low-pressure impactor (DLPI) with a backup filter was 

attached to the outlet of the cyclone to determine the mass distribution of fine 

carbonaceous materials (CM) based on their aerodynamic diameter. This DLPI can 

fractionate CM into <0.1 µm, 0.1-1 µm, <1 µm, 1-10 µm, and <10 µm, which are 

denoted as CM0.1, CM0.1-1, CM1, CM1-10, and CM10. It was demonstrated in a previous 
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study200 that the CM with aerodynamic diameter <1 µm (CM1) is soot, while CM with 

an aerodynamic diameter of 1-10 µm (CM1-10) consists of dominantly char fragments.   

3.3.3 Torrefaction 

A drop-tube/fixed bed quartz reactor was used to conduct torrefaction of biomass for 

studies in CHAPTER 6 and CHAPTER 7. The clean quartz reactor was pre-loaded 

with biomass (powder or wood chips) and weight before being inserted into the electric 

furnace. The furnace and quartz reactor can operate at temperatures 1000 °C. The 

thickness of biomass samples inside the quartz reactor was <3 cm due to the isothermal 

zone being ~10 cm. A K-type thermocouple was inserted into the reactor and placed 

about 1 cm above the biomass samples to monitor the actual temperature of biomass. 

A stream of argon gas (2.0 L/min) was introduced from the top of the reactor to swap 

out the initial air and volatiles generated during heating. The furnace was turned on 

after 5 min of argon flowing to ensure the inert atmosphere inside the reactor. The 

heating rate was set to be 10 °C/min. Once the thermocouple reached the desired 

temperature (220 °C, 250 °C, and 300 °C), the reactor was maintained at the 

temperature for 15 min (for biomass powder samples in CHAPTER 6) or 30 min (for 

biomass wood chips samples in CHAPTER 7) and then immediately lifted out of the 

furnace to allow natural cooling. The argon gas was continuously swapping out the 

volatiles and helped cooling. After biomass samples reached the room temperature, 

the condensed volatile attached to the surface of reactor (bio-oil) was cleaned before 

weighing again to determine the yield of solid products.  

3.3.4 Biomass leaching 

Water-leaching and acid-leaching were carried out for mallee wood powders (250-355 

µm). Water-leaching adopted the semi-continuous leaching method as described 

elsewhere,201 to maximally avoid the loss of organic matters and acidifying the 

leachate. Briefly, a ~0.5g mallee wood powder was placed inside the special leaching 

tube, which is a cylinder enclosed by two stainless steel filters at each end. The 

leaching tube was then connected to an HPLC pump (Model: Alltech 627) by one end, 

and the other end was connected to the leachate bottle that was thoroughly cleaned by 

ultrapure water and dried prior to the leaching process. The HPLC pump delivered a 

stream of ultrapure water to flow through the leaching tube with a constant flow rate 
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of 100 mL/min. The contents of inorganic species and total organic carbon (TOC) in 

the leachate were analysed every one hour as an indicator for the extent of leaching 

process and the leaching process was considered as completed once the contents of 

inorganic species and TOC in the leachate cannot be detected. 0.1M of HCl solution 

was prepared to perform acid leaching in a batch leaching reactor for 6 h with 

continuous stirring. The weight ratio of biomass/0.1M HCl was kept at 1:100 to 

minimize the effect of organic acid leached out. The leached mallee wood samples 

were dried in an oven at 105 °C overnight and the leachates were subjected to further 

analysis of inorganic species and TOC. Three batches of water and acid leaching 

experiment for mallee wood were carried out at room temperature and all the leached 

biomass samples from different batches of leaching were well-mixed and stored for 

later experiments, while the water and acid leachates were also collected to analyse the 

total contents of leached inorganic species and TOC.  

3.3.5 Determination of the temperature distribution inside drop-tube furnace 

The exact length of the isothermal zone was required for the estimation of residence 

time of particles inside the isothermal zone for the research in CHAPTER 5. Therefore, 

the temperature profile inside the drop-tube furnace which was maintained at 1300 °C 

with different gas flow rates was manually detected. The drop-tube furnace was firstly 

heated to 1300 °C then the gas of a particular flow rate was introduced for a while to 

make the system stabilized. Due to the limitation of type-K thermocouple, these 

thermocouples could not resist 1300 °C for a long time. Therefore, the length of 

isothermal zone was determined by the total length of the furnace minus the total 

length where temperature < 1300 °C  25 °C. The temperature limit was not exactly 

1300 °C was because of the temperature fluctuation inside the furnace, which was 

discontinuously heated once the temperature reached the target temperature. A type-K 

thermocouple was inserted from the top and bottom of the furnace with marks on it to 

measure the length. Once the thermocouple detected temperature within 1300 °C  

25 °C, the length of how long it had been inserted was recorded and it would be pulled 

out immediately. The tip of thermocouple was avoid from contacting the wall of the 

small alumina tube because the wall temperature can be higher than the ambient 

temperature. The lengths of isothermal zone under five gas flow rates used in 

CHAPTER 5 were measured. 
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3.3.6 Estimation of particle average heating rate and average residence time 

The average heating rate experience by biomass particle of three different particle 

size fractions was estimated using the heat transfer equation below, similar to the 

method used by Hayashi et al.202: 

𝑚𝐶𝑝

𝑑𝑇𝑝

𝑑𝑡
= ℎ𝐴(𝑇𝑔𝑎𝑠 − 𝑇𝑝) + 𝜀𝜎𝐴(𝑇𝑤𝑎𝑙𝑙

4 − 𝑇𝑝
4) 

where 𝑇𝑝 is particle temperature, 𝐶𝑝 is heat capacity, ℎ is convective heat transfer 

coefficient, 𝑇𝑔𝑎𝑠 is gas temperature, 𝜀 is emissivity, 𝜎 is Stefan-Boltzmann constant 

and 𝑇𝑤𝑎𝑙𝑙 is furnace wall temperature. The density, heat capacity, emissivity of 

biomass particle is 360 kg/m3,203 1664 J/kg·K and 0.759, respectively.204 The DTF is 

operated under laminar conditions, with the Reynolds numbers experienced by the 

falling biomass particles being ≤ 0.6. Therefore, the average Nusselt Number, 𝑁𝑢̅̅ ̅̅  of 

2 can be used205 and ℎ can be calculated from the equation, 𝑁𝑢̅̅ ̅̅ = ℎ𝑘/𝐷. 𝑘 is the 

thermal conductivity of argon gas at 1300 °C which is 0.0586 W/m,206 with D is 

average particle size. On the basis of the assumptions given above, the average 

particle residence times are estimated. 

3.4 Instruments and analytical techniques 

3.4.1 Char yield and torrefaction yield 

Char yields and torrefaction yields were all determined experimentally. Original 

feedstocks and their products were weighted, and the yields were defined as the mass 

of product on a dry basis/mass of feedstock on a dry basis.  

3.4.2 Proximate and Ultimate analysis 

A thermogravimetric analyzer (model: Perkin Elmer TGA 8000) and an elemental 

analyzer (model PerkinElmer CHNS/O analyzer II) were used to conduct proximate 

analysis according to ASTM E870-82 and ultimate analysis for raw biomass and their 

derived char samples after rapid pyrolysis. 
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3.4.3 Quantification of AAEM species and other cation elements 

Samples were firstly placed in platinum crucibles which were previously cleaned by 

ultra-pure water (resistivity > 18.2 M) and ashed in the muffle furnace using a pre-

defined time-temperature program.207 Usually, the residue in the platinum crucible was 

controlled to be < 1 mg. Ash content was determined by this step. The platinum 

crucibles containing ash were placed into Teflon vials and numbered. Then 4 ml of the 

mixture of concentrated hydrofluoric acid (HF) and nitric acid (HNO3) with the 

volume ratio being 1:1 was added into the Teflon vials to dissolve the ash. Those vials 

were sealed and heated overnight at a temperature of ~ 105 °C, which was described 

as the acid-digestion step. The vials were heated but opened the next day to let the 

excessive acid evaporated. After the vials were dry, they were carefully collected for 

the next re-dissolving step. 

AAEM species 

0.02 M methanesulfonic acid (MSA) solution was used for re-dissolving the residue 

after acid-digestion. After being heated overnight, solutions were transferred to IC (ion 

chromatography) sample vials for later quantification of AAEM species using ion 

chromatography (IC, Dionex ICS-3000).  

Other elements 

Another batch of samples was re-dissolved in 5% of nitric acid (HNO3) using the same 

procedure. Ion coupled plasma – optical emission spectroscopy (ICP-OES, model: 

PerkinElmer Optima 8300) was used to quantify elements including Al, Fe, Si, P, Ti. 

The pretreatment for the determination of Al, Fe, Si followed a procedure which was 

borate fusion of ash as described in AS 1038.14.1-2003. Briefly, the ash of samples 

was mixed with borate fusion and heated to 950 °C. Then the bean was dissolved in 

5% HNO3 solution to quantify Al, Fe, Si via ICP-OES. 

3.4.4 Quantification of anion elements 

Analysis of Cl and S deployed an improved Eschka method described elsewhere.208  

Basically, samples were ashed with Eschka flux (sodium carbonate and magnesium 

oxide mixture). Ashing temperatures for Cl and S quantification are 600 °C and 850 °C, 
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respectively. Then the residue was dissolved in ultra-pure water before being analysed 

by anion IC (Dionex ICS-1100 equipped with IonPac AS22 fast analytical column). A 

mixture of 3.5 mM NaCO3/1.0 mM NaHCO3 solution was used as the eluent. 

3.4.5 Chemical occurrence of AAEM species in biomass and char 

Chemical fractionation analysis (CFA) was applied for the determination of the 

AAEM species occurrences in samples. Samples were step-wisely washed by three 

increasing-aggressive solutions, ultrapure water with resistivity >18.2 MΩ, 1 mol/L 

ammonium acetate (NH4Ac), and 1 mol/L hydrochloric acid (HCl). Leachates were 

analysed by ICP-OES. AAEM species leached by water, NH4Ac, and HCl were 

regarded as water-soluble, ion-exchangeable, acid-soluble AAEM species. Acid-

insoluble AAME species in solid residues were determined by difference. 

3.4.6 Characterization of structural carbohydrate in biomass 

The structural carbohydrates in biomass were characterized based on the National 

Renewable Energy Laboratory (NREL) method as described elsewhere.209-210 

Extractives in biomass samples were firstly eliminated by washing with a mixture of 

ethanol and water (vol:vol 1:1) in a Soxhlet tube. The extractive-free samples were 

dried in the oven at 105 °C overnight. They were then subjected to a two-step acid 

hydrolysis by 98% and 4% of sulfuric acid (H2SO4) at room temperature and 121 °C 

(in an autoclave) for an hour. A Dionex ICS-3000 IC system coupled with high-

performance anion-exchange chromatography with a pulsed amperometric detector 

(HPAEC-PAD) was used to quantify the sugar monomers in hydrolysis liquors. The 

details can be found elsewhere211). The filtered acid-insoluble residues (A.I.R.) were 

washed, dried, and weighed, expressed as the weight percent in the original sample. 

The A.I.R. samples were then ashed to obtain ash-free A.I.R. contents.  

3.4.7 Shape analysis of biomass and char particles 

Image analysis was conducted for various biomass particles and char particles. An 

optical microscope (model: OLYMPUS SZ61) was used to take images for 

raw/torrefied/leached biomass particles, whereas the scanning electron microscope 

(SEM) (model: NEON Dual-Beam FESEM and Tescan Clara FESEM) for biomass 
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and char particles. Before imaging, a sufficient number of particles were spread on a 

glass plate (for optical microscope imaging) or on a double-sided adhesive carbon tape 

(for SEM imaging). Particles are highly scattered to prevent overlapping. An image 

analyzing software was used in this study to process all the pictures. The software 

could pick up the outline of a particle and automatically calculate the projection area 

(PA), the length, and the width of a particle. It could also generate the Feret length and 

minimum diameter of the particle. The Feret length (particle length) was defined as 

the longest distance between any two points on the PA. The minimum diameter 

(particle diameter) is the minimum caliper diameter. The aspect ratio was derived 

based on Feret length and minimum diameter and was defined as Feret 

length/minimum diameter, basing on the definition in Section 2.5.3. The equivalent 

diameter was calculated by the equation De = (4 × PA/π)0.5. SEM was also used to 

observe the surface morphology of particles. 

3.4.8 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Torrefied wood chips were pulverized and subjected to FTIR analysis directly without 

sieving. PerkinElmer Spectrum100 FTIR spectrometer was used and the detect 

wavelength range was set to be 2000-4000 cm-1 (spectral resolution being 1 cm-1). The 

results were taken from the average of three measurements after ATR correction, with 

3 scans for each measurement.  

3.5 Summary 

Raw mallee wood and pine wood were pulverized and sieved to three size fractions: 

90-106 µm, 150-250 µm, and 250-355 µm. Rapid pyrolysis of these samples was 

carried out in a novel DTF to determine the experimental char yields for them. Mallee 

wood in the size fraction of 250-355 µm was pyrolyzed with different residence times 

to investigate the evolution of char properties. Torrefaction for original wood chips 

and pulverized biomass powder were conducted in a drop-tube/fixed bed quartz reactor 

at various temperatures. Torrefied biomass powder samples were subjected to rapid 

pyrolysis, whereas torrefied wood chips were pulverized and sieved first, before being 

pyrolyzed. Leaching of biomass considered two leaching agents (water and acid) and 

the rapid pyrolysis behaviour of leached biomass was studied. The chemical 

composition of all biomass samples and their derived char samples were characterized 
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to determine the release of inorganic species and other organic changes. Image analysis 

was used to quantitatively investigate the evolution in the particle size and shape for 

raw or pretreated biomass before and after rapid pyrolysis at high temperatures. The 

results of these experiments could provide valuable data of char yields, which is 

essential for quantifying the retention of inorganic species and a better understanding 

of the transformation in particle size and shape after rapid pyrolysis. 
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CHAPTER 4 RAPID PYROLYSIS OF PULVERIZED BIOMASS 

AT HIGH TEMPERATURE: EFFECT OF PARTICLE SIZE ON 

CHAR YIELD, RETENTIONS OF ALKALI AND ALKALINE 

EARTH METALLIC SPECIES AND CHAR PARTICLE SHAPE 

4.1 Introduction 

Pulverized biomass in stationary pulverized fuel applications is one of key 

technological options for biomass utilization.212 As reviewed above, a few studies 

investigated the influence of the particle size on products distribution, char structure 

and reactivity, and reaction kinetics during biomass pyrolysis.17-19, 74, 213-219 However, 

most of those studies were carried out at temperatures <1100 °C. Studies conducted at 

temperatures ≥1100 °C, particularly those18-19, 74, 217-218 pertinent to pulverized fuel 

combustion and/or gasification, are rather rare. One key reason for this is related to the 

difficulty in determining char yields under such conditions, and the ash tracer method 

was extensively deployed for indirectly determining char yield, sample mass loss, 

and/or char burnout rate in flow reactors during thermochemical processing of solid 

fuels at temperatures ≥1100 °C.18-19, 65, 74, 217-218, 220-222 However, a recent study23 has 

demonstrated that ash tracer method is unreliable in determining char yields under 

such conditions, especially for low-rank fuels such as biomass, due to extensive 

vaporization of ash species including refractory elements (i.e., Ca and Mg).  

The retentions of AAEM species in char is important as it has a significant effect on 

char reactivity. Results on the retention of inorganic species, directly determined by 

experiments, are not available in the literature for rapid pyrolysis of biomass particles 

at such high temperatures. The effect of the biomass particle size on the retentions of 

AAEM species in char at such high temperatures has never been reported. Furthermore, 

biomass powders may experience melting and deformation during rapid pyrolysis 

under such conditions. While there are several studies revealed the effect of pyrolysis 

temperature on the shape of char particles,43, 223 and described char particle shape,224 

no work has been done to clarify the effect of biomass particle size on char particle 

shape at 1300 °C.   
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Therefore, this chapter aims at fulfilling the aforementioned gaps by a systematic set 

of experimental investigations. Mallee wood (MW) and pine wood (PW) were dried, 

ground, and sieved to 3 size fractions, 90-106 µm, 150-250 µm, and 250-355 µm, using 

a standard mechanical sieving method. It must be noted that the sieve sizes are not the 

true sizes of the biomass particles because of the elongated shape of most particles. 

Only the average particle width is within the sieve size range, while the particle length 

may be larger than the sieve sizes. Hereafter, PW and MW samples with the size 

fractions of 90-106 µm, 150-250 µm, and 250-355 µm are denoted as PW100, PW200, 

PW300, MW100, MW200, and MW300, respectively. Rapid pyrolysis experiments 

were conducted at 1300 °C using a DTF with a novel doubled-tube configuration 

(detailed in Section 3.3.2). The char obtained from the pyrolysis of PW100, PW200, 

PW300, MW100, MW200, and MW300 are denoted as PC100, PC200, PC300, 

MC100, MC200, and MC300, respectively. The properties of the biomass and its 

respective chars are presented in Table 4.1 and Table 4.2. The focus is to evaluate the 

effect of particle size on char yield, retentions of AAEM species, and changes in 

particle shape and morphology during rapid pyrolysis of biomass particles in a DTF 

with a novel double-tube configuration at 1300 °C.
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Table 4.1 Proximate and ultimate analysis of biomass and chars 

Samples 
Moisture (wt%, 

ada) 

Proximate analysis (wt%, dbb)  
Ultimate analysis  

(wt%, dafe) 
 Molar ratio 

ash VMc FCd  C H N Of  O/C H/C 

Biomass  

MW300 4.23 0.6 86.9 12.5  45.57 6.23 0.10 48.10  1.06 0.14 

MW200 5.66 0.6 86.1 13.3  45.62 6.23 0.10 48.05  1.05 0.14 

MW100 5.66 0.7 87.6 11.8  46.37 6.31 0.13 47.19  1.02 0.14 

PW300 3.91 0.3 87.6 12.1  46.82 6.53 0.07 46.58  1.00 0.14 

PW200 4.87 0.3 88.3 11.4  47.35 6.40 0.07 46.18  0.98 0.14 

PW100 5.16 0.3 89.3 10.4  47.16 6.61 0.06 46.17  0.98 0.14 

Chars 

MC300 3.69 11.3 35.5 53.2  83.13 1.93 0.41 14.53  0.17 0.02 

MC200 4.43 11.7 28.7 59.6  84.70 1.75 0.23 13.32  0.16 0.02 

MC100 3.87 18.3 26.9 54.8  87.10 1.42 0.21 11.27  0.13 0.02 

PC300 2.23 5.2 19.8 75.0  86.79 1.27 0.14 11.80  0.14 0.01 

PC200 2.46 5.5 18.7 75.8  87.01 1.16 0.13 11.70  0.13 0.01 

PC100 1.47 7.0 17.8 75.2  87.78 1.08 0.13 10.97  0.12 0.01 
a air-dried; b dry-basis; c volatile matter; d fixed carbon; e dry and ash-free basis; f By difference. 
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Table 4.2 Concentrations of inorganic species in biomass and chars 

 Concentrations of Inorganic Species in Biomass Samples, mg/kg, dry basis 

       MW300        MW200        MW100         PW300         PW200         PW100 

Na      99.3 ± 1.2     90.5  ± 0.1    112.2 ± 0.3       21.7 ± 0.2       19.9 ± 0.1       18.9 ± 0.4 

K    710.1 ± 50.0    667.0 ± 17.5    690.5 ± 1.7     545.5 ± 29.7     519.2 ± 2.0     526.7 ± 3.2 

Mg    290.2 ± 7.5    284.6 ± 13.5    258.2 ± 15.9     225.8 ± 0.9     222.0 ± 2.8     209.1 ± 1.4 

Ca  1662.1 ± 52.2  1581.1 ± 28.7  1572.5 ± 84.0     595.1 ± 12.3     593.7 ± 6.6     556.0 ± 6.6 

Al        2.9 ± 0.0        1.7 ± 0.4        5.4 ± 3.2       24.0 ± 2.0       26.1 ± 3.6       22.5 ± 5.4 

Fe      50.2 ± 0.6      96.6 ± 45.1      50.7 ± 37.7       24.9 ± 4.5       19.7 ± 0.8       17.3 ± 1.5 

Ti        0.3 ± 0.0        0.3 ± 0.2        0.3 ± 0.0         1.6 ± 0.1         2.0 ± 0.8         1.4 ± 0.2 

 Concentrations of Inorganic Species in Char Samplesa, mg/kg, dry basis 

         MC300        MC200        MC100          PC300          PC200          PC100 

Na     573.1 ± 6.3    186.9 ± 18.0     268.7 ± 21.5       57.0 ± 6.5       44.0 ± 5.7       40.1 ± 0.7 

K 10572.9 ± 280.1  8606.9 ± 192.3   5511.0 ± 77.6   7305.6 ± 213.2   6747.3 ± 21.7   5412.8 ± 147.1 

Mg   5881.7 ± 67.4  6678.6 ± 120.7 10343.1 ± 24.1   4167.1 ± 19.0   4660.6 ± 9.4   5949.2 ± 308.4 

Ca 33671.8 ± 598.9 36896.5±1375.1  52874.8±186.3 10999.0 ± 29.4 12666.0 ± 69.6 15668.0 ± 291.9 

Al     401.7 ± 19.8    546.0 ± 27.8     935.4 ± 43.8     850.9 ± 45.1     618.4 ± 66.3   1157.3 ± 155.7 

Fe     395.5 ± 122.6    692.2 ± 48.5   1925.3 ± 148.4     613.8 ± 74.6   1038.1 ± 171.9   1107.5 ± 161.3 

Ti       25.4 ± 16.8      31.1 ± 24.2       33.2 ± 8.9       35.5 ± 2.1       41.8 ± 4.2       30.0 ± 0.6 
 a batches of char samples were mixed before analysis. 
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4.2 Effect of particle size on char yield 

 

Figure 4.1 Yield of carbonaceous materials (CM) from pyrolysis of MW300, 

MW100, PW300, and PW100 at 1300 °C 

Preliminary experiments were carried out to study the char fragments (CM1-10) passing 

through the cyclone. Figure 4.1 clearly shows that the yields of CM1-10 are negligible 

for all samples. Therefore, fine char fragments passing through the cyclone are 

minimal even for the biomass with the smallest size fractions.  
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Figure 4.2 Char yields from pyrolysis of (a) mallee wood, (b) pine wood at 1300 °C 

determined experimentally and using the ash tracer method, expressed as wt% of the 

biomass fed into the reactor on a dry basis (db) 

The char yields determined experimentally from MW and PW pyrolysis at 1300 °C 

are presented in Figure 4.2. The data indicates that the char yields are very low (less 

than 5%) for both biomass materials. This is not surprising because pyrolysis of low-

rank fuels, such as MW and PW, at high temperature can lead to significant 

devolatilization and hence low char yields.76 The char yields for mallee char MC100, 

MC200 and MC300 are 1.0%, 3.0%, and 3.8%, respectively, while for PC100, PC200 

and PC300 are 0.9%, 1.6%, and 2.7%, respectively. The slightly lower PC yields 

compared to MC yields is mainly due to the variations in fuel properties, particularly 

inorganic species content (that are known to favor char formation).17, 43, 109 The results 

also show that the char yield decreases with decreasing particle size, being particularly 
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pronounced between the two smaller particle size samples. This can be mainly ascribed 

to the difference in heating rate experienced by rapid pyrolysis of biomass particles 

with various particle sizes.  

 

Figure 4.3 Estimated time-temperature history of wood particle with the size fraction 

of 90-106 µm, 150-250 µm, and 250-355 µm assuming an average particle size of 

100, 200 and 300 µm respectively 

As shown in Figure 4.3, the estimated average heating rates experienced by biomass 

particle with the size fraction of 90–106 µm, 150–250 µm and 250–355 µm are 

~30,000 °C/s, ~10,000 °C/s and ~5,600 °C/s, respectively. This indicates that average 

heating rates experienced by smaller biomass particles (i.e. MW100 or PW100) are 

considerably faster, about 1.8 and ~5.4 times of those experienced by large MW200 

or PW200 and MW300 or PW300 particles, respectively. Such differences in the 

heating rates can significantly influence biomass pyrolysis reactions for several 

reasons. First, at such a high temperature (i.e., 1300 °C), the biomass particles undergo 

intense decomposition reactions to form meta-intermediate, which evaporates as 

volatiles or aerosols or polymerize as char.225 For small particles such as MW100 and 

PW100, the pyrolyzing particles are heated to 1300 °C in <0.05s. Smaller biomass 

particles undergo intense decomposition prior to crosslinking78 thus favors more 

towards the formation of volatiles. On the contrary, the slower heating rate experienced 

by larger biomass particles may lead to less intense decomposition prior to crosslinking 

which favors the formation of char. Second, during rapid pyrolysis at such high 
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temperatures, gasification of nascent char by CO2 and H2O in pyrolytic gas becomes 

significant, leading to decreases in char yield.226 Such gasification reactions are more 

intensive for small biomass particles (i.e. MW100 and PW100) due to more surface 

area for reaction and less diffusion resistance. Last, rapid heating of small biomass 

particles to 1300 °C also means that the resultant nascent char undergoes more 

extensive thermal cracking/annealing due to extended exposure at high temperature, 

resulting in reduced char yield. This is further supported by the lower O and H contents 

in MC100 and PC100 (see Table 4.1) compared to those in char from larger particles.  

In addition to the difference in heating rate, two additional factors may also contribute 

to the reduction in the yield of MC100 and PC100. One is that during rapid pyrolysis 

of larger particles, the produced volatiles are trapped inside the particle due to 

increased mass transfer resistance and longer diffusion path length to reach particle 

surface, leading to increasing char yield. The other is the possible ejection of large 

molecules from pyrolysing biomass/char particles.227-228 Such ejected molecules 

generated from the internal surfaces of a particle are likely to recombine and retain 

inside the particle, while those molecules ejected from its external surfaces will be 

released as aerosols.227 Owing to the higher surface-mass ratio of small particles, more 

thermal ejections happened at their outer surfaces leading to increased char weight 

losses.  

Ash tracer method is commonly applied to estimate the char yields from pyrolysis at 

high temperature. Among the common choice of tracers are the total ash and refractory 

elements such as Mg and Ca. Therefore, the char yields estimated using these tracers 

are also presented in Figure 4.3. It is clear that the ash tracer method overestimates the 

char yields. Using the total ash as tracer overestimates more significantly the char 

yields than using Mg and Ca due to massive evaporation of Na and K (see Section 4.4). 

The gap between the actual char yields and those estimated using the ash tracer method 

widen as particle size decreases. The overestimation grows from 1.5-3.0% to 3.0-3.4% 

in absolute term as the particle size decreases from 250-355 µm to 90-106 µm for 

mallee and pine. This highlights the inaccuracy of the ash tracer method and indeed 

one could draw the inappropriate conclusion that particle size has little effect on char 

yield if the ash trace method is used. The results in Figure 4.2 also suggest that the loss 

or vaporization of ash species is influenced by the particle size. 
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4.3 Effect of particle size on chemical properties of char 

The proximate and ultimate analysis data in Table 4.1 shows that the variation of 

biomass properties between different sizes is negligible, while there is some distinction 

among the chars. For instance, as the biomass size fraction reducing from 250–355 µm 

to 90–106 µm, the ash content in the PC and MC increase from 5.2% to 7.0% and from 

11.3% to 18.3%, respectively. This is due to the enrichment of the ash species in the 

chars as the extent of devolatilization increases with decreasing particle size. The 

carbon content also increases with decreasing particle size, indicating a more aromatic 

and carbonaceous structure. Table 4.2 shows the content of inorganic species in the 

biomass and char samples. Clearly, the AAEM species are the dominant inorganic 

species in biomass. Therefore, the discussion on inorganic species is focused on 

AAEM species. After pyrolysis, it is observed that the contents of Na and K in char 

decrease, while the contents of Mg and Ca in char increase with decreasing particle 

size for both MW and PW. It is important to note that the changes in the AAEM species 

content in chars result from the combined effect of the vaporization of AAEM species 

and the loss of organic materials, which happened simultaneously during pyrolysis. 

The results suggest that as the particle size decreases, the vaporization of Na and K 

outweighed the loss of the organic materials during pyrolysis, causing a reduction in 

the Na and K contents in the chars. However, the significant enrichment of Mg and Ca 

in the chars with decreasing particle size suggests that additional release of Mg and Ca 

is less significant compared to the increase in devolatilisation. A significant variation 

in the content of the AAEM species in the chars obtained from the pyrolysis of biomass 

of different particle sizes indicates that particle size has an important impact on the 

retentions of AAEM species during pyrolysis.  
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4.4 Effect of particle size on the retentions of AAEM species 

 

Figure 4.4 Retentions of AAEM species in chars derived from (a) MW and (b) PW, 

after pyrolysis at 1300 °C. C100, C200, and C300 represent the chars (MC or PC) 

obtained from pyrolysis of biomass with size fractions of 90-106 µm, 150-250 µm, 

and 250-355 µm, respectively 

Based on the char yield data presented in Figure 4.2 and on the contents of the AAEM 

species in chars shown in Table 4.2, the retentions of AAEM species in char particles 

after pyrolysis at 1300 °C were calculated and are shown in Figure 4.4. The effect of 

particle size on the retentions of AAEM species is clear. The release of AAEM species 

during pyrolysis intensified with decreasing biomass particle size. For MC300, the 

retentions of Na and K are ~20% and ~50%, respectively, while the retentions of Mg 

and Ca are ~70%. However, reducing the particle size to a size fraction of 150-250 µm 

(MC200) brings a further ~15% reduction in Na retention, ~16% reduction in K 

retention and ~6% reduction in Mg and Ca retentions. The retentions of AAEM species 
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in MC100 decreases drastically compared to those in MC200 – only ~3% of Na, ~7% 

of K and ~30% of Mg and Ca are retained in MC100. Similar trends are observed for 

PC. The much lower retentions of Na and K can be explained by chemical valence as 

there is only one bond between monovalent species (Na and K) and char matrix, which 

requires less energy to break than bonds between divalent species (Mg and Ca) and 

char matrix.229  

The low retentions of AAEM species in small char particles can be attributed to several 

reasons. First, as discussed in Section 4.2, thermal ejection leads to significant loss of 

organic matter, particularly for small biomass particles due to their higher surface-

mass ratio. Part of the non-volatile AAEM species can be transported by aerosols 

causing a low retention.228 Second, previous studies suggest that the volatilization of 

AAEM species can be caused by the substitution of the AAEM species on char matrix 

by free radicals and high heating rate can accelerate its formation inside the particle.60 

This can explain the lower retentions of AAEM species in MC100 and PC100 

considering the considerably faster heating rate experienced by small particles, being 

~5.4 times of that experienced by large particles. In addition, the nascent char matrix 

are highly reactive for AAEM species to recombine with and thus retained in char.230 

Large particles provide more possibilities for AAEM species (volatilized or 

transported by aerosols) to react with the char matrix during the intra particle 

diffusion/convection due to a longer diffusion path length and lower inner particle 

pressure as aforementioned in section 3.1, explaining the higher retentions of these 

species in MC300 and PC300. Third, a previous study showed that char pyrolyzed at 

high temperature is highly aromatic with increasing condensation of aromatic-ring 

structures.231 As aforementioned in Section 4.2, the higher average heating rate 

experience by small particles can lead to more extensive thermal cracking/annealing 

of nascent char matrix, leading to more condensed aromatic ring structure.232 As shown 

in Table 4.1, the O/C molar ratio decreases with decreasing particle size. The loss of 

oxygen-containing groups (e.g., carbonyl and carboxyl groups) and condensation of 

char structure lead to a reduction in sites on char matrix for AAEM species to bond to. 

Therefore, lower retentions of AAEM species is observed for MC100 and PC100. The 

retentions of AAEM species may also be limited by the evaporation rates of these 

species. Rapid heating of small particles to and remaining at 1300 °C mean the inherent 

AAEM species are likely to evaporate at higher rates thus lower retentions in chars are 
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observed. In addition, the average particle residence time in the furnace isothermal 

zone decreases as the particle size of biomass samples increases, i.e., those for PW300 

and MW300 particles being the shortest. Consequently, the evaporation of AAEM 

species for the larger particles would be likely less, resulting in the observed higher 

retention of these species in char samples. In terms of the fate of the AAEM species 

released into the gaseous, it is also noted that those AAEM species might end up as 

retained in CM1 and/or reacted with then retained in the reactor tube of the DTF, in 

various chemical forms as reported previously.233-235 

4.5 Comparisons between the shape of biomass and char particles 

 
 

Figure 4.5 Correlation between the particle length and particle minimum diameter of 

(a) MW and MC, and (b) PW and PC. W in the legend refers to MW and PW, while 

C refers to MC and PC. 100, 200 and 300 in the legend refer to the size fractions of 

90-106 µm, 150-250 µm, and 250-355 µm, respectively. The inclined solid lines 

represent a particle length to particle minimum diameter ratio of 1 
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Figure 4.6 Correlation between the aspect ratio and equivalent diameter of (a) MW 

and MC, and (b) PW and PC. W in the legend refers to MW and PW, while C refers 

to MC and PC. 100, 200 and 300 in the legend refer to the size fractions of 90-106 

µm, 150-250 µm, and 250-355 µm, respectively 

Figure 4.5 presents the correlation between particle length and particle minimum 

diameter while Figure 4.6 illustrates that aspect ratio as a function of particle size, for 

biomass and the derived chars after rapid pyrolysis under the experimental conditions. 

It is noted that the solid lines in Figure 4.5 represent a particle length to minimum 

diameter ratio of 1, being close to the shape of cubes or spheres. Figure 4.5 clearly 

shows that after rapid pyrolysis, there is a drastic decrease in particle size for all the 

samples. The minimum diameter for each size range is nearly halved and the particle 

length shrinks significantly. It is obvious that the distributions for PW/MW particles 

are widely scattered above the solid lines that indicate elongated shapes of these 

particles. However, those of PC/MC particles are scattered closely above the solid lines, 

indicating those particles with shapes resembling closer to cubes or spheres. The 
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results in Figure 4.6 demonstrate that for the three biomass size fractions, the aspect 

ratios of biomass particles range from 2 to 9 for MW and from 1.5 to 8 for PW, with 

the larger biomass particles having slightly greater aspect ratios compared to smaller 

sized particles. For MW with a size fraction of 250-355 µm, the equivalent diameter 

De of the resultant char particles (MC300) decreases by half, corresponding to the 

decrease in particle dimensions (particle length and minimum diameter), but the aspect 

ratio remains similar in the range of 2-8. Pyrolysis of MW200 also leads to a decrease 

in De by about half, but there is a small reduction of the aspect ratio to the range of 1-

5. Most importantly, after pyrolysis, the De for MW100 shrinks significantly and the 

aspect ratio reduces to less than 2. An aspect ratio of less than 2 means that the resultant 

char particles (MC100) have shapes close to spheres. This is consistent with the 

observation in Figure 4.5 that nearly all the datum points for MC100 particles are 

located closely above the solid line. A significant reduction in the aspect ratio implies 

the deformation of particles as results of melting during pyrolysis. Clearly, small 

particles underwent much severer deformation during pyrolysis. As for PW, pyrolysis 

originates the shrinkage of the char particle as well. However, there is a substantial 

reduction in the particle aspect ratio for all PW samples with different sizes. The 

resultant PC particles normally have aspect ratios <2, except for a few large particles, 

which present aspect ratios in the range of 2-3.5. A huge reduction in the particle aspect 

ratio during pyrolysis, even for the largest size fraction, suggests that PW experienced 

a high degree of particle deformation during pyrolysis. 
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Figure 4.7 SEM images of (a) MC300, (b) MC200, (c) MC100, (d) PC300, (e) 

PC200, and (f) PC100 

 

Figure 4.7 presents representative SEM images for the char samples collected during 

rapid pyrolysis of biomass samples under the experimental conditions in this study. 

Figure 4.7a and Figure 4.7b show that MC300 and MC200 char particles are elongated 

with partially melted surface and traces of fibrous structure are still visible on these 

char. Figure 4.7c shows that MC100 char particles are mainly cenospheres with large 

inner cavities and contain many bubbles and pores on the surface. Figure 4.7d-f show 

that the morphology for the PC samples is very similar to that observed for MC100 

char particles, except for the smoother surface of the PC particles. Residues of bursting 
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bubbles can be observed on the surface of MC100 particles and PC particles, 

suggesting the presence of thermal ejection during pyrolysis. The stronger melting of 

the PC could be due to their higher content of volatile matter. Biomass with higher 

volatile matter content (cf. Table 4.1) is known to undergo more pronounced melting 

and swelling.236 The high particle aspect ratio observed for MC300 and MC200 can be 

ascribed to differences in heating rate experienced by pyrolyzing particles. The heating 

rate experienced by large particles (250-355 µm) is considerably lower than that 

experienced by small particles (90-106 µm). The poor heat conductivity of biomass237 

can lead to high thermal gradient in the large particles. The high heating rate 

experienced at the surface of the large particles led to the liquefaction of biomass. 

However, as the heating rate at the center of the particle was significantly lower, the 

interior was partially melted and part of the parental biomass structure was retained.237 

The retained structure acts as the skeleton for the particle to retain its elongated shape. 

The deformation of the liquefied part accounted for the cavities inside large particles. 

For thermally thin particles (i.e., MC100), the temperature gradient was negligible and 

the high heating rate caused fully melting of the particles. Volatiles produced inside 

the molten particle expanded and were released through bursting bubbles and large 

openings due to increased internal pressure, resulting in the formation of cenosphere 

char particles. 

4.6 Conclusions 

The effect of particle size (90-106 µm, 150-250 µm, 250-355 µm) of biomass (mallee 

wood and pine wood) on char yield, retention of alkali and alkaline earth metallic 

(AAEM) species and char particle shape during fast pyrolysis at high temperature were 

investigated using a double-tube DTF. Char yield increases from ~1% to 2.5-4% as 

particle size increased from 90-106 µm to 250-355 µm. An increase in particle size 

favors the formation of char likely due to the substantially lower heating rate 

experienced by large particles thus less extensive gasification of char matrix by CO2 

and H2O and less profound thermal annealing of char. The recombination of the 

volatile matter with char matrix in large particles and enhanced mass loss in small 

particles that have higher surface-to-mass ratio through thermal ejection also 

contributed to lower char yield. The results confirm that the ash tracer method can 

overestimate the char yield from biomass pyrolysis at high temperature by 50-400%, 
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especially for small particles, since only <20% of Na, <50% of K and 40-70% of Mg 

and Ca are retained in char. A decrease in particle size enhances the release of AAEM 

species. This is because for large particles, the substitution of AAEM species from 

char matrix by free radicals, thermal annealing which resulted in the loss of oxygen-

containing groups for AAEM species to combine with and the evaporation of AAEM 

species are less extensive under lower heating rate conditions. The particle size can 

also affect the shape of the resultant char. The high heating rate experienced by the 

small biomass particles promotes the melting and swelling of the cell structure so that 

small char particles are more spherical and smooth. However, large particles 

experienced relatively lower overall heating rate, which resulted in partial melting of 

the particles and, consequently, much of the fibrous structure of the biomass is retained 

after pyrolysis.
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CHAPTER 5 EVOLUTION OF CHAR PROPERTIES DURING 

RAPID PYROLYSIS OF WOODY BIOMASS PARTICLES 

UNDER PULVERIZED CONDITIONS 

5.1 Introduction 

As rapid pyrolysis is the first step of combustion process, understanding the char 

properties during biomass rapid pyrolysis is crucial because char conversion is known 

to be the rate-limiting step during solid fuel conversion in boiler.22 Besides, a sound 

understanding of the release and transformation of inorganic species in biomass during 

rapid pyrolysis are essential to addressing ash deposition/fouling/corrosion issues 

associated with biomass combustion.89, 238-239 Surprisingly, little work has been done 

on the release and transformation of inorganic species during the pyrolysis of biomass 

powder at temperature >1100 °C in a laboratory drop-tube furnace (DTF) for achieving 

high heating rates. In addition, the shape and morphology of char particles are known 

to affect char burnout during subsequent combustion.27, 48 However, little work has 

been done thus far to study how the particle shape changes during rapid pyrolysis. 

Therefore, the new method,23 recently developed for direct determination of char yield 

by experiments, has paved the way for insightful investigation into the evolution of 

char properties during biomass rapid pyrolysis at high temperature (>1100 °C).  

Therefore, this chapter aims at a systematic investigation into the evolution of char 

properties during biomass rapid pyrolysis under pulverized fuel conditions at 1300 °C. 

The experimental program is focused on the evolution in char yield, char chemistry, 

retention and transformation of AAEM species in char, and char particle shape during 

the pyrolysis of two woody biomasses at five particle residence times during rapid 

pyrolysis.  

Mallee wood and pine wood were pulverized then sieved to a size range of 250–355 

µm. The pyrolysis experiments for these samples were conducted in the novel DTF at 

1300 °C with five different particle residence times for each biomass sample. Due to 

the limitation from the experimental setup, particle residence time in the furnace was 

adjusted by varying the gas flow rate in the inner furnace tube from 1.06 L/min to 2.5 
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L/min. Five gas flow rates were used to obtain five particle residence times for each 

biomass sample. The length of the isothermal zone for each gas flow rate was 

determined with a thermocouple. Due to the distributed nature of biomass particle size, 

the nominal particle residence time is calculated based on the average particle size. 

The assumptions made to compute the particle residence time include a) the amount 

of volatiles produced during pyrolysis is negligible; b) particle deformation during 

pyrolysis is not considered; c) particles are assumed to be spherical with the particle 

diameter equal to the average sieve size. The calculation indicates the Reynolds 

number of the falling particle is <0.7, which indicates a creep flow. Therefore, the 

terminal velocity of the falling particle was estimated from Stokes’s law. The 

corresponding particle residence times are 0.32 s, 0.37 s, 0.43 s, 0.51 s and 0.55 s for 

MW sample and 0.31 s, 0.41 s, 0.51 s, 0.62 s and 0.68 s for PW sample. Char samples 

produced from the pyrolysis of MW and PW with different residence times are denoted 

as MC-0.xxs or PC-0.xxs. The 0.xxs represents the residence time for each sample. 

For example, mallee char pyrolyzed with a residence time of 0.43s is written as MC-

0.43s. All experiments were carried out at least in duplicate.  Table 5.1 shows the 

properties of biomass used and their char samples
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Table 5.1 Proximate and ultimate analysis for biomass and char samples 

Samples 
Moisture (wt%, 

ada) 

Proximate analysis (wt%, dbb)  
Ultimate analysis  

(wt%, dafe) 
 Molar ratio 

ash VMc FCd  C H N Of  O/C H/C 

Mallee wood 4.23 0.6 86.9 12.5  45.97 6.23 0.10 47.70  0.78 1.63 

MC-0.32s 3.51 8.0 56.8 35.3  64.68 4.17 0.22 30.93  0.36 0.77 

MC-0.37s 3.12 8.3 49.4 42.3  65.40 4.05 0.43 30.12  0.35 0.74 

MC-0.43s 2.94 10.0 39.2 50.8  80.92 2.16 0.38 16.53  0.15 0.32 

MC-0.51s 3.69 11.3 35.5 53.2  82.13 1.93 0.41 15.53  0.14 0.28 

MC-0.55s 3.22 11.2 21.4 67.4  83.30 1.28 0.42 13.90  0.14 0.19 

Pine wood 3.91 0.3 87.6 12.1  46.82 6.53 0.07 46.58  0.75 1.67 

PC-0.31s 2.85 3.8 37.6 58.6  75.49 2.67 0.22 21.61  0.21 0.42 

PC-0.41s 2.94 5.0 26.4 68.6  82.52 1.72 0.24 15.43  0.14 0.25 

PC-0.51s 2.91 5.1 21.3 73.6  84.28 1.44 0.30 13.98  0.12 0.20 

PC-0.62s 2.23 5.2 19.8 75.0  86.79 1.27 0.14 11.80  0.10 0.18 

PC-0.68s 3.05 5.4 12.1 82.5  87.19 0.97 0.37 11.47  0.10 0.13 
a air-dried; b dry-basis; c volatile Matter; d fixed carbon; e dry and ash-free basis; f by difference. 
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5.2 Evolution of char yield and properties 

 

Figure 5.1 Char yield during rapid pyrolysis of mallee wood and pine wood samples 

at 1300 °C, as a function of particle residence times, determined experimentally 

(using a recent method reported elsewhere23). 

The advantage of this study is the ability to directly determine the char yield of biomass 

rapid pyrolysis using the novel experimental setup. Figure 1 presents the experimental 

char yields (on a dry basis) during rapid pyrolysis of mallee and pine wood particles 

at 1300 °C and different particle residence times. As expected, char yield decreases 

with increasing particle residence time but remained unchanged at a particle residence 

time of ~0.51s or longer for mallee wood sample and ~0.41 s or longer for pine wood 

sample, respectively. The results show that rapid pyrolysis of each biomass sample is 

mostly completed at the respective particle residence time. The results show the char 

yield of mallee char is higher than pine char, even on a dry and ash free basis (i.e., 3.4% 

and 2.6% for mallee and pine char, respectively, at the particle residence time of 0.51 

s). The differences in char yield are attributed to the differences in the contents of the 

inorganic species and composition of structural carbohydrates (cellulose and 

hemicellulose) and lignin in original wood samples (see Table 5.2 and Table 5.3).  
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Table 5.2 Concentration of inorganic species in biomass and chars, wt% (dry basis) 

 Mallee wood MC-0.32s MC-0.37s MC-0.43s MC-0.51s MC-0.55s 
Na 0.010 ± 0.001 0.098 ± 0.001 0.089 ± 0.001 0.086 ± 0.001 0.062 ± 0.003 0.057 ± 0.003 

K 0.076 ± 0.004 0.849 ± 0.014 0.843 ± 0.028 0.988 ± 0.030 0.989 ± 0.022 0.996 ± 0.033 

Mg 0.030 ± 0.001 0.389 ± 0.005 0.400 ± 0.007 0.528 ± 0.020 0.533 ± 0.025 0.563 ± 0.015 

Ca 0.179 ± 0.005 2.428 ± 0.025 2.480 ± 0.030 3.258 ± 0.029 3.367 ± 0.032 3.428 ± 0.066 

Al 0.001 ± 0.001 0.011 ± 0.007 0.013 ± 0.001 0.033 ± 0.008 0.035 ± 0.009 0.033 ± 0.004 

Fe 0.005 ± 0.001 0.007 ± 0.001 0.018 ± 0.006 0.024 ± 0.001 0.033 ± 0.001 0.030 ± 0.011 

P 0.019 ± 0.001 0.005 ± 0.001 0.004 ± 0.001 0.007 ± 0.001 0.006 ± 0.002 0.005 ± 0.002 

Si 0.005 ± 0.002 0.050 ± 0.020 0.056 ± 0.015 0.067 ± 0.001 0.113 ± 0.010 0.108 ± 0.050 

 Pine wood PC-0.31s PC-0.41s PC-0.51s PC-0.62s PC-0.68s 
Na 0.002 ± 0.001 0.018 ± 0.001 0.020 ± 0.001 0.016 ± 0.001 0.006 ± 0.001 0.005 ± 0.001 

K 0.055 ± 0.003 0.715 ± 0.003 0.971 ± 0.003 0.989 ± 0.009 0.729 ± 0.005 0.699 ± 0.007 

Mg 0.023 ± 0.001 0.294 ± 0.001 0.411 ± 0.002 0.415 ± 0.002 0.420 ± 0.002 0.429 ± 0.005 

Ca 0.056 ± 0.001 0.927 ± 0.003 1.130 ± 0.017 1.148 ± 0.007 1.191 ± 0.022 1.201 ± 0.003 

Al 0.002 ± 0.001 0.012 ± 0.001 0.019 ± 0.007 0.016 ± 0.020 0.055 ± 0.025 0.039 ± 0.030 

Fe 0.002 ± 0.001 0.015 ± 0.022 0.019 ± 0.010 0.027 ± 0.005 0.030 ± 0.021 0.026 ± 0.010 

P 0.005 ± 0.001 0.001 ± 0.001 0.022 ± 0.015 0.027 ± 0.020 0.026 ± 0.012 0.018 ± 0.013 

Si 0.003 ± 0.001 0.030 ± 0.021 0.047 ± 0.022 0.035 ± 0.014 0.051 ± 0.036 0.054 ± 0.030 
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Table 5.3 Contents of structure carbohydrates, extractive, and lignin in mallee and pine 

wood 

Constituent Mallee wood Pine wood 

Extractives 7.79 4.03 

Hemicellulose 23.26 23.40 
 

Arabinan 1.20 1.81 
 

Galactan 2.42 3.09 
 

Glucan 2.01 3.14 
 

Xylan 17.18 6.04 
 

Manan 0.46 9.32 

Cellulose 40.68 41.83 

Lignin 
  

 
Acid soluble lignina 8.29 3.50 

 
Acid insoluble lignin 19.97 27.24 

a: by difference 

 

High contents of inorganics (such as K and Ca) in biomass are also known to enhance 

char formation during pyrolysis,76, 240 due to catalysis of these species in 

repolymerization/cross-linking reactions.76, 109 Figure 1 also shows that the reduction 

in the char yield of pine wood with increasing particle residence time is more rapid 

than that of mallee wood. This indicates that pine wood experiences more rapid 

pyrolysis than mallee wood, as also supported by similar trends in the reductions in 

char O/C and H/C molar ratios. Such observations can be attributed to two reasons. 

One is that mallee wood has a higher density (950 kg/m3, on dry basis) than pine wood 

(360 kg/m3, on dry basis), leading to higher thermal mass, longer time required for the 

particle to be heated to the pyrolysis temperature (1300 °C) and larger thermal gradient 

within the particle hence slower pyrolysis/devolatilization process. The other is that 

mallee wood particles resemble more closely to a cylindrical shape while pine wood 

particles resemble thin long flasks, as shown in Figure 2. The flaky nature of the pine 

wood particles means that these particles are more thermally thin and therefore, will 

experience more rapid heating, hence more rapid pyrolysis, compared to mallee wood 

particles. 
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Figure 5.2 Images for typical mallee wood particle and pine wood particle from two 

orientations 

The results in Table 5.1 and Figure 5.1 also show that the char yield experiences little 

changes after a particle residence time of ~0.51 s and ~0.41 s for mallee wood and pine 

wood, respectively, suggesting that pyrolysis reactions of these biomass samples has 

mostly completed. However, the carbon content in both chars continues to increase 

and the char O/C and H/C molar ratios continue to decrease at longer particle residence 

times. These clearly indicate that with continuous exposure to a high temperature (i.e., 

1300°C), the nascent chars continue to experience thermal cracking or annealing, 

leading to higher C content and lower O/C and H/C ratios, although such reactions 

result in insignificant weight losses. As the pyrolysis reactions for mallee and pine 

wood are mostly completed at a particle residence time of ~0.51 s and ~0.41 s, 

respectively, mallee and pine chars with particle residence times equal to or greater 

than these particle residence times are henceforth termed as completely pyrolyzed 

chars. 
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5.3 Evolution of AAEM species retentions 

 

Figure 5.3 Retentions of alkali and alkaline earth metallic (AAEM) species in the 

chars collected from rapid pyrolysis of (a) mallee wood and (b) pine wood samples, 

respectively, at 1300 °C and various particle residence times 

From the experimentally determined char yield (Figure 5.1) and contents of AAEM 

species in parent biomass and resultant char (Table 5.2), the retentions of AAEM 

species in char at different particle residence times were determined and shown in 

Figure 5.3. The data points for biomass samples are plotted at a particle residence 

time of 0 s where the retentions of AAEM species are regarded as 100%. The data 

show that the retentions for AAEM species reduce with the progression of pyrolysis, 

but the extent of reduction differs for each AAEM species. For mallee chars, the 

retentions of Mg and Ca reduce to ~70% at a particle residence time of ~0.51 s and 

remain unchanged at extended particle residence times. Comparatively, the retention 

of K in mallee chars is lower and reaches a plateau at ~50%. The retention of Na is 
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the lowest, at ∼20%. For pine chars, the retentions of Mg and Ca reduce to ~50% at 

particle residence times ≥0.62 s. For K and Na in pine chars, their retentions reduce 

to ~30% and ~5%, respectively. The result clearly shows the higher retentions of Mg 

and Ca compared to K and Na. This is likely due to two factors. Firstly, the chemical 

fractionation of mallee wood and pine wood (see  

 Figure 5.4) shows >80% of the Na and K in these samples are water-soluble, likely to 

be in the form of chlorides, sulphates, or carbonates. As the melting points of alkali 

chlorides and sulphates are <900 °C, the species can be released through vaporization 

and/or thermal ejection during pyrolysis. On the contrary, <30% of the Mg and Ca in 

mallee and pine wood are water-soluble, which means >70% of Mg and Ca are ion-

exchangeable and are organically bound. Secondly, due to the divalent nature of Mg 

and Ca, more energy is required to break two bonds between Mg or Ca and char matrix, 

compared to the single valent Na and K,131, 229, 241 thus less Mg and Ca are released 

during pyrolysis.  
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 Figure 5.4 Contents (wt % db) of alkali and alkaline earth metallic (AAEM) species 

of various occurrence forms present in (a) mallee wood and (b) pine wood samples, 

respectively. 

 

Comparing the AAEM species retentions in mallee and pine chars, it can be seen that 

the retention of AAEM species is higher in mallee chars than those in pine chars. Such 

observation is partially due to higher water-soluble Na and K in pine wood (>95%) 

than in mallee wood (~85%). As aforementioned, these species can be released through 

vaporization and/or thermal ejection during pyrolysis. A higher fraction of water-

soluble Na and K in pine wood translates to a higher fraction of Na and K released 

during rapid pyrolysis. Furthermore, during pyrolysis, the AAEM species released 

would firstly diffuse or convect through the char particle before reaching the outer 

surface of the particle. Oxygen-containing groups, such as carbonyl or carboxyl groups, 

can act as a reactive site for the AAEM species to bond to and retain in the char through 

ion-exchange.125, 242 Slightly higher oxygen contents in mallee chars compared to pine 

char mean there are more possibilities for AAEM species to recombine with oxygen-

containing groups, therefore resulting in higher retention of AAEM species in mallee 

chars. In addition, as mentioned in Section 5.2, due to the flake-like shape of pine 

wood particles, they experience a higher heating rate during pyrolysis. This can cause 

higher inner particle pressure due to extensive decomposition, so the vaporized AAEM 

species are rapidly ejected from the char particle. Moreover, the flake-like shape also 

means a shorter intraparticle diffusion path for vaporized AAEM species. Therefore, 

the vaporized AAEM species are less likely to recombine with char matrix. 

Although no significant change in the yields of pine char is observed as particle 

residence time increase from ~0.41 s to ~0.68 s, the results in Figure 5.3 show the 

retention of Na, K, Mg, and Ca in these pine chars reduced from ~30%, ~55%, ~65%, 

and ~65%, respectively, to ~5%, ~30%, ~50%, and ~50%, respectively. This indicates 

that while pyrolysis reactions are mostly completed, AAEM species may continue to 

vaporize when exposed to high temperatures. Moreover, as the nascent char undergoes 

thermal decomposition or annealing, the oxygen-containing groups on the char surface 

are released as volatiles. The O/C molar ratio for pine chars decreases from 0.14 to 

0.10 as particle residence time extending from 0.41 s to 0.68 s. The loss of oxygen-
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containing groups can have double impacts on the retention of AAEM species. Firstly, 

the loss of oxygen-containing groups leads to the release of AAEM species bonded to 

those oxygen-containing groups. Secondly, a reduction in active sites makes it difficult 

for AAEM species to bond to as they diffuse to the particle surface. In the contrary, 

the O/C molar ratio in mallee chars is almost unchanged as particle residence time 

increasing from 0.51 s to 0.55 s, when pyrolysis is mostly completed. This could 

explain the similar retentions of AAEM species for MC-0.51s and MC-0.55s. Another 

aspect attributed to the unchanged retentions for mallee chars after 0.51 s could be the 

more compact structure of mallee char particles (see Section 5.5), which hinders the 

release of ejected aerosols containing AAEM species. 

5.4 Transformation of AAEM Species during pyrolysis at high temperature 

To gain a better insight into the transformation of AAEM species during pyrolysis of 

woody biomass at high temperature, chemical fractionation analysis was carried out 

for two mallee char samples, MC-0.32s and MC-0.51s, representing a partially 

pyrolyzed char and a completely pyrolyzed char, respectively. The distribution of 

water-soluble, ion-exchangeable, acid-soluble, and acid-insoluble AAEM species in 

these chars are presented in Figure 5.5. As part of the AAEM species is released during 

pyrolysis, these are also normalized to the amount of AAEM species retained in MC-

0.32s and MC-0.51s, then plotted in Figure 5.6. This will provide a better visualization 

of how each fraction of the AAEM species transforms during pyrolysis. However, due 

to low char yields from pine chars and their low ash contents, the AAEM species 

content in leaching solutions cannot be accurately quantified. Therefore, the 

occurrence of AAEM species in pine chars was not analysed.  
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Figure 5.5 Distributions of alkali and alkaline earth metallic (AAEM) species with 

various occurrence forms in mallee wood and two char samples prepared from rapid 

pyrolysis of mallee wood sample at particle residence times of 0.32 s and 0.51 s, 

expressed as wt% of the total content of each element in samples. For the labels in 

the figure, MW refers to mallee wood sample 

 

Figure 5.6 Occurrence of alkali and alkaline earth metallic (AAEM) species in 

mallee wood or retained in mallee chars with particle residence times of 0.32 s and 

0.51 s, expressed as the wt% of the total content of each element in samples and 

normalized to its retetnion 
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The results show a significant shift in the occurrence of AAEM species during 

pyrolysis. More than 80% of Na and K in the mallee wood is water-soluble, but it drops 

to ~55% in MC-0.32s. Only ~35% of Na and ~45% of K in MC-0.51s are water-soluble. 

This is partly attributed to the vaporization of volatile alkali chlorides, sulphates, and 

phosphates (as evident from the reduction in water-soluble fraction in Figure 5.6) 

because most water-soluble Na and K carbonates, chlorides, sulphates, and phosphates 

have a low decomposition temperature. For instance, sodium carbonate and alkali 

phosphates have a decomposition temperature of <500°C.243 Meanwhile, an increase 

in ion-exchangeable Na and K in MC-0.32s suggests there could be some water-

soluble Na and K transformed into the ion-exchangeable form. The Na and K from the 

decomposed water-soluble Na and K can retain in char matrix and become organically 

bonded to char organic structures after a series of reactions.230 For example, previous 

studies64, 125, 242 show alkali chloride may react with oxygen-containing groups in 

biomass, releasing Cl but associating the alkali elements to the oxygen-containing 

groups. Thus, the Na and K that are newly bonded to oxygen-containing groups 

contribute to the rise in ion-exchangeable fraction. Further pyrolysis leads to the 

deoxygenation of nascent char, thus a reduction in oxygen-containing groups and ion-

exchangeable Na and K in MC-0.51s observed in Figure 5.6. A slight increase in acid-

soluble and acid-insoluble Na and K is likely due to the incorporation of Na and K into 

char matrix244 or react with the small amount of silicate or aluminosilicate in mallee 

wood.125 Figure 5.5 shows that ~ 95% of Mg and ~92% of Ca in mallee wood are either 

water-soluble or ion-exchangeable. A reduction (from ~25% to ~3%) of water-soluble 

Mg retained in char with increasing pyrolysis time observed in Figure 5.6 is likely due 

to the decomposition and release of MgCl2 or MgSO4 at 1300 °C. On the contrary, 

much of the water-soluble Ca is retained in the char during pyrolysis because of the 

high melting point of Ca compounds (such as CaO) or the release of low melting point 

CaCl2 being compensated by decomposition of CaCO3 and calcium oxalate (a 

compound known to present in biomass and only soluble in acids95) into CaO.245 

During pyrolysis, a significant amount of ion-exchangeable Mg or Ca transformed into 

acid-soluble or acid-insoluble form. >50% of Mg and >40% of Ca retained in MC-

0.32s are in acid-soluble and acid-insoluble fractions. This is likely due to Mg or Ca 

bonded to the oxygen-containing groups in biomass become incorporated into char 

matrix (CM), such as CM-Mg-CM or CM-Ca-CM, due to rapid deoxygenation during 

pyrolysis.230 The acid-insoluble fraction may also be contributed by the formation of 
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magnesium or calcium aluminosilicate compounds which are thermally stable.246 

Therefore, no significant decrease in acid-insoluble Mg and Ca as particle residence 

time increases from 0.32 s to 0.51 s. 

5.5 The evolution of particle shape for char particles 

 

Figure 5.7 Evolution of particle length and minimum (min) diameter for (a) mallee 

chars and (b) pine char particles during rapid pyrolysis at 1300 °C 
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Figure 5.8 Evolution of aspect ratio and equivalent diameter for (a) mallee chars and 

(b) pine char particles during rapid pyrolysis at 1300 °C 

Biomass particles are known to undergo significant deformation during pyrolysis. 

Figure 5.7 shows the correlation of char particle length and minimum (min) diameter 

for the particle residence time studied, while Figure 5.8 shows the correlation between 

char aspect ratio and equivalent diameter for the particle residence time studied. Such 

correlations for parent biomass particles are also presented in Figure 5.9 and Figure 

5.10 for comparison. The average equivalent diameter, aspect ratio, minimum 

diameter, and particle length for each sample are defined as the median value of the 

frequency distribution of each parameter and are tabulated in Table 5.4. 
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Figure 5.9 Correlation of particle length and minimum diameter for mallee wood and 

pine wood particles 

 

Figure 5.10 Correlation of aspect ratio and equivalent diameter for mallee wood and 

pine wood particles 
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Table 5.4 Average equivalent diameter (De), aspect ratio (AR), minimum (min) 

diameter, and particle length for biomass and char particles. De and AR refer to 

equivalent diameter and aspect ratio, respectively 

 Mallee 

wood 

Mallee chars 

0.32s 0.37s 0.43s 0.51s 0.55s 

Average De/µm 655.5 395.6 365 308.8 302.5 276.4 

Average AR 4.9 4.7 4.6 4.4 3.6 3.5 

Average min diameter/µm 380.7 305.8 270.6 200.2 185.7 174.2 

Average particle length/µm 1837.5 1393.9 1267.2 777.5 496.9 460.7 

 Pine 

wood 

Pine chars 
 0.31s 0.41s 0.51s 0.62s 0.68s 

Average De/µm 533.2 322.2 266 179.4 174 189.4 

Average AR 2.81 1.33 1.24 1.23 1.23 1.19 

Average min diameter/µm 393.6 302.7 219.7 164.0 161.7 148.8 

Average particle length/µm 1241.6 484.4 281.2 206.6 200.5 191.4 

 

The overall trend observed for both mallee and pine chars is particle dimensions 

including length and diameter shrink as particle residence time increases. However, 

the evolution of particle shape for mallee chars is distinctly different from pine chars. 

Mallee char particles exhibit a progressive and steady decrease in dimensions. Table 

5.4 shows ~25% and ~20% reductions in average particle length and minimum 

diameter for MC-0.32s compared to the parent biomass particles. Some of the particle 

length for MC-0.32s is in the range of 3000-4000 µm which is close to the upper range 

of mallee wood particle length (see Figure 5.9). MC-0.37s only sees a further ~5% and 

~9% reductions in the average particle length and diameter but a more significant 

reduction is observed for MC-0.43 s. The average particle length and diameter reduce 

by ~27% and ~18%, which could be the consequence of massive destruction of fibrous 

structure in mallee wood during pyrolysis. The average minimum particle diameter 

remains relatively unchanged at the particle residence time of >0.43 s, but the 

continuous decline in particle length is evident. This is also understandable because 

thermal conduction for an elongated particle is always dominant in the radial direction 

than the axial direction.247 The small reduction in the average particle aspect ratio for 

mallee char particles at the early stage of pyrolysis (particle residence time up to 0.43 

s) clearly suggests that those particles retain their elongated shape. 
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Figure 5.11 SEM images for mallee char particle with different pyrolysis extent.  

More significant deformation of char particles is only observed at later stages of 

pyrolysis with evidence from the SEM images in Figure 5.11. For MC-0.32s, Figure 

5.11a and b show that fibrous structure is prominent for the entire particle, and open 

pores with longitudinal arrangement are observed throughout the char surface. For 

MC-0.43s, traces of melted structure are discerned, especially at both ends of the 

particle, where substantial melting of biomass fibrous structure can be seen. The 
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number of regular pores also decreases remarkably, probably as a result of pore 

expansion and melting. At a particle residence time of 0.55 s when complete pyrolysis 

is achieved, the char particles are severely deformed. Particles are shorter and large 

cavities are noticeable. Although traces of fibrous structure can be found, the surface 

for char particles predominantly resembles the residue of a molten structure formed 

during pyrolysis.  
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Figure 5.12 SEM images for pine char particle with different pyrolysis extent. Panel 

a and b: PC-0.31s, panel c and d: PC-0.41s, and panel e and f: PC-0.68s 

Unlike mallee char particles, pine char particles seem to have less resistance to particle 

deformation during pyrolysis. Only a few partially pyrolyzed PC-0.31s particles can 

retain their particle length above 1000µm despite that the original pine wood particle 

length can reach more than 2000 µm. Compared to pine wood particles, the average 

particle length and diameter drop by ~61% and ~23% for PC-0.31s, then a further ~42% 
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and ~27% reduction for PC-0.41s. After another ~27% and ~25% reduction in average 

particle length and diameter for PC-0.51s, the dimensions remained unchanged for PC-

0.62s and PC-0.68s. The correlation of aspect ratio and equivalent diameter for pine 

char particles shown in Figure 5.8b is scattered for PC-0.31s but mostly constrained to 

an aspect ratio of <3 for pine char particles with longer particle residence times. Table 

5.4 shows that the average aspect ratio decreases sharply from 2.81 for pine wood to 

1.33 for PC-0.31s, then kept at around 1.2 for pine chars with particle residence times 

≥0.41 s. This signifies that pine char particles deform to form a spherical shape even 

at a short particle residence time. The SEM pictures in Figure 5.12 show that PC-0.31s 

particles are mostly molten at both ends but the fibrous structure can still be seen for 

some PC-0.31s particles. The surface of other pine char particles is completely melted, 

with some bursting bubbles left. The feature of PC-0.41s and PC-0.68s particles are 

similar. These particles appear to be completely plasticized and large cavities resulted 

from intensive swelling/foaming due to the increased internal pressure and violent 

release of volatile matter are clearly visible. However, PC-0.68s particles are rounder 

compared to PC-0.41s. The above observations suggest that deformation happens soon 

after pine wood being exposed to the high temperature which can be ascribed to the 

following factors. Firstly, the long flake-like shape of pine wood particles leads to a 

higher average heating rate experienced by the particles, which results in more 

extensive plasticization of cell structure during pyrolysis.8, 152, 248 Besides, the much 

higher content of K and Ca in mallee wood also contribute to the less severe melting 

for mallee chars by enhancing those reactions towards char formation, i.e., 

polymerization/cross-linking, which are considered as important factors to prevent 

plasticization.43, 78  

5.6 Conclusions 

This study deployed a new DTF system for accurate-determining char yields, which 

enable a systematical investigation into the evolution in char yield, shape and 

morphology, and transformation of AAEM species during rapid pyrolysis (at 5 particle 

residence times) of mallee wood and pine wood particles (250-355 µm) at 1300 °C. 

The results show that the char yield decreases with increasing particle residence time 

but remained unchanged after 0.51 s for mallee wood and 0.41 s for pine wood, at 

which point the pyrolysis process is mostly completed. Pine wood underwent a more 
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significant mass loss (2.8 wt% char yield) compared to mallee wood (3.8 wt% char 

yield). Likewise, the retention of AAEM species also decreases with particle residence 

time. About 70% of Mg and Ca, ~50% of K, and ~20-30% of Na are retained in mallee 

char and pine at the particle residence time of ~0.51 s and ~0.41 s, respectively. 

However, the retention of AAEM species in pine char continues to reduce by 15-20% 

as particle residence time increase from 0.41 s to 0.68 s which can be attributed to the 

loss of oxygen-containing group on nascent char resulted from thermal 

annealing/cracking for nascent char. Chemical fractionation of a partially pyrolyzed 

mallee char (MC-0.32s) and a completely pyrolyzed mallee char (MC-0.51s) shows a 

portion of water-soluble Na and K transformed to ion-exchangeable Na and K during 

the early stage of pyrolysis. Further pyrolysis leads to loss of oxygen-containing 

groups thus a reduction in ion-exchangeable Na and K. However, Mg and Ca transform 

from water-soluble and ion exchangeable form to acid-soluble and acid-insoluble 

forms after pyrolysis as they become incorporated into the char matrix. The 

investigation of particle shape shows that mallee and pine wood particles experience 

severe deformation during pyrolysis, leading to significantly reduced particle length, 

diameter, and aspect ratio. However, unlike the extensive melting behavior of pine 

wood particles, the fibrous structure of the mallee wood is retained during the early 

stage of pyrolysis. 
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CHAPTER 6 RAPID PYROLYSIS OF PULVERIZED BIOMASS 

AT HIGH TEMPERATURE: EFFECTS OF TORREFACTION 

TEMPERATURE ON CHAR YIELD, RETENTION OF ALKALI 

AND ALKALINE EARTH METALLIC SPECIES AND CHAR 

PARTICLE SHAPE 

6.1 Introduction 

Many investigations about the thermal behaviour of torrefied biomass were carried out 

by thermogravimetric analysis at a temperature <900 °C using slow heating rates (10-

25°C/min).249-253 One of the key effects of torrefaction on biomass pyrolysis is the 

increased char yield as reported in many previous studies. However, because the 

investigation of torrefied biomass under conditions pertinent to pulverized fuel 

combustion is limited,177, 254 there is little data available in regards to the effect of 

torrefaction on char yield at the high heating rate and high temperature (≥1100 °C). 

Besides, the ash-tracer method has been proved to be inaccurate due to the evaporation 

of some ash-forming elements.23 Therefore, the direct determination of char yield for 

torrefied biomass under rapid heating and high-temperature conditions is needed.  

Another interesting aspect is the particle shape of char pyrolyzed at high temperatures. 

The pulverized biomass particles usually have an irregular and elongated shape 

because of their fibrous structure. This variation in shape can cause differences in 

particle physical properties such as surface area-volume ratio, bulk density, and 

chemical properties, including char burnout and heat/mass transfer efficiency, etc., 

which consequently affects the biomass thermochemical conversions.79, 137 

Considering the degradation of three major compounds (cellulose, hemicellulose, and 

lignin) of biomass during torrefaction, it is reasonable to suspect torrefaction could 

have some impacts on the biomass particle deformation.255 However, particle size 

distribution using laser analysis cannot provide detailed shape parameters.178 The 

effect of torrefaction intensity on the aspect ratio of char at different burnout levels 

was also investigated.256 However, the study about the effect of torrefaction on the 

particle shape of char produced by rapid pyrolysis has not been found.  
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Therefore, the objective of this chapter is to evaluate the effect of torrefaction 

temperature on biomass rapid pyrolysis conducted in a novel double-tube drop-tube 

furnace (DTF) at 1300 °C. Mallee wood (MW) was cut and sieved to a size fraction of 

150-250 um before torrefaction to ensure the uniformity of the original particle size. 

Three torrefaction temperatures 220 °C, 250 °C, and 300 °C were used and the 

torrefied biomass produced at these three temperatures are denoted as MW-T220, 

MW-T250, and MW-T300. After rapid pyrolysis, resultant mallee char samples in the 

cyclone are referred to as MC, MC-T220, MC-T250, and MC-T300 as the pyrolytic 

products of MW, MW-T220, MW-T250, and MW-T300, respectively. The properties 

of these samples are listed in Table 6.1 and Table 6.2. Attentions were paid to the char 

yield, the retentions of AAEM species in char, and char morphology, including particle 

size and shape.  

Table 6.1 Proximate and ultimate analysis for raw and torrefied biomass and their chars 

Samples 

Moisture 

(wt%, 

ada) 

Proximate analysis 

(wt%, dbb) 
 

Ultimate analysis  

(wt%, dafe) 
 Molar ratio 

ash VMc FCd  C H N Of  O/C H/C 

MW 5.11 0.59 87.71 11.70  45.32 6.11 0.20 48.37  0.80 1.62 

MW-T220 4.83 0.63 82.50 16.87  47.12 5.82 0.22 46.84  0.74 1.48 

MW-T250 3.60 0.82 81.60 17.58  49.26 5.72 0.26 44.76  0.68 1.39 

MW-T300 1.95 1.11 75.58 76.69  52.63 4.89 0.28 42.20  0.60 1.11 

MC 3.66 11.77 34.28 53.95  85.61 1.77 0.52 11.10  0.10 0.24 

MC-T220 3.75 11.64 48.86 39.50  85.52 1.55 0.48 12.45  0.11 0.22 

MC-T250 2.07 10.92 53.99 35.09  86.07 1.48 0.49 11.96  0.10 0.21 

MC-T300 2.02 6.64 35.09 58.27  87.20 1.05 0.39 11.36  0.10 0.14 
a air-dried; b dry-basis; c volatile matter; d fixed carbon; e dry and ash-free basis; f By difference. 

 

Table 6.2 Concentrations of inorganic species in raw and torrefied biomass and their 

chars, mg/kg (dry basis) 

 MW MW-T220 MW-T250 MW-T300 

Na 110.6 ± 0.8 111.3 ± 1.5 112.8 ± 0.3 171.9 ± 0.8 

K 724.0 ± 1.2 735.5 ± 5.3 741.4 ± 0.4 1125. ± 11.2 

Mg 270.4 ± 10.1 274.8 ± 5.4 278.6 ± 4.8 422.5 ± 2.5 

Ca 1594.4 ± 19.4 1639.2 ± 21.4 1658.9 ± 31.1 2503.3 ± 10.8 

Mn 157.5 ± 1.2 170.3 ± 2.2 199.0 ± 7.3 261.4 ± 37.1 

P 179.2 ± 1.1 170.8 ± 1.7 196.0 ± 2.7 273.2 ± 22.1 

Al 13.3 ± 1.5 8.5 ± 0.7 11.0 ± 0.7 11.8 ± 0.5 

Zn 8.1 ± 0.1 8.0 ± 0.2 10.3 ± 0.3 12.9 ± 1.1 

Cu 1.7 ± 0.7 1.9 ± 0.1 2.8 ± 0.1 3.8 ± 0.3 

Si 6.3 ± 1.8 6.0 ± 4.1 14.5 ± 1.5 14.8 ± 3.6 

Ti 0.3 ± 0.1 1.1 ± 0.1 1.2 ± 0.6 1.2 ± 0.1 

Cl 214.1 ± 10.6 128.1 ± 0.5 75.9 ± 0.3 34.0 ± 5.9 

S 99.8 ± 3.1 102.6 ± 2.2 98.4 ± 1.2 129.8 ± 2.9 



                                                                                                                   CHAPTER 6 

101 

 

 MC MC-T220 MC-T250 MC-T300 

Na 205.4 ± 10.2 234.1 ± 4.1 219.9 ± 3.3 150.8 ± 7.0 

K 10059.5 ± 

253.4 

10604.0 ± 

316.7 

10019.7 ± 

305.4 
6968.3 ± 47.2 

Mg 6129.4 ± 42.6 6096.7 ± 19.2 5489.1 ± 34.1 3074.8 ± 23.2 

Ca 36271.5 ± 

358.5 

36856.0 ± 

207.5 

33509.8 ± 

716.6 

18472.3 ± 

551.3 

Mn 3431.5 ± 90.6 2372.9 ± 46.3 1945.6 ± 32.1 1320.9 ± 5.1 

P 3851.8 ± 46.4 2748.0 ± 282.9 2421.8 ± 192.4 2004.6 ± 12.4 

Al 226.2 ± 58.4 156.6 ± 19.1 121.2 ± 47.8 132.1 ± 13.6 

Zn 34.8 ± 1.2 28.7 ± 1.6 28.8 ± 4.8 23.9 ± 0.7 

Cu 252.2 ± 59.8 254.6 ± 90.7 114.4 ± 4.2 91.3 ± 1.3 

Si 487 ± 15.8 493.3 ± 23.5 409.8 ± 70.6 238.7 ± 13.5 

Ti 55.4 ± 9.6 34.6 ± 10.8 23.88 ± 12.6 23.7 ± 1.9 

 

Table 6.3 Contents of structural carbohydrates in raw and torrefied biomass, wt% (dry 

basis) 

Constituent MW 
MW-

T220 

MW-

T250 

MW-

T300 

Hemicellulose 26.06 24.52 21.28 9.78  
Arabinan 1.46 1.01 0.73 0.05  
Galactan 2.74 2.36 1.84 0.10  
Glucan 2.33 2.84 3.13 7.78  
Xylan 18.97 17.75 15.13 1.81  
Manan 0.56 0.55 0.45 0.03 

Cellulose 41.74 39.74 35.61 22.33 

Acid soluble lignin  8.29 6.38 5.34 0.47 

Ash-free acid insoluble residue (A.I.R.) 20.17 22.18 25.92 46.65 

Others 3.74 7.18 11.85 20.77 
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6.2 Sample characteristics and solid mass yield 

 

Figure 6.1 . (a) Torrefaction char yield at temperatures of 220 °C, 250 °C, and 

300 °C; (b) Pyrolysis char yield at 1300 °C using MW and torrefied biomass; and (c) 

Overall char yield. Torrefaction char yield for MW is considered as 100%. T220, 

T250, and T300 indicate that the samples were torrefied at 220 °C, 250 °C, and 

300 °C for panel (a) and then pyrolyzed at 1300 °C for penal (b) and (c) 

The properties of raw and torrefied biomass (MW, MW-T220, MW-T250, and MW-

T300) are listed in Table 6.1-6.3. With the increasing torrefaction temperature, volatile 

matter contents, O/C and H/C ratio, and two biomass main constituents (hemicellulose 

and cellulose), all decrease to different extents while contents of ash, fixed carbon, and 

lignin increase. The results are consistent with previous works on biomass 
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torrefaction.257 It can be seen that MW-T300 has distinct properties from other samples. 

For instance, the significant decrease in the contents of hemicellulose from ∼25% for 

MW and MW-T220 to 9.78% for MW-T300 indicates the severe decomposition of it 

at 300°C. 90% of xylan which is the dominant fraction of hemicellulose in MW is 

decomposed after being treated at 300°C. The content of ash-free A.I.R. in Table 6.3 

is more than doubled for MW-T300 compared to MW, which could be the result of 

the extensive cross-linking and charring reactions during torrefaction at 300°C.174, 258-

260 Table 6.2 demonstrates that the concentrations of many inorganic species increased 

with the higher torrefaction temperature. This is because the degradation of organic 

structure leads to the release of volatile matter while most inorganic species tend to 

remain in the solid phase, which causes the accumulation of inorganic species in 

torrefied biomass. Torrefaction seems to be an effective way to reduce Cl content in 

MW because ∼50% of Cl was released at a low torrefaction temperature of 220°C, as 

shown in Table 6.2. 

Torrefied char yield and pyrolysis char yield were determined experimentally by 

calculating the weight loss of samples after torrefaction or pyrolysis. Results in Figure 

6.1 show that MW-T300 has a much lower torrefied char yield at ~70%, compared to 

MW-T220 and MW-T250 (both above 95%). Pyrolysis char yields for MC, MC-T220, 

MC-T250, and MC-T300 are 2.8%, 3.2%, 3.7%, and 10.4%, respectively. It can be 

seen that the pyrolysis char yield of MW-T300 is about triple that of other samples, 

suggesting that severe torrefaction can induce considerably higher pyrolysis char yield 

at 1300 °C. Previous analyses about the properties of torrefied biomass (Table 6.3) 

indicate that structural carbohydrates in MW-T300 have a higher degree of 

carbonization and cross-linking, which is known to favor the formation of char during 

rapid pyrolysis. A simplified mechanism proposed by Zheng et al. shows that during 

torrefaction, depolymerized cellulose species could bond together by crosslinking 

which is increasingly significant as torrefaction temperature gets higher, and further to 

form char by polycondensation.174 Besides, the higher contents of inorganic species in 

MW-T300 are considered important catalysts to enhance char formation.  Overall char 

yield presented in Figure 6.1, (c) combines the effect of torrefaction and rapid 

pyrolysis, and is defined as overall yield=torrefied char yield × pyrolysis char yield. 

The negligible difference in overall yield for MC, MC-T220, and MC-T250 reveals 

that mild and moderate torrefaction at 220°C and 250°C have little impact on the final 
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solid mass while severe torrefaction temperature can noticeably improve the overall 

char yield, from ~3% for MC, MC-T220, and MC-T250 to ~7% for MC-T300. 

6.3 AAEM retention during torrefaction and pyrolysis 

 

Figure 6.2 Retentions for AAEM species after (a) torrefaction, (b) pyrolysis, and (c) 

overall retention. Torrefaction retention for MW is considered as 100%. T220, T250, 

and T300 indicate that the samples were torrefied at 220 °C, 250 °C, and 300 °C for 

panel (a) and then pyrolyzed at 1300 °C for penal (b) and (c) 

Retention of AAEM species after torrefaction, rapid pyrolysis, and the overall 

retention were calculated and presented in Figure 6.2, referring to as the torrefaction 

retention, pyrolysis retention, and overall retention. It can be seen that torrefaction 

retention is close to 100%, suggesting that little AAEM species were released during 

torrefaction. Therefore, the overall retention of torrefied biomass is similar to their 
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pyrolysis retention.  It is known that rapid pyrolysis leads to extensive evaporation of 

AAEM species.261 For MC, MC-T220, and MC-T250, only ~5% of Na is retained but 

for MC-T300 ~10% of Na is retained. Retention of K is ~40% for MC, then increases 

to ~45% for MC-T220 and MC-T250, further rising to ~60%. The low retention of Na 

than K during thermal conversions has been observed in other works.59, 262-263 The 

higher retention of K than Na can be explained by the more electropositive nature of 

K, which can form intercalation compounds with carbon and prevent its 

vaporization.262 On the contrary, some Na compounds such as Na2O and NaCl 

evaporate easily.59 Retention of Mg and Ca for MC are ~60%, and have a gradual rise 

from ~70% to ~75% as the torrefaction temperature increases from 220°C to 300°C. 

The higher overall retention of Mg and Ca than Na and K indicate that Mg and Ca are 

relatively more stable, likely because of their divalent chemical character. Besides, the 

CFA analysis of raw and torrefied biomass presented in Figure 6.3 shows that the 

majority of Mg and Ca (70-60%) are ion-exchangeable, bonding to the organic matrix, 

while ~80% of Na and K are in the water-soluble form, which consists of sulfates, 

chlorides, or carbonates with low melting temperature.95-96, 264 This difference in the 

chemical occurrence for AAEM species contributes to the variance of retention after 

pyrolysis.263 There is a clear trend that with higher torrefaction temperature, more 

AAEM species are retained in chars after rapid pyrolysis. A comparison of MC and 

MC-T300 shows that the pyrolysis retentions of Na, K, and Mg/Ca increase by ~100%, 

~50%, and ~25%, respectively. The considerably higher retention of AAEM species 

in MC-T300 can be ascribed to several reasons. Firstly, torrefaction alters the chemical 

occurrence of AAEM species, generating higher contents of AAEM species in 

relatively stable forms (acid-soluble and acid-insoluble form),95 and this effect 

becomes more noticeable with increasing torrefaction temperature. For MW, MW-

T220, and MW-T250, <2% of Na or K, <5% of Mg, and <10% of Ca are in the forms 

of acid-soluble and acid-insoluble. However, for MW-T300, the contents increase to 

7%, 15%, and 20% for Na or K, Mg, and Ca, respectively. Researches have shown that 

acid-soluble and acid-insoluble elements are unlikely to be evaporated during thermal 

conversions,265 therefore, MC-T300 has the highest retention of AAEM species. 

Secondly, Figure 6.1 shows that the pyrolysis char yield for MC-T300 is significantly 

higher, which means the decomposition of solid structures into volatiles is suppressed 

compared to MC-T220 and MC-T250. Because the organic structures could be 

released with AAEM species bound on them, the ordered and stable structures in MC-
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T300 formed by extensive cross-linking reactions lead to not only the lower mass loss 

but also a higher tendency for AAEM species to be retained in char.171, 252 Moreover, 

a part of small molecules in biomass is already released as volatiles during torrefaction, 

thus the production of pyrolysis gas by MC-T300 is relatively less intensive during 

rapid pyrolysis.178 Prior studies have demonstrated that thermal cracking of volatiles 

generates free radicals (e.g. H radical), which could contribute to the release of AAEM 

species by displacing them to bond to char matrix.229 The less intensive volatilization 

of MC-T300 leads to a lower concentration of free radicals, therefore, reducing the 

possibility of AAEM species being replaced and released. The displaced AAEM 

species could be truly released into the gas phase or re-bond to the reactive sites in the 

char matrix. It is suspected that this bond-reforming process is favored in MC-T300 

due to the following facts. Firstly, the less intensive volatilization of MC-T300 could 

cause lower inner particle pressure, allowing more time and possibilities for AAEM 

species to be re-bound. Then, the larger average particle size of MC-T300 than other 

char samples (see Figure 6.8 and Figure 6.9) makes it more difficult for free AAEM 

species to be truly released after a longer diffusion/convection path inside the char 

particle. It is worth noting that mild and moderate torrefaction at 220°C and 250°C has 

only slight effect on increasing the retention of Na. However torrefaction at 300°C 

almost doubled the retention of Na, probably due to the significantly reduced volatile 

content under high torrefaction temperature because the release of Na is reported to be 

closely related to volatiles emission.59 

6.4 Chemical occurrence of AAEM species 

6.4.1 Chemical occurrence of AAEM species in torrefied biomass 

The occurrence of AAEM species in raw and torrefied biomass is classified into four 

groups, water-soluble (chlorides, sulphates, and carbonates), ion-exchangeable 

(organically bonded), acid-soluble (oxides, sulphates, and carbonates), and acid-

insoluble (silicates and aluminates). 
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Figure 6.3 Occurrence of AAEM species in raw and torrefied biomass, expressed as 

the wt% of each element in the sample; a, b, c, and d stand for MW, MW-T220, 

MW-T250, and MW-T300, respectively 

Figure 6.3 demonstrates the occurrence of AAEM species in raw and torrefied biomass 

with different torrefaction temperatures. It can be found that the dominant existing 

form for Na and K is the water-soluble form, however, the percentage of it gradually 

drops from ~90% to ~80% with the increasing torrefaction temperature. On the 

contrary, the percentages of ion-exchangeable Na and K increase by ~5-10%. This is 

possible because, during torrefaction, the water-soluble alkali chlorides react with 

oxygen-containing groups, resulting in the release of Cl and the association of alkali 

metals to organic matrix by ion-exchange.128, 242 This could also be the reason for the 

reduction in the content of water-soluble Ca. The primary change for the occurrence 

of Mg is the shift from ion-exchangeable fraction to acid-soluble fraction after 

torrefaction. It is aware that alkaline earth metals in biomass (Mg and Ca)  are mainly 

organically bound to the structure by oxygen-containing groups, e.g. carboxylic 

groups.95 Previous studies show that the decomposition of carboxylic groups during 

torrefaction starts at <200°C, and becomes quite significant at 250°C.96, 266 Therefore, 

the decreasing contents of ion-exchangeable Mg and Ca are likely due to the 

decomposition of carboxylic groups, forming acid-soluble MgCO3 and CaCO3. The 

formation of other Mg/Ca salts like phosphates and sulfates also could be responsible 
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for the higher percentages of acid-soluble Mg/Ca because the previous study observed 

higher contents of phosphates and sulfates in the HCl leachates after torrefaction.96 

6.4.2 Chemical occurrence of AAEM species in chars 

 

Figure 6.4 Occurrence of AAEM species in chars, expressed as the wt% of each 

occurrence in the sample; a, b, c, and d stand for MC, MC-T220, MC-T250, and MC-

T300, respectively 

 

Figure 6.5 Occurrence of AAEM species in chars, normalized to the amount of 

AAEM species retained in char after rapid pyrolysis; a, b, c, and d stand for MC, 

MC-T220, MC-T250, and MC-T300, respectively 
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To investigate the occurrence of AAEM species in char samples, the same chemical 

fractionation analysis was applied and the results are presented in Figure 6.4. 

Considering the different evaporation extents of AAEM species, the percentages of 

difference chemical occurrence for each element are normalized to the actual amount 

of it retained in chars after rapid pyrolysis and plotted in Figure 6.5. Only the 

proportions of water-soluble form for Na in chars are presented in Figure 6.4 and 

Figure 6.5 due to the low concentration of Na meeting the threshold of ICP 

quantification. As the torrefaction temperature rises, the proportions of water-soluble 

Na and K in chars decrease from ~55% and ~60% to ~40% and ~50%, respectively. 

In the meantime, the ion-exchangeable and acid-soluble K increase from ~25% to ~40% 

in total. This change is consistent with the transition of Na and K from water-soluble 

form to ion-exchange form in torrefied biomass as mentioned above. Besides, the 

higher retentions of Na and K indicate that an increasing amount of Na and K are likely 

to incorporate into the char matrix and form stable bonds such as C-Na and C-K, 

reducing the relative proportions of water-soluble Na and K in chars. However, the 

absolute amounts of water-soluble Na and K in Figure 6.5 still increase with higher 

torrefaction temperature, which suggests that the evaporation ability for water-soluble 

Na and K in torrefied biomass with higher torrefaction temperature is increasingly 

suppressed during rapid pyrolysis. Another noticeable trend in Figure 6.4 is the higher 

proportions of ion-exchangeable Mg and Ca, especially for ion-exchangeable Mg 

which increases from ~18% to 43% as torrefaction temperature raised to 300 °C. This 

means that higher torrefaction temperature leads to more Mg/Ca bound to or retained 

in organic structures after pyrolysis, probably due to the more cross-linked structure 

formed during torrefaction. Ultimate analysis for chars finds less oxygen loss by rapid 

pyrolysis for torrefied biomass, which means that oxygen-containing groups retained 

in torrefied biomass have higher stability than those in raw biomass. Similar results 

have been observed by Meng et al..173 They investigated the distribution of oxygen in 

pyrolytic products and found that higher torrefaction temperature can cause more 

oxygen to be left in biochar. The oxygen-containing cross-linked structure could be 

stronger and relatively difficult to be broken down and thus protect the associated 

Mg/Ca. Besides, for the cleaved structure due to the release of oxygen, Mg/Ca could 

take the place of the released oxygen to act as the new cross-linking point during rapid 

pyrolysis.230 Therefore the higher torrefaction temperature facilitates the retention of 

ion-exchangeable Mg/Ca in chars. Moreover, the higher pyrolysis char yield for MC-
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T300 means that more organic compounds with AAEM species associated with them 

are retained in the solid phase rather than being gasified or ejected, therefore increasing 

the ion-exchangeable proportions. The slightly higher proportions of water-soluble Ca 

than water-soluble Mg could be attributed to the formation of CaO (product of CaCO3 

and CaC2O4 decomposition). The noticeable drop in the proportion of the acid-

insoluble Mg may be the consequence of the lower concentration of silicon in MC-

T300 which is less than half of it in MC and MC-T220, as listed in Table 6.2. 
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6.5 The shape of torrefied biomass and their chars 

 

Figure 6.6 Correlation of particle length and minimum diameter for raw and torrefied 

biomass, (a) MW, (b) MW-T220, (c) MW-T250, and (d) MW-T300 
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Figure 6.7 Correlation of aspect ratio and equivalent diameter for raw and torrefied 

biomass, (a) MW, (b) MW-T220, (c) MW-T250, and (d) MW-T300 

Figure 6.6 and Figure 6.7 demonstrate the correlation of particle length vs. minimum 

(min) diameter and aspect ratio vs. equivalent diameter for raw and torrefied biomass. 

It can be seen that the particle length and min diameter for both raw and torrefied 
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biomass (MW-T220 and MW-T250) are in the range of 300-2500 µm and 150-350 µm 

while their aspect ratios and equivalent diameter are within 1.5-12 and 250-800 µm, 

respectively. Despite some dehydration and degradation of biomass constituents, the 

torrefaction process at <300 °C has negligible effects on particle size and shape. 

However, for MW-T300, its particle length and diameter are more concentrated 

between 250-2500 µm and 140-320 µm, probably due to severe dehydration, cross-

linking, and charring reactions, and maybe the loss of some light particles during the 

collection of samples. Consequently, the equivalent diameter for MW-T300 shifts to 

200-650 µm but the aspect ratio almost remains the same with other samples, which 

suggests the torrefaction has minimal effect on biomass particle shape.  

The same shape parameters for pyrolyzed chars using raw and torrefied biomass are 

presented in Figure 6.8 and Figure 6.9. The particle length for chars is in the range of 

100-700 µm, which is much lower than their parent samples, indicating significant 

biomass particle shrinkage occurred during rapid pyrolysis. However, the lower range 

of particle length for MC-T300 is 150 µm, being slightly larger than others. The min 

diameters for MC, MC-T220, and MC-T250 are within 75-225 µm, while for MC-

T300, it moves to 100-275 µm. The equivalent diameter is a more straight-forward 

parameter to compare the particle size for chars. It can be found in Figure 6.9 that the 

equivalent diameter for char particles reduced more than half compared to their 

original biomass particles, which can be ascribed to the extensive devolatilization 

during rapid pyrolysis. Specifically, the equivalent diameter for MC, MC-T220, and 

MC-T250 are in the same range (100-300 µm), whereas for MC-T300, it is around 

150-370 µm. The higher pyrolysis char yield for MC-T300 suggests that reactions such 

as polymerization and cross-linking are favored during pyrolysis after severe 

torrefaction treatment. It seems like these reactions also make the char structure more 

compact, causing a lower degree of shrinkage and therefore the larger particle size for 

MC-T300. The particle shape for char particles is represented by their aspect ratio and 

is shown in Figure 6.9. Unlike biomass particles, the aspect ratio range for char 

particles is much smaller, being 1-5 for MC, MC-T220, and MC-T250 and 1-4.5 for 

MC-T300, and most char particles have an aspect ratio <3. The slightly smaller value 

of aspect ratio for MC-T300 should be the consequence of its narrower particle length 

range and larger min diameter.  
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Figure 6.8 Correlation of particle length and minimum diameter for chars, (a) MC, 

(b) MC-T220, (c) MC-T250, and (d) MC-T300 
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Figure 6.9 Correlation of aspect ratio and equivalent diameter for chars, (a) MC, (b) 

MC-T220, (c) MC-T250, and (d) MC-T300 
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Figure 6.10 SEM images of chars produced from the rapid pyrolysis of torrefied 

biomass: (a-1) and (a-2) MC; (b-1) and (b-2) MC-T220; (c-1) and (c-2) MC-T250; 

(d-1) and (d-2) MC-T300 

The SEM pictures for chars in Figure 6.10 show that both MC and MC-T220 have 

traces of fibrous structures on their rough surface. Those cavities and connected 

openings with clear edges resemble the remnant of the cell wall of xylem tissue, after 

the violent release of volatiles.267 However, as shown in Table 6.3, the decomposition 

of hemicellulose (especially for xylan which is one of the three major secondary cell 

wall components for xylem) is significant after torrefaction at 300 °C. This could 

explain the lack of fibrous structures on the surface of MC-T300. The magnified SEM 

images show that the surface of MC-T300 is much smoother than the MC and MC-

T220, indicating that MC-T300 has experienced severe plasticization during pyrolysis, 

which contributes to the lower aspect ratio for MC-T300. Similar phenomena have 

been observed previously.83, 268-269 Tolvanen et al. pointed out that this phenomenon 

may be due to some liquid intermediates formed during torrefaction.268 As the degree 

of plasticization of biomass is attributed to the formation of metaplast during the 

thermal conversion, it is possible that the liquid intermediates can facilitate the 

formation of metaplast and thus cause the severer plastic deformation of biomass 

structure. The experimental results by Pelaez-Samaniego et al. showed that the yield 

of lignin liquid intermediates reached the maximum at the torrefaction temperature of 

~300°C,270 which suggests that the effect of liquid intermediates on metaplast 

formation could be pronounced for MW-T300. The melting of surface structure is not 

significant for MC and MC-T220 probably because the pyrolysis at a high heating rate 

in DTF (~104 °C/s) makes the formation of metaplast as quick as the resolidification 

reactions,271 and consequently the outline of the structure can be retained. However, 

with the abundant liquid intermediates in MW-T300 to promote the formation of 

metaplast and the lack of strong vascular structure like xylem, the surface of MC-T300 

is easily softened and molten, becoming smoother after resolidification. 

6.6 Conclusions  

Rapid pyrolysis of raw and torrefied mallee wood (150-250 µm) was conducted at 

1300 °C to study the effect of torrefaction temperature (220°C, 250°C, and 300°C) on 

the properties of chars. The direct determination of pyrolysis char yield by a novel 



                                                                                                                   CHAPTER 6 

118 

 

DTF system realizes the first investigation on the retention of AAEM species for 

torrefies biomass during pyrolysis with PF conditions. It is found that increasing 

torrefaction temperature can cause higher pyrolysis char yield, especially for biomass 

with high torrefaction temperature. This is ascribed to some reactions that happened 

during torrefaction (i.e., cross-linking and charring) alter the composition of the 

structural carbohydrate in torrefied biomass. The release of AAEM species is 

negligible during torrefaction but pronounced during rapid pyrolysis. Torrefied 

biomass has higher retention for AAEM species after rapid pyrolysis, compared to raw 

biomass, and raising torrefaction temperature from 220 °C to 300 °C can increase the 

retention of AAEM species from ~6% for Na, ~45% for K, ~70% for Mg, and 71% 

for Ca to ~9% for Na, ~63% for K, ~74% for Mg, and 75% for Ca. The reasons could 

be their more stable chemical forms and the various changes in organic structure 

during torrefaction. The chemical forms of AAEM species in chars show that the 

relative proportions of water-soluble Na and K decreased but ion-exchangeable and 

acid-soluble K increase with torrefaction temperature, indicating the stable existing 

status of Na and K in chars. The higher proportions of ion-exchangeable Mg and Ca 

indicate that more Mg and Ca are bonded to organic structures, which can be attributed 

to the higher stability of oxygen-containing groups in torrefied biomass. The 

significant reduction in acid-insoluble Mg and Ca in chars as torrefaction temperature 

rising may be mainly because of the lower concentration of silicon and more Mg and 

Ca bound to organic structures. Studies of the char morphology reveal that the 

torrefaction process has a negligible effect on the particle size and shape of biomass, 

whereas severe torrefaction can make the char particle size larger and aspect ratio 

smaller after pyrolysis, and the surface of those char particles seems to be smoother. 
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CHAPTER 7 A STUDY OF PARTICLE SIZE, SHAPE, AND 

RETENTIONS OF INORGANIC SPECIES DURING RAPID 

PYROLYSIS BASED ON INDUSTRIAL UTILIZATION OF 

TORREFIED WOOD CHIPS 

7.1 Introduction 

Woody biomass is often cut into large wood chips with dimensions of 5-50 mm.272 

Further pulverization of wood chips is needed to achieve a wider utility of biomass, 

such as palletization and co-combustion with coal in industrial power plants.273 But 

the pulverization of biomass wood chips is extremely energy-consuming because of 

the poor grindability of biomass. Torrefaction is considered an effective method to 

improve the fuel characteristics of biomass as this pretreatment can reduce the 

moisture content, increase the energy density and grindability of biomass.274 The 

detailed effect of torrefaction on the grindability of wood chips has been extensively 

studied.46, 155, 275-276 However, no information about the shape of torrefied and ground 

particles was provided by these previous works despite the fact that the shape of 

biomass particles is critical to the thermoconversion processes by affecting the heat 

and mass transfer.79, 142 Therefore, more data on the effect of torrefaction on the 

particle shape for ground wood chips are necessary.  

There are even fewer studies mentioned the particle shape of torrefied biomass before 

fast pyrolysis. Although torrefied biomass powder which is regarded as a promising 

substituent to traditional coals,273 there is still a lack of understanding for the rapid 

pyrolysis torrefied biomass at high temperature (>1100 °C) which relates to the 

conditions of industrial biomass co-firing with coal.177, 254 The influence of particle 

size on the rapid pyrolysis of torrefied biomass powder has not been reported yet.  

To address the above-mentioned knowledge gap, wood chips were torrefied at 

different temperatures than ground. Three torrefaction temperatures were used in this 

study: 220 °C, 250 °C, and 300 °C, representing mild, moderate, and severe 

torrefaction conditions. After pulverization, two size ranges (250-355 µm and 90-106 

µm) were selected to carry out the rapid pyrolysis in a novel drop-tube furnace that 
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enables the direct determination of char yield at high heating rate and temperature 

(1300 °C). The prefix T220, T250, or T300 was added before MW300, MW100, 

PW300, and PW100 when referring to biomass samples torrefied at different 

temperatures. For example, T250-MW300 refers to the mallee wood chips torrefied at 

250 °C and later sieved to 250-355 µm. Their char samples are represented by 

replacing W (wood) with C (char) as used in previous chapters. The focuses are the 

effect of torrefaction temperature on the properties of char particles they form after 

rapid pyrolysis, including char yield and the retention of inorganic species (mainly 

AAEM species), and the changes in particle shape and size. The properties of raw and 

torrefied biomass samples with different particle size fractions are summarized in 

Table 7.1-7.2. 
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Table 7.1 Proximate and ultimate analysis for raw and torrefied biomass 

Samples 
Moisture 

(wt%, ada) 

Proximate analysis 

(wt%, dbb) 
 Ultimate analysis (wt%, dafe)  Molar ratio 

ash VMc FCd  C H N Of  H/C O/C 

Raw 
MW300 4.24 0.58 90.07 9.35  47.33 6.47 0.10 46.09  1.64 0.73 

MW100 4.35 0.61 91.67 7.72  46.51 6.49 0.13 46.87  1.68 0.76 

T220 
MW300 4.10 0.62 88.19 11.19  47.56 5.89 0.15 46.40  1.49 0.73 

MW100 4.38 0.66 90.49 8.85  47.14 6.15 0.12 46.59  1.57 0.74 

T250 
MW300 3.33 0.88 80.21 18.91  52.17 5.60 0.16 42.08  1.29 0.60 

MW100 3.65 0.92 81.83 17.25  51.16 5.64 0.14 43.06  1.32 0.63 

T300 
MW300 3.05 1.10 66.25 32.65  59.41 4.95 0.23 35.42  1.00 0.45 

MW100 3.36 1.25 68.74 30.01  59.25 5.51 0.19 35.05  1.12 0.44 

             

Raw 
PW300 4.15 0.24 93.25 6.51  45.39 6.33 0.07 48.21  1.67 0.80 

PW100 4.47 0.28 94.47 5.25  44.48 6.41 0.06 49.05  1.73 0.83 

T220 
PW300 3.46 0.27 90.59 9.14  48.85 5.37 0.06 45.72  1.32 0.70 

PW100 3.62 0.29 92.41 7.30  47.64 5.41 0.05 46.90  1.36 0.74 

T250 
PW300 2.90 0.30 82.68 17.02  50.51 4.98 0.07 44.44  1.18 0.66 

PW100 3.08 0.32 90.66 9.02  49.83 5.24 0.06 44.88  1.26 0.68 

T300 
PW300 2.18 0.45 70.61 28.94  59.11 4.71 0.06 36.12  0.96 0.46 

PW100 2.55 0.49 78.73 20.78  58.37 5.07 0.09 36.47  1.04 0.47  
a air-dried; b dry-basis; c volatile Matter; d fixed carbon; e dry and ash-free basis; f by difference. 
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Table 7.2 Proximate and ultimate analysis for chars produced by pyrolysis of raw and torrefied biomass at 1300 °C 

Samples 
Moisture 
(wt%, ada) 

Proximate analysis 

(wt%, dbb) 
 Ultimate analysis (wt%, dafe)  Molar ratio 

ash VMc FCd  C H N Of  H/C O/C 

Raw 
MC300 2.52 11.24 33.52 55.24  84.51 0.95 0.38 14.16  0.13 0.13 

MC100 3.03 12.32 30.94 56.74  90.45 1.24 0.42 7.89  0.16 0.07 

T220 
MC300 1.63 10.82 36.81 52.37  80.00 0.97 0.33 18.70  0.15 0.18 

MC100 2.14 17.12 41.64 41.24  91.66 1.17 0.36 6.82  0.15 0.06 

T250 
MC300 1.31 6.33 37.36 56.31  63.06 0.88 0.38 35.69  0.17 0.42 

MC100 1.68 8.06 42.41 49.53  72.74 0.97 0.33 25.96  0.16 0.27 

T300 
MC300 1.19 3.60 29.24 67.16  69.24 1.27 0.32 29.18  0.22 0.32 

MC100 1.21 4.29 37.25 58.46  79.39 1.39 0.50 18.73  0.21 0.18 

             

Raw 
PC300 1.84 6.43 20.77 72.80  82.52 1.02 0.19 16.27  0.15 0.15 

PC100 2.03 7.41 19.45 73.14  85.74 1.46 0.18 12.62  0.20 0.11 

T220 
PC300 1.64 5.86 28.73 65.41  77.18 0.65 0.21 21.97  0.10 0.21 

PC100 1.87 6.71 35.84 57.45  82.62 1.34 0.20 15.84  0.19 0.14 

T250 
PC300 1.59 4.46 40.65 54.89  64.52 0.61 0.15 34.72  0.11 0.40 

PC100 1.64 6.56 46.76 46.68  71.43 0.98 0.19 27.40  0.16 0.29 

T300 
PC300 1.16 1.97 32.12 65.91  74.60 0.77 0.22 24.41  0.12 0.25 

PC100 1.35 2.45 33.20 64.35  83.01 1.10 0.18 15.71  0.16 0.14 
a air-dried; b dry-basis; c volatile Matter; d fixed carbon; e dry and ash-free basis; f by difference. 
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7.2 Characterization of raw and torrefied biomass samples 

The properties of raw and torrefied biomass samples with different particle size 

fractions are summarized in Table 7.1. Bridgeman et al. reported that size reduction of 

biomass by milling can introduce variations of fuel properties for biomass in different 

size fractions, which was ascribed to the uneven distribution of large and tenacious 

organic materials between different size fractions.277 However, data in Table 7.1 show 

that the pulverization process seems to have negligible effects on the properties of 

torrefied biomass with different particle sizes, most likely because the brittle structure 

after torrefaction makes the torrefied biomass powder have uniform constituents. It 

can be seen that torrefaction temperature has a key role in the properties of resultant 

torrefied biomass. The increased torrefaction temperature leads to lower contents of 

moisture and volatile matter, but higher contents of fixed carbon for both biomass 

species, while the ultimate analysis shows that it improves fuel properties of torrefied 

biomass by exhibiting higher content of carbon. Besides, the higher contents of ash for 

torrefied biomass indicate the accumulation of inorganic species in solid phase during 

torrefaction. These are the results of the degradation of the biomass components at 

high temperature, releasing small gaseous molecules such as CO, CO2, CH4, and H2, 

as well as some moisture during torrefaction.278 There is no noteworthy variance in the 

concentrations of AAEM species between samples with different particle sizes in 

Table 7.3, which further evidence the uniformity of torrefied biomass powder. 
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Figure 7.1 FTIR spectra for raw and torrefied mallee and pine wood powder after 

pulverization 
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Figure 7.2 Torrefaction char yield of MW and PW at 220 °C, 250 °C, and 250 °C, 

and their degree of cross-linking at each torrefaction temperature 

The molar ratios of O/C and H/C for mallee and pine wood are presented in Table 7.1. 

Generally speaking, as torrefaction temperature increases, the decrease of O/C vs. H/C 

has a linear relationship with the slope being approximately 0.5 regardless of their 

particle size, which suggests that the loss of oxygen and hydrogen is largely caused by 

dehydration during torrefaction. Many previous FTIR analyses mentioned that 

torrefied biomass exhibits higher intensity of certain structures, such as C-O-C and 

C=O, but lower –OH intensity, mainly owing to the cross-linking reactions and 

intramolecular dehydration reactions that have cross-linking behavior.174, 260, 279-282 

Chaiwat et al.283 proposed a method to evaluate the degree of cross-linking based on 

the reasonable assumptions that the degree of cross-linking is proportional to the loss 

of hydroxyl group (OH) as they confirmed that the primary reaction for cross-linking 

during pyrolysis of cellulose is to produce H2O at a low heating rate and low 

temperature. They defined the loss of hydroxyl group (OH) as (OH0-OH)/OH0, where 

OH0 and OH were the initial and final amount of OH groups detected by FTIR, 

respectively. Using the same method, the degree of cross-linking for torrefied biomass 

in this study was determined via the changes of the OH spectra in solid samples 

obtained by FTIR (see Figure 7.1). Note that the possible tar generated during 

torrefaction is not considered due to the fact that the cross-linking contributed by tar 

is negligible at <300 °C for slow pyrolysis of cellulose.283 The intensity of OH groups 

(peak at 3000-3600 cm-1) is found to reduce with torrefaction temperature. The loss of 
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OH groups (degree of cross-linking) at different torrefaction temperature was then 

quantified and plotted in Figure 7.2 against the torrefaction char yields. The 

torrefaction char yields are 92.6%, 85.3%, and 55.1% for mallee wood and 89.7 %, 

83.6%, and 51.2% for pine wood, at 220°C, 250°C, and 300°C, respectively. It shows 

that the degree of cross-linking has an inverse correlation with the torrefaction yield, 

in other words, cross-linking reactions are favored at high torrefaction temperature. 

The degree of cross-linking for MW and PW torrefied at 300 °C could be even higher 

if counting the increased tar yield in.283 More cross-linked structure in torrefied 

biomass partly explains the changes in their properties, such as the higher contents of 

fixed carbon and the changes in H/C and O/C, and thus different pyrolysis behaviour 

is expected for torrefied biomass. 
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7.3 Shape of pulverized raw and torrefied wood chips for mallee and pine 

 

Figure 7.3 Correlation between the particle length and minimum diameter of 

pulverized and sieved (a) raw MW and (b-d) torrefied MW. T220, T250, and T300 in 

the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, and (d) 

300 °C, while MW300 and MW100 in the legend refer to the size fractions of 90-106 

µm and 250-355 µm after sieving, respectively 
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Figure 7.4 Correlation between the aspect ratio and equivalent diameter of pulverized 

and sieved (a) raw MW (b-d) torrefied MW. T220, T250, and T300 in the legend 

refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, and (d) 300 °C, while 

MW300 and MW100 in the legend refer to the size fractions of 90-106 µm and 250-

355 µm after sieving, respectively 
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Figure 7.5 Correlation between the particle length and minimum diameter of 

pulverized and sieved (a) raw PW and (b-d) torrefied PW. T220, T250, and T300 in 

the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, and (d) 

300 °C, while PW300 and and PW100 in the legend refer to the size fractions of 90-

106 µm and 250-355 µm after sieving, respectively 
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Figure 7.6 Correlation between the aspect ratio and equivalent diameter of pulverized 

and sieved (a) raw PW (b-d) torrefied PW. T220, T250, and T300 in the legend refer 

to the torrefaction temperature at (b) 220 °C, (c) 250 °C, and (d) 300 °C, while 

PW300 and PW100 in the legend refer to the size fractions of 90-106 µm and 250-

355 µm after sieving, respectively 
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Size and shape parameters for pulverized mallee and pine wood particles are shown in 

Figure 7.3-7.6. Figure 7.3 and 7.5 present the correlation of particle length and 

minimum diameter for mallee and pine particles, while Figure 7.4 and 7.6 give the 

aspect ratio and equivalent diameter for them. It can be seen that the sieve size (250-

355 µm and 90-106 µm) only roughly corresponds to the minimum diameter of 

particles while their particle length could be much larger, especially for raw biomass 

particles. The particle length distributions of MW300 and PW300 in Figure 7.3 (a) and 

Figure 7.5, (a) are extremely scattered, ranging in 500-4000 and 500-2500, 

respectively. Smaller particles (MW100 and PW100) have the same situation that their 

particle length reaches up to 1000 µm whereas their particle minimum diameter is only 

60-170 µm. Long particle length but small diameter reflects their needle-like shape, 

which can be further quantified by their aspect ratio. As shown in Figure 7.4, (a), the 

aspect ratio for MW300 and MW100 are both up to 15 and have a positive correlation 

with the equivalent diameter. The distribution of equivalent diameter is very wide, 

ranging between ~350 µm to ~1200 µm for MW300, and ~100 µm to ~350 µm for 

MW100. Likewise, PW300 and PW100 exhibit high aspect ratio (~10) and broad 

equivalent diameter ranges. The elongated shape for raw biomass particles is the result 

of their anisotropic structure, which makes it much easier to break up along the 

longitudinal direction. 

Panels b-d in Figure 7.3-7.6 illustrate the multiple effects of torrefaction on the shape 

of particles after pulverization. Most importantly, torrefaction can remarkably reduce 

the particle length, especially for large particles. After torrefaction at 220 °C, 250 °C, 

and 300 °C, the majority of T220-MW300, T250-MW300, and T300-MW300 particles 

have their particle length reduced to < 3000 µm, < 2000 µm, and < 1500 µm. 

Consequently, the upper range of aspect ratio decreased dramatically, from ~10 for 

T220-MW300, to ~7 for T250-MW300 and ~5 for T300-MW300. Moreover, the 

slightly smaller minimum diameter and remarkably shorter particle length of T300-

MW300 make the range of its equivalent diameter shrinks to 300-900 µm, which is 

only half of the equivalent diameter range of MW300, approximately. Similarly, 

increasing torrefaction temperature reduce the upper range of particle length for large 

pine wood particles from 2500 µm to 1500 µm, therefore lowering the aspect ratio to 

1-5 and the equivalent diameter to 300-800 µm.  
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However, such effects are not observed for particles in the size range of 90-106 µm. 

The particle length and minimum diameter for raw and torrefied MW100 and PW100 

have no obvious difference, except a slight reduction on the upper limit of particle 

length for T300-MW100, which causes a small drop in its aspect ratio value from ~11 

to ~8. Torrefied small pine particles (T250-PW100 and T300-PW100) even exhibit a 

less concentrated distribution of aspect ratio in panel c and d of Figure 7.6. Previous 

studies simply ascribed the better grindability of torrefied biomass to the embrittled 

lignocellulose structure and conclude that torrefaction could increase the sphericity of 

particles after pulverization.44, 284 This study reveals that the particle size has to be 

considered when studying the particle shape because only the relatively large particles 

have a more spherical shape after torrefaction while the shape for smaller particles is 

basically not affected by torrefaction. 
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7.4 Effect of torrefaction on the properties of char with different size ranges after 

rapid pyrolysis 

7.4.1 Characterization of char yield and properties 

 

Figure 7.7 Pyrolysis char yields during the pyrolysis of pulverized raw and torrefied 

mallee wood in (a) and pine wood in (b). 100 and 300 in the legend refer to the size 

fractions of 90-106 µm and 250-355 µm, respectively 

The pyrolysis char yields of raw and torrefied biomass particles are presented in Figure 

7.7. Specifically, MW300 and MW100 have only 3.8% and 1.1% of char yields due to 

the high pyrolysis temperature (1300 °C) causing severe devolatilization.87 The 

pyrolysis char yield rises slightly when mallee wood is pretreated at 220 °C, while 

torrefaction temperature at 250 °C further raises the yields to 10.24% and 6.24% for 

T250-MW300 and T250-MW100, respectively. Higher torrefaction temperature at 

300 °C significantly increases the yields to 27.7% for T300-MW300 and to 20.1% for 
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T300-MW100. For pine wood, pyrolysis char yields for PW300, T220-PW300, T250-

PW300, and T300-PW300 are 2.7%, 2.9%, 4.5%, and 15.5% while for PW100, T220-

PW100, T250-PW100, and T300-PW100, the values are 0.9%, 1.3%, 3.1%, and 10.9%, 

respectively. The trend is obvious that higher torrefaction temperature facilitates the 

formation of char. It can be partly explained by the impacts of torrefaction on biomass 

components, namely the decomposition of cellulose and hemicellulose but the increase 

of the lignin content,174, 273 which contributes more to the char formation than cellulose 

and hemicellulose during rapid pyrolysis.102, 177, 285 Besides, the degree of cross-linking 

increases with torrefaction temperature as discussed above, and such cross-linking 

reactions could produce a more stable carbon matrix to survive the rapid pyrolysis.177  

Table 7.3 Concentration of AAEM species in raw and torrefied biomass, wt% 

 

The concentrations of AAEM species in mallee chars are presented in Table 7.3. 

Overall, the concentrations of AAEM species in chars decrease with torrefaction 

temperature, mainly due to the less devolatilisation of organic materials “diluting” the 

concentrations. The impacts of particle size are in accordance with previous 

investigation on raw biomass done by the authors,87 which is large particles having 

higher contents of Na and K but lower contents of Mg and Ca. This is because the 

higher retention of Mg and Ca leads to their accumulation in chars, especially in small 

Samples 
Concentration of AAEM species in samples, wt% 

Na K Mg Ca 

Raw 
MW300 0.010±0.001 0.071±0.006 0.029±0.001 0.166±0.005 

MW100 0.011±0.001 0.069±0.002 0.026±0.002 0.157±0.008 

T220 
MW300 0.008±0.001 0.076±0.001 0.028±0.001 0.177±0.016 

MW100 0.008±0.001 0.074±0.004 0.024±0.002 0.165±0.003 

T250 
MW300 0.011±0.001 0.092±0.002 0.033±0.005 0.268±0.007 

MW100 0.010±0.001 0.089±0.001 0.035±0.001 0.238±0.009 

T300 
MW300 0.014±0.001 0.121±0.002 0.048±0.001 0.310±0.010 

MW100 0.014±0.001 0.128±0.004 0.049±0.001 0.338±0.009 

  

Raw 
MC300 0.067±0.001 1.167±0.003 0.601±0.007 3.224±0.021 

MC100 0.033±0.002 0.682±0.007 0.964±0.008 5.342±0.020 

T220 
MC300 0.061±0.001 1.210±0.001 0.371±0.004 3.185±0.012 

MC100 0.023±0.002 0.632±0.014 0.824±0.007 5.164±0.005 

T250 
MC300 0.037±0.002 0.726±0.001 0.228±0.001 1.922±0.034 

MC100 0.029±0.002 0.514±0.004 0.368±0.010 2.647±0.050 

T300 
MC300 0.028±0.001 0.402±0.002 0.159±0.001 0.990±0.006 

MC100 0.022±0.003 0.386±0.003 0.173±0.007 1.077±0.056 



                                                                                                                   CHAPTER 7 

135 

 

particles whose organic materials loss is significant. While the vaporization of Na and 

K is so strong in small particles, that it outweighs the loss of the organic materials, 

decreasing their contents in chars. It is interesting to notice that the difference in the 

contents of AAEM species between T250-MC300 and T250-MC100 is narrowed, and 

T300-MC300 and T300-MC100 have almost the same contents of AAEM species. It 

means that the impacts of particle size on the release of AAEM species are mitigated 

by increasingly stronger torrefaction, leaving a more uniform composition of inorganic 

species in char. 
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7.4.2 Effect of torrefaction temperature and particle size on the retentions of 

AAEM species 

 

Figure 7.8 Overall retentions of AAEM species in chars produced from the pyrolysis 

of raw or torrefied biomass at 1300 °C, (a). Retention of Na; (b). Retention of K; (c). 

Retention of Mg; (d). Retention of Ca 
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To investigate the effects of particle size and torrefaction temperature on the release 

of AAEM species, the pyrolysis char yields and contents of AAEM species in mallee 

chars are used to calculate the retention of AAEM species after rapid pyrolysis. The 

results are presented in Figure 7.8. Only 25.5% of Na is retained in MC300 after rapid 

pyrolysis, while T220-MC300, T250-MC300, and T300-MC300 have their retention 

of Na increased to 27.8%, 31.3%, and 43.1%. The retention of K also increased from 

64.1% for T220-MC300, to 80.5% for T250-MC300, eventually reaching 92.1% for 

T300-MC300, which is much higher compared to 62.5% of it in MC300. The increase 

in the retentions of Mg and Ca are not as significant as Na and K, for the retentions of 

Mg and Ca already reach ~70% for MC300. Increasing the torrefaction temperature to 

300 °C gradually raised their retention to ~87% for T300-MC300. A previous study 

done by the authors has revealed that the chemical occurrence of AAEM species is 

more stable after torrefaction and the less intensive devolatilization reactions of 

torrefied biomass is also responsible for more AAEM species bound to char matrix 

after rapid pyrolysis. Therefore, the retention of AAEM species continuously increases 

as torrefaction temperature getting higher. 

Attention is paid to the effect of particle size on the retention of AAEM species for 

torrefied biomass. The retention of AAEM species is generally higher for large 

biomass particles, which can be ascribed to several reasons including the lower heating 

rate, less thermal ejection, and longer inner-particle diffusion path for large particles.87 

The retentions of Na and K in MC100 are 3.0% and 9.3%, which are relative ~88% 

and ~85% less than the retention of Na and K in MC300, respectively. However, for 

T300-MC100, the retentions of Na and K increase to 35.6% and 60.3%, which are only 

~17% and ~34% less than the retention of Na and K in T300-MC300 relatively. 

Likewise, as the percentages of Mg and Ca retained in MC100 are ~50% lower than 

in MC300, increasing torrefaction temperature to 300 °C makes the retention of Mg 

and Ca in T300-MC100 increase to ~75%, relatively lower by only ~14% compared 

to T300-MC300. Therefore, the effect of particle size on the retention of AAEM 

species during rapid pyrolysis is less important if pretreated by torrefaction and this 

phenomenon is increasingly obvious at higher torrefaction temperature. One possible 

reason could be the change in the actual particle size for torrefied biomass. Firstly, the 

discrepancy in particle size can bring about variation in heating rate, which eventually 

influences the pyrolysis reactions and the release of AAEM species.62, 130, 286 Besides, 
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particle size has a direct influence on the length of diffusion path for AAEM species 

that are volatilized or transported by aerosols inside the particle. Moreover, the trapped 

elements have more possibilities to re-combine with the char matrix while they diffuse 

towards the surface. As shown by Figure 7.10, the equivalent diameter for MC100 and 

T300-MC100 are in the same range (90-350 µm) while the equivalent diameter for 

MC300 (350-1200 µm) is much larger than it for T300-MC300 (350-850 µm), which 

suggests that the difference in the actual particle size between T300-MW300 and 

T300-MW100 is smaller. The other reason could be the chemical properties of 

torrefied biomass that have multiple impacts on the release of AAEM species. Firstly, 

lower volatile matter content in torrefied biomass could make the pressure built up 

inside the particle slower and less intensive, in contrast to the rapid generation of 

volatile from raw biomass. In fact, the devolatilization of small raw biomass particles 

is so rapid that the high internal pressure turns the liquified char structure into hollow 

spheres and creates large openings on the surface.87 Therefore, the vaporized AAEM 

species could be released directly without any mass transfer or diffusion process. 

However, the higher char yield of small torrefied biomass and the cross-sectional 

images of char particles (see section 7.5) suggests that there could be a compact 

internal structure that hinders the escape of AAEM species and facilitates the re-

bonding of AAEM species with reactive char matrix. Besides, the internal pressure 

could enhance the thermal ejection of aerosols which might carry non-volatile AAEM 

species. Furthermore, the relatively stable chemical occurrence of AAEM species in 

torrefied biomass may prevent the quick release of them regardless of the particle size, 

and the higher O/C molar ratio of char produced by torrefied biomass indicates more 

possible sites on char matrix for AAEM species to bond through oxygen-containing 

functional groups. Those above-mentioned factors explain the significant increase in 

the retention of AAEM species for small and torrefied particles, which reduces the 

difference in the retention of AAEM species caused by particle size.  
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7.5 The effect of torrefaction on the shape of char particles with different size 

 

Figure 7.9 Correlation between the particle length and minimum diameter of chars 

produced by the rapid pyrolysis of (a) raw MW and (b-d) torrefied MW. T220, T250, 

and T300 in the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, 

and (d) 300 °, while MC300 and MC100 refer to the size fractions of 90-106 µm and 

250-355 µm, respectively 

0

300

600

900

1200

1500

0

300

600

900

1200

1500

0

300

600

900

1200

1500

0 100 200 300 400 500
0

300

600

900

1200

1500

 

 

 MC300

 MC100

 

 T220-MC300

 T220-MC100

P
ar

ti
cl

e 
le

n
gt

h
, µ

m
 

 T250-MC300

 T250-MC100

 

 T300-MC300

 T300-MC100

Minimum diameter, µm

(d)

(c)

(b)

(a)



                                                                                                                   CHAPTER 7 

140 

 

 

Figure 7.10 Correlation between the aspect ratio and equivalent diameter of chars 

produced by the rapid pyrolysis of (a) raw MW and (b-d) torrefied MW. T220, T250, 

and T300 in the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, 

and (d) 300 °, while MC300 and MC100 refer to the size fractions of 90-106 µm and 

250-355 µm, respectively 
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Figure 7.11 Correlation between the particle length and minimum diameter of chars 

produced by the rapid pyrolysis of (a) raw PW and (b-d) torrefied PW. T220, T250, 

and T300 in the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, 

and (d) 300 °, while PC300 and PC100 refer to the size fractions of 90-106 µm and 

250-355 µm, respectively 
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Figure 7.12 Correlation between the aspect ratio and equivalent diameter of chars 

produced by the rapid pyrolysis of (a) raw PW and (b-d) torrefied PW. T220, T250, 

and T300 in the legend refer to the torrefaction temperature at (b) 220 °C, (c) 250 °C, 

and (d) 300 °, while PC300 and PC100 refer to the size fractions of 90-106 µm and 

250-355 µm, respectively 
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Figure 7.9 and Figure 7.11 present the particle length (PL) and minimum diameter 

(MD) for mallee and pine char particles. The correlations of aspect ratio and equivalent 

diameter for all char samples are shown in Figure 7.10 and Figure 7.12. The red and 

black colors in Figure 7.9-7.12 represent two initial size fractions of biomass in 90-

106 µm and 250-355 µm, respectively.  

The particle length and minimum diameter for MC300 vary between 150-1350 µm and 

80-330 µm, which is much smaller than the original particles because of the severe 

devolatilezation and shrinking process. As the torrefaction temperature increases, the 

minimum diameter of large mallee char particles gradually increases to 100-350 µm 

for T220-MC300, 150-400 µm for T250-MC300, and 170-450 µm for T300-MC300. 

In the meantime, the scattered distribution of particle length narrows down to 300-

1200 µm for T300-MC300. The changes of equivalent diameter for large char particles 

(250-355 µm) with different torrefaction temperatures also show that the shrinkage of 

particle dimensions for biomass torrefied at high temperature is minor because T300-

MC300 nearly maintains the same equivalent diameter range of T300-MW300 which 

is between 300-800 µm, and the length and diameter for T300-MC300 are very close 

to the range of T300-MW300. Due to the similar particle dimensions including length 

and minimum diameter, the aspect ratio range for T300-MC300 (1-4) is thus very close 

to it for T300-MW300 (1-5). On the contrary, MC300 and T220-MC300 have a 

noticeable decrease in the aspect ratio range compared to their original particles, as the 

result of melting structure and shrunken particle dimensions. Likewise, the particle 

length for PC300 and T220-PC300 decreases a lot, therefore the aspect ratio for all of 

these particles is below 2, and the vast majority of them has the aspect ratio <1.5, 

suggesting the severe deformation of char particles.8, 87 The increase in the aspect ratio 

starts to be noticeable when pine wood was torrefied at 250 °C. Similar to mallee wood, 

torrefaction at 300 °C keeps the aspect ratio for T300-PC300 as high as 1-4, which is 

also very close to the aspect ratio for T300-PW300 ranging in 1-5. The above 

observations indicate that pretreatment for biomass with torrefaction can prevent the 

shrinkage of particle dimensions and this effect is increasingly pronounced with higher 

torrefaction temperature. A possible reason for this is that the cell structure after 

torrefaction is strengthened by various reactions such as cross-linking and possible 

charring reactions for certain biomass components at high torrefaction temperature 

(300 °C). Besides, the higher pyrolysis char yield for torrefied biomass implies that 
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more organic materials are reserved after rapid pyrolysis, which acts as the inner 

support for the entire particle to assure its integrity. Additionally, the less intensive 

release of volatile matter generates fewer impacts towards the molten and delicate char 

structure at high temperature, which would help to keep the particle shape.  

However, such effects of torrefaction on the size and shape of small mallee particles 

are less significant. Generally, small biomass particles exhibit a higher level of melting 

because of the higher heating rate they experienced.87 Data points for MC100 and 

T220-MC100 in Figure 7.9 and 7.10 show that they are all near-spherical particles 

after rapid pyrolysis. Increasing torrefaction temperature slightly enlarges the particle 

dimensions for chars but only a small part of T250-MC100 particles have their aspect 

ratio reach >2, while the majority of them still have a dramatic decrease in aspect ratio 

compared to large mallee particles whose aspect ratio range between 1 to ~10. The 

melting for small pine wood particles is even more remarkable because most particles 

of PC100, T220-PC100, and T250-PC100 have their aspect ratio <1.5. Surprisingly, 

severe torrefaction at 300 °C can make the aspect ratio for both T300-MC100 and 

T300-PC100 in the same range as T300-MC300 and T300-PC300. This further 

stresses the significance of torrefaction at high temperature on the particle shape, 

which even outweighs the impacts of particle size.  

 

Figure 7.13 Cross-sectional images for (a): MC300-T220, (b): MC300-T250, and (c): 

MC300-T300 
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Figure 7.14 Cross-sectional images for (a): PC300-T220, (b): PC300-T250, and (c): 

PC300-T300 

To further understand the morphology of char samples, cross-sectional 

characterization was carried out for large char particles (250-355 µm) and the 

representative images for each sample are presented in Figure 7.13 and Figure 7.14. 

The cross-sectional morphology for T220-MC300, T250-MC300 shows that most 

particles have a thin outer shell and large voids inside the particle, while particles of 

T220-PC300, T250-PC300 have a cenosphere shape. The main reason for this porous 

structure is expected to be the severe devolatilization that happened during rapid 

pyrolysis as char yield data show that >95% of organic matter is vaporized for raw and 

torrefied biomass (at torrefaction temperature of 220 °C and 250 °C). The volatiles 

generated are trapped inside the particle, then expand and create large voids due to 

cumulated internal pressure and the softened char matrix at high temperature and high 

heating rate.8, 75 It is important to note that char particles with prior torrefaction at 

300 °C have distinct cross-sectional structure. The images for T300-MC300 and T300-

PC300 show that these char particles have a relatively solid char matrix with low 

porosity. Small pores distribute throughout the entire cross-section area of the particle, 

rather than one large void, which proves that more structures are retained in T300-

MC300 and T300-PC300. This dense structure could provide more resistance to 

melting and swelling which are typical phenomena of biomass during rapid 

pyrolysis,75 which explains the nearly unchanged particle dimensions and aspect ratio 

for T300-MC300 and T300-PC300 particles. 
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7.6 Conclusions  

In this study, torrefaction for mallee and pine wood chips was conducted at 220 °C, 

250 °C, and 300 °C, followed by pulverization and sieving. By analyzing the particle 

size and shape of two specific size factions (90-106 µm and 250-355 µm), it is found 

that higher torrefaction temperature significantly reduces the maximum particle length 

of large particles after pulverization from 4000 µm to 1500 µm for mallee wood and 

from 2500 µm to 1500 µm for pine wood as torrefaction temperature increased to 

300 °C, which causes much lower aspect ratios for these particles. However, such 

effects were not observed for small particles, suggesting that the impact of a combined 

biomass pretreatment process (torrefaction and pulverization) on the particle shape 

varies with particle size. The increase in char yield after rapid pyrolysis of torrefied 

biomass samples with two particle size fractions at 1300 °C can be explained by their 

improved fuel properties after torrefaction. Analysis of the inorganic species in char 

samples shows that the retention of AAEM species increased with the rising 

torrefaction temperature, especially for Na and K. Retentions of AAEM species for 

raw mallee wood is strongly affected by particle size as retention of AAEM species is 

more than half lower in smaller particles than that in large particles. However, such 

difference in retention is gradually reduced when torrefaction is applied. When mallee 

wood samples are torrefied at 300 °C, the retentions of Na and K in small particles are 

relative ~17%, and ~34% lower, and retentions of Mg and Ca are relative ~14% lower, 

compared to large particles. Size and shape characterization of char samples via image 

analysis shows that a high torrefaction temperature causes a solid and dense internal 

structure in pyrolyzed char particles with large size, and this may be the reason for 

their low extent of shrinkage in particle dimensions. The melting for small particles is 

still quite obvious after mild or moderate torrefaction, yet with higher torrefaction 

temperatures, such as 300 °C, the aspect ratio of small char particles can reach up to 4, 

indicating stronger resistance to melting for small torrefied biomass.
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CHAPTER 8 EFFECTS OF BIOMASS LEACHING ON THE 

PROPERTIES OF CHAR AFTER RAPID PYROLYSIS 

8.1 Introduction 

As reviewed previously, leaching of biomass prior to thermoconversions has been 

regarded as an effective and low-cost way to mitigate the problems caused by 

inorganic species in biomass. In addition to the reduction in inorganic element contents 

after leaching, investigations on the properties of leached biomass and the leachates 

show that there are physical and chemical changes in biomass structure and thermal 

behaviour.185, 287 The thermal decomposition of leached biomass carried out in TGA 

shows some difference compared to raw biomass in the decomposition rate and 

temperature,198 indicating that it is of great importance to investigate the detailed 

performance of leached biomass in different thermal conversions. There has been 

scattered studies focusing the ash behaviour,181 the combustion and gasification of 

leached biomass in fluidized bed reactor,184, 186 whereas the investigation carried under 

conditions of pulverized fuel combustion is rare for leached biomass, especially the 

rapid pyrolysis of leached biomass at high heating rate and high temperature (>1100 °C) 

which is the first step for biomass after being injected into the boiler.  

Therefore, the objective of this chapter is to systematically investigate the impacts of 

water and acid leaching process on the shape and chemical properties of biomass, by 

conducting rapid pyrolysis of leached biomass at 1300 °C to compare the char yield, 

the release of inorganic species, and shape of char particles derived from the raw and 

leached biomass samples. Mallee wood (MW) powder is pulverized and sieved to the 

size range of 250-355 µm. Water-leached mallee wood by semi-continuous leaching 

method and acid-leached mallee wood by batch-leaching method are denoted as MW-

H2O, and MW-HCl respectively. Their char products are hereafter referred to as MC, 

MC-H2O, and MC-HCl. 
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8.2 Properties of raw and leached biomass samples 

Table 8.1 Proximate and ultimate analysis of the raw and leached biomass and their 

chars 

Samples 

Moisture 
(wt%, 

ada) 

Proximate analysis 

(wt%, dbb) 
 

Ultimate analysis  

(wt%, dafe) 
 

Molar 

ratio 

ash VMc FCd  C H N Of  O/C H/C 

Biomass  
MW 7.8 0.62 87.94 11.44  48.51 6.94 0.12 44.42  0.69 1.72 
MW-H2O 6.6 0.33 90.40 9.27  50.11 6.60 0.09 43.19  0.65 1.58 
MW-HCl 7.5 0.02 87.64 12.34  50.63 6.83 0.08 42.46  0.63 1.62 

Chars 

MC 3.5 11.70 36.77 51.53  86.14 1.66 0.38 11.82  0.10 0.23 

MC-H2O 2.5 9.46 63.84 58.70  81.62 1.86 0.46 16.06  0.15 0.27 

MC-HCl 3.8 1.56 51.16 79.28  81.19 1.50 0.53 16.78  0.15 0.22 
a air-dried; b dry-basis; c volatile matter; d fixed carbon; e dry and ash-free basis; f By difference. 

 

Table 8.2 Concentrations of inorganic species in raw and leached biomass and their 

char 

 

Table 8.3 Amount of organic matter leached from raw mallee wood by water and 

hydrochloric acida 

 TOC (% of total carbon)b IC (% of total carbon)c 

H2O leachate 2.36 ± 0.03 0.006 ± 0.002 

HCl leachate 2.40 ± 0.05 0.011 ± 0.001 
anormalized to the total carbon contents in raw mallee wood; btotal organic carbon; 
cinorganic carbon. 

 

The properties of raw and leached biomass are listed in Table 8.1 and 8.2. It is obvious 

that leaching is and effective way to reduce the ash content in mallee wood. Water-

leached MW-H2O has only 0.33 % of ash compared to the original 0.62% of ash in MW. 

Samples 
Concentration of AAEM species in samples, wt% 

Na K Mg Ca Cl 

Biomass  

MW 0.010 0.069 0.028 0.169 0.018 

MW-H2O 0.002 0.003 0.020 0.144 0.001 

MW-HCl <0.001 <0.001 <0.001 0.003 0.001 

Char 

MC 0.054 0.913 0.501 3.049 - 

MC-H2O 0.019 0.071 0.548 4.091 - 

MC-HCl 0.004 0.023 0.042 0.218 - 
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This indicates that a large part of inorganic species in mallee wood is water-soluble, 

which could be sulfates, chlorides, and other compounds. After acid-leaching, the ash 

content in MW-HCl decreased to 0.02%, which means >95% of inorganic species in 

mallee wood can be leached out by 0.1M HCl.   

 

Figure 8.1 Retentions of AAEM species in biomass after leaching via H2O and HCl 

To investigate the leaching efficiency in detail, the contents of AAEM species in the 

water and acid leachates are analyzed. The results are normalized to the wt% of the 

original amount in MW and expressed as the retention of AAEM species after leaching 

(see Figure 8.1). It can be found that after water-leaching, 84.3% of Na and 81.5% of 

K in MW were removed while the leaching efficiency of Mg and Ca is much lesser, 

being only 28.3% and 15.5%, respectively. This is in agree with the previous analysis 

of the chemical occurrence of AAEM species done by the authors.263 The work has 

shown that >80% of alkali metals in mallee wood are water soluble elements, such as 

alkali metal chlorides and sulfates, which is partly verified by the chorine contents for 

mallee wood samples in Table 8.2 that chlorine was almost eliminated after water-

leaching. However, the water-soluble Mg and Ca only take up ~30 wt% and ~10 wt% 

of the respective elements in mallee wood, but the removal efficiencies for all AAEM 

species by 0.1M HCl solution reach up to >98%, corresponding to the <1% of acid-

insoluble AAEM species in mallee wood.263 The results of ultimate analysis show a 

small decrease in the contents of nitrogen and oxygen, thus the relatively higher 

content of carbon in mallee wood after leaching. This can be ascribed to the loss of 

some organic matters, such as extractives, and hydrolysis of the polysaccharides 
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happened during leaching process.198, 288-289 However, the loss of carbon is 

insignificant compared to the reduction in the ash content, as Table 8.3 shows that only 

2.36% and 2.40% of total carbon in MW is leached out by water and 0.1M HCl, 

respectively. This suggests that leaching can be an effective way to address the 

problems related to ash during biomass combustion/gasification, without causing a 

large loss of the organic matters. 

8.3 Char yields and retentions of AAEM species 

 

Figure 8.2 Char yields during the rapid pyrolysis of raw and leached biomass at 

1300 °C 

Raw, water-leached, and acid-leached mallee wood, (MW, MW-H2O, MW-HCl) were 

subjected to rapid pyrolysis in a novel DTF at 1300 °C. The experimental char yields 

are plotted in Figure 8.2. Compared to the 3.8% char yield of MW, char yield of MW-

H2O decreased to 2.6% and acid-leached sample MW-HCl had the lowest char yield, 

being only 1.2%. Apart from the significant decrease in the ash content, the variance 

in other analyzed properties of biomass introduced by leaching is negligible. Therefore, 

it is believed that the presence of <1 wt% of inorganic matters in mallee wood can 

significantly contribute to the char formation, indicating their dominant role in the 

thermochemical conversion of biomass. The result is consistent with other studies that 

conducted pyrolysis for leached biomass at lower temperature and lower heating rate.92, 

288, 290-292 Studies focusing on the impacts of inorganic species on the yields of 
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pyrolysis products have revealed that AAEM species, especially K and Ca, can 

increase the char yield by inhibiting the decomposition of hydrocarbon and promoting 

the cross-linking reactions.78, 174 Jiang et al. used different acids to wash rice straw and 

studied the decomposition of acid-leached samples with different concentrations of 

AAEM species via Thermogravimetric Fourier transforms infrared analysis (TG–

FTIR).293 Their results showed that alkali metals (Na and K) are related to the 

decomposition of hemicellulose while the concentration of Ca in samples determines 

the decomposition temperature of cellulose. Such effects of Ca was also reported by 

Jakab et al.,294 Jensen et al.,64 and Nowakowski et al.103 Considering that AAEM 

species are the major inorganic elements in mallee wood and Ca has the highest content, 

the effects of leaching by removing the inorganic species can remarkably alter the 

reaction pathways during the rapid pyrolysis, and eventually decrease the char yield.295 

 

Figure 8.3 Retentions of AAEM species in char after rapid pyrolysis of raw and 

leached biomass 

Emphasis was also placed on the retention of AAEM species during the rapid pyrolysis 

for leached mallee wood. As shown in Figure 8.1 that most alkali elements and a small 

part of alkaline earth elements were removed by water leaching, while almost all the 

AAEM species were lost after acid leaching. Based on the concentrations of AAEM 

species in char samples, raw or leached mallee wood samples (Table 8.2), and 

experimental char yields (Figure 8.2), the retention of AAEM species during rapid 

pyrolysis were determined and presented in Figure 8.3. In general, the retention of 
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AAEM species is lowest in MW and highest in MW-HCl, with MW-H2O in the middle. 

Retentions of Na in MC, MC-H2O, MC-HCl are 19.5%, 30.4%, and 33.5%, while 

retentions of K are 50.3%, 69.2%, and 72.9% in  MC, MC-H2O, MC-HCl, respectively. 

Mg and Ca have higher retentions, being 68.5% and 68.4% in MC, 73.6% and 81.4% 

in MC-H2O, 90.5% and 95.5% in MC-HCl. It can be seen that the retentions of AAEM 

species increase with the increasingly aggressive leaching solutions. The very low 

retention of AAEM species in MC is the result of rapid devolatilization process of 

biomass at high temperature (1300 °C) causing element evaporation, thermal ejection, 

and the plastic deformation of char particles.87 Besides, chlorides or sulphates are very 

likely to be the main form of the water-soluble elements which take up a large 

proportion of Na and K. Considering the melting temperature of alkali chlorides and 

sulphates being <900 °C, many Na/K chlorides and sulphates are decomposed and 

vaporized at 1300 °C, leading to their low retentions. After water-leaching, these 

chlorides and sulphates, along with other water-soluble salts are removed, and thus, 

the proportions of less reactive (acid-soluble and acid-insoluble) AAEM species 

become larger. The AAEM species left in leached mallee wood could bond with the 

organic structure, or have stable chemical forms with high melting points.57 Therefore, 

during rapid pyrolysis, these elements tend to be incorporated into char matrix or form 

magnesium or calcium aluminosilicate compounds with high thermal stability. 

Moreover, chlorine, which is known to facilitate the release of alkali metals, is almost 

totally leached out by water.125, 128 Consequently, the retentions of AAEM species are 

higher in MW-H2O. After acid-leaching, the individual concentration of AAEM 

species is very low as the percentage of acid-insoluble AAEM species retained in MW-

HCl is <1%. However, these elements are in the least reactive form and therefore, they 

have highest retentions after rapid pyrolysis.  
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Figure 8.4 Overall retentions of AAEM species after leaching and rapid pyrolysis 

Overall retentions of AAEM species combines the loss of elements during leaching 

process and the rapid pyrolysis and is shown in Figure 8.4. Due to the high leaching 

efficiency of Na and K by water, the overall retentions of Na and K in MC-H2O are 

4.8% and 12.8%, which are much less than the retentions in MC. The difference in the 

overall retentions of Mg and Ca in MC and MC-H2O are smaller as only a small part 

of Mg and Ca are removed by water leaching. Less than 2% of AAEM species are 

retained in MC-HCl after leaching and pyrolysis despite the retentions of AAEM 

species are the highest for MC-HCl during rapid pyrolysis. Therefore, the leaching 

process has a major effect on the overall retentions of AAEM species as the leaching 

of AAEM species via water or acid is highly efficient. 
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8.4 Effects of leaching on particle shape and size 

 

Figure 8.5 Correlation of particle length and minimum diameter for raw and leached 

biomass 

 

Figure 8.6 Correlation of aspect ratio and equivalent diameter for raw and leached 

biomass 

Image analysis for MW and leached mallee wood particles were carried out. The size 

parameters (particle length and minimum diameter) are depicted in Figure 8.5 and the 

derived equivalent diameter and particle shape (indicated by aspect ratio) are shown 

in Figure 8.6. When mallee wood particles before and after leaching are presented 
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together, it is obvious that the leaching process does not introduce variation in particle 

size and shape because they have the same size and aspect ratio ranges. 

 

Figure 8.7 Correlation of particle length and minimum diameter for char particles 

produced by rapid pyrolysis of raw and leached biomass 

 

Figure 8.8 Correlation of aspect ratio and equivalent diameter for char particles 

produced by rapid pyrolysis of raw and leached biomass 

However, size and shape parameters for char particles are very different after different 

leaching processes. The distribution of MC particles is very scattered (see Figure 8.7), 

with their particle length ranging from ~200 µm to up to 1800 µm and minimum 

diameter ranging from ~100 µm to ~300 µm. The much larger particle length is 
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responsible for the high aspect ratio of MC (up to 12) as shown in Figure 8.8.  However, 

the range of particle length of MC-H2O reduces to ~200 to ~800 and as a result, the 

aspect ratio of MC-H2O decreases to <7, with many particles having their aspect ratio 

<2. This means that the deformation of MC-H2O during rapid pyrolysis is more severe 

and many particles are unable to maintain their original elongated shape. MC-HCl 

particles experienced the most significant deformation here, which can be deduced 

from their almost equal particle length and minimum diameter, and low aspect ratio 

(<2). Considering the small variance in other properties apart from the ash content of 

MW-H2O and MW-HCl, the distinct shape of their char particles is likely to be the 

result of the removal of inorganic species. A similar conclusion was drawn by 

Oudenhoven et al, by comparing the melting behavior of raw and acid-leached pine 

wood when pyrolyzed in a fluidized-bed reactor.295 They believe that the more 

extensive melting phenomena is by large extend attributed to the removal of AAEM 

species and they also observed less melting if leached pine wood was back 

impregnated with AAEM species. 

 

Figure 8.9 SEM pictures for MC-H2O and MC-HCl particles, (a): MC-H2O, (b): MC-

HCl 

In this study, SEM images for char samples (see Figure 8.9) show that MC-H2O 

particles have a rough surface texture, large openings, an empty interior, and many 

being relatively round. However, the magnified surface morphology of MC-H2O 

particles clearly shows signs of re-solidification, as the result of softening and 

melting.82 Those spherical MC-HCl particles with scabrous surfaces indicate severe 

melting happened for mallee wood during rapid pyrolysis without AAEM species. A 

possible explanation for this is that AAEM species in mallee wood have the ability to 
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enhance the cross-linking reactions by acting as the joint point,296 or catalyzing the 

conversion of bridges into interlinked structures.43 Such effects can not only increase 

the char yield but also make the structure less fluid but more stable, with higher 

resistance to the high temperature.43, 290 

 

Figure 8.10 Cross-sectional images for char produced by the rapid pyrolysis of raw 

and leached biomass, (a): MC, (b): MC-H2O, (c): MC-HCl 

 

Figure 8.11 Cross-sectional porosity for char particles produced from the rapid 

pyrolysis of raw and leached biomass 

The cross-section images for char particles were taken and presented in Figure 8.10. 

The difference in the internal structure for three char samples is obvious. The internal 

voids in MC particles have highly irregular shape and are separated by char matrix, 

while the MC-HCl particles are cenospheres with thin shell. The internal structure of 
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MC-H2O char particles is a combination of MC and MC-HCl, which suggests that the 

degree of porosity is related to the extent of leaching. The quantitative analysis of 

porosity is summarized in Figure 8.11. It can be found that the average porosity for 

different char samples is in the order of MC < MC-H2O < MC-HCl, which corresponds 

to the gradually higher char yield in the same order. Apart from the lower degree of 

cross-linked molecular structure due to the removal of AAEM species, another reason 

for the higher porosity in MC-H2O and MC-HCl could be the swelling behavior of 

these char particles whose fluidity is stronger. Another finding is the higher porosity 

for larger particles. This can be explained because larger particle size (equivalent 

diameter) means longer diffusion time for pyrolysis gases produced inside the particle, 

consequently higher possibility for them to be trapped inside. These trapped gases can 

create internal voids which would be further enlarged as more gases produced and gas 

expand at high temperatures. 

8.5 Conclusions  

Mallee wood particles (250-355 µm) were leached by ultrapure water (semi-

continuously) and 0.1 M hydrochloric acid to investigate the effects of leaching on the 

properties of biomass and their subsequent rapid pyrolysis behaviour. It is found that 

the reduction of ash content is the major change in biomass properties caused by 

leaching. Quantification of the AAEM species in raw mallee wood and leachates 

shows that water-leaching can remove ~80% of Na and K, ~30% of Mg and ~15% of 

Ca, while removal efficiency of acid-leaching can reach up to ~98% for all AAEM 

species. This indicates that the existence of Mg and Ca is more stable than Na and K 

in mallee wood. Rapid pyrolysis of raw and leached mallee wood shows the lower char 

yields for leached mallee wood, with the experimental char yields for raw mallee wood 

char, water-leached char and acid-leached char being 3.8%, 2.6% and 1.2%, 

respectively. Retentions of AAEM species were also analyzed. The results show that 

the retained AAEM species after increasingly aggressive leaching agents have higher 

retention after pyrolysis. Water-leaching and acid-leaching leads to an increase of ~5-

20% and ~10-25% in retentions of AAEM species, respectively, as compared to the 

retention of in raw mallee wood. This is likely because the higher stability of retained 

AAEM species after leaching and the removal of chlorine which facilitate the 

vaporization of AAEM species. However, the overall retention of AAEM species 
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(include the loss of AAEM species during leaching and rapid pyrolysis) is dominated 

by the leaching efficiency. Therefore, despite the higher retentions during rapid 

pyrolysis, water-leaching and acid-leaching can effectively decrease the content of 

AAEM species in char. The image analysis of leached mallee wood and their char 

particles reveals that leaching has negligible impacts on the particle size and shape of 

biomass, whereas the morphology of their char particles is distinct. Char particles 

pyrolyzed from leached mallee wood have more spherical shape and stronger melting 

tendency. Acid leaching produces char with highest cross-sectional porosity, followed 

by water leaching. Particles with larger equivalent diameter exhibits higher porosity, 

probably due to more pyrolysis gases trapped inside the particle.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 

9.1 Introduction 

This chapter summarizes the key findings from this Ph.D. study. The results provide a 

better understanding of the thermochemical conversions of biomass under conditions 

pertinent to pulverized fuel combustion and can instruct the utilization of biomass in 

co-firing power plants.  

Overall, this thesis has systematically answered the long-standing question about the 

true char yield of biomass after rapid pyrolysis at high temperature, the release of 

inorganic species, and the transformation of particle shape and size under various 

conditions. Firstly, the effects of particle size on the rapid pyrolysis of mallee and pine 

wood were investigated, focusing on the properties of resultant char samples. Secondly, 

the evolution of physical and chemical properties during the rapid pyrolysis for wood 

particles was studied by varying their residence time inside the furnace. Thirdly, 

considering the potential of torrefaction as a pretreatment method for biomass, 

fundamental research about the properties of char after the rapid pyrolysis of torrefied 

wood powder was carried out to evaluate the effects of torrefaction temperature. 

Fourthly, this research simulated the industrial utilization of wood chips by torrefying 

and then pulverizing the wood chips, to further study the impacts of torrefaction on 

particle shape and size. Finally, water-leaching and acid-leaching, which are effective 

methods to mitigate the ash-related problems for biomass, were applied to mallee 

wood and their char after rapid pyrolysis were characterized.  

In addition, based on the current study, this chapter provides some recommendations 

for further work. 
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9.2 Conclusions 

9.2.1 Rapid pyrolysis of pulverized biomass at high temperature: effect of particle 

size on char yield, retentions of alkali and alkaline earth metallic species and char 

particle shape 

 An increase in particle size favors the formation of char even at a high 

temperature as 1300 °C. It is likely due to the substantially lower heating rate 

experienced by large particles (250-355 µm), as the estimation of heating rate 

suggests that small particles (90-106 µm) are heated ~5.4 times faster than 

large particles. Lower heating rate for large particles indicates less extensive 

gasification of char matrix by CO2 and H2O and less profound thermal 

annealing of char, which favor the formation of char. 

 The ash-tracer method significantly overestimates the char yield for biomass 

by 50-400%, especially for small particles.  

 Retentions of AAEM species show that only < 20% of Na, < 50% of K, and 

40-70% of Mg and Ca are retained in char after rapid pyrolysis for mallee and 

pine at 1300 °C, suggesting the extensive release of inorganic species.  

 A decrease in particle size enhances the release of AAEM species, owing to 

the higher heating rate for small particles and less re-combination of released 

AAEM species with active char matrix. 

 The particle size can also affect the shape of the resultant char. The lower 

overall heating rate experienced by large particles resulted in partial melting 

and retained fibrous structure, while the high heating rate for small particles 

promotes the melting and swelling of the cell structure, leaving the more 

spherical and smooth morphology. 

9.2.2 The evolution of char properties during rapid pyrolysis of woody biomass 

at high temperature 

 Rapid pyrolysis of mallee and pine wood is mostly completed at the particle 

residence time of 0.51s and 0.41s, obtaining char yields of 3.8% and 2.8%, 
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respectively. The low particle density and thin long flake shape of pine 

particles could be the reasons for its more rapid decrease in char yields.  

 The retentions of AAEM species decrease with particle residence time but by 

a different extent for each AAEM species. About 70% of Mg and Ca, ~50% of 

K, and ~20% of Na are retained in mallee char at the particle residence time of 

~0.5 s. However, for pine char, only ~50% of Mg and Ca, ~35% of K, and ~10% 

of Na are retained at the particle residence time of 0.68 s. The lower AAEM 

species retentions in pine char can be attributed to the higher fraction of water-

soluble AAEM species in pine wood.  

 The retentions of AAEM species in pine chars keep decreasing after 0.41s 

when pyrolysis is mostly completed, which can be attributed to the continuous 

reduction in O/C and H/C molar ratios for pine chars. This indicates that the 

nascent pine chars will undergo extensive annealing/thermal cracking, leading 

to the loss of oxygen-containing groups when exposed to high temperatures. 

However, for mallee chars, such a phenomenon is not observed, probably due 

to its higher and unchanged O/C molar ratios after 0.51s. 

 Chemical fractionation of a partially pyrolyzed mallee char and a completely 

pyrolyzed mallee char shows that there is a decrease in water-soluble Na and 

K (from ~85% to ~40%) but an increase in ion-exchangeable Na and K (from 

~10% to ~20-30%) during the early stage of pyrolysis. This suggests that the 

decomposed water-soluble Na and K can combine with oxygen-containing 

groups in char matrix during the thermochemical conversion. 

 More than 50% of Mg and Ca transform from water-soluble and ion-

exchangeable form to acid-soluble and acid-insoluble form as Mg and Ca 

become increasingly incorporated into the char matrix. 

 Further pyrolysis leads to a reduction in ion-exchangeable AAEM species due 

to the loss of oxygen-containing groups. 

 The melting of char structure begins at both ends of char particles as pyrolysis 

continues and severe deformation is observed at the later stage of pyrolysis, 

leading to significantly reduced particle length, diameter, and aspect ratio. 

Mallee char particles exhibit a progressive and steady decrease in dimensions, 

with the fibrous structure of the parent mallee wood still retained during the 

early stage of pyrolysis. However, pine wood has less resistance to particle 
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deformation during pyrolysis and more extensive deformation makes the pine 

char particles completely melt to spheres.  

9.2.3 Rapid pyrolysis of pulverized biomass at high temperature: effects of 

torrefaction temperature on char yield, retention of alkali and alkaline earth 

metallic species and char particle shape 

 Biomass structure is altered after torrefaction. At high torrefaction temperature 

(300 °C), the decomposition of hemicellulose (especially xylan) is significant 

and the content of acid-insoluble residue is doubled. Besides, torrefaction 

makes the chemical occurrence of AAEM species more stable in mallee wood, 

as the percentages of acid-soluble and acid-insoluble species increase but the 

percentages of water-soluble and ion-exchangeable species decrease. 

 Increasing torrefaction temperature can cause higher char yield during rapid 

pyrolysis, and biomass being torrefied at 300 °C can yield three times more 

char after rapid pyrolysis compared to using raw biomass directly. 

 The release of AAEM species is negligible during torrefaction but pronounced 

during rapid pyrolysis. Compared to the retentions of AAEM species for raw 

mallee, torrefied mallee wood has higher retention for AAEM species after 

rapid pyrolysis. Raising torrefaction temperature from 220 °C to 300 °C can 

increase the retentions of AAEM species a lot.  

 The relative proportions of water-soluble Na and K decreased but ion-

exchangeable and acid-soluble K increase in chars with higher torrefaction 

temperature, indicating the stable existing status of Na and K in char pretreated 

by torrefaction. But there is a significant reduction in the proportions of acid-

insoluble Mg and Ca in chars as torrefaction temperature rising, 

 Studies of the char morphology reveal that the torrefaction process has a 

negligible effect on the particle size and shape of biomass, whereas severe 

torrefaction can make the char particle size larger and aspect ratio smaller after 

pyrolysis, and the surface of those char particles seems to be smoother. 
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9.2.4 A study of particle size, shape, and retentions of inorganic species during 

rapid pyrolysis based on industrial utilization of torrefied wood chips 

 The degree of cross-linking for torrefied biomass is quantified and found to 

have an inverse relation to the torrefaction yield.  

 For torrefied wood chips, it is found that after pulverization and sieving, the 

particle length for large particles (250-355 µm) is significantly reduced with 

higher torrefaction temperature, which caused much lower aspect ratios for 

these particles. However, such effect of torrefaction was not observed for small 

particles (90-106 µm), suggesting that the impact of a combined biomass 

pretreatment process (torrefaction and pulverization) on the particle shape 

depends on the final particle size. 

 The retentions of AAEM species in large and small particles increase with the 

rising torrefaction temperature, especially for Na and K. Such rise is more 

significant for small particles. Therefore, the difference in retention caused by 

particle size is gradually reduced with higher torrefaction temperature. 

 A high torrefaction temperature causes less shrinkage and a solid/dense 

internal structure in pyrolyzed char particles with large size. The melting for 

small particles is still quite obvious after rapid pyrolysis, yet with higher 

torrefaction temperatures, such as at 300 °C, the aspect ratio of small char 

particles can reach up to 4, indicating stronger resistance to melting for small 

torrefied biomass. 

9.2.5 Effects of biomass leaching on the properties of char after rapid pyrolysis 

 Water-leaching can remove ~80% of Na and K, ~30% of Mg, and ~15% of Ca, 

while removal efficiency of acid-leaching can reach up to ~98% for all AAEM 

species for mallee wood. 

 The lack of inorganic species, especially K and Ca, after leaching leads to a 

noticeable decrease in char yield after rapid pyrolysis at 1300 °C. 

 Leaching with increasingly aggressive agents can cause more AAEM species 

to be retained in char after pyrolysis. Water-leaching and acid-leaching lead to 

an increase of ~5-20% and ~10-25% in retentions of AAEM species, 

respectively, as compared to the retentions using raw mallee wood. 
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 The overall retentions of AAEM species (include the loss of AAEM species 

during leaching and rapid pyrolysis) are dominated by the leaching efficiency. 

Despite the higher retentions during rapid pyrolysis, water-leaching and acid-

leaching can effectively decrease the content of AAEM species in char. 

 Negligible impact on the particle size and shape of biomass is found after 

leaching, whereas the morphology of char particles is distinct using leached 

biomass for rapid pyrolysis. Char particles pyrolyzed from leached mallee 

wood have a more spherical shape and a stronger melting tendency. Acid-

leached mallee wood produces char with the highest cross-sectional porosity, 

followed by water-leached derived char and then raw mallee wood char. 

9.3 Recommendations  

Based on the outcome of this Ph.D. project, some future research is recommended to 

further fulfill the research gaps for an applicable and economical utilization of biomass: 

1. For the first time in the field, this study reports accurate char yields from rapid 

pyrolysis of biomass with different particle sizes at high temperatures. In 

addition, the evolution of char yield was also accurately determined. Therefore, 

it is recommended that a systematic study should be carried out to evaluate or 

validate previous kinetic models developed for thermochemical conversion of 

biomass at high temperatures. Besides, it is suggested to establish a new model 

dedicated to the rapid pyrolysis of mallee wood to guide the utilization and 

research in Western Australia.  

2. It is observed in this research that a significant amount of inorganic species are 

released during the thermochemical conversion of biomass. However, the exact 

releasing mechanism and the distribution of evaporated AAEM species should 

be further investigated. 

3. The results from this research show that AAEM species have a significant 

impact on char morphology, but the effect of individual AAEM species on char 

morphology is still unclear. Thus, a systematic study should be carried out to 

study the effect of each major inorganic element on char morphology. 

4. The transformation of biomass particle shape and size during the rapid 

pyrolysis at high temperature is quantitatively evaluated in this Ph.D. project, 

considering the wide particle shape, the pretreatment methods (torrefaction and 
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leaching) for raw biomass. However, another unique characteristic of biomass 

particles is their diverse particle shape after pulverization, which can introduce 

variations in heat and mass transfer even after being heated when the particle 

has the same mass. Therefore, more works are required to investigate the 

impacts of different particle shapes on the conversion process and the products. 

5. This Ph.D. project focuses on the first stage of biomass thermochemical 

conversion in the pulverized-fuel furnaces. Future research should study the 

evolution of particle shape, the retentions of AAEM species, etc., during the 

subsequent stages of biomass combustion. 

6. The results reported in this Ph.D. study are mostly experimental-based. It is 

suggested to further strengthen the interpretation of the results by modelling 

the pyrolysis process under conditions used in this study, which will generate 

valuable insight into the field. 
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