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ABSTRACT 

Understanding the release mechanism of potassium (K) is crucial in tackling alkali metal-

induced ash problems during the combustion process of biomass. This thesis focuses on 

enhancing the knowledge on the release mechanism of potassium experimentally and 

developing a model to predict the release profiles of potassium compounds from biomass.  

In the beginning, the thesis investigated the thermal characteristics of biomass and its 

major chemical components in a thermogravimetric analyser (TGA). According to the 

tests, the thermal conversion process of natural biomass and be predicted through the 

analyses of artificial biomass, which is the mixture of major chemical components. The 

results illustrate the feasibility to use major chemical components as initial inputs in the 

biomass combustion model. Biomass combustion experiments were then performed in a 

high-temperature furnace-balance system (FBS). The results revealed that the final 

temperature affects the K transition the most. Over 60% of the initial K was lost as the 

final temperature increased from 30℃ to 1000℃. The heating rate affects the K transition 

during combustion by influencing the devolatilisation of volatile matter related K and the 

structural changes of particles. The higher the heating rate, the more release of K. The 

developed kinetically controlled model was validated and used to estimate the release of 

different K compounds under different scenarios. The results indicate that KCl is the 

major compound released at the early stage of combustion, followed by KOH and K2SO4. 

Analysing the reaction path of K reveals that KO and KO2 are the most critical 

intermediate species during combustion. The initial concentration of Cl significantly 

affects the release of major species: KCl, KOH, HCl and K2SO4; while the initial 

concentration of S can affect the release of KOH and K2SO4 at high temperatures. The 

existence of O2 in the system favours the formation of KO and KO2, and thus to control 

the release of major K species.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

Global rapid development has increased the energy consumption by approximately 165% 

since 1970; various kinds of sources are used to generate energy, yet the way in which 

energy is generated from traditional fossil fuels remains predominantly unchanged [1]. 

Because they are cheap, efficient and reliable source of energy, conventional fossil fuels 

supply more than 70% of the world energy demand [2]. However, the high demand for 

energy has resulted in a rapid depletion of energy sources, which has led to a worldwide 

energy crisis. It is anticipated that these fossil fuel sources will deplete within the next 40 

years for oil and gas, and within 100 years for coal [3]. The energy crisis has become 

increasingly severe because of the massive consumption of non-renewable fuels. Besides, 

the large consumption of traditional fossil fuels has caused a 125% rise in energy-related 

CO2 emissions during the same period with emissions reaching a historic high of 32.5 

gigatonnes in 2017-2018 [4]. The enormous CO2 emission as greenhouse gas (GHG) is 

one of the main reasons that cause the current global warming [5]. Under these 

circumstances, it is imperative to find alternative renewable energy sources to ease the 

dependence on traditional fossil fuels and to reduce the net-CO2 emission. Currently, 

renewable energy provides over 10% of world energy supply [6], and the renewable energy 

resources that are used worldwide are wind energy, solar energy, hydro energy, geothermal 

energy and biomass energy [7]. Their contribution to the total world renewable energy 

consumption is summarised in Figure 1.1.  

 

Figure 1.1 Different fuels’ contributions to the overall renewable energy consumption. (adapted 

from [8]) 
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1.2 Biomass energy 

As shown in Figure 1.1, bioenergy contributes half of the current renewable energy 

consumption among the renewable energy sources, and it is predicted to be the largest 

source of growth in renewable consumption over the period 2018-2023 [8]. Bioenergy is 

the energy stored in biomass resources. As reported by Shafiee et al.[3], the world 

bioenergy potential is approximately 1700EJ/y from wood and 1200EJ/y from 

herbaceous plants [9], which made the forest by-products (i.e. branches, bark, sawdust 

and shell) and agricultural crop residues (i.e. straw, stalks, cobs and husks) are among the 

most used resources for bioenergy today and supply the most of the biomass 

consumption. 

Biomass is defined as any organic matter which is derived from plants, animal materials, 

organic industrial and human and animal wastes [10, 11]. According to its definition, there 

are various kinds of biomass resources such as products, by-products and residues from 

agriculture, forestry etc. [12]. Biomass is a sustainable and clean energy source, due to its 

unlimited supply, as people can always grow agricultural products and trees, wastes will 

always exist, and these make biomass an easily accessible and affordable energy source for 

most parts of the world [13]. Also, the thermal treatment of biomass will add no extra 

CO2 to the atmosphere compared to the use of traditional fossil fuels (e.g. coal, natural 

gas and petroleum) when neglecting the transportation and processing steps, as the CO2 

produced from fully combusted biomass is equal to the amount which was taken from 

the atmosphere during the growing stage of plants and trees [2, 14]. In fact, biomass 

source has great potential to replace the traditional fossil fuel, as it shares many 

characteristics with fossil fuels, which means that the existing combustion apparatus for 

solid fossil fuels can also be used for biomass feedstock, and this could save a great deal 

of time and money in not having to redesign the boilers. Furthermore, the most used 

lignocellulosic biomass is not part of the human food chain; therefore, its use for energy 

does not threaten the world’s food supply [15].  

Biomass can be converted to fuel energy by numerous methods such as pyrolysis, 

gasification and combustion, among which, direct combustion and co-combustion with 

coal for electricity and heating production from biomass materials have been found to be 

a promising way for the near future [16]. Despite its renowned advantages such as high-

energy-generation potential and CO2 neutral character, thermal conversion of biomass for 
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energy production remains challenging for several reasons. The challenges include its low 

energy density, collection, transportation and storage costs [17], pelleting and milling, 

firing and co-firing technologies and ash-related problems that occur both during and 

after the thermal conversion process [18]. Among these issues, ash-related problems 

during the thermal conversion process remain the most challenging problem for the 

general use of biomass [19]. As shown in Figure 1.2, in a typical industrial plant, the ash-

related issues that happened in the firing system include alkali-induced slagging, which 

can limit the heat transfer and thus reduce the boiler efficiency [20, 21]; corrosion on the 

boiler surfaces which is caused by the accumulated ash underneath the slagging deposit 

[22, 23]; and ash agglomeration and fusion phenomena inside the boiler [24, 25].  

 

   

Slagging Corrosion Agglomeration 

Figure 1.2 Schematic of fluidized bed biomass firing system and the ash-related problems 

(pictures are taken from [24, 26-28]) 
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The severity of ash-related problems depends mostly on the fractions of alkali metals and 

other inorganic elements, such as Cl and S in the virgin biomass that are transferred to 

the vapour,  and the fraction that remains in the solid products [29]. These issues become 

particularly extreme when utilising herbaceous and agricultural residues (straw), fast-

growing non-food crops and wood species, which contain high concentrations of alkali 

metals, Cl and S [30].  

Previous studies [31-39] are mainly focused on the release behaviour of alkali metals 

during the thermal conversion process of biomass in a preheated reactor at temperatures 

around 1000℃. Only a few studies have attempted to investigate the release behaviour of 

alkali metals from biomass that thermally treated with different operating conditions [40, 

41]. Still, these research were not designed to study the influences of operating factors on 

the release of K. There is a lacking of study regarding how the change of operating 

conditions affect the release behaviour of alkali metals, as they can significantly affect the 

compositions and properties of thermal conversion of biomass and thus manipulate the 

release behaviour of alkali metals [42]. Besides, the transformation of particle structural 

during the thermal conversion could also affect the release fate of alkali metal, but this 

kind of information is seldom reported either. Moreover, only several attempts [43-46] 

have been carried out to develop a model to predict the released amount of elemental 

alkali metals from biomass; however, they are equilibrium based and mainly focus on the 

prediction of the total amount of released elemental or atomic alkali metals. There is an 

urgent need to develop a kinetically controlled model, which can provide dynamic 

information on the release behaviour of K and to predict the release of different alkali 

metal compounds temperature/time-dependently.  

As the thermal conversion of biomass is a promising energy supply method, better 

understanding the release mechanisms of alkali metals can provide useful information to 

control the release of ash compounds. Moreover, the prediction of their release profiles 

using modelling tools can help us to make a quick judgment as to what extent different 

alkali metals species would be released to the gas phase, and thus will provide crucial 

information to enhance apparatus design and to control and mitigate the ash-related 

problems. It is anticipated to offer insights of knowledge for guiding the development of 

ash-problem-free biomass combustion technologies as well as prolonging the service life 
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of biomass boilers, with interests of making the biomass energy more economically 

competitive and environmentally friendly.  

1.3 Project aims and objectives 

This work aims to improve and extend the investigation on the release mechanism of K 

during combustion of biomass via experimental methods and the development of a 

kinetically controlled model that can be used to predict the release profiles of different K 

compounds under different circumstances. Several vital objectives are defined to address 

the aim of this research:  

 Investigate the mutual interactions among cellulose, hemicellulose and lignin during 

the combustion process in controlled lab-scale experiments. 

 Quantify the K content in the solid residues obtained under different combustion 

conditions experimentally, and characterise the ash residues using morphology 

method.  

 Develop a kinetically controlled model to predict the release of different K 

compounds during biomass combustion. 

 Use the developed model to determine the influence of combustion conditions on 

the release profiles of different K compounds during the thermal conversion process 

of biomass.   

1.4 Summary of thesis outline 

The outline of this thesis, including a brief description of each chapter, is provided below: 

Chapter 2. This chapter presents a critical literature review undertaken on biomass sources, 

combustion of biomass and the associated ash-related challenge. The existing knowledge 

available on the experimental and modelling study on the release mechanisms of ash-

related elements is then reviewed, followed by the details of gaps in the research.  

Chapter 3. This chapter first describes the raw materials, experimental devices and analysis 

methods used in this study. Secondly, a detailed explanation of the development of the 

kinetically controlled model is provided. 

Chapter 4. This chapter demonstrates the experimental study on the combustion 

characteristics of major chemical compositions of biomass and then compares the thermal 

behaviour of artificial and natural biomass. The experimental data are used to investigate 

the influence of interactions among major compositions on the combustion behaviour of 
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biomass. An evaluation is made of the feasibility to use the major chemical compositions 

as initial input in the model study.  

Chapter 5. This chapter provides the results of experimental tests of the release behaviour 

of K and ash characterisation from the combustion of wheat straw via a custom-designed 

reactor. The tests are carried out with different operating factors (final temperature and 

heating rate), in order to assess the influence of operating factors on the K transition 

performance during the combustion process.  

Chapter 6. This chapter provides the model prediction of the release of K compounds 

under different final temperatures via the developed two-step kinetic model. It then 

discusses the transition routes among the different K compounds at different final 

temperatures.  

Chapter 7. In this chapter, the model predicted results of the release of different K 

compounds with the different initial Cl and S contents are presented, along with the 

change of transition routes. The influence of changing of initial Cl and S contents on the 

release behaviour of K compounds during the combustion process is then discussed.  

Chapter 8. This chapter illustrates the prediction of the release of K compounds under 

the condition of combustion and pyrolysis, as well as comparing the transition route 

within different temperature ranges. The discussion about how the existence of O2 affects 

the release behaviour of K compounds during the thermal conversion process is carried 

out afterwards. 

Chapter 9. This final chapter displays the main conclusions for the experimental and 

modelling outcomes of this PhD work. Then it gives suggestion and recommendations 

for future research. 

 

 

 

 

 

 



   

27 
 

Bibliography 

1. Global, B.P., BP statistical review of world energy June 2017. Relatório. 

Disponível em: http://www. bp. com/en/global/corporate/energy-

economics/statistical-review-of-world-energy. html, 2017. 

2. Saidur, R., et al., A review on biomass as a fuel for boilers. Renewable and 

Sustainable Energy Reviews, 2011. 15(5): p. 2262-2289. 

3. Shafiee, S. and E. Topal, When will fossil fuel reserves be diminished? Energy 

Policy, 2009. 37(1): p. 181-189. 

4. Iea.org. (2019). Global Energy & CO2 Status Report. [online]. Available at: 

https://www.iea.org/geco/ [Accessed 6 Mar. 2019]. 

5. Karl, T.R., et al., Global climate change impacts in the United States. 2009: 

Cambridge University Press. 

6. IEA, S., International Energy Agency, 2016. 2017. 

7. Ellabban, O., H. Abu-Rub, and F. Blaabjerg, Renewable energy resources: Current 

status, future prospects and their enabling technology. Renewable and Sustainable 

Energy Reviews, 2014. 39: p. 748-764. 

8. Iea.org. (2019).  Renewables 2018: Key Findings. [online]. Available at: 

https://www.iea.org/renewables2018/ [Accessed 28 Feb. 2019]. 

9. Tao, G., et al., Biomass properties in association with plant species and 

assortments I: a synthesis based on literature data of energy properties. Renewable 

and Sustainable Energy Reviews, 2012. 16(5): p. 3481-3506. 

10. Lim, C.H. and H.L. Lam, Biomass supply chain optimisation via novel biomass 

element life cycle analysis (BELCA). Applied Energy, 2016. 161: p. 733-745. 

11. Chiew, Y.L., T. Iwata, and S. Shimada, System analysis for effective use of palm 

oil waste as energy resources. Biomass and Bioenergy, 2011. 35(7): p. 2925-2935. 

12. Long, H., et al., Biomass resources and their bioenergy potential estimation: A 

review. Renewable and Sustainable Energy Reviews, 2013. 26: p. 344-352. 

13. Demirbas, A., Combustion characteristics of different biomass fuels. Progress in 

Energy and Combustion Science, 2004. 30(2): p. 219-230. 

14. Field, C.B., J.E. Campbell, and D.B. Lobell, Biomass energy: the scale of the 

potential resource. Trends in Ecology & Evolution, 2008. 23(2): p. 65-72. 

http://www/
https://www.iea.org/geco/
https://www.iea.org/renewables2018/


   

28 
 

15. Marriott, P.E., L.D. Gómez, and S.J. McQueen‐Mason, Unlocking the potential 

of lignocellulosic biomass through plant science. New Phytologist, 2016. 209(4): 

p. 1366-1381. 

16. Demirbas, A., Potential applications of renewable energy sources, biomass 

combustion problems in boiler power systems and combustion related 

environmental issues. Progress in Energy and Combustion Science, 2005. 31(2): 

p. 171-192. 

17. Vassilev, S.V., et al., An overview of the chemical composition of biomass. Fuel, 

2010. 89(5): p. 913-933. 

18. Rycroft, M., Co-firing biomass with coal for power generation. 2015, EE 

Publishers. 

19. Cao, W., et al., Release of alkali metals during biomass thermal conversion. 

Archives of Industrial Biotechnology, 2016. 1(1). 

20. Xu, W., et al., A new agro/forestry residues co-firing model in a large pulverized 

coal furnace: Technical and economic assessments. Energies, 2013. 6(9): p. 4377-

4393. 

21. Livingston, W. Biomass ash deposition, erosion and corrosion processes. in 

Workshop on ash related issues in biomass combustion. Glasgow: IEA Task. 2006. 

22. Melissari, B., Ash related problems with high alkali biomass and its mitigation 

experimental evaluation. Memoria Investigaciones en Ingeniería, 2014. 12: p. 31-

44. 

23. Nielsen, H., et al., The implications of chlorine-associated corrosion on the 

operation of biomass-fired boilers. Progress in Energy and Combustion Science, 

2000. 26(3): p. 283-298. 

24. Yu, C., et al., Experimental determination of agglomeration tendency in fluidized 

bed combustion of biomass by measuring slip resistance. Fuel, 2014. 128: p. 14-

20. 

25. Piispanen, M.H., et al., Prediction of bed agglomeration propensity directly from 

solid biofuels: a look behind fuel indicators. Energy & Fuels, 2012. 26(4): p. 2427-

2433. 

26. Focus on Biomass Ash. http://biomassproject.blogspot.com/2014/01/focus-

on-biomass-ash.html, 2014. Accessed 1 Sep. 2019. 

http://biomassproject.blogspot.com/2014/01/focus-on-biomass-ash.html
http://biomassproject.blogspot.com/2014/01/focus-on-biomass-ash.html


   

29 
 

27. Combating corrosion, fouling and emissions in biomass fired heat and power 

plants. http://www.besustainablemagazine.com/cms2/chlorout-combating-

corrosion-fouling-and-emissions-in-biomass-fired-heat-and-power-plants/, 2013. 

Accessed 1 Sep, 2019. 

28. Swaminathan, R., Cost effective, low capacity, biomass fired power plant. Energy 

and Power, 2013. 3(1): p. 1-6. 

29. Tchoffor, P.A., K.O. Davidsson, and H. Thunman, Transformation and release 

of potassium, chlorine, and sulfur from wheat straw under conditions relevant to 

dual fluidized bed gasification. Energy & Fuels, 2013. 27(12): p. 7510-7520. 

30. Sommersacher, P., et al., Application of novel and advanced fuel characterization 

tools for the combustion related characterization of different wood/kaolin and 

straw/kaolin mixtures. Energy & Fuels, 2013. 27(9): p. 5192-5206. 

31. Meng, X., et al., Release of Alkalis and Chlorine from Combustion of Waste 

Pinewood in a Fixed Bed. Energy & Fuels, 2019. 33(2): p. 1256-1266. 

32. Fagerström, J., et al., Alkali transformation during single pellet combustion of soft 

wood and wheat straw. Fuel Processing Technology, 2016. 143: p. 204-212. 

33. Johansen, J.M., et al., Release of K, Cl, and S during combustion and co-

combustion with wood of high-chlorine biomass in bench and pilot scale fuel 

beds. Proceedings of the Combustion Institute, 2013. 34(2): p. 2363-2372. 

34. Mason, P.E., et al., Observations on the release of gas-phase potassium during the 

combustion of single particles of biomass. Fuel, 2016. 182: p. 110-117. 

35. Liu, Y., et al., Characteristics of alkali species release from a burning coal/biomass 

blend. Applied Energy, 2018. 215: p. 523-531. 

36. Sommersacher, P., et al., Simultaneous Online Determination of S, Cl, K, Na, Zn, 

and Pb Release from a Single Particle during Biomass Combustion. Part 1: 

Experimental Setup–Implementation and Evaluation. Energy & Fuels, 2015. 

29(10): p. 6734-6746. 

37. Sommersacher, P., et al., Simultaneous online determination of S, Cl, K, Na, Zn, 

and Pb release from a single particle during biomass combustion. Part 2: results 

from test runs with spruce and straw pellets. Energy & Fuels, 2016. 30(4): p. 3428-

3440. 

http://www.besustainablemagazine.com/cms2/chlorout-combating-corrosion-fouling-and-emissions-in-biomass-fired-heat-and-power-plants/
http://www.besustainablemagazine.com/cms2/chlorout-combating-corrosion-fouling-and-emissions-in-biomass-fired-heat-and-power-plants/


   

30 
 

38. Fatehi, H., et al., LIBS measurements and numerical studies of potassium release 

during biomass gasification. Proceedings of the Combustion Institute, 2015. 35(2): 

p. 2389-2396. 

39. Striūgas, N., M. Sadeckas, and R. Paulauskas, Investigation of K*, Na* and Ca* 

flame emission during single biomass particle combustion. Combustion Science 

and Technology, 2019. 191(1): p. 151-162. 

40. Van Lith, S.C., et al., Release to the gas phase of inorganic elements during wood 

combustion. Part 1: development and evaluation of quantification methods. 

Energy & Fuels, 2006. 20(3): p. 964-978. 

41. Wu, D., et al., Release of alkali metals during co-firing biomass and coal. 

Renewable Energy, 2016. 96: p. 91-97. 

42. Cao, W., et al., Experimental study on the influences of operating parameters on 

the retention of potassium during the biomass combustion. Energy Procedia, 

2019. 158: p. 1033-1038. 

43. Zhang, Z., et al., Experiments and modelling of potassium release behavior from 

tablet biomass ash for better recycling of ash as eco-friendly fertilizer. Journal of 

Cleaner Production, 2018. 170: p. 379-387. 

44. Akbar, S., U. Schnell, and G. Scheffknecht, Modelling potassium release and the 

effect of potassium chloride on deposition mechanisms for coal and biomass-

fired boilers. Combustion Theory and Modelling, 2010. 14(3): p. 315-329. 

45. Fatehi, H., et al., Modeling of alkali metal release during biomass pyrolysis. 

Proceedings of the Combustion Institute, 2017. 36(2): p. 2243-2251. 

46. Liu, Y., et al., Measurement and kinetics of elemental and atomic potassium 

release from a burning biomass pellet. Proceedings of the Combustion Institute, 

2019. 37(3): p. 2681-2688. 



 

31 
 

CHAPTER 2 

LITERATURE REVIEW 

This literature review chapter firstly describes lignocellulosic biomass, its composition and 

chemical structure. Secondly, it introduces the most used technology to utilize biomass 

resources. It discusses the ash-related problems that are caused by the usage of biomass 

materials, and the importance to study the release mechanisms of ash-related elements is 

provided. Then, this chapter critically reviews the existing knowledge available on the 

experimental and modelling study on the release mechanisms of ash-related elements. The 

final part will illustrate the research gap and the areas needing attention.    

2.1 Lignocellulosic biomass 

Biomass is defined as any organic matter, which is derived from plant and animal materials 

such as crops, wood, material left over from agricultural and forestry processes, organic 

industrial, and human and animal wastes [1]. Biomass contains varying amounts of organic 

materials, like cellulose, hemicellulose, lignin and small amounts of lipids, proteins, simple 

sugars and starches. It also contains inorganic constituents, which represents ash-forming 

components, like alkali and alkaline earth metals (K, Na, Ca and Mg) [2], Cl, S and Si, as 

well as moisture. Among the organic compounds, cellulose, hemicellulose and lignin are 

the three main constituents in biomass; they are strongly intermeshed and bonded inside 

the biomass materials [1]. The combination of cellulose, hemicellulose and lignin are called 

“lignocellulose”, lignocellulosic biomass (which includes woody, herbaceous biomass, and 

et al.) is the most abundant carbohydrate on Earth [3]. Thus making it one of the most 

promising biomass sources to use as fuel and has been studied in detail.  

Cellulose is generally the largest component of lignocellulosic biomass, which presents           

40-50 wt% of the biomass. It is a long-chain polymer with a high degree of polymerization 

and massive molecular weight. It is followed by hemicellulose, which is a macromolecule 

constructed from different sugars and normally occupies 20-40 wt% of the biomass. 

Lignin usually presents about 20-35 wt% of the biomass; it is an aromatic polymer 

synthesized from phenylpropanoid precursors and acts as a cementing agent for cellulose 

fibres holding adjacent cells together [1, 4-6]. As cellulose, hemicellulose and lignin 

account for most of the biomass mass, their thermal properties directly influence the 
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thermal behaviour of lignocellulosic biomass. In addition, their thermal characteristics     

[5, 7-10] are summarised in Table 2.1. As indicated, cellulose and hemicellulose mainly 

contribute to the release of volatile matter during thermal conversion, while lignin 

controls the formation of char.   

Table 2.1 Thermal characteristics of cellulose, hemicellulose and lignin  

 Cellulose Hemicellulose Lignin 

Initiation of pyrolysis 277-357℃ 152-352℃ 252-502℃ 

Major products Liquid tar Gas + relatively less tar Char 

 

2.2 Combustion of lignocellulosic biomass and ash-related challenges 

Biomass can be converted to energy by means of conversion technologies, i.e., pyrolysis, 

combustion, co-combustion and gasification, among which, direct combustion of 

biomass is the most mature method and the only proven technology to utilize biomass 

for heat and power production in the near future [1, 11, 12]. Besides, biomass shares many 

similar characteristics to those of solid fossil fuels like coal; therefore, the current solid 

fossil fuel-treatment facilities can be slightly modified or directly used to treat biomass; 

this could save lots of time and costs to redesign and rebuild the devices. Currently, 

combustion of biomass is responsible for over 97% of the world’s bioenergy production 

[13]. However, several challenges restrict its comprehensive usage when burning the 

lignocellulosic biomass, i.e., pre-preparation of biofuel (collection, transportation, 

leaching, pelleting and milling), energy efficiency, firing and co-firing technologies 

(injection co-firing, co-milling, pre-gasification co-firing, etc.), and ash-related problems 

that happen during and after the combustion [14, 15].  

Among the discussed challenges when utilizing biomass sources, ash-related issues (i.e. 

slagging, agglomeration and corrosion) remain as the most intractable problem [14] and 

restrict the comprehensive usage of biomass. Within the combustion stage, the slagging 

phenomenon on the heating surfaces inhibit heat transfer by increasing thermal resistance 

and decreasing its absorption of radiation [16] and would thus reduce the boiler efficiency 

[17, 18]. Moreover, the accumulated ash on the tube surfaces can result in the corrosion 

underneath the deposit [19-21], which could further damage the boiler and cost more to 

fix the device. Alongside slagging and corrosion, the agglomeration phenomenon also 

remains a significant challenge in biomass combustion, as it can lead to the unscheduled 
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shutdown of the entire power plant [21-24]. The agglomeration is usually caused by the 

accumulation of low melting point ashes, as well as its reaction with Si and Ca to generate 

more low-melting K-Si-Ca salt and adhere together via molten phase [21, 25, 26]. Besides, 

the condensed ash can increase the fine solid fraction, which accumulates in the grate and 

then causes sintering, affecting the conversion in the bed, restricting the effectiveness of 

the boiler and negatively affect the appropriate control of gaseous emission [27-31]. 

Additionally, partial of the fine ash particles can end up being released as aerosols to the 

atmosphere, leading to the respiratory diseases [32, 33]. 

During the combustion process, the aforementioned ash related problems are mainly 

caused by the release of inherent alkali metal content from biomass. Alkali metals undergo 

a series of complex chemical reactions and transformation and then released as gaseous 

products. After release, the flue gas starts to cool down, leading to part of the alkali metal 

aerosols to grow and form submicron ash particles via the routes of nucleation, 

adsorption, condensation, and chemical reaction. The submicron ash particles could then 

condense on the surfaces of the heating area and form the first layer of sticky slagging 

through thermophoresis and turbulent diffusion. The initial sticky layer can act like an 

adhesive that captures the subsequent fly ash and adherent to the heating surfaces [34, 

35]. Moreover, partial of the alkali metal aerosols could also condense on the surface of 

the fly ash in the boiler and either form a sticky layer to the fly ash or form low-melting 

species through the reaction with SiO2 [14] and Fe2O3 [35], which are contained in the fly 

ash. Furthermore, partial of the alkali metal aerosols can form low-temperature eutectic 

mixtures, like KCl + K2SO4 that can melt at 550℃ [36] and become part of the sticky 

layer. Afterwards, the formed coarse fly ash, with or without the aforementioned sticky 

layer, will be deposited on the surface of the existing initial layer of sticky slagging via 

inertial impaction [37, 38]. Once the initial slagging layer is no longer adhesive enough to 

capture and hold further fly ash, a new sticky slagging layer reforms, which mainly 

contains submicron ash particles that are enriched in alkali metals [14]. Subsequently, the 

accumulated submicron ash particles and the captured coarse ash particles lead to the 

formation of an overlapping multi-layered structure [38]. Alongside acting as a supporting 

role in the formation of multi-layered slagging, the alkali metals can also play a role to 

cause agglomeration when combined with SiO2 during the combustion process. Aside 

from inducing the slagging, there is also partial of the alkali metals could react with SiO2 

in the fly ash and generate molten silicates. As a result, these low melting temperature    
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K-Si species can be formed on the surfaces of bed particles via the reactions with gaseous, 

aerosols or even liquid K compounds. Besides, the occurrence of agglomeration during 

combustion is also related to the direct adhesion of bed particles through the partial 

molten ash-derived K-Si particle/droplet [39, 40]. According to the above mechanisms, a 

schematic of the condensation of alkali metal (K) during the combustion of biomass is 

illustrated in Figure 2.1.  

 

Figure 2.1 Condensation of K during biomass combustion 

In conclusion, the release of alkali metals is the main reason that causes the series of ash-

related problems during the combustion process of biomass, accompanied by the release 
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of Cl and S content and the inherent Si content. Therefore, the release mechanisms of 

alkali metals have been studied intensively, with the aim to better understand and control 

the ash-related problems. Among the release of alkali metals, scholars are more focused 

on the investigation of the release of K and Na content from biomass samples, especially 

the release of K content as there is a much higher concentration of K in the biomass than 

that of Na. Figure 2.2 summarises the K and Na content in the different kinds of biomass 

sources. As we can see, K content is higher than that of Na content in the ash analysis, 

and this could result in more severely K-induced ash problems. Normally, K is a crucial 

macro-nutrient for growing plants [41], especially in the woody and herbaceous biomass, 

which consists of  0.4 wt% and 1.3 wt% of initial K content, respectively [42]. More than 

60-90% of the inherent K content in woody biomass and over 50% of the inherent K 

content in herbaceous biomass could be released after complete combustion at a final 

temperature over 900℃ [43-45]. By contrast, Na is not an essential stimulant for the 

growth of plants and can be toxic with higher concentrations [41]. Besides, the 

concentration of K is around one to two orders-of-magnitude large than that of Na [46, 

47] inherent the lignocellulosic biomass, leading to the more common studies in the 

release of K than those of Na [48]. Additionally, due to the abundant consumption of 

lignocellulosic biomass materials nowadays, the loss of large amounts of nutrients like K 

in the soil could affect the sustainability of the ecosystem negatively [49]. Since K is a key 

nutrient to grow plants, the loss of K in the soil would result in the deterioration of the 

soil.  

 

Figure 2.2 K and Na contents in different kinds of biomass ash (adapted from [50]) 
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In order to better understand the release behaviour of K during the thermal conversion 

process of biomass, so to mitigate the K-induced ash-related problems, the study that 

focus on the release mechanisms and kinetics of K has been carried out experimentally 

for decades, as well as the attempt on predicting the release profiles of K via the simulation 

method.   

2.3 Experimental study on the release of K  

As stated before, combustion is a widely used technology to treat biomass source; 

therefore, the study of release behaviour of K is more commonly focused on the 

combustion process of biomass. Alongside the combustion, pyrolysis is another thermal 

treatment that used to treat biomass materials, but not as mature as combustion 

technology; however, suffering the K-induced ash problems as well. In this way, this part 

will firstly review the study that focuses on the release behaviour of K during the 

combustion process and then review the research that focuses on the release behaviour 

of K during the pyrolysis process.  

2.3.1 Release of K during the combustion process 

During the thermal conversion process, the release behaviour of K from biomass samples 

can be studied by tracking its composition either in the gaseous products or in the 

remaining solid residues. This study involves various kinds of detective technologies, i.e., 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)/Mass 

Spectroscopy (ICP-MS) [51], Flame Emission Spectroscopy (FES) [52], Laser-Induced 

Breakdown Spectroscopy (LIBS) [53], Flame Atomic Absorption Spectrometry (FAAS) 

[54] and et al.  

2.3.1.1 Quantify the loss of K content from solid residues 

ICP-MS/OES is the most used technique to quantify the left K content in the digested 

solution of solid residues from the combustion of biomass. Then the results are used to 

investigate the release behaviour of K. The study carried out by Meng et al. [55] on the K 

release from the combustion of woody material in a fixed-bed reactor reveals that large 

fraction (around 80%) of K in the woody biomass is in the form of inorganic salts, i.e. 

KCl and K2CO3. Besides, moderately high primary airflow rates could lead to an enhanced 

release of K content from biomass during the combustion process. Fagerstrom et al. [56] 

also reported the alkali transformation during the combustion process of wood and wheat 

straw pellet, and according to their study, wood and wheat straw has a similar release 
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behaviour of K content when the combustion temperature below 700℃. The release of 

K happens mainly during the char combustion phase, and the total release of K content 

is around 30% and 20% for wood and wheat straw, respectively. Moreover, the ash 

analysis concluded that K could be captured by glassy silicates and remains as molten ash 

in the solid residues eventually.  

In van Lith et al.’s series research [45, 46] on the release of gas-phase K during the wood 

combustion, they concluded that the release of K strongly relies on both the combustion 

temperature and the fuel composition. The release of K in noticeable amount starts at 

around 500℃, and the released amount is relatively low (approximately 20%) up to 800℃, 

which is mainly caused by the release of char-K (originating from organically associated 

K and/or KCl that reacted with char during the pyrolysis phase). When the temperature 

is higher than 850℃, the release of K strongly relies on the inorganic composition of the 

biomass material and could happen the decomposition of K2CO3. Moreover, Knudsen et 

al. [44] and Johansen et al. [43] presents the similar release mechanism of K content via 

the observation of combustion of annual biomass through a controlled lab-scale 

experiment, which is, at a temperature below 700℃, Cl is the primary facilitator for the 

release of K content through the sublimation of KCl. However, K released to the gas 

phase in a significant amount at temperatures above 700℃, and at 1150℃, about 50-90% 

of the total initial K is released to the gas phase. In addition, Johansen et al [57] also 

observed a liner raise of the release of K from 50% at 900℃ to 80% at 1200℃ during 

the combustion of corn stover.  

Besides, the X-ray Fluorescence Spectrometer (XRF) technique is also used to detect the 

K concentration in the solid residues. As reported by Jin et al. [58], high reactivity K 

compounds would be released to the gas phase during the combustion of biomass, which 

then undergoes complex reactions. KCl is the most stable K containing species in the 

system, and when the temperature is lower than 700℃, KCl presents mainly in the form 

of fine particles, while at temperatures higher than 800℃, it is mostly in the form of 

vapour.  

Apart from been released in the main form of KCl, KOH and K2CO3, K could also exist 

in the ash as K2SO4 and evaporated at temperatures above 1000℃ [59]. Besides, according 

to the study [43], Si/Al chemistry plays a crucial role in the retention of K in the residues. 
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As stated by Oris et al. [60] and Yang et al. [61], after the combustion, the left K in the 

residue matrix mainly exists in the form of KAlSi2O6, KAlSiO4, KAlSi3O8 and KAlSiO6. 

This result indicates that the Si and Al contents in biomass fuel could inhibit the release 

of K during the combustion process. 

2.3.1.2 Directly observation on the release of gas-phase K 

Alongside the study of release behaviour of K from the solid residues, direct observation 

on the release of gas-phase K during the biomass combustion is another effective way to 

study the release behaviour of K, and many different techniques have been used to 

approach this goal.  

In He et al. [62] study, the release of gas-phase K from the combustion of biomass in a 

Hencker Burner was detected in-situ by FES, through the investigation, it is feasible to 

use FES for on-line monitoring the release of gas-phase K content during the combustion. 

In addition, three stages (devolatilisation, char and ash) can be distinguished by the 

changing points of K concentration. The study also proposed that the volatile content in 

the biomass influences the release behaviour of K; the change of water content can 

significantly affect the ratio of the release of K from low-volatile-contained biomass. Same 

detective technique also used by Mason et al. to observe a time-dependent release of K 

during the biomass combustion. General release behaviours of K are made through the 

online observation: (1) The release of K content during the devolatilisation stage of 

combustion is small compared to the subsequent release during the char oxidation stage. 

(2) The peak rate of release during char oxidation correlates to the initial K content in the 

biomass. (3) During the combustion, the proportion of K released to that retained 

correlates to the initial K content.  

Besides, LIBS is another online detective device that commonly used to observe the 

release of gas-phase K during the combustion process, as studies reported by Fatehi et al. 

[63], Liu et al. [64, 65] and Zhang et al. [66]. According to their observation, there is only 

a minor fraction of K released during the devolatilisation stage (4-5%). While at the char 

oxidation stage, the release rate of K slowly increased at first, then becomes more steeply, 

the peak of the release rate of K occurs at the char oxidation stage. During char oxidation, 

K mainly exists in the form of inorganic salts and char-K. Thermal decomposition and 

sublimation are the main ways to loss inorganic K content, while the release of char-K is 

mainly through its conversion to inorganic K and to be released when burnt the char.  
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Apart from the detective methods of FES and LIBS, other detective techniques are also 

used to directly observe the release behaviour of gas-phase K during the combustion of 

biomass time/temperature-dependently. Striūgas et al. [67] carried out the observation on 

the combustion of single biomass particle by analysing the flame via Intensified Charge 

Couple Device (ICCD) camera. The study observed the intense emission of ions K during 

the period from the ignition to the char oxidation. Kim et al. [68] and Dayton et al. [69] 

used Mass Spectrometer Analysis (MSA) to observe the release of K from the combustion 

of biomass. According to Kim, an increase in the combustion temperature results in a rise 

in the emission of KCl. Moreover, Dayton observed that initial feedstock composition 

has a significant influence on the amount and species of K that released during the 

combustion process. The predominant K containing species released during the biomass 

combustion is KCl, while adding excess steam to the combustion tends to shift the release 

form of K from KCl to KOH.   

In addition, Sorvajärvi et al. [70] attempted to detect the gas phase K, KCl and KOH 

during the combustion of biomass by using Collinear Photofragmentation and Atomic 

Absorption Spectroscopy (CPFAAS).  Weng et al. [71] measured the quantity information 

of the release of atomic K during the combustion using a Tunable Diode Laser 

Absorption Spectroscopy (TDLAS). Moreover, Sommersacher et al. [72, 73] coupled 

ICP-MS with a single particle reactor, with the aim to detect the release of gas-phase K 

from the combustion of biomass time-dependently. Through the above attempts and 

observations, the feasibility and accuracy of the mentioned online detective methods are 

tested, and the existing release mechanisms of K during the combustion of biomass that 

proposed in the literature are verified.  

2.3.2 Release of K during the pyrolysis process 

Pyrolysis is a thermal conversion process that occurs in the inert atmosphere, with the 

aim to produce liquids, high heating values gases and char. Pyrolysis is an effective 

conversion method and regarded as a promising technology that can make biomass fuels 

compete with and replace the traditional fossil fuels [74], which has brought more 

attention in the recent decade. Normally, the primary stage of combustion is regarded as 

the pyrolysis; thus, the study on the release behaviour of K during biomass pyrolysis is 

meaningful to help to understand the initial behaviour of ash deposition [75]. As indicated 
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above, the study of the release behaviour of K during the pyrolysis process is usually 

carried out by either analyse the solid residues or directly observe the released gas products.  

Several attempts have been reported to investigate the release of K via the analysis of solid 

residues from the pyrolysis process. ICP-OES/MS is still the most used technique to 

study the release mechanism of K from biomass during the pyrolysis process. According 

to the pyrolysis experiments carried out by Deng et al. [75], different biomass materials 

are pyrolysed in a fixed-bed reactor. The study reveals that the ratio of the released K is 

far less than the ratio of the distribution of water-soluble K inherent the biomass. At 

400℃, a sudden raise happens to the fraction of ion-exchangeable K, whereas a 

significant increase occurs to the fraction of insoluble K at temperatures higher than 

800℃. Moreover, the study indicates that wheat straw only loses 5% of the initial K when 

the pyrolysis temperature below 500℃, then this value abruptly increases to about 40% 

when the temperature reaches 1000℃. At the same time, corn stalk has the lowest release 

of K during 400℃-800℃. Meanwhile, the transformation and release of inherent K 

during the pyrolysis of straw is also investigated by Zhao et al. [76] and Jensen et al. [77] 

by using the same detective method, and similar conclusions can be obtained from the 

experimental studies. During the pyrolysis, most K is released from the original binding 

sites. Organic-K dominates the release of K content at low temperatures, while inorganic-

K affects the release of K at high temperatures. The original inorganic-K in the biomass 

is mainly in the form of KCl, and it dominates the release of K content at the temperature 

of 700℃-900℃. Then, the release of the significant amount of char-K, K2CO3 and K2SO4 

that are mainly generated after devolatilisation take place at 1000℃. They also reported 

that the formation of insoluble K silicates is found at 900℃-1000℃. 

Researchers also used Ion Chromatography (IC) technique [78] to detect the 

concentration of K in the dissolved solution of solid residue. Okuno et al. [79] used IC 

detector to study the primary release of alkali metals during the pyrolysis of pulverized 

pine and sugarcane bagasse in a wire-mesh reactor. Through the investigation, about      

15-20% of the initial alkali metals are released during the tar evolution stage, while further 

isothermal heating could cause the nearly complete release of the alkali metals. They also 

suggested that the secondary reactions (adsorption and desorption) between the char 

matrix and alkali species prevents the release of alkali species and allow them to transform 

into thermally stable char-K and/or non-volatiles species, i.e. K-silicates. Also, in Keown 
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et al.’s study [80], the same detective device is used to quantify the volatilised K content 

from the pyrolysis of different biomass samples in fluidized and fixed-bed reactors. The 

researchers have investigated the effect of heating rate on the release of K content and 

draw the conclusion. When pyrolyse cane bagasse and can trash at 1000℃, a slow heating 

rate (10℃/s) can result in a minimal release of K content (normally <20%), while a high 

heating rate (1000℃/s) can cause the release of K content up to 80%. Moreover, Chen 

et al. [81] used FAAS to investigate the release and transformation characteristics of K 

and Cl during the pyrolysis process of straw. According to their study, sample weight, 

particle size and heating rate affect the release of Cl, which is mainly caused by the 

secondary reactions of recaptured Cl. However, the influence of secondary reactions on 

the release of K is not significant. They also observed that the reaction intensities of K 

compounds (i.e. KCl) and major chemical compounds (cellulose, xylan and lignin) are 

different, due to the different contents of carboxyl groups in the raw chemical compounds 

and the free radicals formed during the pyrolysis process.  

Apart from the above study on the solid phase K, attempts have been carried out to 

directly observe the release of gas phase K during the pyrolysis process as well. By far, 

surface ionization (SI) [82, 83] detector is the most reported method that used to directly 

observe the release of gas phase K during the pyrolysis process of biomass. In Olsson et 

al.’s study [84], wheat straw samples are pyrolysed in a laboratory reactor under the 

atmosphere of N2, then the online detection of K is performed via the SI method. 

According to the investigation, only a small fraction of the K content is released in the 

low temperature range (130℃-520℃). It is mainly caused by the decomposition of the 

organically associated K. While the significant release of K happens at high temperatures 

(>520℃). Moreover, high Cl content could only enhance the emission of K at high 

temperatures. They also proposed a first-order rate behaviour of the release of K during 

the pyrolysis process, and the activation energies during the low temperature release are 

found in the range of 156-186 kJ/mol, while it is within the range of 168-238 kJ/mol for 

the high temperature release. The same technique is also used by Kowalski et al. [85] to 

qualitative evaluate the release of alkali metal during the pyrolysis of different kinds of 

biomass samples on a thermogravimetric analyser. A similar release mechanism is 

reported: there are two peaks of the release of K can be observed during the pyrolysis 

process, the first happens at temperatures below 430℃, while the second occurs at 
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temperatures exceed 520℃. Besides, they proposed that the low temperature peak of 

release is caused by the decomposition of organic K species, which believed is acetates K 

through the analysis.  

2.4 Modelling study on the release of K 

Through the above review, we can see that the release behaviour of K is similar in 

different thermal conversion conditions. The release mechanisms have been investigated 

thoroughly. However, the detective methods are limited and mainly used the digestion of 

solid residues and tested by the ICP-OES/MS device, in order to determine the release 

of K content. Several methods are used to observe and determine the release of atomic 

K during the thermal conversion process time/temperature-dependently.  

The lack of detective methods results in the absence of the quantity information on the 

release profile of different K compounds during the thermal conversion process of 

biomass. Under this circumstance, modelling is a useful tool to obtain such valuable 

information, several models have been developed in an attempt to study the release 

mechanism and to predict the release profile of K during the thermal conversion of 

biomass materials.  

A chemical kinetic model is present by Glarborg et al. [86] for the gaseous sulfation study 

of alkali hydroxide and alkali chloride. The study proposed a detailed reaction mechanism 

for sulfation and stated that the alkali transformation during the combustion process is 

processed by several molecule-molecule reactions. Turn et al. [87] used chemical 

equilibrium calculation to predict the K concentration in the gas from the thermal 

conversion of biomass. The equilibrium model not only includes the fuel and oxidizer 

inputs but also add a fraction of the bed material, and the modelling results show the same 

trends as their experiment data. Moreover, a better agreement can be observed in greater 

abundance in the fuel.  

In Fatehi et al.’s series research [63, 88], a biomass thermochemical conversion and K 

release model is developed and employed to simulate the various stages of K release 

during the biomass thermal conversion process. The model is validated by the 

experiments via the direct detection of gas-phase K using a LIBS device. Two stages of 

release of K regarding devolatilisation and char reaction and ash-cooking are proposed 

according to the study, the rate of release of K during char reaction and ash-cooking stage 
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follows a first-order Arrhenius expression with A = 2.5×105 1/s, E = 266 kJ/mol, and 

the activation energy of the release of K during the pyrolysis process is stated within the 

range of 168-198 kJ/mol. The same detective method also used by Liu et al. [64] to acquire 

the experimental data, and then developed a two-step (devolatilisation and char and ash 

oxidation) kinetic model for the release of K during the combustion of biomass pellet. 

According to their results, in the devolatilisation step, the kinetic parameters for straw 

and poplar are A = 2.24 1/s, E = 64.8 kJ/mol and A= 4.64 1/s, E = 84.6 kJ/mol, respectively; 

while in the char and ash oxidation step, the kinetic parameters for straw and poplar are A = 

15.3 1/s, E = 62.8 kJ/mol and A= 20.5 1/s, E = 55.4 kJ/mol, respectively. 

Other attempts are also reported regarding the kinetic model of the release rate of K 

during the thermal conversion of biomass. Based on the experimental time-dependent 

data for the combustion of switch grass, Peters et al. [89] proposed the kinetic parameters 

of emission formation of KCl (s) → KCl (g), with A = 1.85×102 1/s, E = 74.3 kJ/mol, 

and a good agreement can be obtained between the kinetic data determined yield and the 

experiment data. 

A prediction model on the release of K compounds during the combustion been 

developed and implemented into the 3D CFD program AIOLOS by Akbar et al. [90]. 

The model based on the assumption that the conversion of K in biomass involves 

vaporization of K via heterogeneous reactions and transformation of K compounds in 

the gas phase via homogeneous reactions. In the study, the authors proposed a first-order 

rate expression on the release and bonding of K during the combustion process, with      

A release = 1.6×1011 1/min, E release = 256 kJ/mol and A bonding = 2.4×107 1/min, E bonding = 

155 kJ/mol, respectively. Moreover, the study also presented the reaction rate coefficients 

for the K/O/H/Cl system, as summarised in Table 2.2. 

In recent, the prediction of gas-phase K release from the combustion of a single particle 

of biomass has been reported by Mason et al. [91] The model integrates a single particle 

combustion model with K release model that consists the three-stage of release 

(devolatilisation, char combustion and ash decomposition), which follows a first-order 

Arrhenius expression. The model takes the release of KOH and KCl into account, which 

is modelled as functions of temperature and vaporization enthalpy, with 164 kJ/mol and 

147 kJ/mol, respectively [92]. A good agreement then acquired by comparing the 

modelled release patterns of K with the experimentally measured release of K using flame 
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emission spectroscopy. Besides, Zhang et al. [93] established a Matlab code for the 

estimation of the release of K from biomass ash based on the experiments data. The 

results evidenced that the model can be generalized to describe the release behaviour of 

any nutrient elements and can be used to optimize the production of controlled-release 

fertilizer.  

Table 2.2 Reaction rate coefficients for the K/O/H/Cl system* 

No. Reaction A, 1/s n E/R, 1000K 

1 KOH + H ↔ K + H2O 5.0E13 0.00 0 

2 K + O2 + M ↔ KO2 + M 3.6E14 0.00 0 

3 KO2 + H → KO + OH 5.0E13 0.00 0 

4 KO + H2O ↔ KOH + OH 1.3E14 0.00 0 

5 KOH + HCl ↔ KCl + H2O 1.7E14 0.00 0 

6 K + HCl ↔ KCl + H 9.1E12 0.00 594 

7 K + Cl + M ↔ KCl + M 1.8E20 -1.00 0 

8 KO + HCl ↔ KCl + OH 1.7E14 0.00 0 

9 H + HCl ↔ H2 + Cl 4.9E12 0.00 1599.90 

10 H + Cl2 ↔ Cl + HCl 8.4E13 0.00 579.77 

11 Cl + Cl + M ↔ Cl2 + M 7.2E14 0.00 -905.89 

12 O + HCl ↔ Cl _ OH 6.9E12 0.00 3371.92 

13 OH + HCl ↔ Cl + H2O 7.8E12 0.00 0 

*Table 2.2 is adapted from [90] 

Nevertheless, as reviewed above, there is barely any reports regarding the prediction on 

the detailed information about the release of K compounds quantitatively and qualitatively 

during the thermal conversion process of biomass. To date, Wei et al. [94] carried out the 

chemical equilibrium calculation in FactSage to predict the release behaviour of gaseous 

K species during thermal utilization of various kinds of biomass. The prediction shows 

that the main K containing species are KCl, KOH and K2Si4O9 in straw combustion, while 

they are KCl, KOH and K2SO4 in wood combustion. Also, according to the study, air 

excess coefficient has an insignificant effect on the release of gaseous K and Cl during the 

straw combustion, while increasing the pressure facilitates the release of HCl and reduce 

the amount of KCl at high temperatures. 
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2.5 Summary and research gap 

Through the above literature review, it can be seen that the study on the release behaviour 

of K has been conducted thoroughly, experimental study especially. The general release 

mechanism of K during the thermal conversion process can be concluded as: K exists 

inherent the biomass in the form of organic and inorganic species. At low temperatures, 

the organically associated and loosely bonded K are released first, which however are less 

(normally <10% of the initial amount present in the biomass), and depending on the 

different contents of moisture and Cl in the biomass, the K released in this phase is mainly 

in the form of KOH and/or KCl. At high temperatures, a significant fraction of K is 

released, mainly caused by the decomposition of char-K and sublimation of inorganic K, 

and the mainly released form of K is KOH, K2O and K2SO4. After char combustion, K 

minerals and K-Al-Si-Ti compounds remained as the solids in the ash residues as insoluble 

K species.  

However, due to the limitation of lack of detective technologies, more detailed and 

accurate information of time/temperature-dependent release profile of K is still unclear, 

i.e. the release amount of different K compounds (KCl, KOH, K2SO4, etc.) at different 

time/temperatures. Besides, the reported studies are mostly carried out in TGA device or 

a small size reactor, which requires minor amounts of the samples, and the reactions are 

always tested in high final temperatures with rapid heating up program. Information about 

how the external factors (low-high temperature range and heating rate) affect the release 

of K is rarely reported. Moreover, a more precise and comprehensive kinetic model is 

needed to predict the release profile of K from various kinds of biomass fuels under 

different thermal conversion conditions. In conclusion, these can be summarised as the 

below research gaps need to be solved and have been attempted and presented in this 

thesis.  

 Lack of information about the influence of external factors on the release of K during 

biomass combustion  

During the combustion, apart from the compositions of biomass, external operating 

parameters affect the release of ash content as well [31]. Since operating parameters play 

a significant role to affect the composition and properties of products from the thermal 

conversion of biomass [95], and crucial to the emission from the thermal conversion 

process [96]. In addition, the combustion conditions and operation mode can further 
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affect the ash behaviour, which is related to the rig design [97-101]. During the reactions, 

many external operating factors influence the extent and rate of the thermal 

fragmentations of the productions, such as final temperature, heating rate and biomass 

feed et al. [95]. Among the above external factors, the final temperature has greatly affect 

the composition of the products [102], while the reactivity in reactions is affected by the 

heating rate during the thermal conversion of biomass [103]. This implies that all these 

factors could significantly influence the release of K content during the combustion 

process of biomass. However, there is a lack of such comprehensive study that 

investigates the influences of operating factors (final temperature and heating rate) on the 

transition of potassium during the biomass combustion, since the transformation 

reactions of potassium can be greatly influenced by the temperature and heating rate [14]. 

Besides, as mentioned before, most of the studies are carried out in small size reactors, 

which are difficult to acquire enough solid samples, also hard to mimic the real-to-life 

combustion situation when there are more samples burned in the boiler with a large 

chamber.   

In this way, a study on the release of K that carried out in a large size boiler is needed and 

investigate the influence of operating factors on the release behaviour of K during the 

combustion process. A better understanding of how the operating factors affect the 

release behaviour of K could help us to optimize the reaction process, and to control the 

ash problems. Therefore, it will have great implications for developing clean and efficient 

utilization technologies for biomass, prolonging the service life of biomass burning plants, 

which will make the biomass fuel economically competitive [104].  

 Lack of a kinetic model to quantitatively and qualitatively predict the release of K from 

biomass under different conditions.     

As reviewed above, many on-line and off-line detective methods have been used to detect 

the release of K; however, the obtained information is mainly on the release of atomic K 

during the thermal conversion process. Due to the limitation of detective methods, it is 

difficult to directly observe and acquire the released amount of different K compounds 

at various stages time/temperature-dependently. Although several models have been 

reported regarding the release fate of K during the thermal conversion process, but the 

models are focus on the prediction of the total amount of the released K at a specific 

condition, and the simulated biomass is based on the elemental components, i.e., C, H, O 
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et al. There is still a lack of a model that more close to the real biomass material, which 

using the major chemical components (cellulose, hemicellulose and lignin) to simulate the 

different kinds of biomass, as well as obtaining the release amount of different K 

compounds at different stages. Moreover, the transition path between different K 

compounds during the combustion process is also unclear. Besides, most of the currently 

reported models are based on the chemical equilibrium calculation. The estimations are 

acquired with the assumptions of a high-enough reacting temperature, and a long-enough 

reacting time to approach the equilibrium, the dynamic information of release of K 

compounds with the change of reaction conditions are thus not provided. Under this 

circumstance, a kinetic controlled model is needed to estimate the release of different K 

compounds.  

Knowing the dynamic release performance of K compounds at different stages can offer 

an insight into the transition mechanism of K with other significant ash-forming elements 

temperature/time-dependently. The yields of released K compounds under various 

conditions from different biomass materials can be useful in making a quick and accurate 

judgement as to what extent those species would be released and the seriousness of the 

slagging and fouling issues initiated by K [12]. In this way, the prediction model is useful 

to provide such valuable information that can be used to advise the biomass boiler design 

and thus to mitigate the ash-related problems that caused by the release of K, Cl and S 

[105, 106] during the combustion of biomass sources. Moreover, the simulation tool is 

also helpful to predict the release of different K compounds from different kinds of raw 

materials, which is crucial to the sample preparation, selection, pre-treatment and the 

optimization of the reaction process. 
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CHAPTER 3 

MATERIALS AND METHODOLOGY 

This chapter describes the experimental approach and model development that are 

applied for the studies on the release of K during biomass combustion. The experimental 

section includes experiment materials and test facilities, as well as the detection methods 

that were used to quantify the K content and to observe the ash structure. In the 

modelling section, the theory applied for modelling of the devolatilisation of biomass will 

be illustrated first, followed by the release kinetics of inorganic elements, as well as the 

theory of combustion of gas species.  

3.1 Experimental methods and materials 

3.1.1 Raw materials 

Two biomass materials were studied in this thesis, wheat straw and softwood, which are 

purchased from Agripellets Ltd. The wheat straw pellets are mainly used to study the K 

transition during the combustion process in the reactor. Since herbaceous biomass 

normally consists of more K content (around 1.3 wt%) than that in woody biomass (<0.4 

wt%) [1], the combustion of herbaceous biomass could suffer more serious ash-related 

problems compared to that of the woody biomass, and thus, needs more investigation. 

The average weight of a straw pellet is 0.8 g, with a diameter of 5 mm and an average 

length of 40 mm. The straw pellets were air-dried until the weight became constant, with 

the aim of eliminating the extra moisture content; afterwards, half of the wheat straw 

remained as pellets, the other half was milled into fine particles. 

Three chemicals were also used in this thesis to investigate the interactions among the 

major chemical components of biomass during the thermal conversion, which were 

cellulose, xylan (which has often been considered as a substitute of hemicellulose [2]) and 

lignin. Cellulose and xylan powder was purchased from Sigma-Aldrich, and lignin powder 

was purchased from Carbosynth. The analysis of the above samples is summarised in 

Table 3.1. 
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Table 3.1 Proximate, ultimate and ash analysis of samples 

 Wheat straw Softwood  Cellulose Xylan Lignin 

 

     
Proximate analysis, wt%      

Moisture ar 9.00 3.50 2.70 2.90 3.20 

VM db 74.80 58.36 89.70 84.80 51.30 

Ash db 7.40 1.12 1.70 1.70 15.00 

FC db 17.80 40.52 8.60 13.50 33.70 

Ultimate analysis, wt%      

C db  45.20 58.28 42.18 38.41 62.09 

H db 5.25 4.71 6.15 6.18 5.88 

O db  48.90 36.51 51.66 55.40 30.52 

N db  0.71 0.50 0.01 0.01 0.51 

Cl db  0.05 - - - - 

S db  0.14 - - - - 

Ash analysis, wt%      

SiO2 31.88 39.00 - - - 

Al2O3 0.86 2.52 - - - 

CaO 5.24 32.90 - - - 

MgO 1.61 1.55 - - - 

Na2O 0.12 0.94 - - - 

K2O 9.13 6.00 - - - 

P2O5 46.74 5.27 - - - 

Fe2O3 0.15 2.00 - - - 

TiO2 <0.05 0.17 - - - 

Other 2.5 9  - - - 

*db: dry basis; ar: as received. 

3.1.2 Reactors  

Two types of equipment at the University of Strathclyde were selected as the main 

reactors for the investigation on the thermal conversion of samples. 

3.1.2.1 Thermogravimetric analyser (TGA) 

The combustion characteristics of the biomass and chemical samples were carried out by 

the TGA device, as shown in Figure 3.1, the device model is a Netzsch STA449F3 Jupiter. 

The TGA device could be operated at temperatures up to 1550℃, with the heating rate 

up to 50℃/min. The sample mass of 15 mg ±1 mg was selected to run each experiment. 
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Figure 3.1 TGA device 

3.1.2.2 High-Temperature furnace-balance system (FBS) 

Normally, a TGA is used to study the thermal behaviour of solid fuels; however, the 

testable quantity of sample is small, leading to the lack of solid residue to conduct the 

follow-up analysis and it is also difficult to simulate the real-life combustion situation. 

Furthermore, the samples studied in TGA are usually at fine sizes, it is not accurate to 

study the thermal conversion of pelletized biomass in TGA, as well as to investigate the 

release behaviour of K from a large number of biomass samples. Under this circumstance, 

the combustion of wheat straw to acquire solid residues was conducted in a custom-

designed furnace-balance system (FBS), which is a combined device.  

        

Figure 3.2 Furnace-balance system (left); schematic diagram (right) 
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The furnace in FBS is a ThermConcept High-Temperature furnace, which is centrally 

controlled through a Eurotherm 3208 controller. The highest setting temperature for the 

controller is 1200℃, with the heating rate up to 50℃/min. A Satorius balance is 

connected to a platform with a thermal insulation tube, in order to record the mass change 

of sample on a real-time basis. The FBS device and a sketch of the connection are 

presented in Figure 3.2.   

3.1.2.3 Performance comparison between FBS and TGA  

The reliability of the FBS was tested by comparing the results with that of the TGA device. 

The tests were carried out under the same combustion condition: the final temperature 

was 700℃, with the heating rate of 20℃/min. Then the obtained mass loss curves and 

derivative mass loss curves are shown in Figure 3.3.  

As indicated in Figure 3.3, the difference between the mass loss curves obtained from the 

TGA and the FBS is clear. In the drying stage, there is no noticeable drop in the TGA 

test, but a visible drop in the FBS result. This result is due to the small amount of sample 

(with only 10 mg) tested in this device; besides, the sample was air-dried and milled; as a 

result, there was not much moisture content left. In contrast, there was a more substantial 

amount of the sample (with approximately 5g) tested in the FBS, and the loss of moisture 

content during the pre-treatment process was relatively small. Besides, the moisture loss 

in the FBS during the drying phase was about 9% of initial weight, which is the same as 

indicated in Table 3.1. 
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Figure 3.3. Mass loss (left) and derivative mass loss (right) curves obtained from TGA and FBS. 

With the temperature increasing, in the volatile matter release stage, the steep mass loss 

started at around 230℃ in the TGA, while there was an apparent delay in the FBS, at 
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about 300℃, but the sharp decrease of mass in the two tests all stopped at 480℃. The 

delay might be caused by the effect of heat transfer on the reaction progress for large 

particles (thermally thick) and the longer time that was needed to heat the large volume 

of the furnace chamber (which is 10 L) to reach the target temperature. Besides, the 

sample in the furnace was much larger, leading to the less efficiency of heat transfer 

compared to that of the TGA. The release of volatile matter from the sample happened 

gradually from its surface to the inside of the sample container in the FBS, and the total 

released volatile matter occupied almost the same volume like that in the TGA, which 

proved that the data obtained in this stage was reliable. Nevertheless, in the char oxidation 

stage (which occurred after 480℃), it took much longer time to burn out the remaining 

char in the FBS, which in turn reflected a much wider temperature range. Besides, the 

concentration of oxygen in the FMS not being as sufficient as that of the TGA at these 

temperatures since the TGA had a steady and continuous injection of O2. Due to the 

differences in ash concentration and distribution in raw materials, the residues left in the 

FBS was about 15%, a little higher than that in the TGA, which was 10%. 

3.1.3 Solid residues characterisation  

   

a. Microwave digestion b. ICP-OES c. SEM-EDX 

Figure 3.4 Analysis devices 

3.1.3.1 Microwave digestion  

The collected solid residues were digested in the microwave first, in order to dissolve the 

remaining potassium and be ready to be tested. The microwave digestion was conducted 

in a CEM, MARS-5 microwave device, as shown in Figure 3.4 a. Samples were milled into 

fine particles first, and then 50±5 mg of each sample was digested with 9 ml concentrated 

nitric acid (>69%), and 1 ml deionised water in a microwave at 200℃ for 120 min. 

3.1.3.2 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)  
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The digested solutions were analysed by ICP-OES in the Department of Civil and 

Environmental Engineering at the University of Strathclyde, in order to quantify the 

potassium in the solid residues. The ICP-OES device used in this thesis was a Thermo 

Scientific iCAP 6000 with the detection capability of <1 ppb. The device is shown in 

Figure 3.4 b. 

3.1.3.3 Scanning Electron Microscopy – Energy Dispersive X-ray Spectroscopy (SEM-

EDX)  

The structural change of the solid residues and the distribution of different elements (K, 

S, and Si et al.) were examined by SEM-EDX in the Department of Chemistry at the 

University of Glasgow, aiming to investigate the effect of the changes of the biomass 

particles structures on the distribution and release of inorganic elements during the 

combustion process. The SEM-EDX device that was used in the present study was an 

XL30 ESEM attached by an Oxford Instruments Energy 250 energy dispersive 

spectrometer system, as shown in Figure 3.4 c. Prior to the analysis, solid samples were 

placed evenly on a carbon sticker and coated with a thin layer of gold (between 5-50 nm) 

to provide a conductive coating to dissipate charging artefacts. 

3.2 Model development 

Normally, devolatilisation is regarded as the initial step of the combustion, during which 

the gas products are primarily devolatilised [3]. Subsequently, occur the combustion of 

gas species and char oxidation [4]. In this way, for the design of the simulation model to 

predict the release profiles of K, two steps had been considered: devolatilisation of 

biomass and combustion of gas products. The kinetically controlled release process of 

elemental K, S and Cl were also integrated into the devolatilisation part of the model. 

After the devolatilisation, the yielded gas products, along with the released elemental K, 

S and Cl contents, were stored in a string and ready to be combusted.  

In the combustion stage, the model is also kinetically controlled. It is assumed that all the 

gas products are following the ideal gas behaviour and are homogeneously distributed in 

the system, which states are functions of time/temperature. Moreover, in order to 

eliminate the influence of pressure on the gaseous species, the pressure in the system is 

assumed to keep constant all the time. Under this circumstance, an Ideal-Gas-Constant-

Pressure reactor is used to consider all the possible reactions among the gas products.  
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Figure 3.5 Schematic of the network 

Through this two-step-reaction, a detailed quantity data of all the gas phase K compounds 

will be obtained, along with the reaction path of different K compounds during the 

combustion and their reaction rates. A schematic of the methodology of the 

devolatilisation and combustion network is depicted in Figure 3.5. 

3.2.1 Initial values 

Biomass materials are varying from different sources, but commonly can be characterised 

by their major chemical components (including cellulose, hemicellulose and lignin), 

inorganic components and moisture content. The distinct thermal characteristics of 

chemical components strongly affect the release behaviour of K compounds. In addition, 

the concentration of oxygen affects the gas and char oxidation under the condition of 

combustion, and thus, influences the formation and release of K compounds as well. In 

this way, there were three parts of initial input values included in the model: major 

chemical components (cellulose, hemicellulose and lignin) that was used to describe the 
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biomass material; the initial amount of K, S, Cl and H2O contents; and the O2 

concentration in the atmosphere.  

To calculate the mass fractions of major chemical components in the tested sample, a 

fitting method developed by a colleague has been employed, this method is described in 

general terms here and in more detail in the literature [5]. The method estimates the 

contributions of cellulose, hemicellulose and lignin to the volatile yield via linking the 

observable features of derivative thermogravimetric (DTG) curves to the parameters of 

chemical reaction kinetics, along with the fractions of each chemical component. While 

the initial amounts of K, S, Cl and H2O are calculated according to the proximate and ash 

analysis results of the tested biomass. The initial value of oxygen is calculated based on 

the test condition. In this thesis, O2 concentration was calculated following its proportion 

in the air in the test of combustion, while it was set as zero in the test of pyrolysis. 

3.2.2 Biomass devolatilisation model 

As the major chemical components of lignocellulosic biomass, the thermal characteristics 

of cellulose, hemicellulose and lignin can be used to provide a generalised description of 

the thermal process of different biomass materials [2]. It is assumed that the 

decomposition of these major components is independent, and through a multistep, 

branched mechanism which followed first-order reactions [6, 7]. The lumped kinetic 

mechanisms of cellulose, hemicellulose and lignin that used in this model at the 

devolatilisation stage were extracted from the reference [3], as listed in Appendix I. The 

summaries of the kinetic mechanisms of these chemical components during the pyrolysis 

process are illustrated in Figure 3.6 according to the studies of Ranzi et al. [3, 8] and 

Blondeau et al. [9].  
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Figure 3.6 Kinetic mechanisms of cellulose, hemicellulose and lignin during the pyrolysis 

(adapted from [3, 8, 9]) 

In addition, from the previous studies [10-12], the main products from the tar cracking 

are light gases, and the amount of char is negligible during the devolatilisation process; 

thus, it will not significantly affect the gas yields. The generation/consumption of 

different species can be regarded as a function of the conversion: 

𝛼 =
𝑚𝑖0−𝑚𝑖𝑡

𝑚𝑖0−𝑚𝑖𝑟
                                                                                                        Eq. (3-1) 

where mi0, mit and mir represent the initial weight of the species i, the weight at time t, and 

the remaining weight of the species, respectively, g.  

For the first order reaction model in this study, the rate of reaction depends on the 

temperature and the amount of remaining sample, then the reaction model f (α) can be 

calculated as:  

𝑓(𝛼) = 1 −  𝛼                                                                                                    Eq. (3-2) 

Normally, a constant heating rate is involved, so the temperature changes with the time 

can be obtained according to:  

𝑑𝑇 =  𝛽𝑑𝑡                                                                                                          Eq. (3-3) 

Then the rate law of generation/consumption of species with respect to the temperature 

can be assumed as: 

𝑑𝑚𝑖

𝑑𝑇
=  

1

𝛽
∑ 𝜐𝑟 𝑘(𝑇)𝑓(𝛼)                                                                                     Eq. (3-4) 

where i represents the generated/consumed species; T is the reaction temperature, K; β is 

the heating rate, K/min; r represents all the reactions that related to species i; 𝜐 is the 

stoichiometric coefficient of the species; k(T) is the conversion rate.  
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In this study, the conversion rate constant k(T) is expressed as a first-order reaction 

Arrhenius equation as following: 

𝑘(𝑇) = 𝐴exp (
−𝐸𝑎

𝑅∗𝑇
)                                                                                           Eq. (3-5) 

where R representing the universal gas constant, J/molK; A is the pre-exponential factor, 

1/s; Ea is the activation energy, kJ/mol. 

In conclusion, when the initial fractions of major chemical components of biomass 

material are certain, it is possible to simulate the devolatilisation process and to estimate 

the yields of gas products. The feasibilities will be tested and validated in this thesis 

experimentally.  

3.2.3 Release kinetics of inorganic elements 

Alongside the devolatilisation, the release kinetics of K, S and Cl are coupled into the 

devolatilisation model as well. It enables an estimation of the yielded amounts of 

elemental K, S and Cl at a given condition. The experimental results in the thesis supposed 

to offer the release profiles of K, S and Cl for the calculation of release kinetics, however, 

due to the Cl-lean character of the tested sample in this study (see Table 3.1); it cannot 

provide the necessary data. Nevertheless, the release of Cl is crucial and can significantly 

affect the release of K during the combustion process, and thus needs to be considered. 

Under this circumstance, the kinetically controlled release of K, S and Cl were all 

calculated based on the experimental data regarding their mass loss profiles, which were 

extracted from the test results in the literature [13], in order to keep the consistency of 

the input information and the data is presented in Figure 3.7 (in dots). 

Assuming a first-order reaction model of the release of K, S and Cl, which follows the 

first-order Arrhenius behaviour, then the least-squares fitting is used to find out the 

suitable kinetic parameters: 

𝑆2 =
∑ (𝑟𝑒𝑥𝑝−𝑟𝑠𝑖𝑚)2𝑛

𝑖=1

𝑛
                                                                                          Eq. (3-6)      

where rexp is the result of the release of the element from the experiment, rsim us the result 

of the release of the element from the simulation, n is the fitting times. 

The experiment results are the final amounts of K, S and Cl acquired at different final 

temperatures. The temperature programme for each run consists of a constant heating 
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rate of 20 K/min, up to a final temperature, at where the sample is held for 10 min. The 

data from all the different final temperatures are fitted simultaneously; therefore, the 

kinetics must be suitable for all the different final temperatures, to get an overall least 

square, not individually. The fitting results of K, S and Cl conversion are summarised in 

Figure 3.7, alongside the experimental data (shown in dots), and the calculated kinetic 

parameters used in this study are presented in Table 3.2. 

    

(a) (b) 

 

(c) 

Figure 3.7 Fitting results of the release of K (a), S (b) and Cl (c) 

Table 3.2. Summary of the kinetic parameters 

 K R2 S R2 Cl R2 

E,, kJ/mol 55.43 
0.924 

26.65 
0.987 

22.82 
0.991 

A, 1/s 1.50E-01 2.80E-02 4.10E-02 

 

3.2.4 Gas species combustion model 

During the combustion, the reaction rates and the yields of products from biomass are 

determined by the reaction kinetics. Combustion characteristics of biomass are driven by 

the reaction paths with many reactions and intermediate species. In this research, the 
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kinetic module was employed in this part to simulate the combustion process of all the 

gaseous products after the devolatilisation in Cantera 2.4.0. Normally, there are two steps 

to prepare a simulation of combustion in Cantera:  

(1) Define solution objectives for the potential reactants to be flowing through the reactor 

The solution objective used in this research was a modified reaction mechanism M-GRI30. 

mech, based on the GRI30.mech [14]. The M-GRI30.mech includes the oxidation of 

hydrocarbon, as well as the combustion of K, S and Cl species. There are 77 species and 

420 reactions that are involved in this modified mechanism, including 325 reactions of 

hydrocarbon that are originally from GRI30.mech, which is a detailed combustion model 

of the hydrocarbon including their elementary reactions and is developed by the 

University of California at Berkeley and sponsored by the Gas Research Institute [14]. 

The rest of the 95 reactions are the detailed combustion mechanisms of K, S and Cl 

species which are extracted from literature. The reaction mechanisms of K, S and Cl in 

the literature are supplied by JANAF tables [15] and are listed in Appendix II. The K 

reaction mechanisms used in this model are the summary and calculation work done by 

Peter et at [16] based on other evaluations with high-level theoretical work. The summary 

and extension work has been done by Cerru et al. [17], which provide the S reaction 

mechanisms to the model in this research. Furthermore, the Cl related reaction 

mechanisms were assembled by Sliger et al. [18], based on the H/C/O reaction set from 

Warnatz et al. [19], along with the Cl related reactions from the NIST database [20].   

(2) Define the reactor type that describes the system 

A reactor in Cantera is a created environment for the mixture to react, which represents 

the form of a chemical reaction system. In this model, an Ideal-Gas-Constant-Pressure 

reactor was selected to simulate the combustion of gas species released from biomass 

devolatilisation; it is a homogeneous, constant pressure, zero-dimensional reactor. It is an 

instance of the class reactor where the pressure is held constant, and the volume is not a 

state variable but instead takes on whatever value is consistent with holding the pressure 

constant. The implementations of the zero-dimensional simulation are often directly or 

indirectly incorporated to solve complex three-dimensional problems, and the 

homogenous zero-dimensional reactor is well suited to validate the computation of the 

kinetic reactions and the thermodynamic species properties [21]. The reactor corresponds 
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to an extensive thermodynamic controlled volume, and all state variables are 

homogeneously distributed inside the reactor. The system is generally unsteady; all states 

are functions of temperature. In particular, chemical reactions leading to the transient 

state changes are possible. Meanwhile, thermodynamic equilibrium is assumed to be 

present throughout the reactor at all moments. In this research, it was assumed that all 

the gas species behave like ideal gas, and those gas species are controlled by mass, species 

and energy conservations during the combustion process. The governing equations for 

these conversions are: 

 Mass Conservation: The total mass of the reactor’s contents changes as a result of flow 

through the reactor’s inlets and outlets, and production of homogeneous phase species 

on the reactor: 

𝑑𝑚

𝑑𝑡
= ∑ 𝑚𝑖𝑛 −  ∑ 𝑚𝑜𝑢𝑡𝑜𝑢𝑡𝑖𝑛                                                                                Eq. (3-7) 

where m is the mass flow rate of the content, g/s; t is the time, s.  

 Species Conservation: The total rate at which species i is generated through 

homogeneous phase reactions is: 

𝑚𝑖,𝑔𝑒𝑛 = 𝑉𝑤𝑖
𝑊𝑖                                                                                                    Eq. (3-8) 

The rate of change in the mass of each species is: 

𝑑(𝑚𝑌𝑛)

𝑑𝑡
=  ∑ 𝑚𝑖𝑛𝑌𝑖.𝑖𝑛𝑖𝑛 −  ∑ 𝑚𝑜𝑢𝑡𝑌𝑖 +𝑜𝑢𝑡 𝑚𝑖,𝑔𝑒𝑛                                                 Eq. (3-9) 

Assuming the species conservation happens when the weight of the sample is stable, 

which means dm/dt equals to 0, m is constant. Expanding the derivative on the left-hand 

side and substituting the equation of Eq (3-8), then the equation for each homogeneous 

phase species can be calculated as:  

𝑚
𝑑𝑌𝑖

𝑑𝑡
=  ∑ 𝑚𝑖𝑛(𝑌𝑖,𝑖𝑛 −𝑖𝑛 𝑌𝑖) + 𝑚𝑖,𝑔𝑒𝑛                                                              Eq. (3-10) 

where Wi is the molecular weight of species i; Yi is the mass fractions of species i 

(dimensionless). 

 Energy Conservation: The solution of the energy equation is disabled in this research 

so that the temperature holds at the set initial time of the system. For the ideal gas reactor, 

the total enthalpy as a state variable with the temperature is replaced by writing the total 



   

70 
 

enthalpy in terms of the mass fractions and temperature: 

𝐻 = 𝑚 ∑ 𝑌𝑖ℎ𝑖(𝑇)𝑖                                                                                              Eq. (3-11) 

𝑑𝐻

𝑑𝑡
= ℎ

𝑑𝑚

𝑑𝑡
+ 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
+ 𝑚 ∑ ℎ𝑖  

𝑑𝑌𝑖

𝑑𝑡
                                                                   Eq. (3-12) 

Substituting the corresponding derivatives yields an equation for the temperature: 

𝑚𝑐𝑝
𝑑𝑇

𝑑𝑡
= −𝑄 −  ∑ ℎ𝑖𝑚𝑖,𝑔𝑒𝑛 + ∑ 𝑚𝑖𝑛(ℎ𝑖𝑛 −𝑖𝑛 ∑ ℎ𝑖𝑖 𝑌𝑖,𝑖𝑛)𝑖                              Eq. (3-13) 

where H represents the total enthalpy of the reactor contents, J; Q is the overall rate of 

heat transfer through all walls, W; 

 Conversion Rate: The reaction kinetic model used in the Cantera is a rate law that 

follows the Arrhenius expression of temperature dependence:  

𝑘(𝑇) = 𝐴 𝑇𝑏exp (
−𝐸𝑎

𝑅𝑇
)                                                                                     Eq. (3-14) 

where T is representing the reaction temperature, K; R is representing the universal gas 

constant, J/mol*K; b is an empirical parameter; A is the pre-exponential factor, 1/s; Ea is 

the activation energy, kJ/mol. 

Through the combustion of gas species, detailed quantity information about the release 

of different K compounds will be acquired, as well as the transition route regarding the 

K during the combustion process. 

3.3 Summary of the chapter 

In this chapter, the experimental methods involved in investigating the biomass, cellulose, 

xylan and lignin combustion and analysis methods (Microwave digestion, ICP-OSE and 

SEM-EDX) of solid residues were presented in detail; a high-temperature FBS was 

designed and compared the thermal performance with that of the TGA. Then, the 

development of a two-step kinetically controlled model to simulate the thermal 

conversion process of biomass and to predict the release profile of K were described in 

detail. 
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CHAPTER 4 

THERMAL CHARACTERISTICS OF BIOMASS AND ITS 

CHEMICAL COMPONENTS 

In this chapter, the thermal characteristics of biomass and its major chemical components 

(cellulose, xylan and lignin) are studied in the TGA device. Firstly, the combustion 

characteristics of individual chemical components were investigated. Secondly, the 

combustion of mixtures of chemical components was conducted and compared against 

the combustion of natural biomass (wheat straw and softwood), with the aim of 

identifying the effects of interactions among them on the overall combustion behaviours. 

4.1 Background 

Lignocellulosic biomass is primarily made of three most abundant organic substances: 

cellulose, hemicellulose and lignin [1]. The distinct thermal characteristics of the major 

chemical components are often applied as an effective method to provide a 

comprehensive understanding and to study the thermal behaviour of biomass materials, 

as well as to distinguish their mutual interactions along with the thermal conversion 

processes [2-6]. Understanding these characteristics will allow us to design the biomass 

devolatilisation model based on the input of major chemical components. 

4.2 Experiment 

A total of five materials are used in this study: wheat straw, softwood, cellulose, xylan and 

lignin. The chemical components were also mixed according to the different ratios, with 

the aim of simulating the different natural biomass. In total, seven samples were prepared 

and tested, as listed in Table 4.1. The prepared samples were combusted in the TGA 

device at a heating rate of 20℃/min up to 900℃. Then the acquired thermogravimetry 

(TG) and derivative thermogravimetry (DTG) results were used to discuss the thermal 

characteristics of different samples.  

The Coning and Quartering Method [7] was applied to prepare the mixtures in this study, 

because of its advantages for the preparation of samples with poor flowability (i.e. xylan 

and lignin), which can reduce the sampling size of the powder sample without generating 

a systematic bias. Individual samples are mixed in a container according to the 

predetermined mixing ratio as detailed in Table 4.1, following the mix procedures: 1) pour 
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a cone of the mixture into a plate; 2) divide the cone into halves; 3) divide the cone into 

quarters; 4) discard the two opposite quarters of the sample; 5) recombine the remaining 

sample. The procedure is repeated three times to prepare each mixture sample.  

Table 4.1. Sample list 

 Sample Mixing rate, wt.% 

 

 

Individual samples 

Cellulose - 

Xylan - 

Lignin - 

Wheat straw - 

Softwood - 

Artificial samples* 
Wheat straw Cellulose / Xylan / Lignin: 61.3/19.3/19.4 

Soft wood Cellulose / Xylan / Lignin: 43.1/24.1/32.8 

* The ratio is calculated according to the method described in the literature [8] 

4.3 Thermal characteristics of cellulose, xylan and lignin 

The mass loss profiles of cellulose, xylan and lignin during the thermal conversion process 

in air and nitrogen atmospheres are summarized in Figure 4.1 (a-c). Due to the different 

chemical structures of the individual components, substantial differences in the thermal 

behaviours among them could be expected [9].  

Figure 4.1 (a) shows the decomposition of cellulose starts at a temperature of 325℃ and 

quickly lost over 80% of its mass before 410℃, which is close to the content of its volatile 

matter, as shown in Table 3.1 in Chapter 3. When the temperature exceeds 410℃, the 

mass loss curves of its pyrolysis and combustion processes start to diverge, where the 

pyrolysis curve is tending to flatten, indicating no further decomposition of the cellulose 

sample. By the end of the pyrolysis process, approximately 8% of its initial mass remains 

as solid residues. Figure 4.1 (a) also shows that in the case of combustion, mass loss of 

cellulose takes place continuously up to 600℃, with less than 1% of its initial mass left as 

solid residue. The yield difference between the amount of the solid residue after pyrolysis 

and combustion is equal to the fixed carbon content in cellulose, and the solid residue 

after combustion is equivalent to the ash content in cellulose. 

The thermal characteristics of xylan are shown in Figure 4.1 (b). As shown, its 

decomposition starts at 190℃, and the pyrolysis and combustion curves start to diverge 

at 370℃. At this point, the pyrolysis rate stabilises, while the second drop of mass 
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happens in the combustion process due to char oxidation. After thermal conversions, the 

solid residue left after pyrolysis and combustion processes is 18% and 1.5% of the initial 

mass of xylan, respectively, which are similar to its fixed carbon and ash contents.  

            

(a) Cellulose                                                                  (b) Xylan 

 

(c) Lignin  

Figure 4.1. Thermal characteristics of individual chemical components in the air (combustion) 

and nitrogen (pyrolysis) atmospheres 

The results in Figure 4.1 (c) shows that lignin starts to decompose at 210℃, and the 

divergence of its pyrolysis and combustion curves occurs at 405℃. During pyrolysis, after 

divergence, lignin is observed to decompose slowly in the temperature range of 405℃ to 

750. The remaining solid after total pyrolysis accounts for approximately 45% of its initial 

mass, which is equal to the sum of its fixed carbon and ash contents. While during 

combustion, the lignin sample lost more than half of its mass between 405℃ and 600℃, 

and left 15% of its initial mass in the end, which is equal to its ash content.  
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By comparing the TGA results of cellulose, xylan and lignin presented in Figure 4.1, it 

can be observed that nearly all the mass loss curves for the pyrolysis and combustion 

processes overlapped until the divergence occurs; the slight deviation between them 

might be caused by the differences in the thermal conductivity of air and nitrogen [10]. It 

implies that at the early stage of thermal conversion, the temperature is the dominant 

factor of the reactions, rather than the existence of oxygen. Moreover, among the three 

components, cellulose has the narrowest decomposition temperature range and lost the 

most of its mass during the decomposition process. Xylan requires the lowest temperature 

to initiate the sharp loss of mass. Lignin has the widest decomposition temperature range 

and generates the most of the solid residues. 

4.4 Thermal characteristics of artificial and natural biomass 

To identify the effect of the interaction of chemical components upon the thermal 

properties of biomass, natural and artificial biomass samples (artificial wheat straw (AWS) 

and artificial softwood (ASW)) were tested. The TG and DTG results of artificial biomass 

were compared to those obtained from natural biomass samples, with the aim to 

investigate the accuracy of the prediction on the thermal characteristics of biomass using 

the mixture of major chemical components. The summarised TG and DTG results are 

presented in Figure 4.2.  

Figure 4.2 (a) and (b) shows the decomposition of wheat straw and softwood starts at 

250℃ and 255℃, respectively. Then, due to the release of abundant volatile and moisture 

contents, wheat straw loses 60% of its initial mass when the temperature reaches 350℃, 

while softwood loses nearly 70% when the temperature approaches 405℃. Following this, 

the pyrolysis and combustion curves start to diverge. The pyrolysis curve flattens out until 

the end, at which point, there are 25% and 20% of the initial mass left as the solid residue 

for wheat straw and softwood, respectively, which consists of the fixed carbon and ash 

content. In contrast, the combustion curve shows the second drop in mass, the endpoint 

for wheat straw and softwood is 510℃ and 500℃, respectively; this leads to a further 

mass loss that ends at 18% and 39% of the initial mass of wheat straw and softwood, 

respectively. The lost mass values correspond to the fixed carbon content, as listed in 

Table 3.1 in Chapter 3. In the results of the DTG curves for both samples, two obvious 

peaks appear before the temperature at which behaviours diverge. The first one is at 

100℃, due to the evaporation of moisture content. The second occurs at 300℃ for wheat 
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straw and 330℃ for softwood, which is caused by the release of volatile matter. Then the 

pyrolysis curve becomes stable, while for combustion, a third peak appears in the curve 

at 460℃ for wheat straw, and 500℃ for softwood, which is caused by the char oxidation. 

  

(a) Wheat straw   (b) Softwood 

        

           (c) AWS                                                                       (d) ASW 

Figure 4.2. Thermal characteristics of biomass samples in the air and nitrogen atmospheres: (a) 

wheat straw; (b) softwood; (c) AWS; (d) ASW 

Figure 4.2 (c) shows the test result of AWS. Its first phase decomposition starts at 220℃ 

and continues to 365℃. The pyrolysis and combustion curves show two steep decreases 

of mass during this phase, the first of which occurs from 220℃ to 340℃ in TG curves; 

it reaches its peak at 260℃ in DTG curves. It is mainly caused by the decomposition of 

xylan, the least thermally stable component in biomass [11], due to the breakdown of its 

C-O-C and pyranose C-C bonds [12]. According to the individual components test results, 

xylan has the lowest temperature to decompose, which is at 180℃, and sharply lost 65% 

of its mass before 300℃. However, at this temperature range, cellulose and lignin are 
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partially decomposed, implying the existence of cellulose and lignin does not affect the 

thermal behaviour of xylan significantly. The second drop in the TG curve occurs in the 

temperature range of 340℃-380℃, and as can be seen in the DTG curve, it reaches its 

peak at 355℃. As illustrated in Figure 4.1, at this temperature range, cellulose lost nearly 

90% of its initial mass, while lignin lost 15%, and xylan only lost 4%, indicating that 

cellulose and lignin are the main components that attribute to the mass loss during this 

stage. The pyrolysis and combustion curves of AWS start to diverge at 375℃. Beyond 

this, AWS continues to lose its mass slowly, with 20% of its initial mass remaining at the 

end of the pyrolysis test; this is the same as the sum of partial contributions of the fixed 

carbon and ash contents of each component. While under the combustion scenario, char 

oxidation occurred; most of the mass loss at the char oxidation stage is attributed to lignin 

and xylan. Both of these have much higher fixed carbon contents, with 33.7 wt.% in lignin 

and 13.5 wt.% in xylan compared to that of cellulose (8.6 wt.%).  

The test results of ASW are illustrated in Figure 4.2 (d). A similar conclusion can be drawn; 

the decomposition of each component is distinguishable. The TGA curves show the first 

stage decomposition starts at 240℃, until to 490℃ for pyrolysis and it is 210℃-460℃ 

for combustion, and there are two drops of mass happened during this stage. The first 

drop starts at 240℃ to 350℃ in pyrolysis curve, while it is 210℃-330℃ for combustion 

curve, and both reached their peaks at 240℃ in DTG curves. As shown in Table 4.1, the 

content of xylan in ASW is similar to that of AWS, which leads to the semblable 

temperature range of the first drop. Then, due to the decomposition of cellulose and 

lignin, the second drop occurred within 350℃-390℃ in pyrolysis result and within 

330℃-360℃ in combustion result and reaching their peaks at 344℃ and 367℃ in DTG 

results, respectively. Beyond 390℃, the pyrolysis curve becomes flat and with 20% of its 

initial mass remains at the end. While the combustion occurred the char oxidation phase, 

and the remaining residues were equal to the sum of the partial contributions of ash 

contents of each component.  

The thermal decomposition results of artificial biomass show a similar trend to that of 

natural biomass samples. For wheat straw, the devolatilisation happened within the 

temperature range of 250℃-350℃ in the natural sample, while a similar temperature 

range (220℃-365℃) can be observed for the artificial sample. Moreover, for both natural 

and artificial samples, the char oxidation stage ceases at around 520℃. Also, a similar 
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conclusion can be drawn for the results of artificial and natural softwood as well. Both 

samples occurred the devolatilisation stage at a similar temperature range (255℃-400℃ 

and 240℃-390℃ for natural and artificial softwood, respectively). However, a prolonged 

oxidation of char is observed in the result of artificial softwood. This phenomenon might 

be caused by the melting and formation of agglomerated lignin particles, which could 

wrap the nearby cellulose and xylan particles [6], lowering the heat transfer efficiency of 

the particles. Furthermore, the lignin structure consists of phenylpropane, which coupled 

with C-C and/or C-O-C bonds that covers an extremely wide range of decomposition 

temperature (152℃- 700℃) [13]. Accordingly, the above reasons may lead to a higher 

temperature to burn out the samples.  

Through the investigation, the test results of artificial biomass can be used to estimate the 

temperature range of different stage of combustion of natural biomass. Besides, a high 

similarity of mass loss can be observed at different stage between the results of natural 

and artificial biomass. Moreover, the contribution to the mass loss at different stage is 

reflected by the thermal characteristics of each chemical component. This implies that it 

is feasible to predict the thermal behaviour of different biomass materials via the thermal 

behaviour of the mixture of major chemical components: cellulose, hemicellulose and 

lignin. 

4.5 Summary of the chapter  

This chapter has investigated the thermal characteristics of cellulose, xylan, lignin, artificial 

and natural biomass samples using a TGA device. According to the tests, cellulose has 

the narrowest decomposition temperature range and lost most of its mass during the 

decomposition process. Xylan requires the lowest temperature to initiate the loss of mass, 

while lignin has the widest decomposition temperature range and generates the most of 

the solid residues. Moreover, by comparing the TG and DTG results of artificial and 

natural biomass, the occurring temperature range and mass loss of different stages of 

thermal conversions are predictable. In particular, the thermal conversion results of wheat 

straw can be predicted with high accuracy, and this illustrates the potential to use the 

major chemical components to predict the thermal characteristics of different biomass 

types. 
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CHAPTER 5 

POTASSIUM TRANSITION PERFORMANCE DURING 

BIOMASS COMBUSTION 

In this chapter, the transition performance of K inherent in biomass is studied 

experimentally at different combustion operations. The effects of final temperature and 

heating rate on the transition of K during biomass combustion process associated with 

the structural changes of the biomass particles are discussed. 

5.1 Background 

During the combustion process, both internal and external factors can affect the release 

process of K content. The internal factors include the inherent organic, inorganic and ash 

components of selected biomass samples, while the external factors contain the 

combustion operations. As stated in Chapter 2, the operating parameters (final 

temperature and heating rate) have significant influences on the thermal conversion of 

biomass materials and thus could affect the release behaviour of K. In consequence, the 

study of the influence of operating parameters on the K transition performance during 

the biomass combustion process can provide an insight of the transition behaviour of K. 

The resulting data is anticipated to guide the reactor design and optimize the combustion 

process, aiming to mitigate the K-related ash problems. 

5.2 Experiment 

5.2.1 Experiment procedure 

Due to the high concentrations of K, S and Cl in the wheat straw compared to that of 

softwood (see Chapter 3, Table 3.1), the study of K transition performance has been 

focused on the tests of wheat straw in this thesis. The combustion tests were carried out 

in FBS, as the device allows the combustion of a large number of wheat straw pellets and 

the generation of sufficient solid residues for the follow-up analysis. The final temperature 

was ranged from 300℃ to 1000℃. The heating rate was set as 8℃/min, 17℃/min and 

25℃/min according to the reference [1]. The tests conditions are summarised in Table 

5.1. 

Before each test, 5±0.1g of uniformly selected pellets were evenly distributed in the 

crucible, and overlapping was avoided. Place the crucible in the FBS; after the balance 
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becomes stable, start the heating up programme that is set according to Table 5.1. After 

the combustion, the crucible was transferred to an oven for cooling down before solid 

residues were collected. The reproducibility of the measured results of each test has been 

ensured by preforming the repeat experiments. The collected solid residue samples were 

then digested and analysed using a Microwave Digestion System, ICP-OES and SEM-

EDX, aiming to obtain the retention amount of K and the structural changes of biomass 

particles. 

Table 5.1. Summary of testing conditions   

 Final temperatures, oC Holding time, min 

300 400 500 600 700 800 900 1000 

Heating 
rates, 

oC/min 

8 √ √ - √ - - √ √  
17 √ √ √ √ √ √ √ √ 10 
25 √ √ - √ - - √ √  

 

5.2.2 Quantity of K content 

Biomass samples would undergo the loss of moisture content, volatile matters, and fixed 

carbon during the reactions, the K content in the solid residues are concentrated and 

varying according to the collection stage. Thus, the test results from ICP-OES cannot be 

directly used to study the release behaviour of K under different conditions. In order to 

compare the K contents in the solid residues, a calculation is developed to covert the K 

content from mg/kg in measured samples to mg/kg in raw material (normalized for the 

amount of K in the fuel), as Rk (dry basis), following the calculation: 

𝑅𝑘 =
𝑚𝑘𝐶𝑟

𝑚𝑜
100% =

𝑚𝑘𝑡𝑚𝑎𝑠ℎ0𝑚𝑜𝑢𝑡

𝑚𝑘0𝑡𝑚𝑎𝑠ℎ𝑚𝑖𝑛
100%                                                           Eq. (5-1) 

Where mk donates the K content in the solid residue (mg/kg), Cr refers to the residue ratio, 

which is the amount of solid left after combustion divided by the amount of initial input 

sample (%), and m0 is the measured K content in the wheat straw (mg/kg).  

All these parameters are calculated from the measurements, as presented in Eq. (5-1), 

where mkt and mk0t represent the K contents of digested samples and wheat straw, 

respectively, (±0.001ppm); mash and mash0 refer to the weighted solid residues and wheat 

straw before digestion, respectively, (±0.001g); min and mout represent the weighted samples 

before and after combustion, respectively, (±0.001g). The K concentrations Rk calculated 

from Eq. (5-1) that depends on the measured quantities, and the uncertainty of each 
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measurement influences the results of Rk. Since the errors in the measured quantities are 

independent of each other, the uncertainty of Rk can be calculated by using: 

(𝛿𝑅𝑘)2 = ∑ (
𝜕𝑅𝑘

𝜕𝑚𝑖
)

2
(𝛿𝑚𝑖)

2
𝑖                                                                              Eq. (5-2) 

Where mi represents the different variables, and in this study, there are six of them, as 

indicated in Eq. (5-1).  

5.3 Influence of final temperature on K transition 

5.3.1 Test results 

The uncertainty of each sample is summarized in Table 5.2. As we can see, the calculated 

uncertainties of all the results are under 0.3%, indicating that the results of the 

experiments are reliable and varied within a small range. 

Table 5.2.  Calculated uncertainties of the K concentration measurements at different final 

temperatures 

Temperature, ℃ 30 200 300 400 500 600 700 800 900 1000 

𝛿𝑅𝑘 , % 0.24 0.27 0.26 0.24 0.23 0.24 0.23 0.22 0.21 0.13 

The retention of K in different solid residues and the mass loss of wheat straw pellets are 

presented in a temperature basis in Figure 5.1. The results indicate that nearly 80% of K 

retained in the residues before 500℃ and more than 75% of K left in the residues when 

the temperature reached 700℃. This result is in good agreement with the results of 

Johansen et al. [2], who observed that only about 10-20% of K was released below 700℃. 

However, a sharp decrease in K concentration is observed when the temperature is higher 

than 800℃, and there is only 42% of K left when the final temperature reaches 1000℃. 

As for the mass loss of wheat straw, a steep loss of the sample weight starts from 200℃ 

and continues to 500℃, during which more than 70% of its weight is lost because of the 

abundant release of moisture and volatile matter contents. In addition, when the final 

temperature exceeds 500℃, the sample loses its weight more gradually until 1000℃, 

which is caused by the oxidization of fixed carbon. The final remains are the ash residues, 

which represent less than 10% of the original wheat straw mass. 
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Figure 5.1.  Mass loss curve (red, left axis) and the percentage of K mass retained in residues 

(dry basis, black, right axis). 

The structural changes of the wheat straw residues and the distribution of inorganic 

elements (K, O, Si and S) were investigated by SEM-EDX, and the results are summarized 

in Table 5.3. 

Table 5.3 shows that, with increasing the final temperature, the solid residues undergo 

significant structural changes. There are noticeably broke down of straw particles and the 

collapsing of pore structure, yet the overall fibrous structure was still maintained. The 

stem-like structure is easily recognizable with clearly defined channels at all the tested 

temperatures. It is evident that fusing is insignificant when the final temperature is below 

800℃. As the final temperature reaches 900℃, the particles get partially fused; further at 

1000℃, large fused surfaces appear on the particles, homogeneous external area covered 

with minor ash particles. Similar results are also observed in other studies [3-5]. The large 

ash particles are the remains of the outer skeleton of the samples, with no fusing when 

the temperature is below 700℃; while at 1000℃, the ash structure is flaky with a molten 

appearance, which is mainly composed of K and Si.  

The results of EDX test revealed that a trace amount of K exists on the surface of the 

wheat straw particles; however, more K is distributed inside the particles. With increasing 

the combustion temperature, collapse of particle structure leads to the exposure of more 
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interiorly located K, which could potentially accelerate the release of K. Meanwhile, Si 

can be detected throughout the particles at all the tested temperatures, and mainly co-

exists with O and K. When the final temperature reaches 900℃ and 1000℃, more Si and 

K clusters are detectable 

Table 5.3 Summary of the SEM-EDX results at different temperatures 

 

5.3.2 Analysis and discussion 

According to the results presented in Figure 5.1, there are two apparent drops of K 

concentration happened as the combustion temperature increased. As a result, the change 

Temperature, ℃ 

 30 200 300 400 500 

 

SEM 

     

 

EDX 

(Red: K 

Green: O 

Blue: S) 
     

 

EDX 

(Red: K 

Green: O 

Blue: Si) 
     

 600 700 800 900 1000 

 

SEM 

     

 

EDX 

(Red: K 

Green: O 

Blue: S) 
     

 

EDX 

(Red: K 

Green: O 

Blue: Si) 
     



   

87 
 

of K concentration can be divided into three stages: first drop (<500℃), holding phase 

(500℃-700℃), and second drop (>700℃). 

a) Stage 1: First drop (<500℃) 

Figure 5.1 shows that nearly 75% of K is left within this stage. The loss of K starts at 

200℃, which is the same temperature point that straw pellets start to decompose. Then 

there continues the slow loss of K as the final temperature increases to 500℃; in the 

meantime, the straw pellets suffered a steep loss of its total mass with nearly 70%.  

According to the investigation, the loosely-bonded K is more likely to attach to hydroxyl 

or carboxyl groups or other oxygen-containing groups [6, 7]. It is released from the surface 

of the particles at temperatures below 300℃ [8, 9] in the form of K+(g), then the K+(g) 

can react with H2O and/or Cl to generate KOH(g) and/or KCl (g) depending on the 

concentrations of moisture and Cl content [6, 10]. Primarily, KOH is the main form of K 

that is released at temperatures below 400℃.  However, when biomass sample has a high 

Cl content, the release of Cl in the form of HCl (g) will react with KOH (g) to generate 

KCl (g) and will be substantially released as the final temperature increased. Nevertheless, 

the released K compounds are all in small amounts, as indicated in Figure 5.1, there is 

only 3% of K content lost. Meanwhile, the inorganic-K and partial organic-K remain 

stable at these temperatures. 

When the final temperature reaches 500℃, the straw samples released an abundant 

amount of volatile matter [11], and most of the organic carbon compounds are evolved 

and oxidized to CO2 (g) [12]. Organic-K is partially decomposed to generate char-K and 

continuing to release as K+ (g). At the same time, inorganic-K remains stable as the 

temperature is too low to trigger the evaporation and decomposition reactions of 

inorganic-K compounds. The wheat straw pellets used in the tests are Cl-lean materials, 

indicating KOH is the main released form of K. Due to the presence of large amounts of 

CO2 (g) at this temperature in the combustion atmosphere and the lack of Cl in the gas 

phase, the released KOH (g) is partially condensed through carbonation reactions and 

may stay on the surface of the particles in the stable form as K2CO3 (s), via the R5-1. This 

reaction may lead to more retention of K content in the solid products, as the generated 

K2CO3 will not be decomposed until the temperature reaches its evaporation and 

decomposition limits.  
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In Table 5.3, the SEM tests reveal that the sample particles can hold most of its structure 

when the final temperature is below 300℃. Combined with the EDX results, the major 

parts of the particle surface areas are covered with O and detectable Si and K, while more 

K and S can be detected in the internal structure of the solid sample. When increasing the 

final temperature up to 500℃, the volatile matter is further released, and more organic-

K is converted to char-K, so that the structure of biomass becomes fragile, starting to 

collapse and fall apart. However, the most of the stem-like structure remains intact, and 

it can be observed that K and S are hidden inside the channel structures, while Si and O 

consist most of the external structure of particles. Nevertheless, the small amount of 

detectable S indicates that K2SO4 (s) is not one of the main existing forms of K in the 

wheat straw, K2SO4 could be generated as the temperature increased. With the 

combustion temperature increasing from 300℃ to 500℃, there is only 2% more of K 

lost according to the results in Figure 5.1, mainly because of the release of inherent 

KOH(s) at a temperature below 500℃ and the partial decomposition of char-K that 

generated from organic-K at temperature exceed 300℃ through the R5-2 and R5-3. 

As the final temperature increases up to 500℃, with the breakdown of particles, more 

inside located K exposed, however, the mass loss of K is insignificant, indicating that the 

major part of the K exists in the internal structure of biomass is thermally stable. The 

reaction between the Si-rich layers and the exposed K to form stable K silicates is 

negligible at low temperatures [3], meaning that the occurrence mode of inside located K 

is inorganic salts and high stability char-K [13]. In fact, highly mobile K in living biomass 

is mostly presented as free K+ ions in solution within the xylem cells [14]. During the air-

drying process, these ions precipitate as inorganic potassium salts [15], which can make 

up to more than 90% of the total potassium in raw biomass and are thermally stable at 

lower temperatures. 

b) Stage 2: Holding phase (500℃-700℃) 

The results in Figure 5.1 show that about only 5% more of K is lost in this stage, which 

is mainly attributed by the decomposition of char-K compounds (such as R-benzene-O-

K, which can be decomposed at the temperature range of 400℃-600℃) since char 

oxidation and decomposition normally occurs after the devolatilisation [16]. The minor 

released K might in the form of KOH (g) via the reaction with the moisture that 

decomposed from carbonates [17]. Besides, since the sample that employed in this study 
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is Cl-lean, and it is widely acknowledged that most of the Cl content could be released 

below 500℃ [9, 18-20], indicating that under this circumstance, there are minor Cl 

compounds exist in the reactor that could consume KOH. While the remaining char-K is 

oxidized to produce K2CO3 (s) via the reaction of R5-4 under the condition with sufficient 

oxygen content, and it could also react with S to form K2SO4 (s). After the release of 

organic-K and the oxidization of char-K at the end of this stage, the remaining K content 

in the solid residues mainly exists in the form of thermally stable inorganic salts. 

The morphology results in Table 5.3 indicate that there are less significant changes in 

particle structure when increasing the final temperature from 500℃ to 700℃. The 

particles are not fully collapsed; however, the channels become more fragile since more 

char has been oxidized with oxygen. The pores continue to collapse but are still visibly 

detectable; the surfaces of the particles are getting rougher and covered with fine ash 

particles. When the final temperature reaches 700℃, there is only 20% of the original 

sample remained as solid residue, which mainly consists of ash and unoxidized char. 

Previous studies indicate that the main volatile components have already been mostly 

devolatilized and decarbonized at this temperature [21]. The high Si content in the raw 

material in this study is the key to preserve the pore structure since it is mainly present as 

a silicate skeleton on the external surface of the straw, which provides structural strength 

and protection to against the breakdown of particles [3]. 

More K and S can be observed in the EDX images as the particle structure breaks down. 

The substantial amount of K exists inside the pores is exposed and likely to react with S 

in the presence of oxygen to form K2SO4 (s) via the R5-5. In addition, the observed K-Si 

clusters in Table 5.3 suggests the co-existence of K and Si in this stage, but not as a 

compound, since the reaction between them to form stable species is still insignificant at 

these temperatures [13]. This observation indicates that the K is likely to be captured by 

the Si matrix during the combustion process; it is well documented that alkali metal oxides 

can be incorporated into silicate networks and become less volatile [9, 22, 23], and the 

captured K can then react with Si when the temperature is sufficiently high. 

In conclusion, during this stage, the transition of the existing form of K is very likely to 

take place, such as the conversion of char-K and organic-K into thermal-stable inorganic-

K species. The release of K in this stage is insignificant compared to the loss of organically 

associated K during stage 1.  
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c) Stage 3: Second drop (>700℃) 

As the final temperature increased, high temperature facilitates the further oxidation of 

the remaining char and the dissociation and release of mineral salts, resulting in the sample 

continues to lose its mass, but with only 8%. In the meantime, K however, continues to 

significantly lose over 30% of its mass.  

After been released at low-medium temperatures, there is nearly no organic-K, and partial 

inorganic-K could be left, and the remaining K exists mainly in forms as K2CO3, K2SO4 

and K2SiO3. When the final temperature exceeds 800℃, some of the K2CO3 (s) could be 

released, while partial of the K2CO3 (s) could react with H2O to generate KOH (g) via the 

R5-6. Moreover, at temperatures above 900℃, K2CO3 (s) could primarily dissociate to 

form K2O (g) and K (g), following the R5-7 and R5-8 [3], and released, leading to the 

further loss of K content. However, the released K can be partially captured by the Si 

matrix. Previous studies [3, 24] stated that the formation of K-Si species is significant at 

combustion temperature above 900℃, following the R5-9, and the K-Si species can 

remain stable. As the final temperature increased to 1000℃, K2SO4 (s) could be 

evaporated [4], resulting in an additional loss of K content from solids. After complete 

combustion of biomass samples and release of inorganic-K compounds at high 

temperature, the remaining K is presented in the thermal stable forms in the solid residues, 

such as K2SiO3 (s) and K2O (s), as well as the possible forms like K2CaSiO4 (s) and 

KAlSi3O8 (s) [25]. 

According to Table 5.3, the structure and surface of the particles have changed 

significantly during this stage compared with that of other stages. At 800℃, the pore 

structure continues to break down, and fine particles coat the surface of larger residue 

particles; fusing area is more detectable on the particles in the SEM images as well. The 

EDX results show that the collapse of the pore structure continues to expose more inside 

located K and S. Meanwhile, Si still covers most of the surface area, but the breakdown 

of the particle results in the more peeling of Si-rich structures, which also exposes more 

inside located K and leads to its transformation of existing forms. At 900℃, the external 

surfaces of the larger particles are partially fused, and the fused areas are rich in Si and K; 

while the pore structure continues to shrink and close. Small Si-rich particles and small 

K2SO4 particles adhere to the external surface of the larger residue particles, which is 

similar to the result observed by Knudsen et al. [3]. 
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When the final temperature reaches 1000℃, pore structure becomes difficult to detect. 

Larger fused external areas can be observed, and the particles start to agglomerate into 

large structures with smooth surfaces. Due to the continuing evaporation of K2SO4 (s), 

the detectable K and S clusters are decreased. Still, more K and Si clusters are detectable, 

as well as isolated K and K-O clusters. The result suggests that the Si matrix can capture 

the K (s) and K2O (s) after they are released. As reported in the studies [9, 26], when the 

final temperature exceeds 1200℃, K2SiO3 (s) can be partially released as well, causing the 

further loss of K, while the trapped K (s) and K2O (s) can further react with Ca to form 

K-Ca-silicate, which remains stable in the molten residue ash. 

2KOH (g) + CO2 (g) → K2CO3 (s) + H2O (g) R5-1 

R-COOK (s) → R + CO2 (g) + K (g) R5-2 

2K (g) + 2H2O (g) → 2KOH (g) + H2 (g) R5-3 

Char-K (s) + O2 (g) → K2CO3 (s) R5-4 

Char-K (s) + S → K2SO4 (s) R5-5 

K2CO3 (s) + H2O (g) → 2KOH (g) + CO2 (g) R5-6 

K2CO3 (s) → K2O (s) + CO2 (g) R5-7 

2K2O (s, l) → 4K (g) + O2 (g) R5-8 

K/K2O (s) + SiO2 (s) → K2SiO3 (s)   R5-9 

5.3.3 Summary of findings 

The release and transformation behaviour of K were studied during the wheat straw 

combustion. Through the investigation, the final temperature has greatly affected the 

release of K during the combustion of biomass, with the increasing of final temperature, 

the left K in the solid residues declined, and there is over 60% of the initial K released 

when the final temperature reaches 1000℃.  

Based on the above-described results and the discussions with the results of the release 

of gas-phase K that extracted from references [2, 4, 13, 18], a comprehensive K transition 

pathway during the combustion process corresponding to the final temperature is 

proposed for a better understanding of the transition behaviour of K at different 

temperatures, as shown in Figure 5.2. 
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Figure 5.2. Temperature-dependent transition route of K during combustion  

(Integrated with the conclusions from [2, 4, 13, 18]) 

As indicated in the figure, when the final temperature is below 800℃, the release of 

loosely bounded K and organic-K mainly in the form of KOH, and this dominates the 

loss of K from the wheat straw. However, the minor loss of the total K indicates that at 

low-medium temperatures, the dominating behaviour is the transformation of the 

occurrence modes of K: (1) capture of released K compounds by Si-matrix, which caused 

by the change of particle structures and further exposure of inside located K; (2) the 

transformation from organic-K to char-K inside the solid residues; (3) the oxidization and 

sulfation of char-K to form the thermally stable salts like K2CO3 and K2SO4. The 

transformation of particles from a rigid and porous structure to collapsed and small rough 

particles significantly affect the transition pathway of K within this period. When the final 

temperature is higher than 800℃, the abundant decomposition and evaporation of K 

compounds (like K2CO3 and K2SO4) dominate the release of K, while the reactions 

between Si and the captured K to form thermally stable K silicate [3, 24] prevent the 
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further loss of K. Moreover, the further breakdown and collapse of the ash structure and 

its fusion phenomenon demonstrate the significant influence that Si has on the retention 

of K during the combustion process since the fusion area is rich in K and Si. 

5.4 Influence of heating rate on K transition 

As reviewed in Chapter 2, the heating rate has been known as a key factor that affects the 

biomass thermal conversion and could thus influence the transition behaviour of K. In 

addition, according to the discussion in 5.3, the final temperature has significantly affected 

the transition of K during the combustion process. So in this part, five typical final 

temperatures (300℃, 400℃, 600℃, 900℃ and 1000℃) representing the different 

temperature ranges are selected to investigate the influence of heating rate on the 

transition performance of K during the combustion process.  

5.4.1 Test results 

The uncertainties of the results are summarized in Table 5.4. As indicated in the results, 

the acquired uncertainties are all under 0.5%, indicating the results of the experiments in 

this part are in low variation and highly reliable. 

Table 5.4. Calculated uncertainties of the K concentration measurements at different heating 

rates 

Temperature, ℃ Heating 

Rate, ℃/min 
𝛿𝑅𝑘 , % Temperature, ℃ Heating 

Rate, ℃/min 
𝛿𝑅𝑘 , % 

300 
8 0.41 

400 
8 0.39 

17 0.26 17 0.24 
25 0.35 25 0.39 

600 
8 0.39 

900 
8 0.33 

17 0.24 17 0.21 
25 0.38 25 0.33 

1000 
8 0.15  
17 0.13 
25 0.13 

The change of K concentrations in the residues according to the change of heating rate 

at different temperatures are summarized in Figure 5.3. The results show the similar 

trends of the results under the three different heating rates, the K concentration in the 

solid residues, however, are different. For the heating rate of 8℃/min and 17℃/min, the 

K concentration in the residues under the same final temperature is close to each other. 

At 300℃, there is 78% of the initial K left in the solid residues when the heating rate is 

8℃/min, while it is 75% when the heating rate is 17℃/min, and as the temperature 
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increased, K concentration decreased mildly for both heating rates. When the temperature 

reaches 1000℃, K concentration in the solid residue drops to 46% and 42% of its initial 

mass for the heating rate of 8℃/min and 17℃/min, respectively. The difference of K 

concentration between these two heating rates is small (<5%) for all the tested 

temperatures. 

 

Figure 5.3 The change of K concentration (dry basis) with the change of heating rate 

Nevertheless, when the heating rate increases to 25℃/min, the obtained K concentration 

in the solid residues is much less than that of 8℃/min and 17℃/min at the same 

temperature. At 300℃, there is only 57% of the initial K left in the solid residues, while 

this value steep decreased to 25% at 1000℃. It also can be observed in Figure 5.3 that 

under the same final temperature, the differences between the K concentration in the 

solid residues under these three heating rates are consistent, with 5% difference between 

the results of the heating rate of 8℃/min and 17℃/min, and the difference between the 

results of the heating rate of 17℃/min and 25℃/min is 20%. 
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Table 5.5. Summary of the SEM-EDX results at different heating rates 

 

The morphology and EDX (K, O, S and Si) distribution results under the different heating 

rates are summarised in Table 5.5. As illustrated in the SEM results, at low temperature 

(400℃), the increasing of heating rate has insignificant influence on the particle structures, 

the stem-like structure is easily identified but with minor slits, and the particle shape is 

mainly maintained with slightly break down. When the final temperature reaches 600℃, 

with the raising of heating rate, the channel structure still can be easily identified; however, 

the breakdown of particles becomes more detectible, and more fragments can be 

observed. At higher temperature like 900℃, the influence of heating rate on the change 

of particle structures becomes significant. As we can see, at the heating rate of 8℃/min, 

the overall fibrous structure is maintained, and the pore structure is recognizable. While 

at the heating rate of 17℃/min, apart from the further breakdown and collapse of the 

Temperature, ℃ 400 600 

Heating rate, ℃/min 8 17 25 8 17 25 
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pore structure, the particle was partially fused; whereas at the high heating rate (25℃/min), 

the natural porosity becomes less visible, instead, large cavities appear, and more melted 

surfaces can be observed. At 1000℃, the morphology results of solid residues of the three 

heating rates show the similar trends: there is no visible stem-like structure, the particles 

covered with large fused surfaces; the high heating rate resulting in the more plastic 

deformation of particles (i.e. melting), leading to the smooth surfaces and large cavities. 

Same morphology results of biomass combustion are observed by Cetin et al. [27] and 

Guerrero et al. [28] as well.  

The EDX results show that, at lower temperatures like 400℃ and 600℃, the higher the 

heating rate, the more K can be detected, and K is more likely to locate inside the pore 

structures as well. S is less detectable at low heating rates but can be observed when 

heating rate increase to 25℃/min. Si can be detected at the outer surface of the particles. 

For the observed results under three heating rates, when the final temperature reaches 

900℃, K is the most detectable element on the particle surfaces in all the tests; while at 

1000℃, the large melting surface on the particles is mainly constituted by the K and Si. 

Besides, at the high final temperature, the higher the heating rate, the less the detectable 

K-S clusters 

5.4.2 Analysis and discussion 

As summarized above, the difference of the retained K concentration in solid residues is 

small between the heating rate of 8℃/min and 17℃/min, but at the heating rate of 

25℃/min, the left K concentration in the residue is much less than that of the heating 

rate of 8℃/min and 17℃/min. 

Devolatilisation is the initial step of the thermal conversion process, during which, 

thermal cut of the chemical bonds in virgin polymers causes the formation of light 

products and activated intermediates [29]. According to the studies [30-32], the high 

heating rate can enhance the probability of simultaneous bond breaking, leading to the 

release of volatile matters in a larger amount. The conversion rates of the tested samples 

under the different heating rates are summarised in Figure 5.4, as illustrated, high heating 

rate results in the high conversion rates of the samples during the combustion process, 

similar results are also observed by Fushimi et al. [33]. 
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At a given final temperature, the high heating rate implies that the sample can be heated 

to the target temperature in a shorter time [34], energy could be provided more rapidly, 

this could accelerate the molecular motions and trigger the decomposition reactions, then 

affect the conversion rate of biomass samples and leads to the different kinetic parameters 

[35]. According to [29, 36, 37], a low heating rate can result in a high value of apparent 

activation energy of the biomass decomposition, but a high heating rate can lead to a low 

value of apparent activation energy. As aforementioned in 5.3.2, the release of K starts 

with the release of loosely bonded K and organic-K, they might be associated with the 

volatile matters, which are mainly devolatilised during the devolatilisation stage. This 

explains the release of more volatile matters can promote the release of K. 

 

Figure 5.4 The change of the conversion ratio of the samples with the change of heating rate 

However, as we can see, the high heating rate has much more influence on the release of 

total K content than that of volatile matters. In fact, after the devolatilisation, the volatile 

matter related K are almost devolatilised. The further dissociations of organically and 

inorganically bonded K and generating free K/K+ within the particles might attribute to 

the more release of K. Especially the break of low bond dissociation energies (BDEs) 

required K bonds (i.e. organic-K and K+/K-X bonds). When the energy is sufficient, the 

high BDEs required K bonds would start to break as well.  
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Normally, the activation energies of biomass decomposition are within the range of 1-180 

kJ/mol [38], which means, the BDEs of K bonds that lower than 180 kJ/mol can also be 

broken alongside the biomass decomposition when sufficient energy is provided. The 

energies required to break the bonds between K and other compounds that potentially 

exist inside the biomass particles are summarised Table 5.6. As indicated in the table, the 

BDEs of K+-X bonds are relatively small and all below 180 kJ/mol, implying the 

preference of dissociation of K+-X bonds during the decomposition process. Also, as 

reported in the reference [39], the BDEs of organic-K are all within 100 kJ/mol, similar 

to that of K+-X bonds, which can be easily broken during the biomass decomposition 

process. Besides, the high heating rate can suppress the surface diffusion [40]; thus, the 

dissociated K+/K from the organic-K and K+-X can leave the particle surface more 

quickly. The high heating rate results in a quicker and higher degree of devolatilisation 

[41], which means H2O and HCl would be released in higher concentrations and rate than 

that of low heating rate. Then the free gaseous K+ would be more likely to react with 

these gas species and to generate stable gaseous K compounds (i.e. KOH and KCl).   

Table 5.6. BDEs of K related bonds 

The K bonds BDEs, kJ/mol The K bonds BDEs, kJ/mol 

K-H 183.4 K+-O 17.5 

K-Cl 433.0 K+-KCl 172 

K-O 276.1 K+-CO 19 

K-OH 359.0 K+-CO2 35.6 

(KO)-H 521.7 K+-KOH 159.0 

(KOH)-KOH 190.0 K+-(KOH)2 126.0 

K-H2O 24.1 K+-H2O 70.7 

K-NH3 31.2 K+-K2SO4 159.0 

K-K 57.0 K+(CH3OH)-H2O 65.2 

K+-K 85.7 K+-C2H5C(O)OH 87 

K+-Cl 26.9 K+-C6H5OH 83.7 

K+-CH3OCH3 92.9   

*BDEs are summarized from [39] 

From the observation of morphology results in Table 5.5, the influence of heating rate on 

the change of particle structure at low-medium temperatures (400℃ and 600℃) is less 

significant, and the particles suffered minor breakdown and pore collapse. However, at 
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high temperatures (900℃ and 1000℃), with the increasing of heating rate, the particle 

structures have suffered substantial changes. In fact, the high heating rate could cause a 

fast release of volatile matter and lead to a thinner wall of particles [28]; with the internal 

overpressure and coalescence of the small pores, the large cavities and open structure 

appear more frequently than that of low heating rate. The open structures could expose 

more inside located K, and with the decomposition and evaporation of K compounds, 

results in the less retention of K in the solid residues. Besides, the high heating rate could 

increase the char activities at higher temperatures [42], as it can lower the amount of 

deposit of pyrolytic carbon which retards the reactivity and generating a carbon matrix 

with defective microcrystallites, and this could provide a higher concentration of active 

site [43]. The phenomenon mentioned above would accelerate the decomposition and 

conversion of char-K and to form more inorganic K compounds (i.e. KOH, K2CO3 and 

K2SO4) and could be released at high temperatures [44]. As indicated in Table 5.5, at high 

final temperature like 900℃ and 1000℃, the higher the heating rate, the less the 

detectable K-S clusters also proves that more K2SO4 could be released, which is one of 

the main K compounds that been released at high temperatures. Moreover, the declined 

heating rate could cause more secondary reactions as it enables an extended residence 

time of the volatiles in the particles [41], while the high heating rate can inhabit the 

secondary reactions after the devolatilisation process [45]. The shorter stay and less 

secondary reactions could also lead to a more escape of K content during the combustion 

process of biomass.  

5.4.3 Summary of findings 

The heating rate has a great influence on the transition of K content during the 

combustion process. In this study, at any given temperature, increasing the heating rate 

from 8℃/min to 25℃/min would result in 20% more loss of the initial K concentration 

after combustion. During low-medium temperature range, heating rate affects the K 

release by decreasing the apparent activation energies of biomass decompositions and 

release more volatile matters related K, as well as the break of low BDEs required K 

bonds; the released K could react with H2O and HCl to generate more KOH and KCl. 

While at high temperatures, the heating rate influences the release of K by significantly 

changing the particle structures, like the shrink and collapse of porosity structures and 

generating large cavities, expose and release more inside located K. Besides, the high 
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heating rate can suppress the surface diffusion and secondary reactions, but enhance the 

activities of char. These could also result in the more release of K during the combustion 

process. 

5.5 Summary of the chapter  

This chapter aims to understand the effects of operating factors (final temperature and 

heating rate) on the transition performance of K during the combustion process of wheat 

straw. The experimental studies were performed in a custom-designed FBS, the collected 

solid residues were analysed by ICP-OES and SEM-EDX techniques, and a general 

conclusion can be summarised as: 

 Final Temperature 

Through the investigation of testing ranged from 200℃ – 1000℃, the final temperature 

has significantly affected the transition performance of K during the biomass combustion, 

the higher the final temperature, the less the K that left in the solid residues. Three stages 

of K release can be observed as the final temperature increased: The first stage happens 

the release of loosely bonded K and partial organic K, which causes about 25% loss of 

the initial K. The second stage is likely to occur the transition of existence form of K, 

from thermally unstable compounds to thermally stable compounds like KOH and 

K2CO3, during which, only 5% more of the initial K was released. While at the third stage, 

the abundant release of inorganic compounds is the main reason that causes the loss of 

K from biomass, and during which, nearly 30% more of the initial K was lost. It can also 

be concluded that the majority part of K exists inside the stem-like tunnel of the biomass 

particles. As the temperature increased, the breakdown and collapse of particle structure 

could accelerate the release of K since it can expose more inside located K content. In 

addition, the existence of Si could help to prevent the loss of K as the Si matrix can 

capture the K and generate more stable K-Si compounds that can stay as solid residues.  

 Heating rate 

Three heating rates (8℃/min, 17℃/min and 25℃/min) were selected to perform the 

experiments in this chapter. As a result, the heating rate also has a great influence on the 

transition performance of K during the wheat straw combustion, the higher the heating 

rate, the less the K that left in the solid residues. The difference between the K in the 

solid residues under the heating rate of 8℃/min and 17℃/min is within 5%, while this 
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value sharply increased to 25% between the results of heating rate of 8℃/min and 

25℃/min. At low-medium temperatures, high heating rate affects the K release by 

influencing the molecular motions and accelerating the biomass decomposition, the 

release of volatile matters related K, as well as the breakdown of K+/K-X bonds, leading 

to the more release of K. At high temperatures, heating rate affects the particle structure 

to accelerate the K release, the higher the heating rate, the more coalescence of small 

pores to generate large cavities and more open structure, which exposed more inside 

located K, and thus, accelerates the decomposition and sublimation of K compounds. 
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CHAPTER 6 

PREDICTION OF THE RELEASE OF POTASSIUM 

COMPOUNDS DURING BIOMASS COMBUSTION 

This chapter describes the results produced using a two-step kinetic model. In the 

beginning, the chapter describes the model setup, validation. Then the estimated results 

are presented in two parts: the predicted results of release profiles of K compounds and 

the reaction paths among different K compounds. 

6.1 Background 

As indicated in the results of the experimental study in Chapter 5, the final temperature 

has greatly affected the transition performance of K, with the final temperature increased 

from 200℃ to 1000℃, over 60% of the total K has been released. However, the existing 

experimental methods can only allow the determination of the overall released amount of 

K during the combustion process; they are unable to determine the release profiles of 

different K compounds. To obtain such information, a two-step kinetic model has been 

developed in this study, which consists of the biomass devolatilisation process and the 

reaction of gas species in the combustion environment. Therefore, the change of reaction 

temperature on the change of release profiles of K compounds during the combustion 

process will be investigated, in order to acquire the detailed information on the release of 

different K compounds, as well as a better understanding of the reaction mechanism of 

K compounds at different temperatures. 

6.2 Model setup 

Wheat straw has been selected as the biomass material due to its high concentration of K 

content [1]. The major chemical compositions of wheat straw and the calculated initial 

input values are summarised in Table 6.1.  

At the devolatilisation stage, biomass was heated at a heating rate of 20℃/min until 

reached a designed final temperature that is ranged from 327℃-1127℃, with a 100℃ 

interval. Once the devolatilisation stage was completed, the homogeneous combustion in 

the gas phase will take place at each final temperature with a residence time of 10 min. 

Then the release profiles and the reaction path of different K compounds will be obtained. 
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Table 6.1 Characteristics of wheat straw and initial input values 

 
Biomass Oxidizer 

Cellulose db Hemicellulose db Lignin db H2O ar K db S db Cl db O2 

Fraction, wt% 48.27 31.60 20.12 9.00 1.20 0.17 0.27 - 

Initial inputs,  

mol/g biomass 
2.8×10-3 2.3×10-3 9.2×10-4 5.0×10-3 3.1×10-4 5.3×10-5 7.6×10-5 3.58×10-2 

* db = dry basis; ar = as received 

6.3 Validation of the model 

The model has been validated in two parts: firstly, the validation of the yielded products 

from the devolatilisation part; secondly, the validation of the yielded K compounds from 

the combustion part.  

Figure 6.1 compares the devolatilisation results between the experiment and modelling. 

As we can see, with the increasing of final temperature, the yields of gas products are 

increased, the solid products, however, are decreased. This trend agrees well with our 

experimental data illustrating that the mixtures of cellulose, hemicellulose and lignin could 

be used to represent the thermal decomposition properties of biomass materials [2], and 

the results from the test are summarised in Figure 6.1 as well.  

     

Figure 6.1 Distribution of yielded products after devolatilisation 
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Also as illustrated in Figure 6.1, at 127℃, the predicted yield of gas products is less than 

20% of the initial amount of biomass, while this value raises to 30% and 60% at a 

temperature of 327℃ and 527℃, respectively. With the temperature further increases, 

the predicted yield of the gas products remains nearly constant, and a similar trend can be 

observed from the test results too. When the temperature is lower than 527℃, the 

predicted amount of weight loss is higher than that of the measured results. At low 

temperature like 127℃, the evaporation of moisture content from the biomass dominates 

the weight loss; the moisture content of the biomass studied in the model is set as 9% as 

the received basis (see Table 3.1); however, the samples that used in the experiment are 

almost dried powder, resulting in the less loss of weight at low temperature. When the 

temperature is higher than 327℃, the model under-predicts the yield of gas products 

(mainly volatile matter), this is because of the tested samples are the mixture of high-

purity compounds which contains negligible ash and mineral contents, but the model 

considered wheat straw with 5% of ash content and a certain amount of mineral species. 

The prediction of the yielded major compounds (KCl and HCl) after the combustion is 

shown in Figure 6.2, and the yields are presented in the unit of mole/g biomass and 

compared with the work of Wei et al. [3]; in their study, FactSage is used to perform 

thermodynamic equilibrium analysis to determine the release of K compounds during 

biomass combustion.  

 

Figure 6.2 Comparison of results between this study (solid lines) and the Ref. [3] (dashed-dotted 

lines) 
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Notably, Figure 6.2 shows that the predicted amounts of the selected gas species from 

the reference are higher than the predicted results in this work. Firstly, the initial input 

values of K and Cl in the reference are higher than that in this study, as indicated in Table 

6.2; a high chlorine content could contribute to the high yields of chloride, especially KCl 

and HCl. Secondly, Wei’s method assumed a sufficient residence time to reach the 

equilibrium state, simplifying the importance of residence time. Thirdly, as mentioned 

before, major chemical components are used to represent biomass material in this model 

instead of the commonly used elemental composition, the different devolatilisation 

reaction mechanisms that used in the model could affect the products in the gas phase 

and the relevant reactions. Despite the above differences, the predicted results in this 

work show a good agreement with the referenced results: the release peaks of KCl and 

HCl all appear at 927℃ and 727℃, respectively; the released amount of KCl becomes 

flat when the final temperature exceeds 927℃. It is worth to mention that no 

experimental data are existing with such detailed yields of various kinds of K compounds, 

while the similar trends against equilibrium modelling results illustrate that the predicted 

results from this model are reasonable. 

Table 6.2 Initial Input of K and Cl (mol/ kg biomass) 

 This work Ref. [3]  

K 307 329 

Cl 76 132 

 

6.4 Predicted results of the release of K compounds 

6.4.1 The release profiles of K species 

This model includes 13 possible K compounds that could be released as gas products 

during the combustion process: K, KO, KO2, KSO2, KSO3, KOH, KCl, KH, KSO3Cl, 

(KOH)2, (KCl)2, KHSO4, and K2SO4. However, not all of the mentioned K compounds 

are released or yielded in large fractions; instead, some of those may play significant roles 

as intermediate species during the reactions, either facilitating or inhibiting the conversion 

of K content into the major species and thus affect the release of K compounds [4]. Under 

this circumstance, the predicted results from the model are divided into two parts: the 

release profiles of major species and the release profiles of intermediate species. 
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6.4.1.1 Major species 

According to the previous study [5-7], during the combustion process of biomass, K 

mainly released in the form of KCl, KOH and K2SO4. Besides, the existence of Cl species, 

like HCl, would promote the release of K content [8, 9]. The release profile of HCl is thus 

crucial to the release study of K. The released mole fractions of these major species with 

the increase of final temperature are shown in Figure 6.3.  

As shown in Figure 6.3, the notable release of HCl starts first, at 427℃, and the fraction 

quickly reaches its peak at 727℃, with 8.0×10-4 %, and then the fraction starts to decline. 

When the final temperature exceeds 927℃, the release of HCl becomes negligible 

compared to the rest of the major species. The notable release of KCl starts at 527℃, and 

its release in large fraction begins at 627℃, followed by a steep increase to 1.1×10-3 % at 

927℃. Then the increases of fraction slow down, and finally reach 1.3×10-3 % at 1127℃. 

While the release of KOH becomes notable when the final temperature exceeds 927℃, 

then the fraction sharply increased, and reaches its peak at 1027℃, with 7.5×10-4 %, and 

then starts to decline. However, the fraction of K2SO4 is negligible compared to the rest 

of the major species when the temperature below 1027℃, but jumped to 5.4×10-4 % at 

1127℃, yet still lower than that of KCl, with 1.3×10-4 %, but almost the same as that of 

KOH, with 5.7×10-4 %.  

 

Figure 6.3 Release profiles of the major species 

During the combustion process, Cl is usually released at low temperatures in the form of 

HCl [10], mainly from the ion-exchange reactions with suitable functional groups in the 
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organic matrix [11], which occupies 20-50% of the initial Cl content [11]. Nevertheless, 

the dominant Cl compounds found in biomass is in the form of KCl, which remains stable 

in the solid state until temperature reaches about 627℃-727℃ [10, 12-15]. When the 

temperature exceeds this range, the sublimation of KCl becomes of a dominant path to 

the release of both K and Cl and remains as one of the major K compounds that released 

the most. The yield of KOH is negligible compared to the amount of KCl and HCl at 

temperatures below 927℃, due to the large amount of HCl, KOH is mainly converted to 

KCl via R6-1. This is also reflected by the large fraction of the released KCl, which means, 

apart from its sublimation, the major contributor of KCl in the gas phase is the 

consumption of KOH by HCl. When the temperature exceeds 927℃, the release of HCl 

is in small fraction compared to the rest of the major species and continuing to decline; 

KOH, however, starts to release abundantly without the consumption of HCl. Meanwhile, 

the fraction of released KCl becomes constant, due to the lack of HCl retards the R6-1. 

As for K2SO4, it is thermally stable at low-medium temperatures, and as final temperature 

increases to 1127℃, K2SO4 will be evaporated and released gradually [16] from the 

biomass and becoming one of the major released species of K at high temperatures. 

In summary, during the combustion, HCl would be released abundantly at low 

temperature. The dominate K compounds found in the gas phase is KCl, which 

represents more than half of the released K contents, and the release of KCl is mainly 

from its sublimation and through the R6-1. The release of KOH starts after the complete 

dechlorination, due to the reaction between K and water vapour which is governed by the 

thermal decomposition of carbonates [17]. K2SO4 will not be released until a sufficiently 

high temperature is reached, and its release is dominated by evaporation [15, 16]. The 

predicted formation and release performance of these major species agreed well with that 

concluded from the experimental studies [15, 18-20]. 

6.4.1.2 Intermediate species 

During the devolatilisation process, loosely bonded K will be firstly released in the form 

of K+, which could react with other presenting organic and inorganic species [10, 21-23]; 

in addition, the inherent inorganic K could also interact with other components during 

the thermal conversion process. These could involve important intermediate products, 

which affect the release rate and type of K compounds. As the intermediate species might 

be thermally unstable and the reactions can take place within a very short time, it is, 
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therefore, difficult to get a detailed release profile and the yields of intermediate products. 

Thus, it makes this part valuable since it can provide information regarding the release of 

intermediate species. The amounts of selected important intermediate species as reported 

in the literature [24] and are summarised in Figure 6.4 (a-c), in which the changes of the 

total amounts of these species with the change of final temperature are demonstrated. 

 

(a)                                                                            (b) 

 

(c) 

Figure 6.4 Release profiles of intermediate species 

As indicated in Figure 6.4 (a), there are two intermediate K compounds released in large 

fractions during the combustion: (KCl)2 and (KOH)2. At the final temperature below 

627℃, (KCl)2 has a larger fraction than that of KCl. The result indicates that, when the 

temperature is relatively low, KCl is more likely to be bonded with each other to form 

(KCl)2, resulting in the release of K mainly in the form of (KCl)2 at these temperatures. 

Then the fraction of (KCl)2 reaches its peak at 827℃ with 1.1×10-4 %. With the final 

temperature further increases, the generated (KCl)2 starts to dissociate to form KCl, and 
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along with the R6-1, boosts the fraction of KCl when the final temperature exceeds 827℃. 

As the final temperature exceeds 927℃, the fraction of (KCl)2 starts to decline; meanwhile, 

the fraction of KCl becomes consistent.  

During this period, the fraction of (KOH)2 is negligible compared to the rest of the major 

and intermediate K compounds, as indicated in Figure 6.4 (a) (right Y-axis). However, the 

release of (KOH)2 in noticeable fraction appears at the same time as the fraction of KOH 

becomes obvious; this reveals that KOH undergoes the same route as KCl does. At the 

initial stage of release, KOH tends to associate with each other to form (KOH)2; however, 

unlike (KCl)2, the formed (KOH)2 is in a small amount and might be thermally stable at 

these temperatures. Nevertheless, due to the low concentration of KOH, the association 

rate of KOH to form (KOH)2 might be much lower than the release rate of KOH, leading 

to the small fraction of (KOH)2 in the gas products, which reaches its peak at the same 

temperature as KOH at 1027℃ but with only 3.0×10-7 %. 

As discussed above, the formation of large fractions of (KCl)2 and (KOH)2 illustrate that 

the homogeneous reactions of the K compounds could occur during the devolatilisation 

and combustion process. Therefore, the release path of K chloride and hydrate species 

should follow the summarised reaction sequences:  

K → KCl +KCl → (KCl)2 → KCl                                                                      Seq. 6-1 

K→ KOH + KOH → (KOH)2 → KOH                                                            Seq. 6-2 

The estimated result in Figure 6.4 (b) indicates that nearly no K-S compounds released at 

low temperatures, which however, starts to release when the final temperature exceeds 

927℃. KSO3 released in significant fraction after 927℃, and then sharply increases to 

1.4×10-15 % at 1127℃, while the release of KSO2 in noticeable amount appears after 

1027℃, and the fraction reaches its peak at 1127℃, with only 7.6×10-17 %. As we can see, 

during the combustion process, both KSO2 and KSO3 are released in small fractions 

compared to the release of major species like KOH, KCl and K2SO4. This result indicates 

that KSO2 and KSO3 are more likely to react with other species to form stable species 

(e.g., K2SO4) through the reactions R6-2 and R6-3. KHSO4 starts to release in noticeable 

fraction at 1027℃ and reaches to its peak at 1127℃ with 1.8×10-16 %. Apart from the 

direct release of KHSO4 at high temperature, the reaction that follows the R6-4 might be 

another reason that causes the sharp increase of the release of KHSO4. This is also 
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reflected by the results in Figure 6.3 when the final temperature exceeds 1027℃, the 

fraction of KOH starts to decline. 

The release profiles of KO and KO2 are illustrated in Figure 6.4 (c), which fractions are 

negligible when the final temperature is lower than 927℃. Nevertheless, the fraction of 

KO2 is always higher than that of KO, especially when the final temperature beyond 

927℃, the difference of the fraction between KO and KO2 becomes enormous. Both 

KO and KO2 reach their peaks at 1127℃, with 1.8×10-8 % and 1.7×10-7 %, respectively. 

During the combustion process, when the concentration of oxygen is sufficient, K likely 

to convert to KO2 firstly via the R6-5 and further react with excess oxygen to generate 

KO via the R6-6. At low temperature, KO could also react with SO2, H2O and HCl to 

generate KSO3, KOH and KCl, following the R6-7-R6-9. However, as the final 

temperature increases, the decreasing of the fraction of SO2, H2O and HCl could slow the 

depletion of KO, which in turn, results in the release of KO in a relatively higher fraction. 

KOH + HCl → KCl +H2O                                                                                                        R6-1 

KSO2 + KO2 → K2SO4 R6-2 

KSO3 + KO → K2SO4 R6-3 

KOH + SO3 → KHSO4 R6-4 

K+ O2 → KO2                                                                                                                           R6-5 

KO2+ O → KO + O2                                                                                                                 R6-6 

KO + SO2 → KSO3                                                                                                                   R6-7 

KO + H2O → KOH + OH                                                                                                        R6-8 

KO + HCl → KCl                                                                                                                     R6-9 

2KOH + SO3 → K2SO4 + H2O                                                                                               R6-10 

KCl +KOH + SO3 → K2SO4 +HCl                                                                                         R6-11 
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6.4.1.3 Summary of the release profiles of K 

Through the above discussion, a generalized reaction path of K during combustion is 

summarised in Figure 6.5 to indicates the potential routes of K after been released. Indeed, 

the reaction path is varying with the change of final temperature. Figure 6.5 shows that 

the intermediate species (as presented in blue colour) are thoroughly involved in the K 

transition and play a crucial role to generate the major K compounds: KOH, KCl and 

K2SO4 (as presented in black colour), however, the intermediate species are all released in 

minor fractions as presented and discussed in the previous part. This suggests that the 

generation of detrimental K compounds (e.g. KCl, KOH and K2SO4) might be mitigated 

if a suitable method could be developed to alter the formation of intermediate species. As 

the intermediate products have not been detected experimentally [24], it is of great interest 

to obtain the information regarding the intermediate species from this model to guide the 

design of future experiments. 

 

Figure 6.5 Generalized reaction path of K 

6.4.2 The reaction paths of K species 

According to the different final temperatures, the results of detailed reaction path 

followed by K are presented according to low (327℃-527℃), medium (627℃-827℃) 

and high (927℃-1127℃) temperature ranges. Figure 6.6-6.8 illustrate the transition of K 

among different compounds during the combustion process at different ranges of 

temperature. It is worth noting that the values on the arrows in the graphs are the rates at 

which species are formed from other species, kmol/m3 s, the larger the value, the higher 

the formation rate of the targeted species. While the shade of the arrow represents the 

occupation of the reaction among the overall reaction rate.   
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6.4.2.1 Low temperature range (327℃-527℃) 

As been discussed before, at low temperatures, there is only a limited amount of K been 

released, which mainly comes from the loosely-bonded and organically-associated K. As 

illustrated in Figure 6.6, at 327℃, the reaction between KCl and KOH is the only major 

transition, while the transitions of the other K compounds all occurred at low rates. At 

427℃, apart from the major transition route from KOH to KCl, the intermediates species 

KO and KO2 and their transitions to KOH and KCl start to become more significant. 

The same result can also be observed at 527℃ but with even higher reaction rates; since 

the increasing of temperature results in the more release of gas species and K that involved 

in the reactions. 

  

327℃ 
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427℃ 

 

527℃ 

Figure 6.6 Reaction path diagrams of K in the low temperature range (the value on the arrows in 

represents the rates at which species are formed from other species, kmol/m3 s) 
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Figure 6.6 also shows that, as the final temperature raised, the rest of the K compounds 

and their transition rates are negligible compared to the transition among KOH, KCl, KO 

and KO2. As aforementioned, HCl starts to release at low temperatures (around 427℃), 

which causes the depletion of KOH to form KCl following the R6-1. Moreover, as the 

final temperature increased, more loosely bonded K and organically associated K are 

dissociated and then released, which can be either oxidized or reacted with other 

hydroxide compounds and to form intermediate species, such as KO and KO2. Then, 

these phenomena could accelerate the transition among KOH, KCl, KO and KO2, which 

are all reflected by the high rates on the arrows. Besides, as shown in Figure 6.6, the release 

of (KCl)2 start to appear with high rate at 527℃ and gradually become one of the major 

released K compounds. This agrees well with the results presented in Figure 6.4 (a), (KCl)2 

is the main released K compounds when the temperature below 527℃, followed by the 

KCl.  However, (KOH)2 only has a negligible reaction rate within this temperature range.  

Moreover, no K2SO4 can be observed in the reaction paths in Figure 6.6, instead, the 

transition routes from other K compounds to KHSO4, KSO2 and KSO3 are noticeable, 

but all in low reaction rates. This reveals that the formation of K-S species may start at 

the early stage of the combustion, but the transition and release of stable K-S compounds 

(i.e. K2SO4) are favoured by the high final temperatures. As discussed before, at this 

temperature range, there almost no inorganic K is released; therefore, the reaction path 

in Figure 6.6 mainly reveals the potential transition routes of K after it dissociates from 

the loosely connected bond and organic matrix. 

6.4.2.2 Medium temperature range (627℃-827℃) 

Figure 6.7 shows the reaction paths of K in the medium temperature range. The transition 

routes become more complicated with the increasing of the final temperature. Additional 

transfer paths are involved during the combustion process compare to the results of the 

low temperature range. Among all the transition routes, KCl and KOH are still the final 

products of most of the reactions within the pathways. Within this temperature range, the 

depletion of KOH to form KCl is still one of the major reactions, due to the existence of 

a large amount of HCl during this temperature range, this is also reflected by its high 

reaction rate. 

As the final temperature further increases, conversions of other K compounds to KCl are 

increased, such as from KO and KO2 to KCl through the reaction with HCl. Besides, the 
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formation of KOH would also involve more species, e.g., KO, KO2 and KHSO4 that 

could react with H2O, which is generated from the decomposition of carbonates at high 

temperatures. However, due to the abundant existence of HCl within this temperature 

range, the KOH related reactions are all in low rates. When the final temperature reaches 

827℃, the rates of all the transition reactions are accelerated quickly, among which the 

transition sequence KO → KOH → KCl is the major reaction route of K, leading to the 

release of KCl in large fraction, this can also be observed in the results presented in Figure 

6.3. Although the release of HCl starts to decrease at temperatures beyond 727℃, as 

illustrated in the results summarised in Figure 6.3, however, still in large fraction. This 

causes the high reaction rate of KOH → KCl and allows it to be one of the main reaction 

routes at the medium temperature range. Meanwhile, (KCl)2 gets more involved in the 

reaction of KCl within the medium temperature range, while the reaction rate of (KOH)2 

is still negligible compared to the rest of the K compounds. 

 

627℃ 
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727℃ 

 

827℃ 

Figure 6.7 Reaction path diagrams of K in the medium temperature range (the value on the 

arrows in represents the rates at which species are formed from other species, kmol/m3 s) 
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As shown in Figure 6.7, within the medium temperature range, more K-S compounds 

start to involve in the reactions with other K compounds. At 727℃, the transitions of 

other K compounds to K2SO4 start to occur, and K2SO4 becomes the terminal of most 

of the transition routes at 827℃. However, all the reactions towards K2SO4 are in very 

low reaction rates, indicating the contributions of other K compounds to K2SO4 content 

are small during the combustion at this temperature range. Since K2SO4 is thermally stable 

at these temperatures, most of the released K is still in the form of KCl. 

6.4.2.3 High temperature range (927℃-1127℃) 

The reaction paths of K at the high temperature range are illustrated in Figure 6.8. The 

rate of formation of KCl is slowing down, and meanwhile, due to the depletion of HCl, 

more KOH starts to form as well as the conversion between KOH and (KOH)2. Within 

this temperature range, KSO3Cl becomes more involved in the reaction with KCl, while 

KHSO4 is the major species involved in the reaction with KOH. However, the formation 

rate of KO from KO2 sharply decreased from 1.0 kmol/m3s at 927℃ to 2.2×10-4 

kmol/m3s at 1127℃. As indicated in Figure 6.5, the decrease of KO2 content would 

directly affect the formation of KO, and thus reduce the formation of KCl, KOH and 

KSO3, which could decrease the formation of K2SO4. Nevertheless, at high temperatures, 

nearly all Cl and H2O contents are released [8], meaning the reaction paths of K + Cl/Cl2 

→ KCl and K +H2O → KOH are no longer critical at high temperatures, this indicates 

that the formation of KCl and KOH are mainly via the intermediate species, like KO, 

(KCl)2, (KOH)2, KHSO4 and KSO3Cl. This reveals that the decline of the formation of 

KO is one of the crucial factors that triggers the decrease of the release of KCl and KOH 

as temperature increased, alongside the consumption of (KCl)2 and (KOH)2 contents. 

Nevertheless, as presented in Figure 6.8, the total consumption rates of KCl and KOH 

are slower than their formation rates, which means KCl and KOH are still the major K 

compounds that released at the high temperature range. 

Within high temperature range, K2SO4 is the final product of most of the reaction 

pathways, including the transition from KCl and KOH to K2SO4 via the possible reactions 

of R6-10 and R6-11. KSO3, KSO3Cl and KHSO4 are the most important intermediate 

species that are involved in the transitions, and they are chemically stable in the gas phase 

at this temperature range [18], which makes them detectable as gas species. As discussed 

before, there is a steep increase of the release of K2SO4 at 1027℃; however, as shown in 
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Figure 6.8, the reaction rates that toward K2SO4 are all negligible compared to those of 

KCl and KOH, even though K2SO4 is the final product of most of the potassium species. 

This illustrates that the release of K2SO4 at high temperature is mainly contributed by the 

inherent K2SO4 content in biomass and the ones that generated at the early stage of the 

combustion which in the solid form. While the transitions of other gaseous K compounds 

to K2SO4 are too small to trigger the leap of the release of K2SO4 content at high 

temperature range. The result also reveals that the release of K2SO4 is less dependent on 

intermediate potassium species during the combustion process. It is reported that there is 

a two-step release mechanism of S determined during the combustion process of biomass 

[15]. The first step happens during the devolatilisation stage, when the organically-

associated S content is released, which makes up about 50 wt% of the total S in the 

biomass; the second step occurs at the char-burnout stage, during which, the inorganic S 

content is mainly released, including the evaporation of K2SO4 content [15].  The released 

S content at the devolatilisation stage is mainly in the form of oxide, like SO2 and SO3 [7] 

and then could be recaptured and happen the secondary reactions with char matrix. This 

process could facilitate the formation of K2SO4 in the solid residues, which remains stable 

until the temperature is high enough for its evaporation. This again proves the previous 

discussion that partial of the released K2SO4 content at high temperature comes from the 

reactions of sulphide at the early stage of the combustion. 

 

927℃ 
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1027℃ 

 

1127℃ 

Figure 6.8 Reaction path diagrams of K in the high temperature range (the value on 

the arrows in represents the rates at which species are formed from other species, 

kmol/m3 s) 
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6.4.2.4 Summary of the reaction path 

As indicated in Figure 6.6-6.8, (KCl)2 and (KOH)2 can only be formed from and 

disassociated to KCl and KOH, respectively. This reveals that during the combustion 

process, the way to generate and deplete (KCl)2 and (KOH)2 contents is only via the 

homogenous reaction. Also, from the reaction pathways that demonstrated above, one 

major transition cycle can be identified from each temperature range according to the 

reaction rates. These cycles represent the transition routes that happened the most 

frequently at different ranges of temperature, which indicates the consumption and 

formation of each species that included in the cycles are with high reaction rates. The 

transition cycles of different temperature ranges are presented in Figure 6.9.  

The result indicates that, with the increase of final temperature, KCl and KOH are 

gradually replaced by K and KSO3 in the major transition cycles. As demonstrated in 

results in Figure 6.3, the release of KOH and KCl contents become constant when the 

final temperature exceeds 927℃, meaning the transition rates of KOH and KCl are low, 

their depletion and formation are not changed a lot. The involvement of KSO3 as a major 

species in the cycle in Figure 6.9 (c) indicates that it has a high reaction rate at high 

temperature, which could facilities the formation of K2SO4. This suggests that the 

formation of K2SO4 is favoured by the reaction of KSO3 content. However, since more 

KSO3 is involved in the major transition cycle, its contribution to the formation of K2SO4 

is less important. This means the quick release of K2SO4 at high temperatures is not mainly 

contributed by the reaction of other K compounds, instead, relies more on its original 

concentration in biomass and the formation of intermediate K compounds at the early 

stage of combustion, as discussed before.  

   

(a) Low temperature      (b) medium temperature      (c) high temperature 

Figure 6.9 Major transition cycles of K in different temperature ranges 



   

125 
 

As we can see in Figure 6.9, KO and KO2 are the only two species that involved in the 

transition cycles in all temperature ranges, which are the main contributors to form the 

major K compounds (i.e. KOH, KCl and K2SO4) in the gas phase during the combustion 

process as discussed in the previous part. As presented in the results in Figure 6.4, the 

release amount of KO and KO2 contents are all negligible compared to the major K 

compounds when the temperature is lower than 927℃. However, the large reaction rates 

of KO and KO2 related transitions in Figure 6.6-6.8 reveals that KO and KO2 are existed 

in large amounts, meaning that the initial released K content mainly exists in oxidised 

forms, and they are more likely to react with other components to generate chemically 

stable K compounds and been released afterwards. As a result, appropriate control of the 

reactions of KO and KO2 during the combustion process could be helpful to prevent the 

generation of the major K compounds.  

6.5 Summary of the chapter 

This chapter presented the prediction of the release profiles of K compounds and their 

reaction paths at different final temperatures using the developed two-step kinetically 

controlled model. 

The results showed that by giving the initial compositions, it is possible to use the model 

to predict the release profiles of K compounds during the combustion process of biomass. 

The modelling results demonstrate that KOH, KCl and K2SO4 are the major K 

compounds to be released during the combustion. KOH is more likely to be generated 

during the K release process, which involves the reactions of intermediate K compounds. 

KOH and KCl are the main forms of released K compounds throughout the whole 

temperature range, while the released amount of K2SO4 is negligible if the temperature is 

below 1027℃, but its release sharply increases to the same level of KOH at 1127℃. The 

reaction path diagrams show that when the final temperature below 827℃, KOH and 

KCl are the two final products of most of the transitions. K2SO4 is the final product of 

the majority of the transitions when the final temperature is in the range of 827℃-1127℃, 

but all in low transition rates. The reactions that involve the intermediate K compounds 

are more important to the release of KOH in addition to the release of initial 

concentrations of KCl and KOH while the release of K2SO4 is highly dependent on its 

initial concentration in the biomass and the reactions in the solid phase at the early stage 

of the combustion.  
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The higher the final temperature, the more complex the reaction paths of K can be 

acquired from the model. The intermediate K compounds are released in minor amounts 

as gas products when compared to those of KOH, KCl and K2SO4, and this illustrates 

that during the combustion process, the intermediate species are shortly existed in the 

reaction system and then quickly converted to other major species. Only several of them 

are thermally stable and detectable in the reaction system.  (KCl)2 is a key intermediate 

species; it represents most of the gas phase K when the final temperature is below 727℃. 

KO and KO2 are two most important intermediate species during the transition of K 

throughout the whole temperature range and significantly affect the conversions of KOH 

and KCl.  KSO3Cl and KHSO4 could participate in the transitions during the combustion 

process and finally converted to K2SO4. 
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CHAPTER 7 

EFFECTS OF CHLORINE AND SULPHUR 

CONCENTRATIONS ON THE RELEASE OF 

POTASSIUM COMPOUNDS 

This chapter presents and discusses the estimated results of the release of K compounds 

via the developed model, aiming to investigate the release profiles of K compounds with 

the change of concentrations of Cl and S. For each part, the work is presented according 

to two aspects, which are the change of release profiles of major species and the major 

transition cycle of K. 

7.1 Background 

In biomass, Cl is regarded as a crucial micronutrient for the growth of plants [1]; it is 

absorbed from the soil and present mainly as Cl- in the plant. Cl normally exists in high 

concentration in biomass as its primary function is to maintain the pH level, regulate the 

osmotic pressure and stimulate enzyme activities [1-3]. Meanwhile, S is an essential 

macronutrient as its related proteins can also affect the growth of plants. It is also 

absorbed from the soil and present both in organic and inorganic forms in plants [4]. The 

absorbed S is typically in the form of sulphates and then transported upon reaching the 

leaves of the plant, during which, a gradual reduction takes place, leading to the 

incorporation of S into the organic structure of the plant [5]. The long migration of S 

results in a wide variety of S compounds in different oxidation states in plant [6]. 

Moreover, high growth rate biomass, like annual crops, need high production rates of 

proteins, and thereby require a high S concentration in the biomass [5]. 

During the combustion of biomass, elemental Cl and S are partially released to the gas 

phase, where they experience several chemical reactions and form aerosols [7]. The 

released Cl and S are also related to the formation of deposits in biomass boilers [8, 9] 

and are the leading cause of induced active corrosion during the combustion of biomass 

[10-12]. Apart from the alkali metals, Cl and S are the most critical aerosol-forming 

elements [13, 14]. Different research groups have studied the release mechanisms of Cl 

and S during the thermal conversion of biomass fuels intensively. The general release 

mechanisms are summarised below: 
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The release mechanism of Cl. According to Johansen et al. [15], HCl and KCl are the 

most abundant Cl-containing species released during the combustion of biomass. 

Normally, a two-step release of Cl can be observed: the release of organically associated 

Cl at low temperatures, and the sublimation of inorganic Cl at high temperatures [7, 16, 

17]. At low temperatures (<300℃), about 20-50%  of the initial Cl content is released 

[17]. Organically associated Cl content [18, 19] is usually released release independently of 

K [15], and mainly in the form of CH3Cl and HCl [20]. At temperatures of 300℃- 700℃, 

Cl is mainly released in the form of HCl and may be partially recaptured in the char via 

secondary reactions with available alkali metals to form KCl, then sublimated in abundant 

at temperatures above 700℃ [21]. This recapture and re-release process could reduce the 

net release of HCl but facilitates the net release of KCl. The complete release of Cl content 

happens in combustion conditions where the final temperature exceeded 800℃. Clery et 

al. [22] reported that a high Cl content in the biomass could facilitate the release of KCl 

to the gas phase during the combustion process. 

The release mechanism of S. Similar to the release of Cl, there is a two-step process for 

the release of S during combustion as well, which is the initial volatilisation of S that 

originates from organically bounded S, while inorganically bound S is released at high 

temperatures [15]. About 60-75% of the S contained in biomass is organically bound [23]. 

The major release of S happens during the devolatilisation of the biomass, mainly in the 

form of SO2. The release of S at low temperatures (<500℃) composes up to 50% of the 

initial S content in the biomass. After release, SO2 can be partially recaptured and react 

with char matrix and other inorganic elements. Also, as stated by Glarborg et al. [24], the 

oxidation of SO2 to SO3 is the initial step of the KCl sulfation process, which controls the 

generation of K2SO4. Alongside the remaining inorganically bonded S that is retained in 

the solid, they are sublimated or/and dissociated at temperatures >900℃ [7, 16, 25], as 

well as the re-release of the recaptured S content at the early stage. Through the 

investigation, the complete release of S content is achieved at about 1300℃ [15].  

As shown in the above mechanisms, the release of Cl and S is normally associated with 

the release of K compounds during the biomass combustion process. However, due to 

the lack of direct detection methods of K compounds, the effects of the initial 

concentrations of Cl and S on the release profiles of different K compounds are still 

unclear. Knowing to what extent the different K compounds are released corresponding 
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to the initial concentrations of Cl and S can help us to better understand the release 

mechanisms of ash-forming elements. Also, this kind of knowledge is crucial to the 

selection and preparation of the biomass materials for the combustion and the 

optimization of the reaction process. 

7.2 Model setup 

The model setup was based on Chapter 6, the investigation on the influence of 

concentrations of Cl and S on the release of K compounds is achieved by adjusting the 

initial input value of Cl and S contents. In this study, six cases were considered, which 

refers to the scenarios of Cl-lean (case 1), Cl-normal (case 2), Cl-rich (case 3), S-lean (case 

4), S-normal (case 5) and S-rich (case 6). The changes in Cl and S concentrations were the 

calculation based on the information in Table 6.1. The Cl and S concentrations that listed 

in Table 6.1 were regarded as their regular concentrations, while the concentration in 

Cl/S-lean situation was calculated as half of the normal Cl/S concentration and the 

concentration in Cl/S-rich scenario was calculated as double of the normal Cl/S 

concentration. The summarised initial inputs of Cl and S contents are presented in Table 

7.1. 

Table 7.1 Initial input values of Cl and S 

 Cl S 

Case 1 2 3 4 5 6 

Initial inputs, 

mol/ g biomass 
3.8×10-5 7.6×10-5 1.5×10-4 2.7×10-5 5.3×10-5 1.1×10-4 

 

7.3 Effect of Cl concentration on the release of K compounds 

7.3.1 Release profiles of major species 

As investigated in Chapter 6, KCl, HCl, KOH and K2SO4 are the major released species 

during the combustion process, while (KCl)2 and (KOH)2 are the important intermediate 

species and represent a majority part of gas-phase K at low-medium temperature range. 

In this section, the change of mole fractions of the above six species with the change of 

different initial inputs of Cl content according to the final temperature is summarised in 

Figure 7.1. As presented in Figure 7.1, the change of initial Cl content has a significant 

influence on the release mole fractions of the major species during the combustion 

process.  
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    (a)                                                                          (b)  

 

                                  (c)                                                                     (d) 

 

                                        (e)                                                                      (f) 

Figure 7.1. The changes of release profiles of the major species with the change of initial input 

of Cl 

Figure 7.1 (a) illustrates the release profile of K2SO4 under different conditions. As we 

can see, there is almost no release of K2SO4 content before 1027℃; thus, the influence 

of initial input of Cl content becomes negligible. However, when the final temperature 
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surpasses 1027℃, there is a sharp release of K2SO4 content, and the lower the initial input 

of Cl content, the higher the release fraction of K2SO4. In case 1 and case 2, the release 

profile of K2SO4 are similar to each other; they reached their highest released fraction at 

1127℃, with 5.9×10-4 % and 7.0×10-4 %, respectively. The release of K2SO4 also reached 

its highest fraction at 1127℃ in case 3, but with only 1.9×10-4 %. The release profile of 

K2SO4 reveals that the high initial Cl content can inhibit the release of K2SO4, and the 

effect is more evident at high final temperatures. According to the reaction mechanism, 

KHSO4 is an essential intermediate species to form K2SO4 during the combustion process, 

and KHSO4 can be generated from the reaction of SO3 with KOH via R6-4 [24]. As 

illustrated in Figure 7.1 (e), the higher the initial Cl content, the lower the release fraction 

of KOH, especially in case 3, the release fraction of KOH is much less. This could lead 

to less formation of KHSO4 and then causing the less formation of K2SO4, which is 

generated through the reaction R7-1 [24]. In addition, as the Cl content increases, more 

KCl will escape as gaseous products, which could also lead to a decrease in the generation 

of K2SO4 species through the reaction R7-2 [24]. With the increase of initial Cl content, 

more K could be released in the form of KCl and (KCl)2 at the early stage of combustion, 

as shown in Figure 7.1 (c) and (d). According to the study, the release of K2SO4 is favoured 

by high temperature [7, 16, 26]; this means, at lower temperatures, the inherent K2SO4 

will stay stable, and the transition of K to K2SO4 is more likely to occur during the 

combustion process, which will stay stable until the temperature is high enough to 

evaporate. Nevertheless, since more K is released in the form of KCl and (KCl)2 under 

the scenario of high initial Cl input, there is less K left to transfer to K2SO4.  

The release profile of HCl is indicated in Figure 7.1 (b). It starts to be released in a 

significant fraction at 427℃ and reaches its peak before 727℃. Within the examined 

temperature range (327℃-1127℃), the higher the initial Cl content, the more release 

fraction of HCl, and the difference between the different scenarios is perceptible. In case 

1, the fraction of released HCl reaches its peak at 627℃, with 3.4×10-4 %, while it is 677℃ 

for the condition of case 2 and 727℃ for case 3, with the highest fraction of 8.5×10-4 % 

and 2.1×10-3 %, respectively. Then the release of HCl starts to decline; however, the 

higher the initial input of Cl content, the higher the final temperature that needed to 

completely release the HCl content. When the final temperature exceeds 827℃, the 

released HCl is negligible in case 1, while this temperature point is 927℃ and 1127℃ in 
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case 2 and case 3, respectively. During the combustion process, Cl start to release from 

biomass at low temperature (427℃-527℃) [17], mainly in the form of HCl [15], while 

the other dominant Cl species in the biomass is KCl, which remains stable in the solid 

phase until the final temperature passes 727℃ [11, 27]. This indicates that, when the final 

temperature is below 727℃, the more the initial input of Cl content, the more the Cl 

content will be released in the form of HCl. The results in Figure 7.1 (b) and (c) show that 

the initial input of Cl has a more significant influence on the release of HCl than KCl, the 

peak of release fraction of HCl is more than doubled when double the initial input of Cl 

content. This reveals that, at the early stage of combustion, the release of Cl is not only 

via the directly evaporation of HCl, but also through other Cl-related intermediate 

reactions like: R7-3 and R7-4 [28], which would be facilitated by the increasing of initial 

input of Cl content. When the final temperature exceeds 727℃, the release fraction of 

HCl starts to decline and the higher the initial input of Cl, the quicker the decrease of 

release fraction of HCl. This again proves that Cl-related intermediate reactions play a 

crucial role in the release process of HCl, as the temperature increased, with the depletion 

of moisture content, the decline of OxHy species could inhibit the further formation of 

HCl, and with the depletion of HCl itself, the rapid decrease of the release of HCl is 

anticipated. 

The change of release fraction of KCl is summarised in Figure 7.1 (c). As we can see, the 

initial Cl content has little influence on the release profile of KCl when the final 

temperature is lower than 727℃. However, when final temperature surpasses 727℃, the 

influence of initial Cl content becomes great, and the fraction of release of KCl content 

raises as the increase of initial Cl content. The release profiles of KCl are similar in case 1 

and case 2 before they diverge at 827℃. After this temperature, the release profiles 

become distinguishable, they all finish the sharp increase of the release of KCl at 927℃, 

with the fraction of 4.7×10-4 % and 1.1×10-3 %, respectively. Then the increasing 

slowdown and reaches the final fraction of 6.7×10-4 % and 1.3×10-3 % at 1127℃, 

respectively.  

Meanwhile, in case 3, the release of KCl appears a continuing increase when the final 

temperature exceeds 727℃. It has a similar result as that of case 2 before 927℃. Then 

the release of KCl becomes flat in case 2, while the release continues to rise sharply in 

case 3 and finally, the release of KCl reaches its highest fraction with 2.5×10-3 % at 1127℃. 
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Also, as we can see from the above results, at 1127℃, when the release of KCl becomes 

flat, the final fraction of KCl reflects the initial input of Cl content. When double the 

initial Cl input (as case 3), it has nearly double the release fraction of KCl compared to 

the results in the condition of initial input of regular Cl content (as case 2), and it is the 

same when comparing the results of the release of KCl under the circumstances of the 

case 2 and case 1. Alongside the decline of HCl, KCl starts to release in large fraction due 

to its sublimation when the temperature exceeds 727℃ [6] and becomes the major route 

to release Cl and K contents at the later stage of combustion. As a result, the influence of 

initial input of Cl becomes more distinguishable; however, the effect is not as significant 

as that of HCl. According to the study, Cl is more likely to initially present as KCl [29] in 

the biomass, and its release behaviour and mechanisms are highly dependent on the initial 

amount of these two components [16]. This means, even increase the initial input of Cl 

content, as long as the initial input of K content remains the same, the release behaviour 

of KCl stays the same during its early stage of sublimation, this explains the almost 

identical release profiles of KCl under the different conditions before 827℃. However, 

the large amount of release of HCl at the early stage could react with KOH to generate 

more KCl and stored as a solid product, and as the final temperature increased, it occurs 

the rise of the release of KCl content. In addition, the more HCl that exists in the system, 

the more completely the reaction with KOH, indicates the more KCl could be generated 

and be released. Moreover, the abundant dissociation of (KCl)2 at high temperature is also 

one of the main reasons that boosts the release of KCl, as illustrated in Figure 7.1 (c) and 

(d), the sharp increase of the release of KCl happens at the same time when the release of 

(KCl)2 starts to decline.  

The release profiles of (KCl)2 under the different conditions are illustrated in Figure 7.1 

(d), as we can see, different from the release of KCl, the release of (KCl)2 starts at the 

early stage of combustion. Nevertheless, the results show a similar trend to that of KCl: 

(i) the higher the initial Cl content, the more significant the release fraction of (KCl)2; (ii) 

there is no apparent effect of initial Cl content on the release of (KCl)2 before 727℃; (iii) 

there are two diverge temperatures can be observed: 727℃ between the results of case 1 

and case 2, and 827℃ between the results of case 2 and case 3. In these three conditions, 

the fraction of released (KCl)2 reaches its peak at the diverge temperatures, with 1.1×10-

4 %,  1.2×10-4 % and 1.2×10-4 % in case 1, case 2 and case 3, respectively. Then after the 
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diverge temperatures, the release of (KCl)2 content starts to decline. Moreover, at 1127℃, 

the fraction of the released (KCl)s is negligible in the condition of case 1 and case 2, while 

the fraction decrease to 3.9×10-5 % in case 3. At the early stage of combustion, KCl is 

stable and stays in the solid phase, and according to the previous study [30], it is likely to 

associates with each other to form (KCl)2 at low temperatures, and then the formed (KCl)2 

will be released. As aforementioned, the release of KCl is less dependent on the Cl content 

at the beginning, indicates the release of (KCl)2 is less affected by the initial input of Cl 

content as well. Thus, as illustrated in Figure 7.1 (d), the release profiles of (KCl)2 are 

identical to each other under the different conditions of the initial input of Cl content 

before 727℃. As the final temperature exceeds 727℃, KCl starts to sublimate, due to the 

release rate of KCl is faster than the homogenous association rate between each other, 

leading to the less formation and release of (KCl)2 content. Besides, the generated thermal 

unstable (KCl)2 starts to dissociate to generate KCl. The more the initial input of Cl 

content, the higher the final temperature it needed to consume the (KCl)2 content 

completely, since more KCl and (KCl)2 could be formed during the later stage of 

combustion.  

The release profiles of KOH and (KOH)2 are demonstrated in Figure 7.1 (e) and (f). 

Contrary to the results of KCl and (KCl)2, the released fraction of KOH and (KOH)2 

decreased with the increase of initial input of Cl content, and the release of KOH and 

(KOH)2 are negligible before 727℃ compared with that of KCl and (KCl)2. The release 

of KOH becomes noticeable at 827℃ and 927℃ in case 1 and case 2, respectively. Then 

the fraction of released KOH steeply increased and reached its peak at 1027℃, with 

1.5×10-3 % and 8.0×10-4 % in case 1 and case 2, respectively. Subsequently, the release of 

KOH starts to decline, and at 1127℃, the final fraction of KOH is 1.0×10-3 % in case 1, 

while it is 5.9×10-4 % in case 2. As for the result of (KOH)2, it shows a similar tendency 

to that of KOH, its fraction reaches the peak at 1027℃, but with only 1.1×10-6 % and 

3.4×10-7 % in case 1 and case 2, respectively. However, in case 3, the release fraction of 

KOH is unnoticeable compared to KCl and (KCl)2 within the temperature range of 

327℃-1027℃. There is only a minor fraction of release of KOH can be observed at 

1127℃, with 1.1×10-4 %; while the release fraction of (KOH)2 is negligible during the 

whole temperature range compared to that of KOH.  
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The results show that the release of KOH and (KOH)2 are greatly affected by the initial 

input of Cl content. When increasing the initial input of Cl content, it results in a high 

concentration of HCl content in the system, which could consume a large amount of 

KOH to form KCl via the reaction R6-1. Also, KOH more likely to be formed during 

the combustion process other than inherent in the biomass, and as indicated in [22], the 

formation of KOH at the early stage of combustion relies on the K and moisture content. 

However, the increased Cl content in the system might facilitate the reaction between Cl 

and moisture to generate HCl and been released at low temperature range. This results in 

the less left of moisture content for K to react with, leading to the less generation and 

release of KOH. When decreasing the initial input of Cl content to half of its regular 

content (as case 1), the release fraction of KOH is much more than that of the rest of the 

scenarios. The release trend of (KOH)2 is similar to that of KOH, since (KOH)2 is formed 

via the homogenous reaction of KOH. The higher the initial input of Cl content, the less 

the KOH content, and the less the (KOH)2 will be formed and released. Besides, due to 

the low concentration of KOH under the circumstance of high Cl system, the association 

rate between KOH might be much slower than the depletion and release rate of KOH 

[30]. Besides, the HCl could also directly react with the released (KOH)2 and decrease its 

fraction.   

7.3.2 Changes of major transition cycles of K 

The detailed reaction path of K with the change of initial input of Cl are listed in Appendix 

III according to the final temperature. In this section, the influence of initial input of Cl 

on the major transition cycle based on the results in Chapter 6 will be summarised and 

discussed. The summary of the change of transition cycle at each temperature is according 

to the change of the formation rate of each species. The summarised major transition 

cycles are divided into three categories according to the final temperature, which is: low, 

medium and high temperature ranges. The value on the arrow presents the rate at which 

species are formed from other species, measured in kmol/m3 s. 

7.3.2.1 Low temperature range (327℃-527℃) 

Figure 7.2 presents the change of major transition cycle of K with the change of initial 

input of Cl according to the change of reaction rate. As we can see, within the low 

temperature range, the change of initial input of Cl has insignificant influence on the 

change of major transition cycle. At 327℃, the reaction rate among KCl → KO2 → KO 
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→ KOH increased with the increasing of initial input of Cl, while the reaction rate of 

KOH → KCl decreased. When the final temperature increased to 427℃ and 527℃, all 

the reaction rates are increased compared to that of 327℃, and the higher the final 

temperature, the higher the reaction rates within the cycle. However, at these two 

temperature points, the transition cycle is less affected by the change of initial Cl content. 

As illustrated in Figure 7.2, the rate of each reaction remains almost identical to each other 

when increasing the initial input of Cl content. 

 

   

327℃ 427℃ 527℃ 

Figure 7.2 Changes of major transition cycles of K with the change of initial input of Cl in 

the low temperature range (the value on the arrows in represents the rates at which species 

are formed from other species, kmol/m3 s) 

At 327℃, at the early stage of reaction, the H2O content might still be sufficient to react 

with both K and Cl content. In this way, when initial input of Cl is in case 1 and case 2, 

there is less Cl available to react with H2O, leading to the more available reaction between 

K and H2O and to generate more KOH content. Afterwards, the formed KOH can react 

with Cl species to generate KCl, which makes a higher reaction rate of KOH → KCl. 

While as the initial input of Cl content increased, more Cl could react with H2O to form 

HCl and released directly; thus, the left H2O might not enough for K to react and to 

generate abundant KOH, leading to the decline of the reaction rate of KOH → KCl. 

Then as final temperature increased to 427℃ and 527℃, as discussed in the previous part, 

at such low temperatures, only the release of HCl content has been dramatically affected 

by the change of initial input of Cl content. At these temperatures, the release of K 

compounds like KOH, KCl and K2SO4 is negligible since most of them are thermal stable 

at these temperatures and remain in the solid phase. Thus, the release and transition of K 

compounds can be insignificantly influenced by the initial input of Cl content. In 
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conclusion, the major transition cycle of K is less sensitive to the initial input of Cl during 

the low temperature range. 

7.3.2.2 Medium temperature range (627℃-827℃) 

As the final temperature increased, the influence of the initial input of Cl content on the 

change of major transition cycle becomes more significant and distinguishable, the higher 

the initial input of Cl content, the higher the reaction rate within the major transition cycle.  

As illustrated in Figure 7.3, at 627℃, the reaction rate of KCl → K increased from 0.055 

in case 1 to 0.178 in case 3. While the reaction rate of K → KO2 increased from 0.0129 

to 0.144 as the initial input of Cl content changed from case 1 to case 3. As the final 

temperature raised, the rates of nearly all the reactions increased with the increasing of 

initial input of Cl content. At 727℃, as initial input of Cl content changed from case 1 to 

case 3, the reaction rate of each reaction of KO → KOH → KCl → K → KO2 are 

increased from 0.0012 to 0.157, 0.0014 to 0.15, 0.001 to 0.5 and 0.0006 to 0.15, 

respectively. While at 827℃, the reaction rate of each reaction of KO → KOH → KCl 

→ K is increased from 0.01 to 0.31, 0.13 to 0.57 and 0.025 to 0.44, respectively.  

As discussed in 7.3.1, during this temperature range, the initial input of Cl content has an 

insignificant influence on the release profiles of major K compounds like KCl, (KCl)2 and 

KOH. However, the significant change of the major transition cycle reveals that the 

change of the initial input of Cl content will significantly affect the transition among major 

and intermediate K compounds. At 627℃, the main change occurs to the transition of 

KCl → K → KO2, and the higher the initial input of Cl content, the higher the reaction 

rates. This indicates that during the combustion process, the reactions R7-5 and R6-5 [24] 

might be favoured by the high initial input of Cl content in the system, and thus, results 

in the high reaction rates among these species. As the final temperature reaches 727℃ 

and 827℃, the major change occurs to the reaction KO → KOH → KCl → K. Since 

the high Cl content might accelerate the reactions R7-6 and R7-7 [28, 31], which increase 

the rates of the reactions R7-8 and R7-9 [24], which then dominate transition of KO → 

KOH. Besides, with the increasing of the initial input of Cl content, more HCl has been 

released during this temperature range, as illustrated in Figure 7.1 (b), the generated HCl 

content would consume more KOH content, leading to the high reaction rate of KOH 
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→ KCl. In addition, the high reaction rate of KCl → K again proves that the reactions 

R7-5 and R6-5 are favoured by the high Cl content during the combustion process.  

 

 

  

627℃ 727℃ 827℃ 

Figure 7.3 Changes of major transition cycles of K with the change of initial input of Cl in the 

medium temperature range (the value on the arrows in represents the rates at which species are 

formed from other species, kmol/m3 s) 

7.3.2.3 High temperature range (927℃-1127℃) 

As presented in Figure 7.4, the change of transition cycle with the change of initial input 

of Cl is significant within the high temperature range, however, not as significant as that 

during the medium temperature range. The influence of increasing the initial input of Cl 

content on the transition cycle is mainly reflected in the reaction KO → KSO3 → K, 

which increased at first and then decreased. At 927℃, the reaction rates of KO → KSO3 

and KSO3 → K are both increased from 0.504 in case 1 to 0.839 in case 2, and then are 

both decreased to 0.209 in case 3. While at 1027℃ and 1127℃, as the initial input of Cl 

content increasing, the reaction rates are both increased from 0.066 to 0.86, then 

decreased to 0.57 and increased from 0.0013 to 0.0059, then decreased to 0.0021, 

respectively. 

As shown in Figure 7.1 (b), in case 1 and case 2, the release of HCl content becomes 

negligible at high temperatures, indicates the possible reaction 6-9 would consume less 

KO content, which then could accelerate the reactions R6-7 and R7-10. This explains the 

increase of reaction rate of KO → KSO3 and KSO3 → K at first. However, as the initial 

input of Cl content continues to increase to the case 3, the release fraction of HCl 
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becomes noticeable at these temperatures, as shown in Figure 7.1 (b). Under this 

circumstance, the reaction R6-9 might be favoured, which leads to the less available KO 

content that could be involved in the R6-7 and thus, less KSO3 for the R7-10. Besides, 

Figure 7.1 (a) shows that under the test condition of case 3, the release fraction of K2SO4 

is much less compared to those of the other two cases. Due to the lack of KO and KSO3 

contents in the condition of high Cl content, the inhabitation of reaction R6-3 might be 

one of the reasons that reduce the release of K2SO4. This could draw the conclusion as 

increasing the initial Cl content could inhibit the release of K2SO4 mainly through the 

control of the formation of KO and KSO3. 

 

  

 

927℃ 1027℃ 1127℃ 

Figure 7.4 Changes of major transition cycles of K with the change of initial input of Cl in the 

high temperature range (the value on the arrows in represents the rates at which species are 

formed from other species, kmol/m3 s) 

7.4 Effect of S concentration on the release of K compounds 

7.4.1 Release profiles of major species 

This part summarises the release profiles of different K compounds under the conditions 

of different initial input of S content. The results illustrated in Figure 7.5 and 7.6 are the 

change of release profiles of K compounds with the change of initial input of S according 

to the final temperature. As presented in the figures, the initial S content has insignificant 

influence on the release of Cl related species, but significantly affect the release of KOH 

and K2SO4, especially at high temperatures. 
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(a) 

    

   (b)                                                                               (c) 

    

(d)                                                                               (e) 

Figure 7.5 The changes of release profiles of major species with the change of initial input of S 

As illustrated in Figure 7.5 (a), the change of initial input of S content has an insignificant 

influence on the release behaviour of HCl. The results of the three cases are all overlapped 

when the final temperature below 1027℃. The release of HCl in large fraction starts at 
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427℃ and reaches its peak at 727℃, with 8.5×10-4 %. Then the release of HCl starts to 

decline steeply until 927℃, the release fraction of HCl becomes negligible afterwards. 

However, as the final temperature rises to 1127℃, the release fraction of HCl has 

noticeably increased from 6.8×10-6 % in case 4 to 3.1×10-5 % in case 6. Same conclusions 

could be drawn from the results in Figure 7.5 (b) for the release behaviour of KCl: there 

is no noticeable difference among the release curves of KCl under the different conditions 

of initial input of S content before 1027℃. The release of KCl in large fraction starts at 

527℃ and then sharply increase to 1.1×10-3 % at 927℃; after that, the release becomes 

flat. Nevertheless, as the final temperature increased to 1127℃, the release fraction of 

KCl decreased from 1.3×10-3 % in case 4 to 1.4×10-3 % in case 6. Meanwhile, as indicated 

in Figure 7.5 (c), the change of the release profile of (KCl)2 is less sensitive to the change 

of initial input of S content. The release profiles are almost the same under the three tested 

conditions. The release of (KCl)2 in large fraction starts at 427℃, and increased to its peak 

amount at 827℃, with 1.2×10-4 %, and then the release fraction starts to decline.  

According to Johansen et al. [6], a two-step release mechanism of S can be concluded 

from the combustion of biomass: the release of organically associated S at low 

temperatures; and the release of inorganically associated S happens when the final 

temperature exceeds approximately 927℃. However, the current model excludes the 

reactions of the organically associated K, Cl and S species, due to the lack of related 

mechanisms. The majority part of the S will be released through the inorganic way, which 

is favoured by high temperatures [7, 16, 25]. During which, however, the Cl content has 

already been released abundantly in the form of HCl, (KCl)2 and KCl, because of the 

release of Cl content is favoured by low temperatures according to the previous discussion. 

This reveals, when the release of HCl and KCl species started, the S related inorganic 

species remain stable. Besides, the main released S product at low temperatures is SO2, 

which is the most stable form of S during the combustion process [32], thus unlikely to 

react with the released Cl species.  

Increasing the initial input of S content can raise the total amount of inorganic S content, 

whose sublimation and evaporation are favoured by high temperatures. In this way, the 

change of initial S content has an insignificant influence on the transition and release of 

Cl species at low-medium temperatures. As final temperature surpasses 927℃, the 

possible explanation for the change of release of HCl and KCl at high temperatures is 
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increasing the S content might facilitate the reaction R7-11 at high temperatures, and the 

KSO3Cl could further react with KOH via R7-12. This implies that the higher the S 

content in the system, the more generated KSO3Cl content, which could then cause the 

release of more HCl content. In addition, as shown in Figure 7.5 (b) and 7.5 (d), as the 

initial input of S content increased, the decline of release fraction of KCl and KOH at 

high temperatures also evidence the existence and preference of R7-11 and R7-12 at high 

temperatures. Moreover, since the release of (KCl)2 is dominated by the release of KCl 

content, the less sensitivity of KCl to the initial input of S content could result in the 

insensitivity of (KCl)2 to the initial S content.    

Figure 7.5 (d) presents the release profile of KOH with the change of initial input of S 

content according to the final temperature. The release of KOH is negligible before 927℃ 

compared to the other released major species. Then sharply increased until 1027℃, 

during which, there is no significant influence of initial S content on the release of KOH 

can be observed. At 1027℃, the release fraction of KOH reaches its peak in case 6 and 

case 5, with 7.8×10-4 % and 8.0×10-4 %, respectively. After that, the released fraction of 

KOH start to decrease under these two conditions, and finally, the release fraction of 

KOH is 2.2×10-4 % and 5.9×10-4 %, respectively. However, in case 4, after sharply 

increased to 8.1×10-4 % at 1027℃, the release fraction of KOH continues to increase 

mildly, and finally reaches 1.0×10-3 % at 1127℃. Meanwhile, the release of (KOH)2 shows 

the same trends as that of KOH before 1027℃, as there is no significant influence of the 

initial input of S content on its release behaviour. The release fraction of (KOH)2 becomes 

noticeable when the final temperature exceeds 927℃, and quickly reaches its peak at 

1027℃, with 3.2×10-7 %, 3.4×10-7 % and 3.5×10-7 % in case 6, case 5 and case 4, 

respectively. While as the final temperature exceeds 1027℃, the release of (KOH)2 under 

the three tested conditions are all suffering a steep decline, but still, the higher the initial 

input of S content, the smaller the release fraction of (KOH)2 eventually. 

At the early stage of reaction, the moisture and the available K content dominate the 

formation of KOH [33]. Since the reaction between S and moisture can only take place 

under high pressure and the water is in the form of vapour [34]. Thus, under the 

circumstance of this study, the initial input of S content has less influence on the 

formation of KOH at the early stage of combustion. While at the temperature below 

927℃, the release of KOH is restricted by the release of Cl species like HCl. As 
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aforementioned and discussed, the release of HCl is less affected by the change of initial 

input of S content. In this way, the release of KOH content at low-medium temperatures 

is insensitivity to the change of initial input of S content. While as the final temperature 

continues to rise to 1027℃, as the depletion of HCl, more KOH content could be 

released. In this way, the more S content in the system, the more consumption of KOH 

via the R6-4, R7-1 and R7-12, which also has been proved by the change of release profile 

of HCl in the previous discussion. Meanwhile, the release of (KOH)2 content during the 

combustion process is directly related to the release behaviour of KOH. This results in 

the similar release profile of (KOH)2 to that of KOH before 1027℃, the more the 

available KOH content in the system, the more chance of KOH homogenously combined 

to form (KOH)2. However, when the final temperature exceeds 1027℃, due to the 

relatively low concentration of KOH in the system, its association rate might be much 

slower than that of the consumption [30], which leads to the decrease of (KOH)2 content 

under all the tested conditions at 1127℃. 

 

          (a)                                                                            

    

                                       (b)                                                                      (c) 

Figure 7.6. The changes of release profiles of S-related species with the change of initial input of 

S 
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The release profile of K2SO4 with the change of initial input of S content is summarised 

in Figure 7.6 (a). As illustrated in the figure, the initial input of S content has dramatically 

affected the release of K2SO4 at high temperature. As we can see, the release fraction of 

K2SO4 is negligible before 1027℃, but steeply increased to 7.8×10-4 %, 5.9×10-4 % and 

3.6×10-4 % at 1127℃ in case 6, case 5 and case 4, respectively. The higher the initial input 

of S content, the larger the release fraction of K2SO4 at high temperature. Similar release 

profiles of KSO2 and KSO3 can be observed from Figure 7.6 (b) and 7.6 (c) as well. Their 

releases are negligible before 927℃, then sharply increased when temperature surpasses 

927℃, and the higher the initial input of S content, the larger the release fraction of KSO2 

and KSO3 at 1127℃. 

During the combustion process, K2SO4 is the most stable forms of K and S content [32], 

which remains stable up to 927℃ [16], then start to evaporate as gas product. As 

discussed in the previous part, the release of K2SO4 is negligible at low temperature and 

less sensitivity to the change of initial input of S content, indicating the initial amount of 

K2SO4 is not varying with the change of initial S content, but might be restricted by the 

available K content. Nevertheless, the sharply increased K2SO4 content in the system at 

high temperature indicates that the initial input of S affects the release of K2SO4 by 

influencing the formation and release of intermediate K-S species during the combustion 

process, such as KSO2 and KSO3. Then those intermediate species would further react to 

generate K2SO4 via the possible reactions R7-11 and R7-13. Investigation in the Knudsen 

et al. [5] study also proves that the inorganic sulphate can be transformed into other forms 

of solid sulphur during the thermal conversion process. Moreover, as indicated in Figure 

7.6 (b) and 7.6 (c), the higher the initial input of S, the more the available KSO2 and KSO3 

content, which could then accelerate the formation and release of K2SO4.  

7.4.2 Changes of major transition cycle of K 

The influence of initial input of S on the summarised major transition cycle will be 

investigated in this part. The results are presented in three parts according to the different 

temperature ranges. The detailed reaction paths are listed in Appendix IV. 

7.4.2.1 Low temperature range (327℃-527℃) 

Figure 7.7 indicates similar results to that of the study of initial input of Cl. The change 

of initial input of S has insignificantly affected the reaction rates within the transition cycle. 
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At 327℃, the change of the transition cycle is mainly caused by the transition KOH → 

KCl, and the reaction rate increased from 0.22 to 0.56 as the test condition changed from 

case 4 to case 6. The reaction rates of the rest reactions are almost the same under the 

three tested conditions. Nevertheless, as the final temperature increase to 427℃ and 

527℃, the transition cycle remains almost the same as increasing the initial input of S 

content. As we can see, the higher the final temperature, the higher the reaction rate of 

each reaction. However, there are no significant changes in the reaction rates can be 

observed as raising the initial input of S content.  

 

 

  

327℃ 427℃ 527℃ 

Figure 7.7 Changes of major transition cycles of K with the change of initial input of S in the 

low temperature range (the value on the arrows in represents the rates at which species are 

formed from other species, kmol/m3 s) 

At 327℃, as illustrated before, at the early stage of combustion, the release of HCl is 

insensitive to the change of initial S content. As aforementioned, the initial Cl content 

could affect the formation of KOH content by reducing the available moisture content 

for K to form KOH. However, when raising the initial input of S content, the input of Cl 

content is fixed; thus, it will not increase the competition with K over the moisture 

content. Besides, S is unlikely to react with moisture directly [34], so the possible S species 

in the system could be SH at this temperature, which is formed via R7-14 and R7-15. 

Then the formed unstable SH content could facilitate the generation of H2O and H2O2 

via R7-16 and R7-17 [35], which could then react with K via R7-18 and R7-19 to generate 

more KOH content. The more the initial input of S content, the more the generated H2O 

and H2O2 content, leading to the more KOH to react with HCl. In this way, the higher 

the initial input of S, the higher the reaction rate of KOH → KCl at low temperatures. 
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As the final temperature increased, more S content could be oxidized and released as SO2 

and SO3, while the remaining SH content might be insufficient and unstable, so the 

formation of KOH is thus unaffected, so does the reactions that related to KOH. 

Moreover, as we can see in Figure 7.7, at 427℃ and 527℃, the major transition species 

are all non-S related. As discussed before, the change of initial input of S has an 

insignificant influence on the release of KOH, KCl at such temperatures. Thus, the 

reaction rates within the transition cycle remain the same as increasing the initial input of 

S content. 

7.4.2.2 Medium temperature range (627℃-827℃) 

The changes of major transition cycle with the change of initial input of S in the medium 

temperature range are illustrated in Figure 7.8. As presented, the influence of different 

initial input of S content is less significant compared to that of different initial input of Cl 

content within the same temperature range. The reaction rates increased gradually with 

the increasing of initial input of S content. 

 

 
 

 

627℃ 727℃ 827℃ 

Figure 7.8 Changes of primary transition cycles of K with the change of initial input of S in the 

medium temperature range (the value on the arrows in represents the rates at which species are 

formed from other species, kmol/m3 s) 

At 627℃, the reaction rate of KO → KOH → KCl has been dramatically increased, the 

rate values of  KO → KOH and KOH → KCl are raised from 0.015 and 0.024 in case 4 

to 0.053 and 0.062 in case 6, respectively. While at 727℃, these values are increased from 

0.00324 and 0.0098 in case 4 to 0.0063 and 0.01 in case 6, and at 827℃, the values are 

increased from 0.30 and 0.46 in case 4 to 0.34 and 0.49 in case 6. As we can see, within 

the medium temperature range, the reaction rates of KO → KOH → KCl are increased 
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all the time as raising the initial input of S content; however, the growth rate is declined 

as the final temperature increased. While the change of reaction rate of the rest transitions 

within the cycle is less affected by the change of initial input of S content.  

Combined with the investigation in Figure 7.5, the initial S content has insignificant 

influence on the release of major K compounds like KOH and KCl, and the release of 

K2SO4 during this temperature range is still negligible. This indicates that the major 

transition is dominated by the K/O/H species during the medium temperature range. As 

discussed before, the increase of available H2O and H2O2 content as the increase of initial 

input of S content causes the increase of reaction rate of KO → KOH at all time. While 

the decline of the growth rate of the reaction rate of KOH → KCl is more likely caused 

by the decrease in the release of HCl content during this temperature range.    

7.4.2.3 High temperature range (927℃-1127℃) 

Figure 7.9 presents the change of major transition cycle with the change of initial input of 

S in the high temperature range. As shown in Figure 7.7 and 7.8, before high temperature 

range, K-S species is not involved in the major transition cycle, indicating that the 

transition and reaction of K-S species are favoured by high temperatures. This also can 

be evidenced in Figure 7.9, KSO3 becomes one of the key species in the major transition 

cycle only within the high temperature range. When increasing the initial input of S 

content, nearly all of the reaction rates are increased. 

 

 

  

927℃ 1027℃ 1127℃ 

Figure 7.9 Changes of major transition cycles of K with the change of initial input of S in the 

high temperature range (the value on the arrows in represents the rates at which species are 

formed from other species, kmol/m3 s) 
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At 927℃, the change of reaction rates is small and similar to that of the change during 

the medium temperature range. This temperature can be defined as the transitional point, 

where KSO3 gradually replaces KOH and KCl in the major transition cycle, but no evident 

influence on the release of major species, which can be proved in Figure 7.5, the changes 

of release profile of major K compounds occurred when the final temperature exceeds 

927℃. However, at 1027℃, the growths of reaction rates are more evident within the 

reaction of KO → KSO3 → K, the rate values of KO → KSO3 and KSO3 → K are raised 

from 0.034 to 0.86 and 0.034 to 0.86 with the change from case 4 to case 6, respectively. 

While at 1127℃, their rate values are increased from 0.00033 and 0.00037 to 0.011 and 

0.011, respectively. 

Combined with the previous discussion, the release of KSO2 and KSO3 in noticeable 

amounts start at the same temperature as that of K2SO4, which is 1027℃. Then their 

release fractions are all increased dramatically. As aforementioned, the release of K2SO4 

is favoured by high temperature. This indicates that at high temperature, the release of 

K2SO4 content is coming from two possible sources: the inherent and the formed K2SO4 

at the early stage during the combustion; the generated K2SO4 from KSO2 and KSO3 at 

high temperature, as illustrated in Figure 7.10. 

 

Figure 7.10 Release route of K2SO4 during the combustion process 

Since the initial S content is unlikely to react with moisture and K content directly but will 

be released as SO2 and SO3. In this way, the change of initial input of S content can 

insignificantly affect the formation of K2SO4 at the early stage.  

Also, as presented in Figure 7.5, the higher the initial input of S, the higher the release 

fraction of KSO2 and KSO3 at high temperature. However, as we can see, even though 

the release of KSO2 and KSO3 become noticeable, their releases are still in minor fraction, 

and KSO3 is more likely to involved in the reaction of KSO3 → K as illustrated in the 
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transition cycle. This means, even though increase the initial input of S would increase the 

release of KSO2 and KSO3, but the formed K2SO4 during the reaction at high temperature 

is insufficient to cause the dramatic increase of the release of K2SO4 since the released 

amount of KSO2 and KSO3 are incomparable to that of the release of major species. In 

conclusion, the sublimation and evaporation of the accumulated K2SO4 that are from the 

inherent and the formation at the early stage during the combustion process is the main 

reason that causes the abundant release of K2SO4 content when the final temperature is 

high enough. The increase of initial input of S content will not affect the release of K2SO4 

dramatically at high temperature. 

KOH + HCl → KCl + H2O R6-1 

KO + KSO3 → K2SO4  R6-3 

KOH + SO3 → KHSO4                                                                                                        R6-4 

K + O2 → KO2 R6-5 

KO + SO2 → KSO3 R6-7 

KO + HCl → KCl + OH R6-9 

KHSO4 + KOH → K2SO4 + H2O R7-1 

KHSO4 + KCl → K2SO4 + HCl R7-2 

Cl + H2O2 → HCl + HO2 R7-3 

Cl + HO2 → HCl + O2 R7-4 

KCl + O → K + ClO R7-5 

Cl + H2O2 → HCl + HO2 R7-6 

Cl + HO2 → OH + ClO R7-7 

KO + OH → KOH + O R7-8 

KO + HO2 → KOH + O2 R7-9 

KSO3 → K + SO3 R7-10 

KCl + SO3 → KSO3Cl  R7-11 

KSO3Cl + KOH → K2SO4 + HCl  R7-12 
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KO2 + KSO2 → K2SO4 R7-13 

S + H → SH R7-14 

S + H2 → SH + H R7-15 

SH + OH → H2O + S R7-16 

SH + HO2 → H2O2 + S R7-17 

2K + 2H2O → 2KOH + H2 R7-18 

K + H2O2 → KOH + OH R7-19 

7.5 Summary of the chapter 

This chapter has investigated the influence of initial input of Cl and S on the release 

profiles of major species and the change of major transition cycles via the acquired 

estimation results.  

According to the results and discussion, the influence of initial input of Cl has a significant 

influence on the release of major species during the combustion process. The higher the 

initial input of Cl content, the more the release fraction of HCl, KCl and (KCl)2, however, 

the less the release fraction of KOH, (KOH)2 and K2SO4. The initial Cl content influence 

the release of HCl from the beginning of its release, and the higher the initial input, the 

higher the final temperature it needed to finish the release of HCl in large fraction. While 

the initial Cl content can only significantly affect the release fraction of KCl, (KCl)2, KOH 

and (KOH)2 when the final temperature exceeds 727℃, and this temperature point is 

1027℃ for K2SO4. The results revealed that the formation and release of KCl are less 

depends on the Cl content than K at the early stage of combustion; the release fraction 

of KCl remains the same regardless the change of Cl, meaning the initial KCl content is 

almost the same. While during the combustion, Cl content inhibits the release of KOH 

via firstly affect the formation process of KOH by controlling the available moisture 

content that K needed to generate KOH. The release of KOH content is restricted by the 

released Cl content like HCl. Also, at high temperature, high initial input of Cl prevents 

the release of K2SO4 through the control of the formation of KO and KSO3. 

During low temperature range, the change of initial input of Cl has less influence on the 

transition cycle, the reaction rates within the cycle are nearly consistent as increasing the 

initial input of Cl content. While in the medium and high temperature range, the initial 
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input of Cl dominates the change of the transition cycle, it significantly affects the 

intermediate reactions and thus affects the release of K compounds. The higher the initial 

input of Cl, the larger the change of reaction rate within the transition cycles.  

The results in this chapter have indicated that the changing of the initial input of S content 

has less influence on the release profiles of major species, especially at low-medium 

temperature. The release of HCl, KCl and (KCl)2 are insensitive to the change of initial 

input of S content, and the release profiles are nearly overlapped under the different 

conditions. However, as increasing the initial input of S, there is a minor increase in the 

release fraction of HCl at 1127℃, while the release of KCl is decreasing. The influence 

of initial S content on the release of KOH, (KOH)2 and K2SO4 are negligible when the 

final temperature below 1027℃, but becomes more distinguishable at 1127℃, the higher 

the initial input of S, the less the release fraction of KOH and (KOH)2, meanwhile, the 

more the release fraction of K2SO4. According to the investigation, the release of K2SO4 

and KOH are greatly affected by the change of initial S content. However, increasing the 

initial input of S content does not directly increase the existence of K2SO4 content at the 

beginning, but via the increasing of formation of intermediate species: KSO2 and KSO3 

during the combustion process, and then react with KOH content to generate more 

K2SO4, which then facilitates the release of K2SO4 at high temperatures. Moreover, the 

sublimation and evaporation of the accumulated K2SO4 from the inherent and the 

formation at the early stage is the primary source that causes the abundant release of 

K2SO4 at high temperature, the increase of KSO3 content at high temperatures can only 

cause the minor increase of the release of K2SO4. 

The change of initial input of S content has an insignificant influence on the transition 

cycle during the low and medium temperature ranges. While within the high temperature 

range, the initial input of S content has greatly affected the transition cycle, the higher the 

initial input, the higher the reaction rate, especially the KSO3 involved reactions.  
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CHAPTER 8 

EFFECTS OF OXYGEN CONCENTRATION ON THE 

RELEASE OF POTASSIUM COMPOUNDS 

This chapter presents the investigation of the effects of oxygen concentration on the 

release profiles of K compounds using the developed kinetic model. The estimated results 

in this chapter are presented according to two aspects: changes in the release profiles of 

K compounds and the major transition cycles of K under different conditions. 

8.1 Background 

Biomass combustion and pyrolysis happen in the atmosphere with and without oxygen. 

Generally, biomass combustion takes place according to the three stages: drying, 

devolatilisation and char oxidation whereas in the case of pyrolysis, only the first two 

stages happen. The study carried out by Chouchene et al. [1] illustrated that oxygen 

concentration affects the degree of char oxidation. However, the emission of moisture 

and volatile contents from biomass are insensitive to the change of oxygen concentration, 

and their kinetic study also showed that the reaction order of biomass combustion and 

pyrolysis were not affected by the variation of the oxygen concentrations. 

The insensitivity of biomass thermal conversion process to the oxygen concentration 

should thus lead to the less influence of oxygen concentration on the total release of K 

content. Since the release of organically and inorganically bonded K is associated with the 

degree of biomass conversion. Dayton et al. [2] reported that reducing the oxygen 

concentration in the atmosphere has an insignificant effect on the total release of K. The 

authors reported that a reduced oxygen concentration showed little influence on the 

combustion properties of the biomass, especially herbaceous biomass like wheat straw 

and corn stover, and thus, does not appear to affect the release of alkali metals significantly. 

However, according to Jiménez et al. [3], the oxygen concentration in the system could 

significantly affect the final ration of Cl/S in the fine particles, which could react with K 

to generate corrosive compounds like KCl and K2SO4.  

Previous studies revealed that the oxygen concentration in the reaction system could 

influence the release forms of K, but has a small effect on the release of the total amount 
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of K. Since different K compounds have different roles in the alkali-inducted problems, 

for example, K2SO4 is expected to nucleate at high temperature (>800℃); meanwhile, 

KCl could condense on these nuclei at lower temperatures. Knowing the effect of the 

oxygen concentration on the release profiles of different K compounds is thus essential, 

as this information can provide insightful knowledge that might help to optimize the 

reactor design, the reaction process and control the release of K compounds during the 

reactions; this will help to mitigate the ash-related problems.  

However, this kind of information is rarely reported due to the limitation of detection 

methods. Therefore, the developed kinetic model is used in this chapter to investigate the 

influence of oxygen concentration on the release of K. This study will help to build a 

better understanding of the release mechanisms of K under different oxygen 

concentrations. 

8.2 Model setup 

The model setup in this chapter was based on the Chapter 6. Change in the oxygen 

concentration is achieved by adjusting the initial input of O2, which is based on the 

conditions of combustion (the same as that in Chapter 6) and pyrolysis (without O2). The 

initial input values of O2 are presented in Table 8.1 for both conditions. 

Table 8.1 Initial input values of O2 

 O2 

Reaction condition Combustion Pyrolysis 

Initial input, mol/ g biomass 3.58×10-2 0.0 

 

8.3 Results and discussion  

8.3.1 Release profiles of K compounds 

The changes in the release of major K compounds (KCl, KOH and K2SO4) that expressed 

in mole fraction with the change of the reaction conditions are presented in Figure 8.1. 

As illustrated, there are apparent differences between the release profiles of KCl, KOH 

and K2SO4 in the presence of oxygen (combustion) and without oxygen (pyrolysis). 
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           (a)                                                                   (b) 

 

(c) 

Figure 8.1 The changes of release profiles of major K compounds with the change of oxygen 

concentration 

As shown in Figure 8.1 (a) and Figure 8.1 (b), the release fractions of KCl and KOH 

during the combustion process are always lower than their release fractions during the 

pyrolysis process. The release of KCl in large fractions started after 527℃ and then 

increased noticeably for both conditions. During pyrolysis, the release fraction increased 

sharply until 1027℃, where it reaches its peak fraction corresponding to 2.6×10-3 %. 

Afterwards, the release fraction starts to decline, reaching 2.4×10-3 % at 1127℃. During 

combustion, the release fraction of KCl mildly increased to 1.1×10-3 % at 927℃, and then 

increased slowly to 1.3×10-3 % at a final temperature of 1127℃. While the release of KOH 

in large fraction starts after 927℃ for both conditions, the release fraction sharply 

increased in the condition of pyrolysis, and finally reaches its peak at 1127℃, with   

2.3×10-3 %. In the case of combustion, the release of KOH reaches its peak fraction at 

1027℃, with 8.0×10-4 %, then starts to decline, and finally reaches 5.9×10-4 % at 1127℃. 
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The same conclusion was also drawn by Dayton et al. [2]. In their report, the equilibrium 

calculations showed that a reduction in oxygen concentration could increase the 

formation of KCl and KOH. In contrast, the release fraction of K2SO4 in the condition 

of combustion (left Y-axis) is several order-of-magnitude higher than that in the condition 

of pyrolysis (right Y-axis), as presented in Figure 8.1 (c). For both situations, the release 

fraction of K2SO4 becomes obvious after 1027℃, and then it sharply increases to its peak 

fraction at 1127℃, with 5.9×10-4 % in the case of combustion, while it is only 3.3×10-11 % 

in the case of pyrolysis.  

When there is sufficient oxygen in the system, the K content will mainly convert to KO 

and KO2 via R8-1 and R6-5. As indicated in Figure 8.2, the release fraction of KO and 

KO2 in the condition of combustion are several order-of-magnitude higher than that of 

pyrolysis, especially the release of KO2. Since the existence of sufficient O2 might also 

facilitate the R8-2 [4], this results in a higher release of KO2 than KO under the same 

conditions. In addition, the existence of O2 in the system might favour the consumption 

of KCl and KOH via the R8-3, R8-4 and R8-5 [4]. This shows that a higher O2 

concentration in the system will result in a higher released fraction of KO2 and KO, while 

a lower O2 concentration will result in a higher released fraction of KCl and KOH. In this 

way, the oxygen affects the formation of KO and KO2, whom could then consume KCl 

and KOH content during the thermal conversion process, thus, causing the less release 

of KCl and KOH in the condition of combustion compare to the results in the condition 

of pyrolysis.  

 

(a)                                                                              (b) 

Figure 8.2 The changes of release profiles of intermediate K compounds with the change of 

oxygen concentration 
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Nevertheless, the release fraction of K2SO4 is much less in the condition of pyrolysis 

compared to that of combustion. This might be caused by the lack of intermediate species 

like KSO2 and KSO3 and its formation in the early stage of the reactions. As discussed in 

the previous chapters, the release of K2SO4 strongly relies on the S-related species (i.e. 

SO2, SO3, KSO2 and KSO3) during the thermal conversion process. Moreover, the 

calculation results from Dayton et al.’s report [2] also prove that when there is a higher 

concentration of SO2 in the system, a higher amount of K2SO4 is released in the gas phase. 

Since there is no oxygen present in the pyrolysis test, less S content will convert to SO2 

and SO3, which then decrease the formation of KSO2 and KSO3. This will lead to a lower 

formation and release of K2SO4. Besides, the predicted results of the release profiles 

indicate that there is a higher released fraction of SO2 and SO3 under the condition of 

combustion; however, a smaller released fraction of KSO2 and KSO3 can be obtained. 

This indicates that during the combustion, more KSO2 and KSO3 will convert to K2SO4, 

rather than been released directly.  

K + O2 → KO2 R6-5 

K + O → KO R8-1 

KO + O2 → KO2 + O R8-2 

KCl + O2 → KO2 +Cl R8-3  

KOH + O2 → KO2 + OH R8-4 

KOH + O2 → KO + HO2 R8-5 

8.3.2 Change of major transition cycles of K 

The summarised major transition cycles of K within the low (327℃-527℃), medium 

(627℃- 827℃) and high temperature (927℃ – 1127℃) ranges are presented in Table 8.2. 

The detailed reaction paths of K under the different conditions are provided in Appendix 

V. As illustrated in the results, the major transition cycles are different between the tests 

of combustion and pyrolysis. When there exists sufficient oxygen in the system, the 

reaction path of K is much more complicated, leading to a more complex major transition 

cycle in the different temperature ranges. 

During the low temperature range, there is only one major transition route of K can be 

concluded in the condition of pyrolysis, which is the route of KOH → KCl. While in the 

test of combustion, KO and KO2 are also involved in the major transition cycle. At the 

beginning of the pyrolysis, there is only little available O2 in the system for K to react with, 
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which means, more K content could react with moisture and generate KOH. Meanwhile, 

the abundant release of HCl at low temperatures [5, 6] could consume a large amount of 

KOH and to form KCl, leading to the only one major transition route of K in low 

temperature range during the pyrolysis. This is also reflected in Figure 8.1, and there are 

higher released fractions of KOH and KCl during pyrolysis than those during combustion. 

However, at the initial stage of combustion, K could be oxidized when there exists 

sufficient oxygen content. As discussed before, KO and KO2 are the most important 

intermediate species during the combustion process, which mainly contribute to the 

formation of KOH, KCl and K2SO4 [7]. Moreover, since partial K content is oxidized to 

form KO and KO2, the direct release of KOH and KCl at the early stage could thus 

decrease compared to that during the pyrolysis.  

Table 8.2 Major transition cycles of K in the different temperature ranges  

 Low temperature range Medium temperature range High temperature range 

Combustion 

   

Pyrolysis 
 

  

As the final temperature increases to medium temperature range, more K content is 

released. During the pyrolysis process, with the depletion of Cl content, which is released 

as HCl, there is more available HxOy content for K to react with and thus facilitates the 

transition of K → KOH. Meanwhile, during the combustion process, KO and KO2 still 

play a crucial role in the conversion process of K, as more released K content could be 

oxidized in the presence of O2. As we can see from Table 8.2, at low and medium 

temperature ranges, the difference between the major transition cycles of combustion and 

pyrolysis is the involvement of KO and KO2. This reveals that the oxidation of K at the 
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initial stage of the thermal conversion is a crucial step that controls the release of KCl and 

KOH at early stage. Besides, the formed KO and KO2 are less released at low-medium 

temperature range, and this can help to reserve partial K content.  

At high temperatures, KCl is no longer part of the major transition cycle in both 

conditions. With the depletion of HCl at low temperatures, there is less reaction between 

HCl and KOH, and this results in the less involvement of KCl in the transition cycles. In 

the condition of pyrolysis, as the high final temperature triggers more decomposition 

reactions, there is more dissociated oxygen and OxHy in the system [8], which could also 

facilitate the reaction of K → KO. The sufficient oxygen in the condition of combustion 

can still favour the oxidization of the dissociated K via the route of K → KO2 → KO. 

This illustrates that, when there is a sufficient concentration of oxygen, K will always be 

involved in the oxidization reaction first, and then react and generate other stable species. 

As presented in Table 8.2, apart from the oxidization route of K, KOH is still part of the 

major transition cycle under the circumstance of pyrolysis. At the same time, it is KSO3 

in the condition of combustion. Since there is enough O2 in the system, more S content 

could be oxidized and reacted to form intermediate species, which are crucial to the 

generation of K2SO4 at high temperatures. Moreover, the reaction of S species to form 

K2SO4 might be favoured by high temperatures, which is reflected by the high reaction 

rate of KSO3. This reveals that the conversion to K2SO4 is favoured by both high 

temperature and the existence of O2. However, during the pyrolysis process, due to the 

depletion of Cl content, and the lack of oxidized S species, K is more likely to be directly 

released in the stable form, like KOH, since there is enough dissociated OxHy content. 

These results also explain the higher released fraction of KOH in the result of pyrolysis 

when compared to that of combustion. In contrast, the release fraction of K2SO4 is much 

lower in the result of pyrolysis when compared to that of combustion. 

8.4 Summary of the chapter  

The influence of oxygen concentration on the prediction of the release of K compounds 

was carried out and discussed in this chapter. According to the results, when there is a 

sufficient oxygen content in the system, there is a lower released fraction of KCl and 

KOH, but a much higher released fraction of K2SO4. The concentration of oxygen has a 

significant influence on the release fraction of K2SO4 than that of KOH and KCl. In the 

combustion test, KO and KO2 are the most important intermediate species involved in 
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the transition cycles for all the temperature ranges. While in the pyrolysis test, the major 

transition cycles are less complicated, and KOH is the only species involved in the 

transition cycles for all the temperature ranges.  

These results revealed that when biomass is treated at a temperature less than 927℃, the 

existence of O2 favours the formation of KO and KO2 than any other K compounds. In 

this way, less K will directly react with moisture and Cl and be released in the form of 

KOH and KCl during the combustion process at these temperatures. When the reaction 

temperature is higher than 927℃, the lack of O2 in the system can significantly inhibit the 

release of K2SO4 in the order-of-magnitude level. During the combustion and pyrolysis 

process, there is a small difference between the release fraction of KOH and KCl. 

However, a big difference between the release fraction of K2SO4 can be observed, and 

this indicates that when biomass is thermally treated, the existence of O2 can influence 

the release behaviour of K by facilitating the release of K2SO4 content at high 

temperatures.  
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

9.1 Final conclusions 

This thesis experimentally and modelling investigated the release behaviour of K from 

biomass during its combustion process. Three objectives were defined to accomplished 

in the Chapter 1 and have been carried out and evaluated in the Chapter 4 – Chapter 8 as 

regards the results presented. The main outcomes of this PhD work are presented below: 

 Cellulose, xylan, lignin and their mixtures were tested in the TGA device. 

The obtained thermal behaviours of different samples indicate that the different stages of 

combustion (devolatilisation and char oxidation) of biomass are predictable once the 

quantities of the major chemical components are certain. This outcome implies the 

feasibility to use the major chemical components as initial constitutions to estimate the 

thermal conversion process of biomass. 

 Wheat straw pellets were combusted in the FBS, and the results show that 

the final temperature affects the K transition performance the most amongst all 

the investigated operating factors. The higher the final temperature, the less the K was 

retained in the solid residues. Three stages can be concluded according to the release 

behaviour of K. The first stage occurs at low temperatures, the dissociation of loosely 

bonded K and partial organic K contributes to the release of K, which accounts for <25% 

of the initial K content. At this stage, an abundant content of K can be detected inside 

the porous structure, and the structural change is insignificant and has little influence on 

the loss of K. In the second stage, the loss of K varies by only 5%, while organic K and 

char K are more likely to convert to the thermal stable K compounds; whereas the particle 

structure starts to breakdown and collapse. The third stage occurs the abundant loss of K 

(up to 60%), which is mainly caused by the decomposition and evaporation of inorganic 

K. Moreover, biomass particle structure suffers a dramatic change, exposing the K 

content located within, leading to the further loss of K.  

 Heating rate also influences the transition performance of K during the 

combustion process. The higher the heating rate, the more K is released as the gas 

product. At low-medium temperatures, the heating rate affects the release of K by 

influencing the molecular motions and thus controls the biomass decompositions and 



   

167 
 

release more volatile matters related K, as well as the break of low BDEs required K 

bonds. At high temperatures, the heating rate accelerates the K release by affecting the 

biomass particle structure. The higher the heating rate, the more coalescence of small 

pores to generate large cavities and the more open structure, exposing more of the internal 

K. Thereby, accelerating the decomposition and sublimation of K species.  

 A two-step kinetic controlled model was designed, which consists of the 

devitalisation of biomass and the oxidation of released gas products. The model 

uses major chemical components as initial inputs, which is more close to the thermal 

characteristics of biomass than that of using the elemental as initial inputs. The model was 

validated by comparing the predicted volatile matter against the experimental results, as 

well as comparing the predicted profile of K released during combustion against the 

published prediction results.  The validated results show a great agreement, indicating the 

reliability and accuracy of the developed model, and thus, could be further used to 

investigate the release behaviour of different K species from biomass under various 

conditions. 

 The developed model was used to predict the release profiles of K species 

and the transition route across a wide range of temperature. The results indicate that 

KOH, KCl and K2SO4 are the major K species that are released during the combustion 

of wheat straw. KCl is the major species of K and Cl that is released during the early stage 

of combustion. Followed by KOH, it is more likely to be formed during the combustion 

and release processes, which involves more important intermediate species. K2SO4 

becomes one of the most common K species released at temperatures exceeding 1027℃. 

Alongside the KCl and KOH. The release of K2SO4 relies more on its initial amount in 

the biomass and the reactions in the solid phase during the early stages of combustion. 

The transition route revealed that intermediate species are briefly existed and quickly 

converted to other major K species during the combustion process. KO and KO2 are the 

most important intermediate species that could affect the generation of KCl and KOH.  

 The model was also used to predict the release profiles of K species under 

the scenarios of different initial values of Cl and S. The results show that changing 

the initial amount of Cl has greatly affected the release behaviour of major K species at 

temperatures >727℃. The higher the initial quantity of Cl, the greater the fraction of HCl 

and KCl released; however, the release of KOH and K2SO4 is reduced. The formation 

and release of KCl depend less on the Cl than K in the reaction system. The content of 



   

168 
 

Cl inhibits the release of KOH via firstly affect its formation process by controlling the 

available water content for K to react with. Then restricts the release of KOH through 

the release of an abundant amount of HCl that consumes the KOH in the system. The 

change of the initial amount of Cl can significantly affect the major transition cycle at 

temperatures > 627℃, the higher the Cl content, the bigger the change of the reaction 

rate within the transition cycle. Meanwhile, the initial content of Cl can also significantly 

influence the intermediate reactions during the combustion process and thus affect the 

release of K species.  

The predicted results show that changing the initial amount of S can only significantly 

affect the release behaviour of K species at temperatures >1027℃. The release 

behaviours of HCl and KCl are insensitive to the change of the initial value of S, whereas 

the release of KOH and K2SO4 are greatly affected at temperatures >1027℃, the higher 

the initial S content, the less the release fraction of KOH, meanwhile, the more release 

fraction of K2SO4. The S content affects the release of K2SO4 mainly by exerting upon 

the formation of the intermediate species: KSO2 and KSO3 during the combustion 

process. Moreover, the abundant release of K2SO4 at high temperatures under the high 

initial S content condition is mainly caused by the sublimation and evaporation of the 

accumulated K2SO4 from the inherent sources and that formed in the early stage of the 

combustion. In addition, the change of initial S content can only affect the transition cycle 

significantly at high temperatures. The higher the S content, the higher the rates of the 

KSO3 involved reactions, implying the high released fraction of K2SO4. 

 The prediction of the release profiles of K species during the combustion 

and pyrolysis processes was carried out using the developed model. The results 

revealed that the existence of O2 could favour the formation of KO and KO2. This could 

inhibit the release of KOH and KCl when the temperature is below 927℃, while 

significantly facilitate the release of K2SO4 when the temperature exceeds 927℃. 

However, the difference between the release fractions of KOH and KCl are small under 

combustion and pyrolysis conditions but huge in the case of K2SO4. This indicates that 

the presence of O2 can significantly affect the release amount of K at high temperatures, 

mainly by increasing the release of K2SO4.   
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9.2 Suggestions for the future work 

The work accomplished in this PhD study has contributed to the knowledge base in the 

sense that proved and expanded the release mechanisms of K during the combustion of 

biomass in a large reactor, as well as designed a two-step kinetic model to help predict the 

release profiles of K from biomass under different circumstances, alongside the transition 

route of K. Nevertheless, as a result of the overall analysis that carried out, additional 

issues have been appointed and therefore should be addressed in the future work. The 

suggestions below describe the continued work on based on this research:  

 More accurate control and record of the atmosphere inside the designed reactor 

(FBS) can be conducted. This will allow the experimentally study on the influence of 

different oxygen concentrations on the transition of K from biomass in a large reactor 

and provide insightful information to guide to device design.  

 An investigation on the relationship between the release behaviour of K and 

thermal characteristics of major chemical components (cellulose, hemicellulose and lignin) 

could be conducted. This information is crucial for a deeper understanding of the release 

mechanism of K from biomass materials and to provide crucial information on the 

selection and preparation of raw materials. 

 The experiments on the usage of an additive to prevent the loss of K during the 

thermal conversion process might be carried out, with the aim to find suitable additives 

to better control and mitigate the K release-induced problems.  

 More kinds of biomass could be tested, and the experimental data can be 

implemented into the model, then validated the predicted results from the model. This 

will make the model suitable for predicting the release profiles of K from various kinds 

of biomass. 

 The model developed in this work would benefit from adding more detailed release 

mechanisms of K, like the K/C/O reaction system et al. This will make the prediction 

more accurate and provide more information about the release of K species.  In addition, 

liquid and solid phase reactions could be added to the model, for example, tar 

disassociation and char oxidation and the reaction mechanism of liquid and solid phase 

K species. Also, the development of the reaction mechanism of organic K species could 

be attempted and add it to the model. This can be achieved by testing the release 

behaviour of different organic-K species by combusting the pure organic-K samples and 



   

170 
 

the mixtures of organic-K samples and biomass samples. Moreover, the developed model 

could potentially be integrated into a single particle combustion model; in this way, a 

detailed prediction of three-phase-transition and released amounts of different K species 

from the combustion of a single particle of biomass could be obtained. 
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APPENDIX 

Appendix I 

Table I Kinetic scheme of cellulose, hemicellulose and lignin pyrolysis* 

Number Reaction A,1/s E, 

kJ/mol 

1 CELL → CELLA 1.5E14 196.8 

2 CELLA → 0.4HAA + 0.05GLYOX + 0.15CH3CHO + 

0.25HMFU + 0.15CH3OH + 0.3CH2O + 0.61CO + 0.36CO2 + 

0.05H2 + 0.93H2O + 0.02HCOOH + 0.05C3H6O2 

2.5E06 79.9 

3 CELLA → LVG 3.0 41.9 

4 CELL→ 5H2O + 6CHAR 6.0E07 129.8 

5 HCE→ 0.4HCE1 + 0.7HCE2 1.0E10 129.7 

6 HCE1→ 0.6XYLAN +0.2C3H6O2 + 0.12GLYOX +0.2FURF + 

0.4H2O + 0.08G{H2}s + 0.16CO 

3.0 46.1 

7 HCE1 → 0.4H2O + 0.79CO2 + 0.05HCOOH + 0.69CO + 

0.01G{CO} + 0.01G{CO2} + 0.35G{H2} + 0.30CH2O + 

0.9G{COH2} + 0.625G{CH4} + 0.376G{C2H4} + 0.875CHAR 

1.8E-

03 

12.6 

8 HCE2 → 0.2H2O + 0.275CO + 0.275CO2 + 0.4CH2O + 

0.1C2H5OH + 0.05HAA + 0.35ACAC + 0.025HCOOH + 

0.25G{CH4} + 0.3G{CH3OH} + 0.225G{C2H4} + 0.4G{CO2} 

+ 0.725G{COH2} 

5.0E09 131.9 

9 LIGC → 0.35LIGCC + 0.1COUMARYL + 0.08PHENOL + 

0.41C2H4 + 1.0H2O + 0.7G{COH2} + 0.3CH2O + 0.32CO + 

0.495G{CH4} 

1.0E11 155.7 

10 LIGH → 1.0LIGOH + 0.5C2H4 + 0.2HAA + 0.1CO + 

0.1G{H2} 

6.7E12 157.0 

11 LIGO → LIGOH + CO2 3.3E08 106.8 

12 LIGCC → 0.3COUMARYL + 0.2PHENOL + 0.35HAA + 

0.7H2O + 0.65CH4 + 0.6C2H4 + 1.0H2 + 1.4CO + 0.4G{CO} + 

6.75CHAR 

1.0E04 103.8 

13 LIGOH → 0.9LIG + 1.0H2O + 0.1CH4 + 0.6CH3OH + 

0.05G{H2} + 0.3G{CH3OH} + 0.05CO2 + 0.65CO + 

0.6G{CO} + 0.05HCOOH + 0.85G{COH2} + 0.35G{CH4} + 

0.2G{C2H4} +4.25CHAR 

1.0E08 125.6 
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14 LIG → 0.3ANISOLE + 0.3CO + 0.3G{CO} + 0.3CH3CHO 3.0 50.2 

15 LIG → 0.6H2O + 0.4CO + 0.2CH4 + 0.4CH2O + 0.2G{CO} + 

0.4GG{CH4} + 0.5G{C2H4} + 0.4G{CH3OH} + 2.0G{COH2} 

+ 6.0CHAR 

3.0 33.5 

16 LIG → 0.6H2O + 2.6CO + 1.1CH4 + 0.4CH2O + 1.0C2H4 + 

0.4CH3OH 

1.0E07 101.7 

17 TGL → 1.0ACROL + 3.0FFA 7.0E12 191.3 

18 TANN → 0.85FENOL + 0.15G{PHENOL} + 1.0G{CO} + 

1.0H2O + 1.0ITANN 

2.0E01 4.2 

19 ITANN → 5.0CHAR + 2.0CO + 1.0H2O + 1.0G{COH2} 1.0E03 104.7 

20 G{CO2} → CO2 1.0E06 100.5 

21 G{CO} → CO 5.0E12 209.3 

22 G{COH2} → CO + H2 1.5E12 297.3 

23 G{H2} → H2 5.0E11 314.0 

24 G{CH4} → CH4  5.0E12 299.4 

25 G{CH3OH} → CH3OH 2.0E12 209.3 

26 G{C2H4} → C2H4 5.0E12 299.4 

27 G{PHENOL} → PHENOL 1.5E12 29.7 

28 S{H2O} → H2O 3.0 33.5 

*The kinetic scheme is adapted from “Ranzi, E., P.E.A. Debiagi, and A. Frassoldati, Mathematical modelling of fast 

biomass pyrolysis and bio-oil formation. Note I: kinetic mechanism of biomass pyrolysis. ACS Sustainable Chemistry & 

Engineering, 2017. 5(4): p. 2867-2881.” 
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Appendix II 

Table II Kinetic Schemes of K/S/Cl reactions * 

Number Reaction A,1/s E, cal/mol 

1 K + O = KO 1.5E21 0 

2 K + OH = KOH 5.4E21 0 

3 KOH + H =K + H2O 5.0E13 0 

4 K + Cl +M = KCl  1.8E20 0 

5 K +HCl = KCl + H 9.1E12 1179.5 

6 K + Cl2 = KCl + Cl 4.4E14 0 

7 KOH + HCl =KCl + H2O 1.7E14 0 

8 K + HO2 = KOH + O 1.0E14 0 

9 K + HO2 = KO + OH 3.0E13 0 

10 K + H2O2 = KOH + OH 2.5E13 0 

11 K + H2O2 = KO + H2O 1.6E13 0 

12 KO + H = K + OH 2.0E14 0 

13 KO + O = K + O2 2.2E14 0 

14 KO + OH = KOH + O 2.0E13 0 

15 KO + HO2 = KOH + O2 5.0E13 0 

16 KO + H2 = KOH + H 1.6E13 0 

17 KO + H2 = K + H2O 3.1E12 0 

18 KO + H2O = KOH + OH  1.3E14 0 

19 KO + CO = K + CO2  1.0E14 0 

20 KOH + KOH = (KOH)2  8.0E13 0 

21 K + ClO = KCl + O 1.0E14 0 

22 KO + HCl = KCl + OH 1.7E14 0 

23 KCl + KCl = (KCl)2 8.0E13 0 

24 K + H = KH 3.0E17 0 

25 KH + H = K + H2 1.0E14 0 

26 KH + O = KO + H 5.0E13 0 

27 KH + O = K + HO 5.0E13 0 

28 KH + OH = K +H2O 1.0E14 0 

29 KH + OH = KOH + H  1.0E13 0 

30 KH + O2 = K +HO2 1.0E14 0 

31 K + O2 = KO2 3.6E14 0 

32 SO2 + O = SO3 3.7E11 1689.1 
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33 SO2 + OH = SO3 + H 4.9E02 23845.1 

34 SO3 + O = SO2 + O2 1.3E12 6100.4 

35 SO3 + SO = SO2 + SO2 7.6E03 2980.6 

36 S + NO2 = SO + NO  3.0E10 -166.7 

37 S + OH = SO + H  2.8E09 0 

38 S + O2 = SO + O 1.5E10 3651.9 

39 S + H2 = SH + H 1.4E11 19258.2 

40 S + SH = S2 + H 2.7E10 0 

41 S + H = SH 6.2E10 0 

42 SO2 + HO2 = SO3 + OH  1.2E04 0 

43 SO2 + NO2 = SO3 + NO  6.3E09 26989.6 

44 SO2 + CO = SO + CO2 2.7E09 43732.7 

45 SO + O2 = SO2 + O 7.6E00 2978.4 

46 SO + OH = SO2 + H 1.1E14 0 

47 2SO = SO2 + S 2.0E09 3993.5 

48 SO + O = SO2 1.2E05 0 

49 SO3 + N = SO2 + NO 3.1E05 0 

50 SH + HO2 = H2O2 + S 1.0E08 0 

51 SH + OH = H2O + S 1.0E10 0 

52 SH + O = SO + H 1.0E11 0 

53 KSO2 + KO2 = K2SO4  1.0E14 0 

54 KO2 + H = K + HO2  2.0E14 0 

55 KO2 + H = KO + OH  5.0E13 0 

56 KO2 + H = KOH + O  1.0E14 0 

57 KO2 + O = KO + O2 1.3E13 0 

58 KO2 + OH = KOH + O2 2.0E13 0 

59 KO2 + CO = KO + CO2  1.0E14 0 

60 KO2 + Cl = KCl + O2 1.0E14 0 

61 KO2 + HCl = KCl + HO2 1.4E14 0 

62 K + SO2 = KSO2 3.7E14 0 

63 K + SO3 = KSO3 3.7E14 0 

64 K + SO3 = KO + SO2  1.0E14 15568.0 

65 KO + SO2 = KSO3  3.7E14 0 

66 KOH + SO3 = KHSO4 1.0E14 0 

67 KSO2 + O = KO + SO2 1.3E13 0 

68 KSO2 + OH = KOH +SO2 2.0E13 0 
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69 KSO3 + O = KO + SO3  1.3E13 0 

70 KSO3 + OH = KOH +SO3 2.0E13 0 

71 KSO3 + KO = K2SO4 1.0E14 0 

72 KHSO4 + KOH = K2SO4 + H2O 1.0E14 0 

73 KHSO4 + KCl = K2SO4 + HCl  1.0E14 0 

74 KCl + SO3 = KSO3Cl 1.0E14 0 

75 KSO3Cl + OH = KHSO4 + Cl  1.0E14 0 

76 KSO3Cl + H2O = KHSO4 + HCl 1.0E14 0 

77 KSO3Cl + KOH = K2SO4 +HCl 1.0E14 0 

78 2Cl =Cl2 1.4E01 -1800 

79 H + Cl = HCl 1.7E01 0 

80 H + HCl = H2 +Cl 1.3E01 3500 

81 H + Cl2 = HCl + Cl 1.4E01 1200 

82 O + HCl = OH +Cl 2.8E-07 3510 

83 OH + HCl = H2O + Cl 6.2E-04 -223 

84 O + Cl2 = ClO + Cl  1.3E01 3585 

85 O + ClO = Cl + O2 1.3E01 -193 

86 Cl + HO2 = HCl + O2 1.3E01 894 

87 Cl + HO2 = OH + ClO 1.3E01 -338 

88 Cl + H2O2 = HCl + HO2 1.3E01 1951 

89 ClO + H2 = HOCl + H 1.2E01 14100 

90 H + HOCl = HCl + OH 1.4E01 762 

91 Cl + HOCl = HCl + ClO  1.2E01 258 

92 Cl2 + OH = Cl + HOCl 1.2E01 1810 

93 O + HOCl = OH + ClO 1.3E01 4372 

94 OH + HOCl = H2O + ClO 1.2E01 994 

95  HOCl = OH + Cl 1.0E01 5672 

*The kinetic schemes are adapted from “Glarborg, P. and P. Marshall, Mechanism and modeling of the formation of gaseous 

alkali sulfates. Combustion and Flame, 2005. 141(1-2): p. 22-39.”, “Cerru, F., A. Kronenburg, and R. Lindstedt, 

Systematically reduced chemical mechanisms for sulfur oxidation and pyrolysis. Combustion and Flame, 2006. 146(3): p. 

437-455.” and “Sliger, R.N., J.C. Kramlich, and N.M. Marinov, Towards the development of a chemical kinetic model for 

the homogeneous oxidation of mercury by chlorine species. Fuel Processing Technology, 2000. 65: p. 423-438.” 
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Appendix III 

Table III Detailed reaction paths of K species under different conditions of initial input 

of Cl  

Temperature Case 1 Case 2 Case 3 
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Appendix IV 

Table IV Detailed reaction paths of K species under different conditions of initial input 

of S content  

Temperature Case 4 Case 5 Case 6 
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Appendix V 

Table V Detailed reaction paths of K species under different conditions of combustion 

and pyrolysis  

Temperature Combustion Pyrolysis 
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