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ABSTRACT 

Spontaneous combustion is a major problem facing South African coal mines. It is caused by 

the build-up of heat during oxidation, which eventually leads to the temperature of the coal 

reaching the point of ignition. The adverse effects of spontaneous combustion, such as the 

release of large toxic gases into the environment and the loss of valuable materials, called for 

a solution to the problem and for further new fuels to be explored. Biomass, hydrochar and 

hydrochar/coal blends have been proposed as alternative energy sources to coal to reduce 

greenhouse gas emissions. However, given that the new fuels are derived from biomass, which 

is highly reactive, there is a need to investigate their susceptibility to spontaneous combustion 

and preventative measures thereof. 

This study assessed the factors that contribute to the spontaneous combustion of 100% coal 

discard, 100% biomass, 100% hydrochar, 25% hydrochar + 75% discard coal, 50% hydrochar 

+ 50% discard coal and 75% hydrochar + 25% discard coal through their characteristics. The 

thermogravimetric analysis (TGA) and the Wits-Ehac apparatus were used to predict the 

spontaneous combustion susceptibility of the fuels. Those that were found to be highly 

susceptible to spontaneous combustion from the six were treated with three imidazolium-based 

ionic liquids, 1-butyl-3-methyl-imidazolium hydrogen sulphate [Bmim+HSO4
−] (IL-A), 1-

ethyl-3-methyl-imidazolium hydrogen sulphate [Emim+HSO4
−] (IL-B) and 1-Butyl-3-methyl-

imidazolium acetate [Bmim+OAc−] (IL-C), to inhibit their spontaneous combustion 

characteristic. 

The physicochemical analysis results for the samples revealed an increase in the energy 

characteristic of the hydrochar produced from 100% biomass. In addition, the 100% discard 

coal was found to have low energy characteristics, however, the quality improved when it was 

blended with 100% hydrochar at different ratios. 100% biomass was found to have the highest 

moisture content, volatile matter and oxygen content at 8.01%, 60.52% and 37.67%, 

respectively. Additionally, the sample was also found to have the lowest ash content, fixed 

carbon, and total carbon at 2.92%, 19.54% and 44.60%, respectively. As a result, 100% 

biomass is highly susceptible to spontaneous combustion compared to other fuels. The Fourier 

Transform Infrared Spectroscopy (FTIR) analysis results revealed that all samples had a 

transmittance of the C=O stretch, which is known to promote spontaneous combustion. The 

fingerprint region of the FTIR spectra of the samples showed that the 100% discard coal had 

the highest mineral content, which tends to inhibit spontaneous combustion. Whereas 100% 
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biomass had the lowest mineral content in comparison to other fuels, making it more 

susceptible to spontaneous combustion. 

The TGA results showed that 100% biomass is highly reactive with a 𝑇𝐺𝑠𝑝𝑐 index of 

0.1457 %/ ˚C.min, while 100% discard coal was found to be non-reactive with a 𝑇𝐺𝑠𝑝𝑐 index 

of 0.0135 %/ ˚C.min. The remaining fuels were classified as low reactive given that their 𝑇𝐺𝑠𝑝𝑐 

index was between 0.02 and 0.03 %/ ˚C.min. A significant correlation was seen between the 

TGA susceptibility data and the physiochemical properties of the samples. The Wits-Ehac 

results showed that the 100% biomass had the lowest spontaneous combustion susceptibility 

index of 3.49, while the 50% hydrochar/50% discard coal blend was found to have the highest 

spontaneous combustion susceptibility index of 4.79. The remaining fuel was classified as 

medium risk as their Wits-Ehac values ranged from 3 to 5. No correlation was found between 

the TGA and Wits-Ehac spontaneous combustion results, as the Wits-Ehac results showed 

some inconsistencies, especially for samples derived from 100% biomass. In addition, the 

Wits-Ehac results were inconsistent with the characterisation results from the samples.  

The three imidazolium-based ionic liquids were used to treat 100% biomass to inhibit its 

spontaneous combustion characteristic, as it was the only sample that was highly susceptible 

to spontaneous combustion. The TGA results from the treated biomass showed that 1-butyl-3-

methyl-imidazolium hydrogen sulfate [Bmim+HSO4
−] (IL-A) and 1-ethyl-3-methyl-

imidazolium hydrogen sulfate [Emim+HSO4
−] (IL-B) reduced the 𝑇𝐺𝑠𝑝𝑐 index of 100% 

biomass from 0.1457 %/ ˚C.min to 0.0839 and 0.0576 %/ ˚C.min, respectively at a lower 

heating rate. The two imidazolium-based ionic liquids were found to be inefficient in inhibiting 

the spontaneous combustion of 100% biomass, as the samples were still classified as highly 

reactive after treatment. 1-Butyl-3-methyl-imidazolium acetate [Bmim+OAc−] (IL-C) showed 

the best inhibitory effects given that the 𝑇𝐺𝑠𝑝𝑐 index of 100% was reduced to 0.0207 %/ ̊ C.min, 

and the sample was classified as low reactive after treatment. The results of the 

physicochemical analysis showed that after IL-C treatment, the physicochemical properties, 

textural properties and microstructure of the 100% biomass improved significantly. 
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CHAPTER 1: INTRODUCTION 

1.1 Background of the Study 

Coal is used extensively as a global primary energy resource presently (Cui et al., 2018). It is 

one of the most abundant fossil fuels, available at a lower cost than other fossil fuels from 

different international suppliers (Zaman et al., 2018). The main industries that rely on coal as 

a primary energy source include electricity power plants, cement production, and ferroalloys 

aluminium and steel manufacturing (IEA, 2018b; WEC, 2018). As of 2019, coal accounts for 

37% of global electricity supply and is predicted to account for 26% of the global electricity 

generation by 2040 (IEA, 2018b). Currently, coal use is at a record level worldwide, and credit 

is owed to the fact that it is relatively easier to mine, process and transport than natural gas and 

oil (Melikoglu, 2018). 

Coal is used more for electricity generation than other fossil fuels, but there is a public outcry 

to reduce its utilisation due to its greenhouse gas emission. An estimated 15 billion tonnes of 

carbon dioxide (CO2) per annum are produced conventionally by generating electricity from 

coal-fired plants, and this is a major contributor to global warming (World Nuclear Association, 

2020). Additionally, other pollutants that are produced and emitted include nitrous oxide 

(NOx), sulphur dioxide (SO2) and particulate matters (IEA, 2017). These pollutants are 

produced from the combustion of coal. Coal comprises a complex chemical lattice of carbon, 

hydrogen, and a collection of major/minor elements such as aluminium, nitrogen, silica, nickel, 

lead, arsenic and mercury (Franco & Diaz, 2009). Natural gas has also been considered an 

alternative source for power generation due to its relatively reduced greenhouse gas emissions 

per kWh of electricity generated (Oboirien et al., 2018). However, an attempt to substitute coal 

with natural gas has failed, given that natural gas is more expensive than coal (Melikoglu, 

2018). Solar and wind energy are other clean and renewable energy sources that are a potential 

alternative source for electricity generation. Nonetheless, they are deemed intermittent since 

they both depend on weather conditions, and the storage of solar energy is expensive (Williams, 

2013; Slabbert, 2017).  

An increase in both the human population and electricity demand implies that there must be an 

advancement in clean coal technology to reduce emissions and inhibit climate change. In 

addition, it also implies exploring new potential energy sources for a clean electricity 

generation to reduce coal dominance. Biomass is by far the most available renewable energy 

source; it accounted for 50% of all renewable energy sources consumed in 2017 (IEA, 2018a). 
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With the availability of different and suitable combustion technologies, it can be co-fired with 

fossil fuel (coal) by modifying it through a hydrothermal process and blending it with coal to 

produce a new fuel (hydrochar/biocoal) (Setepu et al., 2021). Coal must continue to play its 

role as the largest share of energy resources in the South African total energy mix. With over 

2 billion tonnes of discard coal of various grades available in the country, hydrochar and coal 

blends suitable for application in existing coal power plants can be produced as new fuels 

meeting the regulated emission standard.  

With the production of these new fuels (hydrochar and hydrochar/coal blends), comprising 

biomass, which is highly reactive, there is a need to understand the mechanism responsible for 

its susceptibility to spontaneous combustion to prevent explosion during transportation and 

storage. This will provide reliable data on the oxidation of these fuels and the measures 

necessary to mitigate this tragedy. 

Limited studies have been reported using the Wits-Ehac index, along with thermogravimetric 

analysis (TGA), to measure the spontaneous combustion liability of coal and coal shale 

(Onifade, 2018; Onifade & Genc, 2019; Onifade et al., 2020). A recent investigation has also 

utilised the Wits-Ehac index approach to determine the spontaneous combustion liability of 

different coals used for producing activated carbon (Abdulsalam et al., 2020). Nevertheless, 

the Wits-Ehac index has never been used in determining the combustion liability of hydrochar 

and hydrochar/coal blends; therefore, this study sought to use this invention and compare the 

data with the calculated index from the TGA. Furthermore, this study sought to treat these new 

fuels with different ionic liquids to delay the oxidation and susceptibility of the products to 

spontaneous combustion. 

  

1.2 Problem Statement 

An increasingly prevalent concern pertinent to the hazards and lethal disasters caused by 

spontaneous combustion motivated this study. It has led to an outcry for extensive research to 

be conducted to find a viable, efficient and economically friendly method of inhibiting the 

spontaneous combustion of coal, biomass, hydrochar and hydrochar/coal blend using 

imidazolium-based ionic liquids. The findings of this study will contribute towards paving a 

way for other researchers, in line with the prevention of spontaneous combustion and the 

advancement of clean coal technology leading to the global dominance of coal for sustainable 

power and energy generation. 
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1.3 Aims and Objectives 

This study aimed to determine the spontaneous combustion liability and to investigate the 

influence of imidazolium-based ionic liquids on the spontaneous combustion characteristics of 

coal, biomass and hydrochar/coal blends. The specific objectives of this study were: 

I. To conduct physicochemical tests (calorific value, ultimate analysis, total sulphur and 

proximate analysis) of the raw Searsia lancea (biomass), coal, hydrochar and 

hydrochar/coal blends. 

II. To produce hydrochar by hydrothermal carbonisation using Searsia lancea (biomass) 

as feedstock at known optimal set parameters. 

III. To conduct spontaneous combustion tests on the untreated samples and predict their 

spontaneous combustion susceptibility using the Wits-Ehac Index and 𝑇𝐺𝑠𝑝𝑐 index. 

IV. To pretreat the samples with three different imidazolium-based ionic liquids. 

V. To conduct spontaneous combustion liability tests on the treated samples (coal, 

biomass, hydrochar and hydrochar/coal blends) before and after imidazolium-based 

ionic liquid pretreatment. 

 

1.4 Research Questions 

I. How do the imidazolium-based ionic liquids affect the intrinsic properties of coal, 

biomass, hydrochar and hydrochar/coal blend? 

II. How do imidazolium-based ionic liquids affect the spontaneous combustion liability of 

coal, biomass and hydrochar/coal blend? 

III. Which imidazolium-based ionic liquids show the best inhibiting effect on the 

spontaneous combustion characteristic of the samples? 

IV. Which concentration of ionic liquid had the best inhibiting effect? 

V. How does the rate of heating affect the spontaneous combustion characteristics of the 

samples? 

 

1.5 Hypothesis 

Three imidazolium-based ionic liquids inhibit the spontaneous combustion characteristic of 

coal. Therefore, it will be unlikely for the reagents not to suppress the spontaneous combustion 

liability of biomass, hydrochar and hydrochar/coal blends.  
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1.6 Layout of the Dissertation 

The dissertation is structured as follows. 

I. Chapter one introduces the background of the study, problem statement, aims and 

objectives, research questions and hypothesis. 

II. Chapter two presents a detailed literature review of the study. It introduces spontaneous 

combustion and its mechanisms, the factors affecting the spontaneous combustion of 

coal and biomass, the techniques used to predict the occurrence of spontaneous 

combustion, and a survey on inhibitory measures previously applied to coal and 

biomass to prevent low-temperature oxidation. 

III. Chapter three provides the research methodology followed to achieve the aims and 

objectives of this study. The chapter is divided into five sections: sample preparation; 

sample characterisation; hydrochar production; spontaneous combustion tests; and the 

treatment of the samples with three imidazolium-based ionic liquids. 

IV. Chapter four presents the discussion of the results of the experimental studies as 

outlined in Chapter three. The results from the characterisation of biomass, coal, 

hydrochar and hydrochar/coal blends were discussed first, followed by the discussion 

of the spontaneous combustion test of the untreated and treated sample, and lastly, the 

characterisation results showing reduced spontaneous combustion liability. 

V. Chapter five summarises the main findings and conclusions of the study, and the 

recommendations for future work are also included in the chapter. 
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CHAPTER 2: LITERATURE REVIEW 

This chapter presents a thorough literature review of the history and the inhibition of 

spontaneous combustion of coal, biomass, hydrothermal hydrochar and hydrochar/coal blends. 

The review explores different techniques previously investigated by academics, industries and 

various research institutes regarding the inhibition of the spontaneous combustion 

characteristic of the materials. Major factors that contribute to the cause of the event were also 

considered in the review. However, a special focus of the chapter is on imidazolium-based 

ionic liquids since this study sought to investigate their influence on the spontaneous 

combustion characteristic of hydrothermal hydrochar and hydrochar/coal blends. Research 

developments in line with the application of imidazolium-based ionic liquids in the coal 

industry, as well as different techniques used to predict and evaluate the risk of spontaneous 

combustion, are also discussed. 

 

2.1 Introduction to Spontaneous Combustion  

Many disasters can arise from coal mines. Spontaneous combustion is one of these major 

disasters that can restrain satisfactory yield and efficiency in the coal mining industry. The 

occurrence of spontaneous combustion in coal mines and the attempt to understand the 

phenomena dates to the early twentieth century (Guney, 1968; Phillips et al., 2011; Sloss, 

2015). It occurs when a material is exposed to oxygen at ambient temperature for a long period 

during mining activities such as extraction, storage, stockpiling and transportation (Govender, 

2015). The interaction between the material and oxygen results in an oxidation reaction, which 

generates heat within the material and causes its temperature to increase without any external 

heat source (Nelson & Chen, 2007). The material, therefore, self-heats and reaches a point of 

ignition as the heat accumulates due to a lack of sufficient heat dissipation by convection and 

conduction. As a result, there is an exponential net temperature increase within the material 

(Onifade, 2018). This process is more prominent in coal with an extremely low thermal 

conductivity as it tends to accumulate heat more than coal with excellent thermal conductivity 

(Zhang, 2004; Mohalik et al., 2006). 

According to Mohalik et al. (2016), the following conditions are required for coal to undergo 

low-temperature oxidation without any source of heat. 

I. The coal must react with oxygen. 

II. The reaction must be exothermic and accompanied by heat generation. 

III. The rate of heat generation must be greater than the rate of heat dissipation by radiation, 
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conduction and convection. 

Spontaneous combustion is a known phenomenon in the coal industry, but it is not limited to 

coal since it can also occur in other materials (Phillips et al., 2011). However, the development 

of the coal industry is also restricted by this phenomenon, given that its occurrence presents a 

major safety issue in mines (Beamish & Blazak, 2005; Singh et al., 2007; Xue et al., 2010; 

Song & Kuenzer, 2014; Beamish et al., 2021). Additionally, the oxidation of coal leads to the 

deterioration in the molecular structure, elemental composition and other coal properties, 

thereby influencing its technological application (Cimadevilla et al., 2005; Mastalerz et al., 

2009; Zhang et al., 2013). Significant environmental problems, such as the emission of 

greenhouse gases and the release of hazardous trace elements, may result due to the occurrence 

of low-temperature oxidation, known as spontaneous combustion (Pone et al., 2007; Zhao et 

al., 2008; Carras et al., 2009). This phenomenon in coal mines can also result in mortality of 

workers, gas and dust explosions, property destruction, loss of energy resources, methane 

leaking and a potential economic downturn (Bo-tao et al., 2009; Wang, 2012). In addition, 

restoring damage from spontaneous combustion may require significant financial incentives, 

which may lead to a mine shutdown (Zhang et al., 2018). 

 

2.2 Spontaneous Combustion Mechanisms 

The initial stages of coal oxidation concerning the weathering phenomena are one of the earliest 

investigations carried out by Parr and Wheeler (1908). The authors demonstrated this 

phenomenon by placing a coal sample in a sealed jar and storing it for ten months. The 

compressibility of the produced gas and the partial pressure of the gases released in a jar were 

measured to quantify the combustibility of the gases produced and the effect of volatile matter 

released. The study reported a loss of calorific value due to weathering, and the author 

concluded that the sample’s low-temperature aerial oxidation was responsible for the change 

observed. The effects of spontaneous combustion on the volatile matter release and oxygen 

adsorption were quantified by measuring the combustibility and the partial pressure of the gases 

generated during the reaction. Regarding the spontaneous combustion liability of coal, some 

studies focused on the mechanisms involved in understanding oxygen consumption and 

identifying the products formed during the oxidation reaction (Wang et al., 2002; Yuan & 

Smith, 2011; Zhang et al., 2015b). These studies revealed the major pathways involved in the 

low-temperature oxidation of coal. Generally, the process of low-temperature oxidation of coal 

has been referred to as a complicated process. However, Yang et al. (2017) reported that 
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spontaneous combustion occurs because of several complex chemical reactions and a 

combination of several physical phenomena such as mass transfer, heat transfer, phase change 

and turbulent flow. 

Coal can undergo several oxidation reactions depending on the factors involved in the process. 

Although the reaction processes may be different, they all have an exothermic characteristic 

that leads to the self-heating of the coal sample. To explain the mechanism of the self-heating 

phenomena, the chemical reactions and the factors involved during the reaction must be known. 

According to the literature, three exothermic reactions are possible in limiting coal oxidation 

at low temperatures. The initial reaction is due to the oxidation of coal by direct contact with 

oxygen, followed by the oxidation of pyrite in the coal matrix, and the water molecule's 

adsorption by the coal surface (Wang et al., 2003). The biochemical reaction of bacteria on the 

coal surface is another possible heat-producing reaction, but it is mostly ignored by researchers 

due to its insignificant heat contribution. 

Three key factors required for these reactions to take place are the concentration of oxygen and 

the presence of pyrite and water. The following equations show the three heat-releasing 

reactions in detail (Avila, 2012). 

Coal oxidation 

𝑂𝑥𝑦𝑔𝑒𝑛 +  𝐷𝑟𝑖𝑒𝑑 𝑐𝑜𝑎𝑙 ⟶  𝐻𝑒𝑎𝑡       (2.1) 

Pyrite oxidation 

𝑊𝑎𝑡𝑒𝑟 +  𝑂𝑥𝑦𝑔𝑒𝑛 +  𝐻𝑖𝑔ℎ 𝑝𝑦𝑟𝑖𝑡𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑐𝑜𝑎𝑙 ⟶  𝐻𝑒𝑎𝑡   (2.2) 

Water absorption/desorption 

𝑊𝑎𝑡𝑒𝑟 +   𝑂𝑥𝑦𝑔𝑒𝑛 +  𝐻𝑖𝑔ℎ 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ⟶  𝐻𝑒𝑎𝑡  (2.3) 

Schmal (1989), Rosema et al. (2001) and Stracher & Taylor (2004) reported from their 

investigations that when spontaneous combustion takes place, oxygen is adsorbed through a 

physical process, which, in turn, is converted into a chemical chain reaction. This process leads 

to the production of carbon monoxide and carbon dioxide gases and the oxidation of the pyrite 

content in the coal. The findings from these authors suggested that the oxidation reaction is 

exothermic and that it can be represented by Equation 2.4 

𝐶𝑜𝑎𝑙 +  𝑂𝑥𝑦𝑔𝑒𝑛 →  𝑂𝑥𝑦𝑔𝑒𝑛 +  𝐻𝑒𝑎𝑡 →  𝐺𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠             (2.4) 
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According to Mohalik et al. (2009. Pg 271), the process of coal oxidation may consist of three 

steps: 

I. Physical adsorption. 

II. Chemisorption, whereby oxygen-coal complexes are formed. 

III. The chemical reaction, where some unstable oxygen-coal complexes are broken down 

and gases such as carbon monoxide, carbon dioxide and water are released. 

These processes may be summarised according to Equation 2.5 (Sinha & Singh, 2005; Mohalik 

et al., 2009). 

𝐶𝑜𝑎𝑙 + 𝑂2  →  𝐶𝑂2  + ∆𝐻 ↑             (2.5) 

However, the reaction represented by Equation 2.5 may take place in several steps. Therefore, 

Equation 2.6 represents the total oxidation of coal (Schmal, 1989; Sinha & Singh, 2005). 

𝐶110𝐻74𝑂11  +  113𝑂2  →  100𝐶𝑂2 +  37𝐻2𝑂 +  4.2 × 108𝐽/𝑘𝑚𝑜𝑙 𝑂2        (2.6) 

The chemisorption of oxygen on the surface of coal may be represented as (Schmal, 1989; 

Sinha & Singh, 2005): 

𝐶110𝐻74𝑂11  +  17.5𝑂2  →  𝐶110𝐻74𝑂46  + 2.5 ×  108𝐽/𝑘𝑚𝑜𝑙 𝑂2         (2.7) 

If coal contains catalytic components such as pyrite, the exothermic reactions can be 

represented by Equations 2.8 and 2.9 (Schmal, 1989; Sinha & Singh, 2005). 

2𝐹𝑒𝑆2 +  7𝑂2 +  2𝐻2𝑂 →  2𝐻2𝑆𝑂4 +  2𝐹𝑒𝑆𝑂4 +  0.37 × 108𝐽/𝑘𝑚𝑜𝑙 𝑂2       (2.8) 

4𝐹𝑒𝑆2  +  15𝑂2  +  2𝐻2𝑂 →  2𝐻2𝑆𝑂4  +  2𝐹𝑒2(𝑆𝑂4 )2  + 0.56 × 108𝐽/𝑘𝑚𝑜𝑙 𝑂2      (2.9) 

Besides carbon, coal also contains other organic components such as hydrogen, oxygen, 

nitrogen and sulphur. The presence of these components in coal may initiate other side 

reactions. Therefore, Kim (1993) reported that the oxidation of coal by oxygen can be better 

represented by Equation 2.10. 

𝐶𝐻1.18𝑁0.15𝑂0.35𝑆0.005  +  1.125𝑂2  +  4.15𝑁2  →  𝐶𝑂2  +  0.58𝐻2𝑂 +  0.005𝑆𝑂2  +

 4.15𝑁2  +  𝐻𝑒𝑎𝑡                (2.10) 

Other theories have been used to explain the spontaneous combustion mechanism. According 

to the free radical theory of coal spontaneous combustion, a lot of alkyl free radicals are 

generated by coal as it oxidises. Thereafter, peroxide radicals are formed when oxygen further 
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reacts with the alkyl radicals generated. Since heat is generated during the reactions, 

hydroperoxide is formed due to peroxide radicals reacting further. The hydroperoxide 

decomposes according to different structures, releasing gases such as carbon monoxide and 

carbon dioxide (Li, 1996; Wang et al., 2003). The release of these gases indicates the number 

of active sites in coal and the degree to which the free radical chain reaction can take place. 

 

2.3 Spontaneous Combustion of Coal 

2.3.1 Factors affecting the spontaneous combustion of coal 

The low-temperature oxidation of coal takes place as soon as the coal seam is exposed to 

oxygen after extraction. The oxidation reaction is a complex process that occurs in different 

pathways, and numerous steps are involved depending on the coal’s physicochemical 

characteristics. However, given that heat accumulation is crucial for several exothermic 

reactions, the oxidation of coal also depends on the particle size of the coal and the stockpile 

of coal (Singh & Demirbilek, 1987). In the case of coal and stockpile sizes being a factor, 

various parameters also play a significant part in promoting heat accumulation. These 

parameters include the storage period, the speed of wind in contact with coal, compaction 

degree, the height of the deposit and the lateral angle of the stockpiles (Fierro et al., 1999). The 

combination of these parameters promotes the occurrence of the oxidation of coal during 

processing and transportation. 

Singh & Demirbilek (1987) and Wang et al. (2003) reported on numerous factors responsible 

for the spontaneous combustion of coal. The authors identified the temperature of the 

surroundings and the oxygen concentration as the most important factors. The presence of 

water, particle surface area, coal rank, pore structure, maceral groups, sand particular matter, 

pyrite content and metamorphic degree are other important factors that affect the extent of the 

oxidation reaction (Liang & Wang, 2003; Zhang et al., 2016). Additionally, two constants 

account for the physical and chemical factors that influence the kinetics of this reaction: the 

activation energy and the pre-exponential factor A (Arisoy & Beamish, 2015). The intrinsic 

reactivity and the reaction rate are also strongly affected by these factors. The following section 

provides a detailed description of each of the factors mentioned. 

 

 

2.3.1.1 Temperature  

Studies on the self-heating of coal done by Carpenter & Giddings (1964), Jimenez et al. (1999) 
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and Nugroho et al. (2000) reported temperature as the most significant factor affecting the 

reaction rate during spontaneous combustion. The relationship between the temperature and 

the rate of reaction during the self-heating of coal can be described using the Arrhenius 

equation (Nugroho et al., 2000). Temperature does not only affect the rate of reaction but also 

has an impact on secondary reactions. Those reactions include the diffusion rate of oxygen 

through the coal, the diffusion and desorption of the formed products from the coal surface, 

and the adsorption of oxygen and water (Carpenter & Giddings, 1964; Jimenez et al., 1999). 

The temperature profile within the coal pile can be established through the changes that occur 

within the coal pile and the surroundings. On a chemical level, the temperature profile is 

affected by the exothermic reaction since it results in heat release, and it is also affected by the 

vapours adsorbed onto the coal’s surface on a physical level (Bhattacharyya, 1971; Krajciova 

et al., 2004). One of the factors that are found in the surroundings but impact the temperature 

of the coal bed is solar radiation (Krajciova et al., 2004). However, there is not much extensive 

research done on solar radiation, although it has been reported that it depends on the season, it 

is still considered a relevant factor (Krajciova et al., 2004). 

To understand the mechanism of spontaneous combustion, Lu & Hu (2007) discovered that as 

the temperature of the coal bed rises, the coal’s active functional groups become activated and 

react with oxygen, leading to spontaneous combustion. In a thermal study of the spontaneous 

combustion behaviour of partially oxidised coal, Deng et al. (2016) investigated the effect of 

temperature on the oxidation characteristics of fresh and oxidised coal. The authors reported 

that the oxidation characteristics of oxidised coal increased rapidly with temperature compared 

to fresh coal.  

Wang et al. (2019) investigated the effect of temperature on the spontaneous combustion of 

coal before oxidisation and found that when the coal bed’s temperature increases, its 

susceptibility to spontaneous combustion increases. It was further reported that low-

temperature oxidation could occur if the coal bed becomes oxidised at a temperature above 

130 ℃. Li et al. (2021) found that as the temperature increases from 70 to 350 ℃, the porosity 

of the coal gangue also increases, causing thermal degradation, potentially leading to the coal 

gangue’s spontaneous combustion. Shi et al. (2021) reported that temperature is a dominant 

factor that affects the spontaneous combustion of coal significantly in the initial stage of coal 

oxidation. The authors further reported that heat insulation could help to inhibit the propagation 

of coal’s spontaneous combustion. 
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2.3.1.2 The moisture content in coal and the atmosphere 

Naturally, coal is a highly hygroscopic material, likely absorbing moisture from the atmosphere 

(Avila, 2012). The moisture content of a freshly mined coal sample depends on the maturity 

reached by the coal as it was formed geologically (Van Krevelen, 1993). The energy required 

to evaporate moisture from the coal’s surface depends on its molecular structure. Moisture 

molecules in coal can be arranged in three ways: loosely bound, tightly bound or free (Chen, 

1994). The presence of moisture in coal has two implications. Firstly, moisture can promote 

the oxidation of coal by behaving as a catalyst leading to the corresponding heat release (Hao 

et al., 2014). Secondly, high moisture content can achieve inhibition by obstructing the pores 

on the coal surface and the free active sites. This allows for coal oxidation by oxygen, reduces 

the temperature of the coal and retards the spontaneous combustion of coal (Saffari et al., 

2019).  

A temperature-rise and oxidation of coal from 30 to 110 ℃ was simulated by Zheng et al. 

(2014). The authors found that the formation of peroxyl complex was promoted by high 

moisture content, while high moisture content showed an inhibitory effect on coal oxidation at 

a high-temperature stage. Studies by Tang & Xue (2017) and Zhai et al. (2019) showed that 

after bituminous coal was immersed in water, the porosity and the specific surface area of the 

coal increased. As a result, an increase in the functional group’s activity was also realised, 

leading to the coal’s spontaneous combustion. Zhong et al. (2019) reported that coal samples 

immersed in the water had a higher spontaneous combustion liability than raw coal. Wang et 

al. (2020b) found that coal with a moisture content of 10.11% had a high spontaneous 

combustion liability. 

As coal is exposed to the atmosphere, water adsorption and desorption occurs between the 

atmosphere and coal, and this process ceases as an environmental equilibrium is established. 

The water desorption process is an exothermic reaction; about 44.4 kJ/mol of heat is released 

into the atmosphere (Mahajan & Walker, 1971). The moisture absorption process is directly 

affected by other factors, such as the coal’s surface area and porosity. These factors also depend 

on the rank of the coal (Mohalik et al., 2016).  

 

According to Mahajan & Walker (1971), should the moisture absorption process result in the 

absorption of the evolved heat instead of heat release, a chain of oxidation reactions may occur 
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due to an increase in coal bed temperature. For this reason, relative air humidity is considered 

one of the most important factors affecting the coal oxidation process (Bhattacharyya, 1971). 

The effect of atmospheric moisture content on the propensity of coal to undergo spontaneous 

combustion was investigated by Smith & Glasser (2005). The results showed that the 

atmospheric moisture content plays a catalytic role by accelerating the oxidation rate of coal. 

In a study by Miura (2016), three brown coal samples were exposed to saturated air at 38 ℃. 

The coals absorbed moisture rapidly, and the coal’s temperature increased from 40 to 43 ℃ 

within one minute, heating the surroundings and promoting the self-heating of coal. Ma et al. 

(2017) investigated the relationship between coal’s spontaneous combustion and air humidity 

levels and reported that the concentration of gases released during the coal oxidation reaction 

increases as the air humidity increases. 

  

2.3.1.3 The concentration of oxygen on the coal surface 

Several researchers have reported oxygen concentration as one of the major causes of the self-

heating of coal (Marinov, 1977; Hull et al., 1997). On the coal’s surface, there is a directly 

proportional relationship between the oxygen partial pressure and the rate at which coal 

oxidises (Van der Plaats et al., 1984). This is because the active sites of coal reduce during 

oxygen adsorption leading to a state of saturation. At this state, the ignition point temperature 

shifts to a much higher value (Medek & Weishauptova, 1999).  

Secondary reactions, such as the oxidation of pyrite and the adsorption of water molecules, can 

also be affected by the concentration of oxygen, which may, in turn, induce the low-

temperature oxidation of coal (Qi et al., 2010). Therefore, the concentration of the oxygen 

absorbed by coal has been used as a factor to predict coal’s susceptibility to undergo 

spontaneous combustion (Parr & Kressman, 1911). This factor is used to predict the self-

heating characteristic of different types of coal (Qi et al., 2010). In an investigation conducted 

by Wen et al. (2017), the oxygen concentration was found to have a very intricate and complex 

effect on the coal’s spontaneous combustion characteristic index (Wen et al., 2017). Huangfu 

et al. (2018) discovered that increasing oxygen concentration and heating rate stimulates coal 

oxidation. It was further reported that as the oxygen concentration increase, the self-ignition 

temperature decreases by 10.1% to 19.4%. The effect of oxygen concentration on the 

spontaneous combustion characteristic of neutral and acidic coal was investigated (Li et al., 

2020b). The results showed that when the oxygen concentration decreased, the 

thermogrametric and different scanning calorimetry analysis (TG-DSC) shifted to a region of 
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high temperature, leading to a decreased heat release rate. 

 

2.3.1.4 Coal particle size 

The influence of coal particle size on the spontaneous combustion characteristic of coal was 

investigated by Carpenter & Sergeant (1966), Akgun & Arisoy (1994) and Mathews et al. 

(1997). These authors used pulverised coal of – 75 μm, and their findings show that the smaller 

the particle size, the higher the external surface leading to an increased rate of oxygen 

consumption (Carpenter & Sergeant, 1966). Another investigation by Kucuk et al. (2003) 

reported that the combination of small particle size and high external surface area is not as 

significant as high internal surface area, given that an increase in the surface area directly 

impacts the self-oxidation reaction. Saleh & Nugroho (20l3) also found that as the particle sizes 

decrease, the spontaneous combustion propensity of coal increases. Rifella et al. (2019) 

likewise reported that larger coal particles are less susceptible to spontaneous combustion than 

smaller coal particles. Li et al. (2020a) observed that as the coal particle size increases, the 

ignition delay time also increases, and that is why larger particles are less susceptible to 

spontaneous combustion.  

An investigation was conducted by Ejlali et al. (2009) to investigate the relationship between 

different coal particle sizes and their spontaneous combustion liability. The oxidation and heat 

transfer rates were higher in smaller coal particles. It was further reported that the oxidation 

rate of the small particles stops increasing when the critical diameter of the particle is reached. 

At critical diameter, oxygen diffuses through the particle easily since there is no mass transfer 

resistance at that point. However, according to the authors, other factors, such as the 

permeability of the particles and the surrounding conditions, should not be neglected when 

investigating the effect of particle sizes on the self-heating characteristic of coal since they also 

play a major role. In conclusion, it was reported that smaller particle sizes are highly susceptible 

to spontaneous combustion compared to bigger particle sizes. 

 

2.3.1.5 The internal surface area and porosity of the coal 

The coal’s surface area is one of the factors that affect the progress of its self-oxidation reaction 

(Carpenter & Sergeant, 1966). In enhancing the oxidation reaction through the surface area of 

the coal, Van Krevelen (1993) found that the coal's internal porosity structure provides the 

main contributing factor, especially when the diameter is less than 2 nm. It has been reported 

that low-rank coals, such as brown coal, are highly prone to spontaneous combustion because 
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this type of coal is not tightly packed, or carbon-dense and it has a high surface area. Unlike 

other types of coal, brown coal tends to have high volatile matter and moisture content, 

contributing to the progress of the oxidation reaction (Avila, 2012).  

Xu et al. (2013) reported that anthracitic coal, which reflects a high degree of metamorphism, 

is less prone to spontaneous combustion than lignite coal, which reflects a low degree of 

metamorphism. Coal with a low degree of metamorphism has high porosity, implying a high 

internal surface area, and a high number of active sites that are available to absorb moisture 

and react with oxygen (Wang et al., 2003). According to Moroeng (2015), the high oxidation 

rate of coal results in an increased rate of coal weathering, which releases high energy since it 

is an exothermic reaction, thus promoting coal’s spontaneous combustion. 

 

2.3.1.6 Coal mineral composition 

The mineral contents found in coal can have two effects on its spontaneous combustion. Some 

minerals have been proven to behave like catalysts during the oxidation reaction (Herman et 

al., 1984; Sunjanti & Zhang, 1999). The presence of minerals, such as calcium carbonate 

(𝐶𝑎𝐶𝑂3 ), sodium acetate (𝑁𝑎𝐴𝑐), copper (II) acetate (𝐶𝑢(𝐴𝑐)2) and potassium acetate (𝐾𝐴𝑐), 

during the oxidation reaction of coal may result in the release of heat. Although, the 

concentration of these minerals in coal is usually small (ranging from 1 to 5%), depending on 

the nature of the coal (Avila, 2012). The occurrence of organic and inorganic trace elements in 

coal mineral matter significantly impacts its spontaneous combustion liability, the environment 

and the economy (Mardon & Hower, 2004; Wagner & Hlatshwayo, 2005).  

The presence of higher concentrations of minerals in coal, such as pyrite, carbonates (dolomite, 

calcite and siderite), illite, kaolinite, quartz, oxides (hematite and magnetite), muscovite and 

kaolinite, are advantageous as they tend to behave like inhibitors during the oxidation reaction 

(Beamish & Hamilton, 2005). They achieve inhibition by behaving as a heat sink and 

obstructing the active sites of coal (Beamish & Arisoy, 2008). Onifade (2018) reported that 

coal and coal shales with high mineral content are less susceptible to spontaneous combustion. 

The total concentration of the mineral is usually taken as the remains of coal after it burns out, 

which is the ash content. It has been reported that when the concentration of the minerals is 

higher than 10 wt%, its ability to act as an inhibitor becomes independent of the mineral’s 

chemical composition (Beamish & Arisoy, 2008). 

Wagner & Hlatshwayo (2005) reported that coal’s sulphur content could vary between 0.4% 
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and 1.29%. In another investigation, Robert (2008) reported that it can vary between 1.74% 

and 1.56% and from 5.4% to 15.1% for some Southern African coal (Olivella et al., 2002). An 

excess amount of sulphur in coal accelerates its propensity to undergo spontaneous combustion 

(Deng et al., 2015a). Zheng et al. (2021) investigated the effect of organic sulphur on coal’s 

spontaneous combustion and found that the added organic sulphur compound inhibits the coal’s 

oxidation reaction and free-radicals production. Wang et al. (2021b) investigated the effect of 

a different type of sulphur, pyritic, on the low-temperature oxidation of coal. It was found that 

when pyritic sulphur content is greater than 3%, the spontaneous combustion of coal is 

accelerated, and their result was similar to that of Beamish & Beamish (2012). Sunjanti & 

Zhang (1999) reported that calcium carbonate could also promote coal’s spontaneous 

combustion, given that the high content of carbonates absorbs heat, causing the temperature of 

coal to increase. 

 

2.3.1.7 Maceral group in coal 

Maceral composition, also referred to as coal’s organic content, is made up of carbon structures 

formed by the carbonisation of plant material. The most known groups of macerals found in 

coal are vitrinite, liptinite and inertinite (Van Krevelen, 1993). The composition and structure 

of the three maceral groups vary widely, influencing their combustion liability (Moroeng, 

2015). Unlike northern hemisphere coals, Southern African coal found in the main Karoo Basin 

is rich in inertinite ranging from 20% to 80%, and variable proportions of vitrinite (Falcon, 

1986). Vitrinite macerals are made up of woody plant tissue containing lignin, cellulose and a 

fraction of hemicellulose (O'Keefe et al., 2013; Moereng et al., 2019). On the other hand, 

inertinites originate through multiple pathways, but the most common formation pathway is 

through the aerial oxidation of plant tissues such as parenchymatous and xylem (Falcon & 

Snyman, 1986; ICCP, 2001). Southern African coal has a very low concentration of the liptinite 

group, which is formed from waxy plant material (Onifade, 2018). 

Generally, maceral groups (vitrinite, inertinite and liptinite) found in coal are susceptible to 

spontaneous combustion and weathering due to changes in environmental conditions such as 

temperature and humidity (Onifade, 2018). Amongst the three maceral groups, vitrinite has the 

highest spontaneous combustion liability compared to inertinite and liptinite macerals (Falcon, 

1986; Beamish & Blazak, 2005; Ivanova & Zaitseva, 2006). Avila (2012) found that as the 

vitrinite reflectance increases, the spontaneous combustion liability of coal also increases. 

However, Misra & Singh (1994) stated that if inertinite is very abundant in coal, it might 
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propagate the spontaneous combustion of that coal due to its high porosity and high gas 

absorption affinity. 

In terms of petrography and spontaneous combustion liability of South African coal shales, 

Onifade (2018) found that coal shales with high inertinite macerals are more susceptible to 

spontaneous combustion. However, Mohalik et al. (2017) found that there was no correlation 

between the maceral groups present in coal and its spontaneous combustion susceptibility. 

Saffari et al. (2020) investigated the effect of maceral content on the tendency of coal to 

undergo spontaneous combustion. The authors reported that coal samples with high vitrinite 

and liptinite and low inertinite are more susceptible to spontaneous combustion. 

 

2.3.1.8 Coal rank 

The coal rank, also known as coal maturity, is used in the industry to predict the spontaneous 

combustion characteristic of coal (Moroeng, 2015). Coal of different ranks is formed when 

carbonaceous materials are metamorphosed at different degrees of coalification (Suarez-Ruiz 

& Crelling, 2007). The reflection of light, particularly that of the maceral contained in the coal, 

gives the measurement of the coal rank, matrix crystal structure and maturity (British Standard 

Institute, 1995b). The porous structure of a low-rank coal such as peat or brown coal captures 

most of the light directed to them; therefore, they are low-rank coals with high porosity and 

structural isotropy (Deng et al, 2014).  

Coke and anthracites are regarded as high-rank coals since they have a high reflectance value 

due to the organised aromatic carbon structure in the coal matrix and a highly developed 

anisotropy (Avila, 2012). Given that coal reactivity and the crystal structure of the coal matrix 

have a directly proportional relationship, high-rank coals are less reactive than low-rank coals 

(Arisoy & Beamish, 2015). Deng et al. (2014) reported that high-rank coal has a slower rate of 

oxidation reaction when using 𝐶𝑂 and 𝐶2𝐻4 initial gas concentration to determine the 

spontaneous combustion liability of different ranks of coals. A study conducted by Zhang et 

al. (2020) also revealed that the production of 𝐶𝑂 and 𝐶𝑂2, as well as the oxygen absorption 

rate, were high for low-rank coal and lower for high-rank coal. Wang et al. (2021a) reported 

the same trend when investigating the spontaneous combustion of different ranks of coal using 

a comprehensive index evaluation. 

2.3.1.9 Coal density 

The density of a coal sample is one of the most important parameters in the mining industry 

regarding spontaneous combustion. It has been said to indicate the rate of the oxidation 
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reaction, the distribution of moisture content in the coal, the volatile matter content, ash content 

and the fixed carbon (British Standard Institute, 1995a). However, little research links coal 

density to its spontaneous combustion characteristic (Avila, 2010). It has been reported that the 

rate of coal weight loss during low-temperature oxidation is directly proportional to the amount 

of volatile matter emitted during the reaction (Marinov, 1977). However, the findings of these 

studies are not reliable enough to conclude the relationship between coal density and 

spontaneous combustion. 

 

2.3.1.10 The chemical composition of coal  

Coal samples cannot be differentiated by their ranks and their macerals compositions only but 

by their chemical compositions as well. The susceptibility of the coal to self-oxidation and 

other reactions can be understood from the coal’s chemical composition. One important factor 

playing a major role in the spontaneous combustion of coal is its change in aliphatic 

hydrocarbons, which is caused by the oxidation reaction (Zhang et al., 2016). Measuring the 

change in the coal’s aliphatic hydrocarbons during low-temperature oxidation gives the 

reaction kinetics of the methyl and methylene groups in the coal matrix. Several techniques are 

usually used to analyse the chemical composition of the coal samples. Those techniques include 

gas chromatography, mass spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), 

ultimate analysis and proximate analysis (Iglesias et al., 1998). The results from these analyses 

can be used to predict the rate of the oxidation reaction and the postulated mechanism and 

identify the chemical reactions involved (Wang et al., 2003). 

 

2.3.1.11 Presence of soluble organic matter in coal 

According to modern chemistry, coal is made up of various substances. The micro-molecules 

in coal are embedded in a macromolecular network, which forms when some structural unions 

that are similar but not mutually identical bridge with each other (Lopez et al., 1998; 

Krzesinska, 2002; Marzec, 2002). Approximately 1 to 30% of micro-molecules in coal can be 

leached out by solution (Zeng & Xie, 2004; Sun & Duan, 2011). Although soluble organic 

matter (SOM) found in coal affects its spontaneous combustion characteristic and the inhibitory 

effect of coal, relevant in-depth research still needs to be done to prove this. Only a few 

researchers have reported on the effect of SOMs on the coal structure, and their findings have 

proved that the coal pores and fracture structure are shaped by the contents of the SOMs (Yang 

et al., 2017). Additionally, the spontaneous combustion characteristic of coal is said to be 

affected by the active side chains and free radicals.  
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Yang et al. (2017) conducted some experiments to investigate the effect of the SOM 

composition on the structure of coal. They extracted SOMs from coal samples before and after 

low-temperature oxidation at different metamorphic degrees. SOMs accelerated the oxidation 

reaction of coal by releasing heat, given that they contain an increased number of side chains 

and active functional groups that can generate and break free radicals (Yang et al., 2017). 

However, when the SOMs are extracted, the coal pores increase, allowing for inhibitors to 

easily penetrate the coal to inhibit the low-temperature oxidation of the coals’ functional 

groups. Additionally, the absence of SOMs reduces the severity of the low-temperature 

oxidation of coal by allowing water to cover the tiny cracks on the coal’s surface. 

 

2.3.2 Techniques used to predict the spontaneous combustion of coal  

Generally, methods commonly used to predict the spontaneous combustion liability of different 

materials are based on thermal analysis (Nelson & Chen, 2007). Predicting the spontaneous 

combustion liability of coal is imperative as it is one of the most important safety measures in 

the mining environment (Rath, 2012). The results from the prediction also inform the decision 

to be made about the coal seam incubation period. Various methods that have been adopted by 

several researchers to measure the susceptibility of coal to undergo spontaneous combustion 

are described in detail below. 

 

2.3.2.1. Differential thermal analysis  

Several researchers have used differential thermal analysis (DTA) to measure the spontaneous 

combustion liability of coal samples (Whitehead & Breger, 1950; Mohalik et al., 2009). Several 

studies recommend this technique for predicting spontaneous combustion instead of 

characterising coal samples. Additionally, DTA may be used for quantitative and qualitative 

analysis (Mohalik et al., 2016). To predict the spontaneous combustion liability, a coal sample 

is subjected to a constant rate of heating while measuring the difference in the temperature 

change of the coal sample and that of the inert material. The temperature difference between 

the two materials shows how the coal sample evolved as it was heated.  

The results obtained from the test are usually plotted on a thermogram, as shown in Figure 2.1, 

with three reaction stages. The first stage (I) shows the release of moisture from the coal 

sample. The second stage (II) involves the start of an exothermic oxidation reaction, while the 

third stage (III) reveals the burnout of the coal. For a coal sample with a low spontaneous 
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combustion liability, the slope of the second stage is expected to be low (Gouws & Wade, 

1989). The point where the thermogram crosses the zero-base line gives the crossing point 

temperature, which is the point where the temperature of the coal is equal to that of the inert 

material. 

 

Figure 2.1: A thermogram generated by differential thermal analysis, extracted from Gouws 

& Wade (1989) 

Kim & Chaiken (1990) studied the spontaneous combustion liability of coal, carbonaceous 

shale and roof coal using a differential thermal analyser. The equipment evaluated the 

temperature change of the samples within the shortest period. The extent of the spontaneous 

combustion of the samples was evaluated based on the depletion of 𝑂2, as well as the release 

of 𝐶𝑂2 and 𝐶𝑂. The authors concluded that the high amount of gases released could be 

associated with the high spontaneous combustion liability of coal. Using DTA, Pis et al. (1996) 

investigated the spontaneous combustion liability of six types of coal, from bituminous coal to 

semi-anthracite. The authors reported that as the rank of the coal increases, both the self-heating 

and temperature reached after combustion increase; lower-rank coal has the least ignition 

temperature and is more susceptible to spontaneous combustion. There is no rule of thumb 

when selecting parameters in the application of DTA (Mohalik et al., 2009). Therefore, 

reproducing the results from one sample tested twice under the same conditions is difficult.  

 

2.3.2.2. Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is used to measure the propensity of coal and its 
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response to spontaneous combustion by heating a coal sample and an inert sample under 

identical conditions over a certain period (Garcia et al., 1999; Sahu et al., 2004; Mohalik et al., 

2009). Unlike the DTA, which measures the difference in temperature between the inert and 

coal, DSC measures the difference between the amount of energy required to raise the 

temperature of the coal sample and that needed to raise the temperature of the inert material. 

The difference is plotted as a function of temperature change (William, 1986). The chemical 

and physical transformation during the oxidation reaction causes the difference in energy 

required for both materials (Mohalik et al., 2016). 

Raymond (2015) used DSC to investigate the inhibition effect on the spontaneous combustion 

of coal using inorganic phosphates and sulfonate salts. The result showed that the reagents used 

successfully inhibited spontaneous combustion by making coal thermally stable. Tang (2017b) 

used the same method to investigate the inhibitory effect of phosphorus flame retardants and 

reported that at a temperature range of 50 to 150 ℃, there was an increase in the activation 

energy of coal after treatment, indicating a lower ignition temperature and reduction in 

combustion rate. Tsai et al. (2017) compared the results from the DSC and TGA to determine 

the inhibition mechanisms of five types of inhibitors, reporting a similar spontaneous 

combustion index. A study by Mohalik et al. (2009) was conducted using DSC to measure the 

spontaneous combustion of coal proved no uniformity in the laboratory parameters when using 

this technique. 

 

2.3.2.3. X-ray diffractometer 

The X-ray diffractometer (XRD) technique can also be used to predict the spontaneous 

combustion liability of coal, specifically by analysing and quantifying the minerals contained 

in the sample (Kelemen et al., 1990; Gong et al., 1998; Kok, 2008). To confirm the viability 

of this method, the results are usually compared to those obtained using other thermal analyses, 

as well as petrographic analysis. Given that coal contains iron, the catalytic reaction of the 

mineral (iron) and oxygen also takes place in coal during the low-temperature oxidation 

reaction (Mohalik et al., 2016). Because of this catalytic reaction, the iron minerals, such as 

pyrite, tend to be altered as coal undergoes low-temperature oxidation. Their alterations are 

based on their mineralogy and the form of sulphur present in coal (Ribeiro et al., 2016).  

 

Deng et al. (2015a) investigated coal samples with different pyrite contents in a laboratory and 

found that spontaneous combustion liability of coal increased when the pyrite content was 
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between 5 and 7%. From the XRD analysis, Zhang et al. (2015a) observed that  𝐹𝑒2𝑂3 and C 

form a compound, which results in weathering of the coal surface walls, increases the exposure 

of coal to oxygen. The same authors concluded that pyrite promotes the spontaneous 

combustion of coal. Wang et al. (2020a) reported that the oxidation of coal with seven types 

of oxygen-containing groups is accelerated by pyrite content between 2-4 mass% under 

oxidising conditions.  

 

2.3.2.4. The Frank-Kamenetskii method  

This technique is based on a mathematical model derived from the Frank-Kamenetskii theory 

for self-heating material (Frank-Kamenetskii, 1940). The model was derived by applying mass 

and energy balance around coal. The differential Equation (2.11) computes the energy balance 

around coal. 

𝜌 ∙  𝐶𝑝 ∙  
𝜕𝑇

𝜕𝑡
 =  𝜆 

𝜕2𝑇

𝜕𝑥2  +  𝑞  ֗  ′     (2.11) 

Where: 𝜌 = density of coal 

𝐶𝑝 = heat capacity 

𝜆 = thermal conductivity 

𝑞  ֗  ′ = heat that is generated during the reaction 

The temperature profile of the material is shown by Equation 2.12, which represents a 

stationary solution of Equation 2.11. 

𝜆 
𝜕2𝑇

𝜕𝑥2  =  −𝑞  ֗  ′          

 (2.12) 

Frank-Kamenetskii found a stationary solution when balancing Equation 2.12 and expressed it 

as Equation 2.13. 

𝑞  ֗  ′  =  −∆𝐻𝑅𝑥 ∙ 𝜌 ∙ 𝐴 ∙ 𝑒
−𝐸

𝑅𝑇⁄        (2.13) 

Where: ∆𝐻𝑅𝑥 = heat of the reaction 

𝐴 ∙ 𝑒−−𝐸
𝑅𝑇⁄  = the relationship between the reaction and temperature 

Assuming that L is the size of a slab of coal, Frank-Kamenetskii applied border conditions to 

a slab of coal and defined parameter 𝛿 according to Equation 2.14) (Frank-Kamenetskii, 1940). 
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𝛿 = (
∆𝐻𝑅𝑥∙𝜌 ∙𝐴

 𝜆 
∙  

𝐸∙𝐿2

𝑅∙𝑇0
2 𝑒)

−𝐸
𝑅∙𝑇0

2⁄
        (2.14) 

𝑇0 represents the ambient temperature. The parameter 𝛿 does not have dimensions. As per 

Equation 2.14, the parameter is the ratio of the heat generated during the reaction to the heat 

diffusivity (Avila, 2012). The self-ignition temperature of different materials, such as coal and 

waste, can be predicted using the Frank-Kamenetskii parameter (Gray et al., 1984; Jones & 

Vais, 1991; Jones, 1999). 

 

2.3.2.5. Isothermal oven/reactor testing 

This technique involves heating the coal sample at a constant temperature in an oven. For this 

method, the most important measurement is the time taken for the coal sample to undergo a 

thermal runaway reaction. If there is no thermal runaway within the pre-set time, then the oven 

temperature is increased. Yuan & Smith (2012) used an isothermal oven to investigate the 

effect of ventilation on the spontaneous heating of coal, and the results demonstrated that the 

thermal runaway of coal could be reached at lower temperatures with sufficient ventilation. 

Chen et al. (2015) compared the isothermal oven method to a metal basket heating method to 

predict the spontaneous ignition temperature. The authors reported the ignition temperature of 

coal to be 120 ℃ for a ventilated isothermal oven and 100 ℃ for a metal basket. In a test 

conducted by Yin & Song (2019), the data obtained from the isothermal oven experiment was 

used to validate a model for spontaneous combustion prediction at a high-temperature stage 

instead of low-temperature oxidation. Figure 2.2 shows the type of graphical results expected 

from an isothermal oven spontaneous combustion test. 
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Figure 2.2: The results of the isothermal oven test, extracted from Beamish et al. (2001) 

Although the isothermal oven test method shares the same theoretical base as the Frank-

Kamenetskii method, it was developed independently. It is not as popular as other thermal 

analysis methods since there has not been much work reported in line with its application. 

Some technical issues may be encountered when this method is used to determine the self-

heating characteristic of coal. Another problem with using this method is that the design of 

isothermal reactors is not feasible, hence the difference between the results reported on this 

method by various researchers (Beamish et al., 2001). 

 

2.3.2.6. Crossing-point temperature  

The crossing-point temperature (XPT) is used by most researchers in determining the 

spontaneous combustion liability index of coal samples by measuring their ignition 

temperatures (Humphreys, 1979; Gouws, 1987). It is one of the most popular techniques 

applied in countries such as India, South Africa, Turkey and Poland to measure the 

susceptibility of different types of coal to spontaneous combustion. Experimentally, a coal 

sample is heated so that it undergoes low-temperature oxidation until its ignition temperature 

is reached. A study showed a relationship between the XPT and some coal parameters, such as 

the coal’s volatile matter, moisture and oxygen content (Nandy et al., 1972). It was reported 

that coal with a high volatile matter, moisture and oxygen content has a low XPT. Generally, 

a low XPT is expected for coal samples that are highly susceptible to spontaneous combustion, 

while a higher XPT is expected for samples that are less likely to undergo spontaneous 

combustion. Figure 2.3 show a graphical representation of results that can be expected when 
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using the XPT method on coal. 

 

 

Figure 2.3: Expected results of the XPT method extracted from Mohalik et al. (2016) 

In the first design of the XPT that was developed by Nubling & Wanner (1915), coal was heated 

at a constant rate in an oil bath as the flowing oxygen accessed the coal bed. Following this 

design, other researchers proposed to modify the experimental setup of the first design, while 

others proposed to alter the experimental conditions given that they impact the XPT (Banerjee, 

2000). In the application of this method, the best experimental conditions were found to be a 

heating rate of 0.5 ℃ min−1 with a flowrate of 80 ml min−1 of oxygen on 20 g of coal 

submerged in a glycerine bath (Bagchi, 1965; Bagchi, 1973). 

Given that the heating ramp of this method does not allow for a stationary temperature profile 

across the sample containers, the XPT tends to be overestimated on some occasions (Mohalik 

et al., 2016). Humphreys (1979) deemed this method inefficient because of some modifications 

to the method and the fact that its application does not account for the inherent properties of 

coal. On the contrary, Barve & Mahadevan (1994) reported that XPT affects coal’s ash and 

moisture content. The authors represented the relationship of the factors using Equation 2.15. 

𝑋𝑃𝑇 =  168.8 −  10.3𝑀 +  0.2𝐴 −  0.06𝑀𝐴 +  0.01𝐴2     (2.15) 

Where: 𝑋𝑃𝑇 = crossing-point temperature 

𝑀 = moisture content 

𝐴 = ash content 
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2.3.2.7. Adiabatic calorimetric method  

This approach was first explored in 1914 by Winmill. It is prominently used for simulating the 

self-heating behaviour of coal in countries such as South Africa, New Zealand, the United 

States of America and the United Kingdom (Cliff et al., 1996). However, the test was referred 

to as 𝑅/𝑣 in New Zealand (Beamish et al., 2000; Beamish et al., 2001). The equipment used 

for this method operates in the incubation mode and the rising temperature mode. In the 

incubation mode, coal is heated from a known temperature in a calorimeter under ambient 

conditions. When the sample reaches the predetermined temperature, oxygen is passed through 

the sample at a controlled rate. The rise in temperature above the predetermined temperature 

results from the low-temperature oxidation that takes place exothermically during the process. 

The specific parameters that can be determined through the incubation mode in predicting the 

self-heating characteristics of coal are the kinetic constants, the minimum self-heating 

temperature, the initial heating rate and the total temperature rise (Kuchta et al., 1980; Singh, 

1984; Smith & Lazzara, 1987). Ren et al. (1999) investigated the effects of coal ageing, particle 

size, moisture content and initial temperature on spontaneous combustion. They found that 

smaller particles are highly prone to spontaneous combustion and their propensities were 

ranked according to their initial heating rate and total temperature rise. 

The rising temperature mode is described in detail by Shonhardt (1984). For this mode, a coal 

sample is placed in an oven to minimise heat dissipation. Then a linear rate of heating is applied 

to it. Also, there is an oxygen supply to the oven. The deviation of the response temperature of 

the coal sample from linearity is associated with the chemical and physical properties of that 

coal (Gouws et al., 1991). The temperature rising mode functions like the XPT and the DTA 

method. To investigate whether this method is viable, Moxon and Richardson (1985) and Ren 

et al. (1999) studied the relationship between the inherent properties of coal and the method. 

Other factors, such as the time taken to run a single test, the equipment design, the amount and 

particle size of the sample required for the test and the oxygen flow rate, were considered to 

determine the method’s viability. 

In a study conducted by Gouws et al. (1991) to establish the propensity of coal to undergo 

spontaneous combustion using an adiabatic apparatus, the spontaneous combustion index was 

derived from the DTA. Also, the adiabatic calorimeter was used to obtain the XPT. The 

information was, therefore, used to define the Wits-Ehac index according to Equation 2.16. 

𝑊𝑖𝑡𝑠 − 𝐸ℎ𝑎𝑐 𝐼𝑛𝑑𝑒𝑥 = (𝑆𝑡𝑎𝑔𝑒 Ⅱ 𝑠𝑙𝑜𝑝𝑒/ 𝑋𝑃𝑇) ∗ 500    (2.16) 
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The Wits-Ehac index represents the spontaneous combustion liability of coal, and, based on 

Equation 2.16, the index is calculated with the assumption that coal is more likely to undergo 

spontaneous combustion at stage Ⅱ. Therefore, it is expected to have a steep slope and a low 

XPT compared to coal less prone to spontaneous combustion. In the Wits-Ehac experiments, 

the temperature of the inert material is used as a reference to compare the temperature response 

of coal relative to it. At stage Ⅱ, an exothermic reaction takes place, and the temperature of 

the coal sample is higher than that of the inert material due to the coal sample heating faster.  

When the Wits-Ehac index value is less than 3, the risk of spontaneous combustion is low. 

When the value of the index is 3-5, the risk of coal self-heating is medium, and when the index 

had a value above 5, the coal sample is highly prone to spontaneous combustion (Onifade, 

2018). In South Africa, some researchers have used this method to study the spontaneous 

combustion of different types of coal, and they did not encounter any problems when using the 

technique (Genc & Cook, 2015; Genc et al., 2018). Thus, this technique was used in this study 

to predict the spontaneous combustion liability of discard coal, biomass, hydrochar and 

hydrochar/coal blends. 

With a laboratory-scale testing apparatus, Uludag (2007) studied the spontaneous 

combustibility of South African coal by DTA, XPT and the Wits-Ehac index. In the study, the 

inherent properties of the coal were determined, and a relationship between the DTA results 

and the inherent moisture of the coal was established. It was also reported that coal samples 

with high moisture content had a high Wits-Ehac index, implying high spontaneous combustion 

liability. Uludag (2007) also reported the same trend for coal samples with high carbon content. 

 

2.3.2.8. Thermogravimetric analysis 

This technique has been explored by several researchers to analyse the spontaneous combustion 

liability of coal (Avila et al.,2014; Vaan Graan & Blunt, 2016; Onifade et al., 2020; Manic et 

al., 2021). Avila (2012) reported this technique as a valuable tool for analysing coal properties 

at low temperatures, and it is viable for assessing the reactivity of coal at different temperatures. 

This technique measures the relationship between the rate of coal mass loss against temperature 

changes. According to previous studies, there is a relationship between the rate of mass loss of 

coal and its spontaneous combustion liability (Marinov, 1977; Nishimoto et al., 1986; Kidena 

et al., 2003). The results are usually plotted on a TGA curve and a DTG curve, which is plotted 

based on the difference between the inert sample curve and the coal sample curve (Onifade et 

al., 2020). Figure 2.4 shows an example of the TGA and DTG curves on the same thermogram. 
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Figure 2.4: Thermogravimetric analysis and differential thermogravimetric analysis curves, 

extracted from Mohalik et al. (2016) 

The mining industries use this technique to analyse the reactivity of coal under different 

atmospheric conditions and to acquire parameters such as the activation energy, reaction order 

and pre-exponential factors (Vamvuka et al., 2003; Kizgut & Yilmaz, 2004; Sima-Ella et al., 

2005). Unlike other thermal analysis methods, TGA produces excellent results that are accurate 

and repeatable on a laboratory scale. TGA equipment can also characterise fuels by 

determining properties such as volatile matter, fixed carbon, inherent moisture and ash content 

(Elder, 1983; Serageldin & Pan, 1984). 

Several studies have been carried out utilising this technique to determine the spontaneous 

combustion liability of coal. It was used by Choudhury et al. (2007) when investigating the 

effect of the mean reflectance and macerals on the spontaneous combustion characteristic of 

coal. The study’s results showed a good correlation between the TGA parameters and the 

combination of the total reactive macerals and the coal rank (Choudhury et al., 2007). Du et al. 

(2020) investigated the effectiveness of an inhibitor liquid on spontaneous combustion using 

TGA. The authors reported that the inhibitor liquid had the strongest inhibitory effect between 

the temperature range of 0 - 200 ℃. The heat release and coal oxidation were also delayed after 

using the inhibitor liquid. Junkovic et al. (2020) used the same technique at five different 

heating rates under an air atmosphere on coal. The authors reported that the Kolubara coal had 

the highest reactivity based on the ignition of the coal at the lowest temperature region and the 
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maximum mass loss rate of the sample. Onifade et al. (2020) investigated the spontaneous 

combustion of coal and coal shales using the Wits-Ehac and TGA indices; the results from both 

methods were similar. Shen & Zheng (2021) used TGA to predict the spontaneous combustion 

liability of major coal seams. The authors observed that when fine coal particles are heated, 

their mineral content increases, but their carbon content decreases, resulting in the inhibition 

of coal oxidation. 

Over the years, it was found that the accuracy of the data acquired using the TGA improved 

because of the technological advancement of the equipment. Additionally, a significant 

improvement in the temperature control of the equipment has led to it being one of the best 

methods for measuring the spontaneous combustion liability of fuels at low temperatures 

(Avila, 2012). 

 

2.3.3 Inhibition of spontaneous coal combustion 

Several coal mines have experienced spontaneous combustion over the years, but the frequency 

differs in every country. For instance, a coal mine fire claimed the lives of 12 people because 

of spontaneous combustion in 2012 in Longshan Town, China. Another incident occurred 

whereby coal combusted spontaneously and caused an explosion in a closed fire zone leading 

to the deaths of 36 people in 2013 at Babao coal mine, Tongua city, China (Li et al., 2017). 

Between 2001 and 2013, 800 people were killed by fire caused by the occurrence of 

spontaneous combustion (Jiang et al., 2013). Spontaneous combustion also occurs frequently 

in South Africa, thus introducing major challenges in the mining sector (Genc et al., 2018). 

The occurrence of these incidents has called for scientific, experimental and theoretical 

research by institutions globally to prevent and control spontaneous combustion. 

The prevention and control of spontaneous combustion can be achieved by combining various 

techniques. However, inhibitors have been the centre of attention when it comes to the 

prevention of spontaneous combustion. According to Rath (2012), inhibitors functions in the 

following ways: 

I. They form a heat-insulating layer around the treated coal by forming a protective 

surface that coats the macropores and the micropores on the material. 

II. They accelerate the rate of heat removal from local hotspots by increasing the 

thermal conductivity of the treated coal with the layer formed around it. 

III. During the process of coal oxidation, the layer formed by the inhibitor consumes 
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heat generated before coal reaches its critical temperature. 

IV. In a case where the layer formed by the inhibitors is gaseous, heat can also be 

removed because the layer tends to act as a diluent. 

V. The inhibitors enhance the chain-breaking reaction, which eventually retard the 

oxidation reaction. 

Several types of inhibitors have been studied and applied to retard the low-temperature 

oxidation of fuel materials with a fair amount of success, especially on coal. Generally, an 

inhibitor plays two roles in preventing spontaneous combustion. It prevents the interaction of 

oxygen with active functional groups in coal and the absorption of water (Dou et al., 2014). 

Inhibitors could be in gaseous, solid and liquid phases, and they are physical or chemical. 

Their categorisation is based upon their interaction with the material in question. Some 

inhibitors prevent spontaneous combustion by altering the structure of coal through chemical 

reactions, while others retard the process by forming a physical barrier between the coal surface 

and oxygen. The advantages of inhibitors include a broader scope of application, low pollution, 

they are easy to use, and they are one of the most used technologies for fire prevention and 

extinguishment in coal mines (Deng et al., 2015b; Chen et al., 2016; Wang et al., 2016). To 

select an excellent inhibitor, it is important to study its inhibitory mechanisms. The following 

sections discuss the advantages, shortcomings and applications of physical and chemical 

inhibitors. 

 

2.3.3.1 Physical inhibitors 

When an inhibitor achieves retardation of spontaneous combustion by isolating coal from 

oxygen without interfering with the humidity of the surroundings, it is called a physical 

inhibitor (Wang, 2011; Wang et al., 2012c). Some physical inhibitors are made of inorganic 

salts, which achieve inhibition of spontaneous combustion by covering the coal particle with a 

water film, thereby decreasing the temperature of the surrounding (Qi et al., 2016). These 

inhibitors successfully prevent contact between oxygen and the coal surface (Zhou et al., 2006). 

However, they have not received as much attention as chemical inhibitors in the coal mining 

industry. Examples of physical inhibitors include three-phase foam, water glass, gels, 

ammonium salts, 𝐶𝑎(𝑂𝐻)2, and 𝑁𝑎2𝐶𝑂3 (Zeng, 2010). Water-absorbing salts such as also 

function in the same way as chemical inhibitors (Beamish et al., 2012; Rath, 2012). Water-

absorbing salts are the most commonly used physical inhibitors worldwide because they are 

environmentally friendly, economically viable and have an excellent moisture effect. However, 
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water-absorbing salts are said to have a non-ideal inhibitory effect. This is because most 

research studies on these salts are based on physical properties, with little knowledge of their 

inhibitory mechanism (Wang et al., 2014) 

Other physical inhibitors that have been explored to control and mitigate the effect of 

spontaneous combustion include infusing gelatine, mud grouting and resistance spraying 

agents (Michalski, 2004; Qin et al., 2005; Fu-bao et al., 2007; Tian et al., 2010. Injecting inert 

gases such as nitrogen and carbon dioxide into the fire areas is one of the major methods used 

to physically control, prevent and extinguish spontaneous fires in underground coal mines. It 

is believed that injecting large amounts of inert gases into the finite spaces of the coal mines 

could decrease the oxygen concentration, hence inhibiting the occurrence of spontaneous 

combustion of coal (Gurdal et al., 2015). 

Jiang et al. (1991) investigated the relationship between injected nitrogen gas in the goafs and 

the oxygen concentration after injection. This led to predicting the spontaneous combustion in 

the goafs by simulating the reaction using a tunnel model and 2-t coal samples. The oxygen 

concentration decreased by five per cent after injecting nitrogen gas. Other inert media 

investigated and injected into the goafs include foams, fly ash, yellow mud, gels, and normal 

mud. When in contact with coal, the inert material covers the coal mass to decrease the rate of 

coal oxidation to control and inhibit the spontaneous combustion of coal. Another approach 

was utilised by the Goodson Association Company in America by substituting the conventional 

inhibitory methods with a thermo-cell made of foam to backfill the oxygen barriers into the 

goafs to control fires caused by spontaneous combustion (Colaizzi, 2004). These materials 

exhibited satisfactory inhibitory and extinguishing effects. However, the materials were 

expensive. 

Given that spontaneous combustion is a common disaster in China, Zhou et al. (2006) reported 

that the large fires in the Baijigou coal mine in China could be extinguished successfully by 

using inert gases such as nitrogen and carbon dioxide, three-phase foam, water in a liquid state, 

and non-combustible materials such as fly ash and yellow mud. Using mechanically foaming 

surfactants, polymer solutions and cross-linking agents, Zhang & Qin (2014) combined the 

advantages of gels and foams to prepare stable gel foam materials. The materials exhibited the 

characteristics of both the gel and foam, and the resulting material exhibited excellent plugging 

performance and an exceptional inhibiting characteristic.  
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Lu & Qin (2015a; 2015b) developed an inorganic curing foam with favourable mechanical 

properties to control spontaneous combustion and back-fill cracks in the goafs. Foam is one of 

the materials that has attracted substantial research focus for the inhibition of coal spontaneous 

combustion (Xue et al., 2020; Zhang et al., 2020; Tang et al., 2021). Nonetheless, they were 

deemed unstable since they wrap gases in liquids. Moreover, foam materials are not suitable 

for extinguishing and controlling fires underground because they have a limited life span, and 

their isolation potency is supposedly lost if they break. The most common disadvantage of 

these inhibitors is that they are difficult to spray over the coal stockpile and inhibitors percolate 

underground, thus causing the underground mining machines to corrode. Additionally, 

applying ammonium salts, 𝐶𝑎(𝑂𝐻)2, and 𝑁𝑎2𝐶𝑂3 produce toxic gases (Qi et al., 2016).  

Since physical inhibitors cannot alter the chemical composition of coal, it was concluded that 

these inhibitors are not viable for totally removing the risk of spontaneous combustion. 

Moreover, they are effective for a short period due to their interaction with water and air, which 

affects their efficiency (Sunjanti & Zhang, 2000; Watanable & Zhang, 2001; Slovak & Taraba, 

2012). Because of these shortcomings, more research has explored other types of inhibitors. 

 

2.3.3.2 Chemical inhibitors 

If an inhibitor retards spontaneous combustion by introducing a halt to the chain of reactions 

during the oxidation of coal and reacting with the active groups through surface interactions 

with coal, then it is a chemical inhibitor (Qi et al., 2016; Xi et al., 2020). The efficiency of 

some physical inhibitors may be improved by converting them into chemical inhibitors using 

additives and antioxidants (Yu et al., 2010; Beamish et al., 2012). According to the literature, 

the most common type of inhibitor that has proved to work effectively is the chemical inhibitor. 

It is widely used to prevent and extinguish fires caused by spontaneous combustion in coal 

mines (Dong & Drysdale, 1997; Sunjanti & Zhang, 1999). When in contact with coal, the 

chemical inhibitor hinders the formation of active groups and retards the free radical reactions 

by reacting with the active functional groups in coal. 

Generally, there are three types of chemical inhibitors: chloride, ammonium and alkalies (Zeng, 

2010). To inhibit spontaneous combustion, the chloride-based chemical inhibitors such as 

𝑀𝑔𝐶𝑙2, 𝐶𝑎𝐶𝑙2 and 𝑁𝑎𝐶𝑙 absorb moisture from coal by evaporative cooling in the presence of 

an antioxidant (Peng et al., 2016). The ammonium-based chemical inhibitors such asutilise 

thermal degradation to achieve a decreased coal surface temperature, while the oxygen 

concentration around the coal is lowered by inert gases released. Lastly, alkali-based inhibitors 
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such as 𝐶𝑎(𝑂𝐻)2 function on a mechanism that focuses on reducing the rate of coal oxidation. 

However, the three types of chemical inhibitors are inefficient when applied to pulverised coal. 

More investigations have been carried out to find an effective chemical inhibitor to inhibit the 

spontaneous combustion of coal. Dou et al. (2014) investigated the effectiveness of the 

combination of catechin and poly(ethylene glycol) on the inhibition of the spontaneous 

combustion of coal. The authors reported that an additive consisting of a combination of 

catechin and poly(ethylene glycol) was successful in retarding the oxidation of coal. 

Additionally, the surface of the coal samples was monitored during oxidation, and it was 

revealed that the additives suppressed coal oxidation by favouring the formation of ether bonds. 

An antioxidant (chemical inhibitor) that is commonly used in the rubber and petroleum 

industries was also utilised to inhibit the spontaneous combustion of coal by Shui-jun et al. 

(2012). The use of antioxidants was also proposed by Li et al. (2017) to terminate the chain 

reactions resulting from the free radical theory of the coal spontaneous combustion mechanism. 

Since the effectiveness of the antioxidants was based on the concentration of the gas produced 

before and after the inhibition, the antioxidants were found to exhibit a good inhibitory effect. 

It was reported by Jiao et al. (2012) that the critical temperature of coal oxidation can be 

improved by sodium silicate, gel, antioxidant and calcium chloride acting as inhibitors. 

Other researchers also investigated the effect of antioxidant inhibitors on coal spontaneous 

combustion. For example, Yang & Yu (1999) compared the inhibitory effect of different 

concentrations of anti-agers and inorganic salts on the spontaneous combustion of coal. The 

authors discovered that the anti-agers showed a satisfactory performance compared to 

inorganic salts. On the other hand, Yu et al. (2011) investigated the effect of antioxidant A, 

ammonia-free gel and magnesium chloride on the low-temperature oxidation of coal by 

studying the amount of 𝐶𝑂 produced during oxidation. It was reported that as the dispersion 

degree of antioxidant A in water increased, the inhibition effect also increased. 

The effect of poly(ethylene glycol) on the low-temperature oxidation of coal with different 

metamorphism degrees was investigated by Wang et al. (2014) using infrared spectroscopy. It 

was found that the inhibitor could prevent further oxidation of the coal surface functional 

groups formed during coal oxidation and inhibit spontaneous combustion ultimately. The 

inhibitive effect of the complex inhibitors of acrylic acid and ascorbic acid on different types 

of coal was studied by Ma et al. (2016). The complex inhibitors successfully stopped heat 

accumulation and prevented free-radical chain reactions. Li et al. (2016) used a rubber anti-
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ager known as diphenylamine to inhibit the spontaneous combustion of coal. The result proved 

that the low-temperature oxidation of coal could be inhibited by the rubber anti-ager. Based on 

the above-mentioned studies, it was concluded that antioxidants have a satisfactory inhibitory 

effect on coal spontaneous combustion. Although, the studies only focused on investigating the 

inhibitory effects of the antioxidants and neglected their mechanism. 

The disadvantages of using foams as a physical inhibitor led to the investigation conducted by 

Tang (2017a) on the use of zinc foams made up of foaming agents, water, zinc acetate, 

hydroxyethylcellulose and ethanolamine to curb coal’s spontaneous combustion effectively 

and continuously. The result from this study confirmed that the ultrafine zinc oxides from the 

foam disperse uniformly over the coal surface and decreases the functional groups 

significantly, leading to effective inhibition of the low-temperature oxidation of coal. In 

addition, the extinguishing attribute of the foam is due to its potential to isolate oxygen leading 

to the smothering effect, which inhibits the low-temperature oxidation reaction and, ultimately, 

the spontaneous combustion of coal (Tang, 2017a). 

Using a temperature-programmed oxidation device, the inhibiting mechanism of foam 

inhibitors in treating coal was investigated with an FTIR spectrophotometer Cao (2013). The 

author reported that the foam inhibitors successfully reduced the susceptibility of coal to 

spontaneous combustion (Cao, 2013). While a handful of published research focuses on the 

interaction of chemical inhibitors and water-based foams, Peng et al. (2016) used the 

combination of the two to evaluate the synergetic effect of the water-based foams in inhibiting 

the spontaneous combustion of coal and to evaluate the decay process, stability and the 

foamability of the water-based foam. They reported that the inhibition foams retarded the 

spontaneous combustion of coal efficiently since the oxygen adsorption rate decreased after 

the coal samples were treated. 

Although chemical inhibitors are the most favoured type of inhibitor, they tend to show an 

unstable inhibitory effect when used to treat certain types of coal. Many researchers have 

committed to investigating the mechanism of spontaneous combustion and its prevention, but 

the topic requires more extensive research and the intelligence of scholars with abundant 

knowledge. Research into finding more environmentally friendly, highly effective and viable 

inhibitors should be continued by studying the behaviour of chemical inhibitors. 
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2.3.3.3 Ionic liquids  

Ionic liquids are anhydrous salts that are liquid below a temperature of 100 ℃ (Seddon, 2003). 

They tend to behave like molten salts. However, they do not require as high a temperature to 

perform their function as molten salts, given that they can be used at room temperature 

(Chiappe & Pieraccini, 2005). They have excellent chemical and thermal stability, which 

means they are safe and more favourable to use than other chemical inhibitors at low 

temperatures. The fact that they have low vapour pressure reduces the risk of causing 

respiratory problems and the need for fume extraction systems when working with them. 

Because they possess a property of low volatility, they are deemed appropriate to be used in 

distillation processes to sublimate both the product and by-products and to make the separation 

processes easy. They can merge different combinations of reagents in one phase (Tian & Hua, 

2010). They can exist steadily in a wide range of temperatures because they are thermally 

stable, making them suitable for the kinetic control of electrochemical and most chemical 

processes.  

Ionic liquids can be used as solvents to assist in metal extraction, fragmentation and dispersion 

of materials during temperature-dependent processes such as precipitation, leaching and 

crystallisation because of their excellent physicochemical properties (Zhang & Kamavaram, 

2006). The scope of reactions is wide when using ionic liquids in electrochemistry because 

they are stable in both air and water and have lower melting points than other molecular 

solvents, usually employed for different processes (Tian & Hua, 2010). They are featured in 

some electrochemical devices, such as solar batteries and cells, and metal extraction through 

electrodeposition. Due to the flexibility of anions and cations to form different types of ionic 

liquids and the possibility of adjusting their properties to suit the requirements of a specific 

process, they are seen as ‘designer liquids’ (Earle & Seddon, 2000). By manipulating the 

structure of their ions, properties such as viscosity, melting point, boiling point and density can 

be re-adjusted (Tian & Hua, 2010).  

They can also be used as catalysts in some processes to enhance and speed up the rate of 

product formation (Dupont & Fonseca, 2002). By altering the number of carbons in alkyl 

chains of dialkyl imidazolium cations, the hydrophilicity and hydrophobicity of imidazolium-

based ionic liquids can be changed (Abbott et al., 2011). The cations are usually bulky, 

asymmetrical, heteroaromatics and bonded by weak intermolecular forces (Welton, 2004). 

Based on the type of the cation that they carry and their functions, ionic liquids can be 

categorised into four groups:  
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I. phosphonium-  

II. dialkyl imidazolium-  

III. alkylammonium-  

IV. alkyl pyridinium-  

Zhang et al. (2018) reported that ionic liquids could be used as chemical inhibitors to prevent 

the spontaneous combustion of coal because they have a low melting point, are non-flammable 

and can dissolve various organic and non-organic materials. They can also be used in highly 

exothermic reactions, given their low vapour pressure property (Li, 2004). 

 

2.3.3.4 Application of ionic liquids in the coal industry 

Generally, there has been a fair amount of work done in line with the application of ionic liquids 

in the coal industry, but few studies have used ionic liquids to inhibit the spontaneous 

combustion of coal. Examples of ionic liquids that function on the principle of chemical 

inhibitors include 1-hydroxyethyl-3-methylimidazolium tetrafluoroborate ([HOEmim][BF4]), 

1-acetoxyetyl-methylimidazolium tetrafluoroborate ([AOEmim][BF4]), 1-allyl-3-

methylimidazolium chloride ([Amim][Cl]) and 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate ([Bmim][OTf]) (Wang et al., 2012b). 

An investigation conducted by Zhang et al. (2011) confirmed that ionic liquids could be used 

to inhibit the spontaneous combustion of coal. It was discovered that the effectiveness of ionic 

liquids is attributed to the reduction of hydrogen bonds in coal when Lei et al. (2013) 

investigated the effect of [Bmim] ionic liquids on a lignite sample. In another study, a lignite 

sample was pretreated with ionic liquids, and it was found that the pretreatment process 

inhibited the spontaneous combustion characteristic of lignite (Lei et al., 2016). The treated 

lignite sample was analysed to investigate the effect of the ionic liquids on its structural matrix. 

It was reported that the oxygen-containing functional groups of the lignite were re-modified. 

Cummings et al. (2017) reported the same in a study that aimed to investigate the effects of 

ionic liquids on the oxygen-containing functional groups of coal. When investigating the 

influence of ionic liquids on the inhibition of spontaneous combustion of coal, Wang et al. 

(2012b) found that a variety of the functional groups of coal were solvated in the ionic liquid, 

thus deaccelerating the oxidation of coal. 

In a study conducted by Xiao et al. (2019), bituminous coal was treated with four imidazolium-

based ionic liquids: [Emim][BF4], [Bmim][BF4], 1-butyl-3-methylimidazolium nitrate 
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[Bmim][NO3] and 1-butyl-3-methylimidazolium iodide [Bmim][I] to investigate their effect 

on coal’s spontaneous combustion characteristic. The author reported that imidazolium-based 

ionic liquids have an appreciable effect on the inhibition of spontaneous combustion of 

bituminous coal. The ionic liquids with the [BF4]− ion were more effective than those with the 

[NO3]− ion. Of the four ionic liquids, [Bmim][BF4] had the best inhibitory effect. Another 

study on inhibiting spontaneous combustion in the goaf was conducted by Wang et al., (2015) 

using an ionic liquid. Based on the FTIR results, the author found that the ionic liquids 

exhibited a good performance by dissolving the active functional groups in the coal thus 

retarding the coal’s oxidation and reducing the amounts of gases produced during the reaction. 

To inhibit the spontaneous combustion of lignite coal, three imidazolium-based ionic liquids 

and water flushing were tested by Cui et al. (2018). Using TGA and FTIR, it was discovered 

that of the three ionic liquids, dimethyl-imidazolium iodide [Mmim][I] was the best in terms 

of reducing the -OH groups found in the lignite, thus inhibiting its spontaneous combustion 

characteristic. The effect of [Bmim][NTf2], [Bmim][BF4] and [HOEtmim][NTf2] on the 

spontaneous combustion characteristic of coal was investigated by Xi et al. (2020). 

[HOEtmim][NTf2] exhibited the best inhibitory effect by lowering coal’s specific surface area 

and pore . It also enhanced the aromaticity of coal and retarded the oxidation process by 

limiting the reaction between the active functional groups of coal and oxygen. Likewise, Ma et 

al. (2016) revealed that ionic liquids could slow the oxidation of coal by inhibiting the release 

of heat during the reaction. The author found that the [Hemim][Tos]-ion from one of the ionic 

liquids reduced the hydrogen ions from the functional groups, thus reducing the reactivity of 

the peroxide radicals. 

 

2.4. Spontaneous Combustion of Biomass  

It is well-known that biomass has been considered an alternative to coal for power generation 

in centralised boilers (Schwarzer et al., 2017). However, substituting coal with another fuel is 

not simple, given that several factors should be considered. Concerning spontaneous 

combustion, most research has focused mainly on coal since this phenomenon is prominent in 

the coal mining industry. However, this phenomenon could affect other materials such as 

biomass, organic waste, forestry waste and coal-biomass blends (Avila, 2012).  

The mechanism that controls the process of spontaneous combustion is the same in all cases, 

regardless of the type of material involved. Biomass burns more quickly than coal, which 

means there is a higher possibility of quick propagation of any ignition flame for biomass in 
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co-firing plants (Wang et al., 2012a). The different types of biomass that have been reported 

to undergo spontaneous combustion are composting piles, sawdust, wood chips, eucalyptus 

leaves, pistachio nuts, palm kernel, hay piles, rapeseed and soybean piles. More incidents of 

explosions have been reported while milling, conveying and storing (Krause, 2009). One major 

factor that has been reported to catalyse the spontaneous combustion of biomass material and 

coal-biomass blends is a temperature imbalance that favours the production of heat over the 

release of heat to the environment. Another primary cause of spontaneous combustion for these 

hygroscopic biological materials is bacterial activity.  

Although many incidents have been reported in the literature, the mechanism associated with 

the oxidation reactions of these biological materials is complicated (Avila, 2012). The 

involvement of complex biochemistry in the reactions complicates the mechanism further. The 

precise details concerning the mechanism involved during the spontaneous combustion of 

biological materials are still unknown (Avila, 2012). However, all oxidation reactions in 

different types of biomass take place according to the following steps by Buggeln & Rynk 

(2002): 

Step 1– The biological material undergoes fermentation, causing a temperature rise: The main 

cause of the temperature rise during fermentation is the aerobic respiration of the microbes and 

cells incubated into the piles of the living plant. During the interaction of the bacteria and the 

plant, the temperature can vary from one phase to the next. When the pile temperature ranges 

from 20 to 40 ℃, it is in the mesophile phase, and when it ranges from 40 to 80 ℃, it is in the 

facultative thermophiles phase. However, the pile temperature will only rise above 70 to 90 ℃ 

if the pile does not have any moisture content. 

Step 2 – Loss of moisture content by evaporation: The temperature rise from the first step 

causes the water in the pile to evaporate, resulting in the pile temperature reaching 100 ℃. At 

that temperature, the microorganisms become inactive and eventually die. The pile temperature 

continues to increase due to the reaction between the oxygen in contact with the pile and the 

plant’s chemicals. The heat released from the reaction accelerates the oxidation reaction of the 

pile. 

Step 3 – The pile reaches a critical temperature, causing a thermal runaway reaction: At 

temperatures above 100 ℃, the pile has no moisture and is rich in carbonaceous material. The 

ignition point of the material is between 130 and 160 ℃ (Kayser & Boyers, 1975). As the pile 

reaches the ignition point, the heat produced by the oxidative chemical reaction exceeds that 



38 

 

lost to the environment, causing the pile to combust spontaneously as it self-ignites (Kayser & 

Boyers, 1975). Figure 2.5 illustrates the pile’s temperature profile as a function of time and the 

steps leading to the self-heating of biomass. 

 

Figure 2.5: Self-heating of biomass extracted from Meijer & Gast (2004) 

 

2.4.1 Factors affecting the spontaneous combustion characteristic of biomass 

The spontaneous combustion of biological material is affected by factors that promote the 

growth of the microorganisms involved in the reaction. Major factors such as oxygen 

concentration, temperature and moisture content play a significant role in promoting the growth 

of the microorganism (Jirjis, 2005; Ashman & Williams, 2018). Other factors that are equally 

important given that they promote the self-heating of the pile include the particle size of the 

biomass, the porosity or compaction of the pile, the activation energy of the reaction of the 

microorganisms and the pile and, lastly, the bio-catalysis that is the microbe’s catalytic activity 

(Buggeln & Rynk, 2002; Avila, 2012).  

There are also minor or less studied factors that influence the propensity of biomass to undergo 

spontaneous combustion. Those factors include the presence of inorganic materials in the 

biomass piles, such as iron and aluminium since they tend to act as catalysts, the thickness of 

the cellular wall and the biomass’s internal structure (Buggeln & Rynk, 2002; Avila et al., 

2011). In this review, attention is given to the major factors that influence the spontaneous 
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combustion of biomass only and the effects of each factor will be explained in detail in the 

following section. 

 

2.4.1.1. Oxygen composition in the biomass 

In both abiotic and biotic reactions, oxygen is required as a primary reactant, and the presence 

of oxygen in the reactions results in heat generation. Luo et al. (2009) and Chansa et al. (2020) 

investigated the effect of oxygen concentration on the combustion characteristic of biomass. 

They found that as the oxygen concentration increases, the fuel’s reactivity increases. Chen et 

al. (2008) also reported that the oxygen concentration greatly affects the combustibility of 

biomass materials such as rice straw, corn cob and corn straw. The author further reported a 

directly proportional relationship between the comprehensive combustion characteristic index 

of the materials and the oxygen concentration. Bowes (1984) concluded that the time to reach 

the ignition temperature doubles at lower oxygen concentrations when the effect of oxygen on 

the self-heating of sawdust was investigated.  

 

2.4.1.2. Temperature effect on biomass susceptibility to spontaneous combustion 

Plucking plants from the ground or cutting them at their roots does not mean they will die 

instantly. It is only when the plants deplete their food and water supply or when they are 

exposed to harsh conditions such as elevated temperature that their cells succumb to death. The 

cells in the wood cut from the tree trunks also continue to live for some time if the outer cambial 

layer of the tree is not removed. The same can be said for sapwood branches and tree chips 

(Kubler, 1990).  

There is a relationship between oxygen and temperature as factors influencing the propensity 

of biomass piles to undergo spontaneous combustion. When the biomass piles are exposed to 

oxygen, the piles become oxidised as the inflowing oxygen behaves as an oxidant of the carbon 

structures of the biomass. As a result, an Arrhenius-type dependency on temperature identical 

to that exhibited by coal during oxidation reactions becomes evident, and a temperature rise 

also becomes evident (Kayser & Boyers, 1975). However, there is still some uncertainty 

surrounding the cause of the initial temperature rise as it is believed that bacterial activity might 

also affect the change. Based on casual observations, it was concluded that the respiration of 

the plant cells (oxygen intake) is a potential catalysing factor leading to a rapid temperature 

rise, if not an initial temperature rise, causing the biomass material to undergo spontaneous 

combustion (Buggeln & Rynk, 2002; Manic et al., 2021). 
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2.4.1.3 Pile compaction 

Biomass pile compaction is one major factor influencing biomass oxygen intake and is 

somehow connected to the pile temperature. If the pile is tightly packed (with limited spaces 

in between), the amount of oxygen penetrating the pile decreases, leading to reduced heat 

dissipation. However, it must also be noted that in a tightly packed state, there is a possibility 

of heat generation by pyrolysis. Additionally, the vertical oxygen flow is obstructed, which 

may lead to reduced convective heat transfer and, ultimately, to an increase in pile temperature 

(Buggeln & Rynk, 2002). On the contrary, in a case of low compaction degree (more spaces in 

between), there is a high inflow of oxygen into the pile, allowing for increased heat dissipation 

through the pile, leading to low spontaneous combustion susceptibility of the biomass pile 

(Avila, 2012). 

 

2.4.1.4 The moisture content of the biomass pile 

The moisture content of the biomass can affect its tendency to self-heat in various ways, given 

the thermal properties of water (Luangwilai & Nelson, 2018). Moisture in the biomass pile 

plays a vital role in supporting the reactions that keep the microorganisms active, given that 

the microorganisms utilise the moisture available in the plant as a transport medium, a 

thermoregulator and a substrate (Buggeln & Rynk, 2002). High moisture content in the pile 

results in a low oxygen diffusion rate, lowering the heat production rate. Moreover, high 

moisture content somehow hinders the growth of microorganisms, given that the high energy 

required to evaporate the moisture negatively impacts the existence of the microorganisms 

(Yuan Kun, 2006). However, the total removal of moisture through evaporation implies a 

considerable reduction of the ignition temperature of the biomass, leading to a high propensity 

for spontaneous combustion (Jones & Puignou, 1998). 

2.4.1.5 Activation energy 

It is not known how many biotic and abiotic chemical reactions take place within the biomass 

pile, but when the biotic reactions take place, large hydrocarbon chains are broken down into 

compounds that can be oxidised easily (Avila, 2012). The decomposition of large hydrocarbon 

chains happens due to the reduction of the activation energy brought about by microbe activity 

(Ashman & Williams, 2018). Moreover, the decomposition of the hydrocarbons influences 

other subsequent chemical reactions within the pile. The chemical reactions occur due to the 

reduced activation barrier (Kayser & Boyers, 1975; Yuan Kun, 2006). The activation energy 

was regarded as the key factor leading to heat generation by Buggeln & Rynk (2002). The 

fundamental of chemical thermodynamics states that the type of process involved in heat 
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generation is independent of the total heat released when substances such as glucose are 

oxidised (Miao et al., 1994). Based on the fundamental concept, it is expected that a biomass 

pile with microbes will rapidly heat up when the microbes and chemical substrates are exposed 

to an equal amount of oxygen. 

 

2.4.1.6 Particle size of the biomass 

In terms of particle size, several studies indicate that the rules that apply to coal may also apply 

to biomass (Buggeln & Rynk 2002; Avila, 2012). Besides oxygen entering the active site where 

the reaction occurs, the surface area that is in contact with the microbe activity also affects the 

reactivity of the biomass materials (Avila, 2012). Smaller particle sizes imply an increased 

surface: ratio of the particles, leading to increased heat loss by convection. Additionally, a pile 

of small biomass particles tends to be highly compacted and may therefore result in less 

convective heat dissipation and reduced porosity (Buggeln & Rynk, 2002). The oxygen inflow 

into the pile also becomes difficult, given the obstruction caused by low porosity. A pile of 

biomass with fine particle sizes is more susceptible to spontaneous combustion due to increased 

microbial growth on this particle size, leading to an increased pile temperature (Rupar-Gadd, 

2006). The opposite can be said about biomass piles of larger particle sizes, given that microbial 

growth is relatively slow because large particles tend to lose moisture faster than smaller 

particles (Jirjis, 2005). 

 

2.4.2 The prediction of the spontaneous combustion liability of biomass 

Few techniques have been explored to predict the spontaneous combustion liability of biomass 

(Rupar-Gadd, 2006; Avila, 2012). The problem is that those techniques only account for the 

last stage of oxidation, which is close to the ignition point, but the relevance of the material’s 

biological activity is usually not accounted for. In such instances, biomass is assessed using 

standard thermal analysis such as the Frank-Kamenetskii, heating basket and modified XPT 

methods (Chen, 1999). In addition, the original XPT method and the isothermal oven test, also 

called the constant temperature method, are utilised (Jones & Puignou, 1998; Rynk, 2000; Van 

Blijderveen et al., 2010).  

Avila (2012) conducted an investigation focusing on understanding spontaneous combustion 

characteristics of biomass and biomass-coal blends, amongst other fuels, using TGA. The study 

concluded that the reactivity of biomass alone is different from that of coal. The oxidation 

reaction of biomass is influenced by the biomass’ moisture and volatile matter content at low 
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temperatures. Additionally, the reaction rate is influenced by the components found in biomass, 

such as lignin, hemicellulose and cellulose. According to Avila (2012), the TGA technique 

provided reliable and accurate data on the spontaneous combustion liability of biomass and 

coal blends during low-temperature oxidation. 

The combustion and co-combustion of high-ash coal, macadamia nutshell, anthracite and a 

blend of macadamia-coal were studied by Bada et al. (2015) using TGA under different 

atmospheric conditions. The study’s results showed that at lower temperatures, all the blends 

of macadamia-coal at different ratios and the raw biomass were highly reactive compared to 

coal alone. The reactivity of material is directly proportional to its propensity to spontaneous 

combustion (De Korte, 2014). Jones et al. (2015) evaluated the spontaneous combustion 

characteristic of seven biomass materials using TGA, and three materials, i.e., olive cake, 

sunflower husk and Miscanthus, fell into the category of high risk. Overall, no novel methods 

exist for predicting the spontaneous combustion of biomass, leaving only the methods used for 

coal assessment (Avila, 2012). 

 

2.4.3 Inhibition of spontaneous combustion of biomass  

Before 2015, approximately 24 biomass combustion incidents were reported worldwide, and 

most incidents occurred in wood pellet companies (Mullerova, 2014; The Linde Group, 2015). 

In 2010, a fatal explosion caused by the self-ignition of wood pellet in a silo was reported in 

Sweden at Laxa pellets. Another incident occurred at Inferno Wood Pellets Co Rhode Island 

in 2013 (Pfecke & Warrenville, 2010; Mullerova, 2014). As a result, there has been a call to 

find preventative and control measures to minimise or eliminate the occurrence of these 

incidents in the future. The spontaneous combustion of biomass occurs mostly during long-

term bulk storage in silos and during transportation (Guo, 2013; Persson, 2013; Larsson, 2017; 

Ebadat, 2019). Most methods applied in biomass power plants are based on controlling and 

extinguishing fires after combustion rather than treating biomass material with inhibitors to 

prevent or inhibit spontaneous combustion (Ennis, 2016). The recommended preventative and 

fire-fighting methods are discussed in detail below. 

As a preventative measure, plant personnel are required to conduct a risk assessment by 

continuously monitoring the concentrations of 𝑂2 and 𝐶𝑂 in the risk areas and headspace of 

the silos using a calibrated measuring instrument. If the concentration of 𝐶𝑂 ranges between 

2-5% and that of  𝑂2 is higher than 5%, there is a high risk of explosion since the levels indicate 

that the stored material has started to self-heat (Persson, 2013). Following the detection of 
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elevated 𝑂2 and 𝐶𝑂  concentrations, the silo openings should be sealed and the ventilation 

systems shut down to prevent oxygen from contacting the biomass material (Persson, 2013). 

In a case where the biomass has already reached ignition point, nitrogen gas should be injected 

into the silo from the base of the column to serve as a fire-fighting measure. As an alternative 

to nitrogen gas injection, high-quality foam can be used to cover the stored biomass materials 

in the silo, provided that the materials have not caught fire. In doing so, the explosion can be 

prevented. The Compressed Air Foam System (CAFS) may also be employed to assist in 

managing the disaster at hand (Persson, 2013). However, it is important that in implementing 

the high-quality foam and the CAFS method, the silos are not overly exposed to air as that 

might accelerate the low-temperature oxygen of the material. Additionally, it is mandatory for 

the personnel responsible for implementing preventative measures to wear full personal 

protective gear at all times. In instances where the injection of nitrogen gas and the CAFS 

method are not successful in extinguishing the fire, water-based methods are usually employed 

as fire-fighting methods (Persson, 2013). Water is injected or sprayed directly into silos 

containing materials such as sawdust.  

There are, however, several shortcomings associated with using water-based methods for fire 

extinguishing. Injecting water into silos containing wood pellets may cause the material to 

swell and turn into a hard cake (Persson, 2013). The pellet’s swelling results in the particles of 

the biomass being impermeable, hindering the process of extinguishing the fire. In some 

instances, spraying water into the silos might accelerate the explosion by producing hydrogen 

gas, which is highly flammable under favourable conditions (The Linde Group, 2015). The 

presence of water in the silos causes damage to the walls of the column. The water discharged 

from the silos also causes alarming environmental pollution. Lastly, cleaning and rehabilitating 

the equipment and the environment requires large financial input. 

While some firefighting methods are efficient, other methods tend to fail. In cases where 

methods are successful in controlling and extinguishing the fire, the labour and expenses 

associated with the damage control are always expensive. For this reason, the attention of 

researchers should be re-directed to exploring inhibitors to prevent the spontaneous combustion 

characteristic of biomass material. To date, only Tang & Zhou (2020) have investigated the 

suppression of the spontaneous combustion of biomass using chemical inhibitors. The authors 

used 𝑀𝑔𝐶𝑙2, 𝐶𝑎(𝑂𝐻)2, 𝐶𝑎𝐶𝑙2, phytic acid, citric acid, ascorbic acid, 𝑁𝑎𝐻2𝑃𝑂2, 𝑁𝑎𝐻2𝑃𝑂4, 

𝑁𝑎3𝑃𝑂4, N-phenyl-1-naphthyl-p-phenylenediamine, N-cyclohexyl-N’-phenyl-p-
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phenylenediamine and N,N’-di-2-naphthyl-p-phenylenediamine to treat pine particles. The 

treated samples were analysed using TGA, FTIR and DSC to observe how the spontaneous 

combustion characteristic of the pine particles was affected by the chemical inhibitors. Their 

study revealed that  𝐶𝑎𝐶𝑙2 exhibited the best inhibitory effect. Moreover, the FTIR results 

revealed that the inhibitor weakened the oxygen-containing functional groups, retarding the 

low-temperature oxidation reaction of the pine particles. 

The quantity of previous research related to the inhibition of spontaneous biomass combustion 

using chemical inhibitors is insufficient to support their effectiveness. For this reason, the 

current study is important and necessary given that it aims to inhibit the spontaneous 

combustion characteristic of biomass material named Searsia lancea amongst other fuels, using 

imidazolium-based ionic liquids, which fall under the category of chemical inhibitors. The 

results of this research should provide more knowledge into the inhibiting potential of these 

inhibitors for both raw Searsia lancea biomass and its hydrochar/coal pellets. 

 

2.5 Hydrochar Production 

Hydrochar is a fuel derived from biomass material through hydrothermal carbonisation (HTC), 

also known as wet torrefaction (Kambo & Dutta, 2015). HTC was used to describe the 

coalification process by Friedrich in 1913 (cited by Bergius, 1931). The process was further 

investigated in the late 19th century for treating organic materials used in manufacturing 

chemicals and recovering gaseous and liquid fuels (Bobleter, 1994; Mumme et al., 2011). This 

process involves submerging biomass in water and heating it to a temperature of 180 - 350 ℃ 

for 5 - 240 minutes in a pressurised vessel (2-6 Mpa) (Libra et al., 2011; Mumme et al., 2011; 

Hoekman et al., 2013). Several reactions are involved in the HTC process. An overview of the 

process as well as the chain of reactions involved is presented in Figure 2.6. 
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Figure 2.6: An overview of hydrothermal carbonisation of biomass adapted from Mazumber 

(2019) 

Given that this process requires water, the moisture content of the biomass has no impact on 

the process; hence pre-drying the biomass feedstock before use is unnecessary. This process is 

cost-effective compared to other pretreatment processes, such as dry-torrefaction and slow-

pyrolysis, which are energy-intensive given that they require pre-drying (Benavente et al., 

2014). Kambo & Dutta (2015) conducted a comparative review of hydrochar and biochar 

produced through slow pyrolysis of biomass. They concluded that hydrochar produced via 

HTC could be used as an alternative to coal for power generation, given its favourable 

physicochemical properties. 

 

2.6 Spontaneous Combustion of Hydrochar 

Given that this study proposes hydrochar and hydrochar/discard coal blends as potential fuels 

to reduce the reliance on coal as a primary energy source, knowing about the susceptibility of 

these fuels to spontaneous combustion is of great importance. Biomass is, without question, 

highly reactive. Processing it to produce hydrochar does not mean the spontaneous combustion 

characteristic of hydrochar suddenly becomes insignificant. The hydrochar produced is a 

reactive and porous media like biomass and biochar; hence oxygen can easily permeate through 

the fuel and accelerate the low-temperature oxidation process (Dullien, 1979; Restuccia et al., 
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2019). Therefore, hydrochar is also prone to undergo spontaneous combustion due to its porous 

structure. However, extensive research is required to prove this. 

There is a gap in the literature concerning the factors affecting the spontaneous combustion of 

hydrochar because it is a relatively new fuel compared to biochar produced by other processes, 

such as pyrolysis and dry torrefaction. Although a study was carried out on the self-heating 

mechanism of biochar, the conclusion and findings from that study cannot be applied to 

hydrochar, given that the production processes of these two fuels are different (Restuccia et al., 

2019). Additionally, the inhibition of spontaneous combustion of hydrochar has not been 

explored. Thus, a thorough investigation is required to bridge the gap identified in the literature 

and pave the way for future research in line with the inhibition of spontaneous combustion of 

hydrochar using imidazolium-based ionic liquids. 

 

2.7 Summary 

A thorough review of the spontaneous combustion mechanisms of coal, biomass and hydrochar 

was presented in this chapter. The factors influencing the spontaneous combustion 

characteristic of the fuels and the techniques that have been explored in various studies for 

predicting the spontaneous combustion liability of the fuels were also reviewed. With that in 

mind, this study seeks to expand on the literature and close the identified gaps by investigating 

the effect of three imidazolium-based ionic liquids on the spontaneous combustion 

characteristics of discard coal, raw biomass, specifically the Searsia lancea tree species, 

hydrochar produced using Searsia lancea and blends of hydrochar/discard coal.  

Thermal analysis tests such as the Wits-Ehac and TGA have never been used to determine the 

spontaneous combustion of hydrochar produced from Searsia lancea and blends of 

hydrochar/discard coal. As a result, this study aimed to use these two techniques to measure 

the spontaneous combustion liability of the fuels given that the two thermal techniques have 

been proven to be reliable and efficient when used on other fuels in previous studies. Moreover, 

the fuels will be characterised before and after their treatment with imidazolium-based ionic 

liquids to identify any structural, morphological and physicochemical changes that might have 

been caused by the interaction of the fuels with the ionic liquids. The experimental techniques 

with be discussed in detail in Chapter 3. 
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CHAPTER 3: RESEARCH METHODOLOGY 

This chapter describes the nature of the material used and the experimental methods utilised to 

meet the objectives of this study. Procedures for sample preparation and equipment used are 

also provided. The chapter is divided into five sections: material preparation, hydrochar 

production, sample characterisation, spontaneous combustion tests and the treatment of the 

samples with ionic liquids. 
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3.1 Material Preparation  

Samples of Searsia lancea, a tree species, were collected from the Vaal River Mine at the 

Mispah tailings facility, which has nutrient-rich soil (Joubert, 2017). The harvested tree species 

were 12 years old when harvested from sections S11 and S12 of the Mispah tailings facility. 

From each section of the tailing facility, different tree compartments (leaves, wood, twigs and 

roots) were sampled once as illustrated in Figure 3.1 and stored at the University of the 

Witwatersrand in the Genmin building.  

 

Figure 3.1: Site for Searsia lancea samples collection 

The eight Mispah tailings facility tree compartments (Figure 3.1) were cut into smaller pieces 

with a table saw and a chainsaw. The samples were further milled to -212 μm using a Retsch 

SM 200 cutting mill for all the characterisation tests and -0.5 mm for hydrochar production. 

After milling, equal tree compartments from the S11 Searsia lancea were mixed with equal 

tree compartments from the S12 Searsia lancea to form a 50% S11 and 50% S12 raw biomass 

blend.  

The discard coal sample used was sourced from Witbank coalfield and milled to -212 μm using 

a laboratory ring pulveriser for characterisation and subsequent tests. Three imidazolium-based 

ionic liquids, namely 1-butyl-3-methyl-imidazolium acetate [Bmim+OAc−] (IL-C), 1-ethyl-3-

methyl-imidazolium hydrogen sulphate [Emim+HSO4
−] (IL-B) and 1-butyl-3-methyl-
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imidazolium hydrogen sulphate [Bmim+HSO4
−] (IL-A) at 95% mass purity were purchased 

from Sigma-Aldrich (Pty) Ltd (Merck) South Africa. 

 

3.2 Hydrochar Production 

The hydrochar was produced from the raw biomass blend made from 50% S11 and 50% S12 

through HTC at a particle size fraction of - 0.5 mm. The HTC process was carried out using a 

1.75 L Berghof BR-1500 high-pressure reactor, illustrated in Figure 3.2. The manufacturer 

recommended that the solid and liquid mixture in the reactor must not exceed 80% of the 

reactor . For the hydrochar production, the reactor was heated to a temperature of 280 ℃, for 

180 minutes (residence time), at a solid: liquid ratio of 1:8. This condition was the best test 

condition attained by Setepu et al. (2021) to produce hydrochar from the same sample. 

 

Figure 3.2: Berghof stirring system axis and stainless-steel reactor vessel 

Three kilograms of hydrochar produced under the set conditions was dried in an oven at 105 ℃ 

for 24 hours to remove excess moisture and milled to a particle size of -212 μm. The sample 

was split into two parts, with the first part set aside for subsequent tests and analysis, while the 

second part was used to prepare hydrochar/coal blends at a hydrochar concentration of 25%, 

50% and 75%. The overview of the hydrothermal carbonisation procedure is depicted in Figure 

3.3. 
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Biomass S11/S12 Blend 

@ -0.5 mm

Hydrothermal 

Carbonisation:

T: 280 ℃
Time: 180 min

Mix ratio:1:8

Reactor not pressurised

Hydrochar/Coal Blends

•  25% Hydrochar; 75% Coal, 

• 50% Hydrochar; 50% Coal

• 75% Hydrochar; 25% Coal   

by weight

100% Hydrochar

Dried at 105 ℃
For 24 hours

Screened to -212  μm

100% Hydrochar

100% Discard Coal @ -

212  μm 

 

3.3 Sample Characterisation 

3.3.1 Proximate analysis 

Proximate analysis is a characterisation test that determines the inherent moisture (%), ash 

content (%) and volatile matter (%) present with fixed carbon calculated by difference. The 

analysis was carried out on the biomass, discard coal, hydrochar and the three 

hydrochar/discard coal blends according to ASTM D-5142 using the TGA 701 Leco 

instrument. For the analysis, 1 g of each sample was loaded in ceramic crucibles that were 

positioned in a carousel inside the instrument. During the analysis, the samples were heated in 

a nitrogen atmosphere from room temperature to 107 ℃ at a heating rate of 6 ℃/min to 

determine their inherent moisture content by mass loss. The samples were further heated from 

107 ℃ to 950 ℃ to determine their volatile matter, which was reported as a mass loss of the 

samples between 107 ℃ and 950 ℃. To determine the ash content, the samples were combusted 

in an oxygen atmosphere between 650 ℃ to 750 ℃, and the residue left after combustion was 

noted as the ash content of the sample.  

 

3.3.2 Ultimate analysis 

The ultimate analysis was carried out according to ASTM D 4239-05 and ASTM D 5373-02 

to determine the sample’s total sulphur content (S) and the elemental composition (total carbon 

(C), hydrogen (H), nitrogen (N) and oxygen (O)), respectively. Oxygen was determined by the 

difference according to Equation 3.1. 
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Oxygen (%) = 100 – (total carbon + total hydrogen+ total sulphur+ moisture content + ash 

content)          (3.1) 

 

3.3.3 Calorific value 

The calorific value (the energy contained in the fuel) of the raw biomass species, discard coal, 

hydrochar and the three hydrochar/coal blends were determined according to ASTM D5865-

04 using a Leco AC 500 bomb calorimeter. The system uses an electronic thermometer with 

an accuracy of 0.0001 ℃ to measure the temperature every six seconds, with the results 

obtained within 4.5 to 7.5 minutes. 

 

3.3.4 Fourier Transforms Infrared Spectroscopy Analysis 

A PerkinElmer Frontier FTIR spectrometer was used to identify the functional groups present 

in each sample before and after treatment with ionic liquids. The analysis was performed by 

placing 0.5-1.0 g of sample on the FTIR spectrometer lens. The equipment passes an infrared 

beam through the sample and measures the frequency at which the sample absorbs an infrared 

beam. The FTIR spectrometer generates an absorbance spectrum on a graph, with the peaks 

representing different chemical bonds and molecular structures in each sample. Each of the 

peaks on the graph represents a functional group such as ketones, alkanes, carbonyls, alcohols, 

aromatics, aliphatics and others. Figure 3.4 summarises the characterisation tests that were 

conducted in this study. 

 

Samples: Before and 

after IL treatment

1. 100%  Discard Coal

2. 100% Raw Biomass

3. 100% Hydrochar

4. 25% H/ 75% C Blend

5. 50% H/ 50% C Blend

6. 75% H/ 25% C Blend

@ particle size of -212 

μm 

Proximate analysis (1 g)

1. Inherent Moisture (M)

2. Volatile Matter (VM)

3. Ash Content (A)

4. Fixed Carbon (FC)

  1   – (M + V + A)

Ultimate and Total Sulphur 

analysis (0.25 g)

1. %C, %H, %N, %O 

     (based on ISO 12902)

2.  Total Sulphur - %S

     (based on ISO 19579:2006)

Caloric Value (1 g)

Using

Leco AC 500 bomb 

calorimeter 

FTIR Analysis (0.5 to 1 g)

Using

PerkinElmer Frontier FTIR 

spectrometer 
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Figure 3.4: Characterisation of the samples before and after treatment with imidazolium-based 

ionic liquids 

 

3.4 Spontaneous Combustion Tests 

Two spontaneous combustion test methods, TGA and the Wits-Ehac tests were utilised in this 

study. The techniques measured the heat flow and the thermal decomposition per time to 

predict the tendency of discard coal, biomass, hydrochar and hydrochar/coal blend to undergo 

spontaneous combustion when exposed to air. Figure 3.5 depicts an outline of the two 

spontaneous combustion test methods. Each of the test methods has unique characteristic 

profiles, which are described in detail in the following section. 

 

                    Figure 3.5: An outline of the spontaneous combustion tests 

 

3.4.1 Thermogravimetry analysis  

All the samples (discard coal, biomass, hydrochar and hydrochar/coal blends) were subjected 

to TGA and DTG analyses using the TGA 701 Leco instrument. The analysis was used to 

predict the combustion reactivity of the samples under an oxidative medium. For each run, a 

100 mg sample at a particle size of – 212 μm was heated at different heating rates (4, 8, 12, 16, 

20 and 24 ℃/min) from room temperature to 850 ℃ and held at this temperature until there 

was no further mass loss. The data obtained from the tests were used to determine: 

Wits-Ehac Test

(20-25) g Each Sample

- 212 μm Particles Size

In An Oil Bath Heated to 200 ℃ 

Thermogravimetric Analysis 

100 mg of Each Sample

Heating Rate of

 (4, 8, 12, 16, 20, 24) ℃/min

Temp: (25-850) ℃
Using

 Leco TGA 701

Wits-Ehac index to predict 

the spontaneous combustion 

liability of the samples

 TGAspc index to predict the 

spontaneous combustion liability 

of the samples

Samples: Before and 

After IL Treatment

1. 100% Discard Coal

2. 100%  Raw Biomass

3. 100% Hydrochar

4. 25% H/ 75% C Blend

5. 50% H/ 50% C Blend

6. 75% H/ 25% C Blend

@ particle size of -212 

μm 
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I) The derivatives of weight loss (%/min) as a function of time and temperature as 

DTG and TGA profiles. 

II) The slope of the derivative plot in the linear segment of the curve at low 

temperatures. 

A profile plot of the heating rates against the slope for each sample was generated using the 

data obtained. The data was also used to predict the susceptibility of discard coal, biomass, 

hydrochar and the hydrochar/coal blends to spontaneous combustion before and after the 

imidazolium-based ionic liquids treatment using 𝑇𝐺𝐴𝑠𝑝𝑐 index, which is the thermogravimetric 

spontaneous combustion index. As expressed by Equation 3.2, the 𝑇𝐺𝐴𝑠𝑝𝑐 is defined as the 

ratio between the rate of weight loss and the temperature change caused by an external source. 

𝑇𝐺𝐴𝑠𝑝𝑐  =  
𝛥 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

𝛥 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
       (2.16) 

                                    

3.4.2 Wits-Ehac test 

The Wits-Ehac test method was carried out following the test procedure outlined by Onifade, 

(2018) and Onifade and Genc (2019). The Wits-Ehac apparatus is made up of an air circulator, 

oil bath, oil circulator, a flowmeter, a heater, an air supply compressor, six-cell assemblies 

(three cells for the discard coal sample or hydrochar/coal blends and the other three for calcined 

aluminium, which is the inert material) and a computer (Figure 3.6) (Wade, et al., 1987). The 

samples (100% discard coal, raw Searsia lancea, hydrochar and three hydrochar/coal blends) 

were pulverised to -212 μm, and 20 - 25 g of the pulverized samples were fed into three cells 

of the Wits-Ehac apparatus, while the remaining three cells fed with calcined aluminium. The 

sample cells and the inert material cells were placed in an oil bath heated to 200 ℃. As the oil 

bath was heated, the temperatures of the samples and the inert material were recorded on the 

system every 30 seconds using a micro-computer. The time taken for each sample test depends 

on the spontaneous combustion characteristic of the sample. The tests for samples with high 

spontaneous combustion liability take less time than samples with low spontaneous combustion 

liability. The Wits-Ehac apparatus incorporates the XPT and the DTA thermograph to 

determine the sample’s spontaneous combustion index (Wits-Ehac index). The DTA 

thermograph provides an insight into the degradation of the sample tested in three stages, as 

illustrated in Figure 3.7. 
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The first stage denotes the temperature at which the inert material exceeds that of the tested 

sample. Stage II is known as the region where the exothermic reaction occurs, and information 

about the temperature difference between the inert material and the tested sample can be 

obtained from this stage. Additionally, at this stage, the heating rate of the tested sample could 

exceed that of the inert material due to the propensity of the tested sample to undergo self-

heating and hence reach the temperature of the surroundings (oil bath temperature). The point 

at which the differential is zero in Stage II is the XPT. Stage III is when the tested sample burns 

out completely. The Wits-Ehac index was calculated according to Equation 3.3. It is expected 

that in Stage II, a sample with a high spontaneous combustion liability will have a very steep 

slope and a low XPT compared to a sample with low spontaneous combustion liability. 

According to Wade et al. (1987), a coal sample with a Wits-Ehac index below three has a low 

spontaneous combustion liability. Whereas, between 3 and 5 five, the likelihood of the coal 

undergoing spontaneous combustion is medium, and when the index is above 5, the sample 

spontaneous combustion liability is high. 

Wits − Ehac index = (
Stage II slope

XPT
)  × 500      (3.3) 

 

Figure 3.6: A schematic diagram of the Wits-Ehac apparatus (Wade et al., 1987) 
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Figure 3.7: A typical differential thermal analysis thermogram profile (Wade et al., 1987; 

Gouws & Eroglu, 1993) 

 

3.5 The Treatment of the Samples with Ionic Liquids 

From the six samples (100% discard coal, 100% biomass, 100% hydrochar, 25% 

hydrochar + 75% discard coal, 50% hydrochar + 50% discard coal and 75% hydrochar + 25% 

discard coal), those with the highest spontaneous combustion susceptibility were treated using 

the following ionic liquids: 

I) 1-butyl-3-methyl-imidazolium hydrogen sulphate [Bmim+HSO4
−] (IL-A) 

II) 1-ethyl-3-methyl-imidazolium hydrogen sulphate [Emim+HSO4
−] (IL-B) 

III) 1-butyl-3-methyl-imidazolium acetate [Bmim+OAc−] (IL-C) 

Each ionic liquid was diluted with distilled water to the following concentrations: 10, 20, 30, 

40 and 50%. The ionic liquids were mixed with the selected sample at a solid:liquid ratio of 

1:4 (2g to 8ml) in a 50 ml Duran sample bottle. The solutions were then placed in a temperature-

controlled shaker for 2 hours at 25 ℃ to alter the functional groups that make the solid samples 

susceptible to spontaneous combustion. After shaking, the samples were cooled, and the treated 

solid samples were separated from the imidazolium-based ionic liquid solutions using a 

vacuum filtration system. The filtered cake was then placed in a vacuum oven for 48 hours at 

ambient temperature to remove excess moisture. The treated samples were subjected to TGA 

spontaneous combustion tests at six different heating rates (4, 8, 12, 16, 20 and 24 ℃/min). The 

samples with the lowest 𝑇𝐺𝐴𝑠𝑝𝑐 index were subjected to characterisation and Wits-Ehac 
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spontaneous combustion tests. Figure 3.8 shows the procedure for treating the samples with 

different imidazolium-based ionic liquids, as well as the conditions that were used for each 

piece of equipment. 

 

 

ILs:

[Bmim+HSO4-]: IL-A 

[Emim+HSO4-]: IL-B

[Bmim+OAc-]: IL-C

At Varied Concentrations
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Temp Controlled 

Shaker:

Temp 25 ℃ 

Time: 2 hr

Speed: 250 rpm

Vacuum Filtration 

Setup:
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Buchner Funnel

Buchner Flask

Pump
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sulphur Analysis
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Combustion Tests:
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Figure 3.8: Sample treatment with imidazolium-based ionic liquids 

3.6 Summary 

 The experimental methods required for this study and the nature of the material that was used 

are presented in this chapter. The chapter was divided into five sections: material preparation, 

hydrochar production, sample characterisation, spontaneous combustion tests and the treatment 

of the samples with ionic liquids. The analytical techniques used in all the section were also 

explained in detail. The results obtained following the analysis of the samples are presented in 

Chapter 4.  
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CHAPTER 4: RESULTS AND DISCUSSION 

This chapter discusses the results of all analyses performed in this research. The first section 

of this chapter presents and discusses the physicochemical properties (proximate analysis, 

ultimate analysis, calorific values and FTIR) of the samples and the textural properties of the 

biomass treated and untreated. In the second section of the chapter, the results obtained from 

the spontaneous combustion of the raw samples via TGA and the Wits-Ehac tests are presented. 

Following this, the results obtained from the samples treated with three different ionic liquids 

and their susceptibility to spontaneous combustion are also discussed. In general, this chapter 

presents the results on whether imidazolium-based ionic liquids can inhibit spontaneous 

combustion through various experimental studies.  

 

4.1 Characterisation of Raw Biomass, Discard Coal, Hydrochar and Hydrochar/Coal 

Blends 

4.1.1 Proximate analysis, ultimate analysis and calorific value 

Table 4.1: Physicochemical analysis of biomass, discard coal, hydrochar and hydrochar/coal 

blends 

Samples Proximate Analysis (Ar) Ultimate Analysis (Db) CV 

 %M  %A %FC %VM %S %TC %H %N %O MJ/kg 

100% Biomass 8.01 2.92 19.54 60.52 0.07 44.60 6.26 0.47 37.67 17.28 

100% Hydrochar 1.92 0.36 52.12 45.60 0.08 70.90 5.01 0.47 21.26 29.58 

100% Discard coal 3.10 36.23 40.01 20.65 1.64 48.20 2.92 1.11 6.80 18.55 

25% H + 75% DC 2.76 27.20 43.24 26.79 1.21 54.30 3.55 0.95 10.03 21.42 

50% H + 50% DC 2.45 18.46 46.06 33.03 0.87 60.10 4.03 0.82 13.27 25.23 

75% H + 25% DC 2.04 9.88 48.56 39.51 0.45 65.30 0.66 0.66 21.01 26.97 

M: Inherent moisture, A: Ash content, FC: Fixed carbon, VM: Volatile matter, S: Sulphur, TC: Total carbon, H: Hydrogen, N: 

Nitrogen, O: Oxygen, CV: Calorific value, DC: Discard coal, H: Hydrochar, Ar: Air dried, Db: Dry basis 

 

The proximate analysis, ultimate analysis and the calorific value of the samples are presented 

in Table 4.1. The inherent moisture of 100% biomass, 100% discard coal and 100% hydrochar 

was 8.01%, 3.10%, and 1.92%, respectively. The physicochemical results reported for the 

100% biomass used in this study are similar to that reported by Setepu et al. (2021). The high 

moisture content of the 100% biomass could make it more susceptible to spontaneous 

combustion. According to the study by Miyawaki et al. (2021), biomass with high moisture 

content may produce accelerated microbial heat generation leading to combustion. The 
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moisture content of 25% hydrochar + 75% discard coal, 50% hydrochar + 50% discard coal 

and 75% hydrochar + 25% discard coal used in this study ranged from 2.04 - 2.76% (Table 

4.1). Hao et al. (2014) suggest that carbonaceous materials with high moisture content act as 

catalysts by promoting the oxidation reaction leading to heat release and spontaneous 

combustion. Therefore, a hydrochar/coal blend with a higher moisture content could have a 

relatively high spontaneous combustion liability index compared to other blends with lower 

moisture content.  

The ash content of 100% hydrochar, 100% biomass and 100% discard coal was 0.36%, 2.92% 

and 36.23%, respectively. The ash content for the hydrochar/coal blends used, i.e., 25% 

hydrochar + 75% discard coal, 50% hydrochar + 50% discard coal and 75% hydrochar + 25% 

discard coal blends, range from 9.88 - 27.20% (Table 4.1). A sample with a high ash content 

has a high mineral content, which act as a heat sink and blocks the pores and active sites of a 

fuel (Beamish & Arisoy, 2008; Onifade, 2018). Onifade & Genc (2019) reported that high ash 

content leads to low susceptibility to the spontaneous combustion of coal. Manic et al. (2021) 

observed the same trend during their investigation of biomass. Therefore, it is expected that 

100% coal discard and the three blends of hydrochar and coal might have a lower spontaneous 

combustion index than 100% biomass and 100% hydrochar. 

The fixed carbon content results for the samples correspond to the trend seen in their total 

carbon content (Table 4.1). According to Onifade et al. (2020), samples with high spontaneous 

combustion liability have high carbon content. The HTC of 100% biomass used in this study 

could increase its spontaneous combustion liability compared to other fuels. It is reported in 

the literature that coalification of coal increases carbon content leading to the densification and 

reduction of coal porosity (Ceballos et al., 2015). This is the same phenomenon that occurs 

when raw biomass is carbonised, leading to a hydrochar with high total carbon content. Given 

the high carbon content of the 100% hydrochar, this sample may have a higher spontaneous 

combustion liability than 100% discard coal. 

The volatile matter content in fuels can be used to predict their susceptibility to spontaneous 

combustion. According to Manic et al. (2021), biomass feedstock with high volatile matter is 

highly susceptible to spontaneous combustion. Onifade (2018) reported that coal samples with 

a high average content of volatile matter have a high 𝑇𝐺𝑠𝑝𝑐 index. Given the high proportion 

of volatile matter in 100% biomass and 100% hydrochar, both samples are likely more reactive 

and easily combustible than others (Shah, 2022). Both 100% biomass and 100% hydrochar 
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fuels are likely more prone to spontaneous combustion as they had the highest oxygen content 

compared to other fuels. This is because high oxygen concentration increases the self-ignition 

attribute of fuels and their combustion liability (Huangfu et al., 2018; Ren et al., 2021).  

As reported in Table 4.1, the HTC of 100% biomass to 100% hydrochar improved the calorific 

value of the biomass from 17.25 MJ/kg to 29.58 MJ/kg. The hydrochar produced in this study 

can be classified as a grade A fuel, as according to Steyn & Minnit (2010), coal or solid fuel 

with a calorific value ≥ 27.5 MJ/kg is deemed as a grade A fuel. Hydrochar also has an identical 

characteristic to medium-rank bituminous coal with fixed carbon ranging from 45% to 86% 

and a calorific value in the range of 19.3 to 30.2 MJ/kg (Pang, 2016). 100% biomass had the 

lowest calorific value of 17.28 MJ/kg followed by 100% discard coal with a calorific value of 

18.55 MJ/kg. Furthermore, the calorific value increases as the ash content decreases (Table 

4.1). The blending of the discard coal with hydrochar resulted in improved calorific value 

among other properties. The 75% hydrochar + 25% discard coal can be classified as a grade B 

fuel given that it has a calorific value greater than 26.5 MJ/kg (Steyn & Minnit, 2010). Based 

on the physicochemical properties of the fuels, the 100% biomass may be more susceptible to 

spontaneous combustion than the other samples. 

 

4.1.2 Fourier transform infrared spectroscopy 

FTIR was used to determine the changes in the active functional groups in the samples since 

the functional groups significantly affect spontaneous combustion liability. The spectra 

obtained for each sample are presented in Figure 4.1. The tendency of carbonaceous material 

to undergo spontaneous combustion is associated with the composition of each functional 

group in the material (Geng et al., 2009; Xu et al., 2017). Hydroxyl, carbonyl and carboxyl are 

the three predominant oxygen functionalities, especially in coal (Kadioglu & Varamaz, 2003). 

A high concentration of the three oxygen functional groups in a sample may result in an 

increased contact time with air leading to increased spontaneous combustion susceptibility. 

The absorption peaks at 3691 cm−1 was assigned to the hydroxyl group (-OH), which was 

found in 100% discard coal, 25% hydrochar + 75% discard coal, 50 % hydrochar + 50% discard 

coal and 75% hydrochar + 25% discard coal. The 100% discard coal had a well pronounced -

OH group on its surface, indicating that this sample is highly oxidised due to weathering 

conditions. With -OH being dominant in this sample, it is expected to be loosely packed, 

leading to the likelihood of undergoing spontaneous combustion at low temperatures (Zhai et 
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al., 2019). Furthermore, the -OH stretch is responsible for the mass loss when spontaneous 

combustion takes place (Zhang et al., 2021). 

 

Figure 4.7: The FTIR spectra of six samples (H: Hydrochar, DC: Discard coal) 

 

The aliphatic hydrocarbon group is also one of the most reactive groups that form a part of the 

main reactant leading to spontaneous combustion, given that it has reactive side chains (Lu & 

Hu, 2007). The absorption peaks at 2971 cm−1 are ascribed to the symmetric stretching aliphatic 

hydrocarbon, which can be seen in the 75% hydrochar + 25% discard coal and 100% hydrochar. 

This shows the formation of methyl groups during HTC. Aliphatic compounds are reported to 

release heat energy, which is responsible for self-heating as this group oxidises readily 

(Moroeng, 2015). Tang (2015) and Zhong et al. (2019) also showed that high levels of aliphatic 

hydrocarbons increase coal's susceptibility to spontaneous combustion. All samples also had a 

carbonyl group, which is known to decompose thermally leading to spontaneous combustion 

at temperatures above the accepted low temperatures required for oxidation (Moroeng, 2015). 

The stretch on 1604 cm−1(carbonyl group) is present in all samples (Figure 4.1) and may exist 

in various forms depending on the type of sample. From the ultimate analysis, all samples were 

rich in carbon content (Xu et al., 2017). The aromatic group at 1450 cm−1 is more prominent 

in 100% hydrochar and 75% hydrochar + 25% discard coal (Figure 4.1). This group is formed 

from the upgrade made to the low proportion of lignin in raw biomass through pyrolysis, 

hydrothermal liquefaction and gasification (Carlson et al., 2009; Mahajan et al., 2020). 
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According to Kumar & Anand (2019), an aromatic group in biomass-derived fuels is associated 

with volatile matter that is composed of aromatic hydrocarbons, sulphur and different chains 

of hydrocarbons. It is expected that materials with high volatile matter will be more susceptible 

to spontaneous combustion (Onifade, 2018; Manic et al., 2021). 

The sharp peak at 1030 cm−1 in the fingerprint region represents the silicates associated with 

the inorganic minerals in the samples. This peak is more pronounced in the 100% biomass 

sample but was completely removed in the 100% hydrochar (Figure 4.1) because of biomass 

minerals that are released into the water during HTC (Setepu et al., 2021). The fingerprint 

section shows that 100% discard coal had the highest mineral content of all the fuels. It is 

expected that 100% coal will be the most mineral-rich with the highest ash content of all 

samples (Table 4.1). According to Onifade (2018), the higher the ash concentration, the lower 

the sensitivity to spontaneous combustion. Consequently, 100% biomass and 100% hydrochar 

are expected to be more susceptible to spontaneous combustion than other high-ash fuels. 

 

4.2 Spontaneous Combustion Tests  

The propensity of different fuels to undergo spontaneous combustion can be predicted using 

various techniques. Although some techniques are well established in their application, no 

method has been identified as a standard among the available methods, given that there has not 

been any validation of the reliability of all the methods (Avila et al., 2014; Wongthonglueang 

et al., 2022). All techniques are based on the principle that if a material is susceptible to 

undergoing an exothermic oxidation reaction, then the material is also liable to undergo 

spontaneous combustion (Onifade, 2018). For this study, TGA and Wits-Ehac tests were 

carried out to obtain information about the spontaneous combustion liability of the fuels. 

 

4.2.1 Thermogravimetric analysis  

The objective of the TGA is to quantify the weight loss of a sample as the temperature changes 

given that the information can provide insight into the propensity of a sample to undergo 

spontaneous combustion. For some fuels like coal, the weight change, which is a factor of 

temperature and time, can be investigated experimentally using TGA. For this study, the self-

ignition potential of the fuels used was evaluated based on the approach used by Avila (2012), 

Garcia-Torrent et al. (2015) and Manic et al. (2021) on coal, biomass and coal-biomass blends. 

From the combustion profile of each fuel, the derivative weight versus time and temperature, 

and the slope based on the linear segment of the derivative curve at low temperatures are 
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derived. Equations 4.1 and 4.2 were used to derive these major variables from the TGA 

thermographs. 

ṁ = 
𝜕𝑚

𝜕𝑡
 𝑓 (𝑇, 𝑡)         (4.1) 

ṁ = 
𝜕𝑚

𝜕𝑇
 𝑓 (𝑇, 𝑡)         (4.2) 

The derivative weight versus temperature and time profiles were obtained for 100% discard 

coal, 100% biomass, 100% hydrochar, 25% hydrochar + 75% discard coal, 50% 

hydrochar + 50% discard coal and 75% hydrochar + 25% discard coal at six different heating 

rates (4, 8, 12, 16, 20 and 24 ˚C/min). The linear segment that exists at the initial heating stage 

where the devolatilisation reaction starts was approximated using a linear trend line for every 

sample subjected to the six heating rates. This linear segment is associated with spontaneous 

combustion phenomena since it represents the oxidation reaction at the early stages (Avila, 

2012).  

Since each fuel has a unique linear segment at different heating rates, a graphical evaluation 

(Figure 4.2) was conducted to determine the ignition point, point of inflection and peak point 

of the fuels. Equation 4.3 was used to determine the point of inflection on the curve through 

linear interpolation calculation. The intersection method was used to locate the onset point or 

the ignition temperature (Isaac, 2019). Figure 4.2 shows the three important points that were 

used to calculate the slope of the linear line on the curve. 

𝑌 = 𝑌1 + (𝑋 − 𝑋1)
(𝑌2−𝑌1)

(𝑋2−𝑋1)
        (4.3) 

Where: X1, Y1 = ignition point values on the TGA profile 

             X, Y = point of inflection values on the TGA profile 

            X2, Y2 = peak point values on the TGA profile 
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Figure 4.2: Derivative weight versus time profile showing the intersection method and points 

used for gradient calculations (DTG: differential thermogravimetric) 

The TGA analysis was first carried out on 100 mg of 100% discard coal, which was the same 

mass used by Avila (2012) and Onifade (2018). Figure 4.3 shows the derivative profile and 

slopes of 100% discard coal at six heating rates. In addition, Table 4.2 shows the three points 

used to calculate the slope of the linear segment for every heating rate and their regression 

coefficients. 
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Figure 4.3: The derivative profile and slopes obtained for 100% discard coal (DTG: 

differential thermogravimetric) 

Figure 4.3 shows that there is a directly proportional relationship between the heating rate and 

the linear segment on the derivative profile of 100% discard coal. The slope of the linear 

segment increases as the heating rate increases because the sample burns more rapidly, and the 

reactivity of the sample is improved as the heating rate increases (Avila et al., 2014; Bada et 

al., 2015). The discard coal sample that was tested at lower heating rates burnt out after 160 

minutes whereas those that were tested at higher heating rates burnt out faster. It is also 

noteworthy that higher peak values are associated with highly reactive samples. It is also 

evident from Figure 4.3 that as the heating rate increases, the sample becomes highly reactive. 

The regression coefficients (𝑅2) for the approximated linear segment at different heating rates 

were closer to 1, which shows a strong correlation between the variables investigated. 
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Table 4.2: The specific temperatures and differential thermogravimetric values used for 

calculating the slopes of the derivative profile of 100% discard coal at different heating rates 

Heating rate 

˚C/min           Unit  

Ignition 

Point 

Inflection 

Point 

Peak 

Point   Slope r 

 

4 Time (min) 117.55 137.65 141.28 0.0564 0.9999 

  DTG (%/min) 0.74 1.88 2.08 
 

 

8 Time (min) 66.45 79.17 80.95 0.1055 0.9989 

  DTG (%/min) 1.79 3.13 3.32 
 

 

12 Time (min) 60.55 68.00 70.48 0.1655 0.9937 

  DTG (%/min) 2.45 3.68 4.10 
 

 

16 Time (min) 49.07 56.40 58.23 0.2161 0.9832 

  DTG (%/min) 1.99 3.58 3.97 
 

 

20 Time (min) 39.22 44.70 46.53 0.2955 0.9760 

  DTG (%/min) 2.11 3.73 4.27 
 

 

24 Time (min) 33.50 39.02 40.82 0.3502 0.9824 

  DTG (%/min) 1.95 3.88 4.51 
 

 

 

The slope values in Table 4.2 were used to calculate the spontaneous combustion index (𝑇𝐺𝑠𝑝𝑐 

index) of 100% discard coal. The 𝑇𝐺𝑠𝑝𝑐 index is the ratio between weight loss rate that happens 

due to the change in temperature of the surroundings caused by an external heating source 

(Avila, 2012; Onifade et al., 2020).  

To determine the spontaneous combustion indices for the fuels in this study, the heating rates 

were grouped into three increasing sets of heating rates: lower (4, 8, 12, 16 ˚C/min), middle (4, 

8, 12, 16, 20 ˚C/min), and higher (4, 8, 12, 16, 20, 24 ˚C/min). For every sample, the three sets 

of heating rates were plotted against the slopes of the derivative curves to determine the 𝑇𝐺𝑠𝑝𝑐 

index of the samples at the lower, middle and higher heating rates. To obtain reliable results, 

the regression coefficient was also taken into consideration when calculating the 𝑇𝐺𝑠𝑝𝑐 index. 

Figure 4.4 shows the slopes of the derivative curve profile against heating rate, the 𝑇𝐺𝑠𝑝𝑐 index 

and the regression coefficient for 100% discard coal. Refer to Appendix A for the figures 

showing similar information for the other samples and their TGA profiles. 

𝑹𝟐 
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Figure 4.4: Heating rates applied vs the slopes of the derivative curve for 100% discard coal 

The 𝑇𝐺𝑠𝑝𝑐 index of the samples was determined from the slope of the approximate linear line 

passing through the point of the profiles as shown in Figure 4.4. At lower heating rates (4, 8, 

12, 16 ˚C/min), the 𝑇𝐺𝑠𝑝𝑐 index of 100% discard coal was  . 135%/˚C.min. According to 

Onifade et al. (2020), the spontaneous combustion liability of a sample can be predicted based 

on the 𝑇𝐺𝑠𝑝𝑐 index of the sample at lower heating rates, given that the conditions of lower 

heating rates are much closer to the practical conditions. The 𝑇𝐺𝑠𝑝𝑐 index for 100% discard 

coal at the middle and the higher heating rates were  . 147 and  . 149%/˚C.min, respectively. 

The difference between the indices at the lower, middle and higher heating rates were not 

significant. These results also show that the spontaneous combustion susceptibility of 100% 

discarded coal increases as the heating rates increase because the ignition temperature is 

reached faster as the heating rate increases (Manic et al., 2021).  

The procedure for calculating the 𝑇𝐺𝑠𝑝𝑐 index was applied to the other fuels, 100% biomass, 

100% hydrochar, 25% hydrochar + 75% discard coal, 50% hydrochar + 50% discard coal and 

75% hydrochar + 25% discard coal. Table 4.3 presents the calculated slopes for each sample 

at different heating rates while Table 4.4 shows the 𝑇𝐺𝑠𝑝𝑐 indices and regression coefficients 
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of the samples at different sets of heating rates in descending order. Lastly, Table 4.5 presents 

a general 𝑇𝐺𝑠𝑝𝑐 index classification values for fuel's spontaneous combustion susceptibility. 

Table 4.3: Calculated slopes for all samples at different heating rates 

  Heating Ramp Applied (˚C/min) 

Sample 4 8 12 16 20 24 

100% biomass 0.2545 0.8543 1.3922 2.0177 2.6788 3.3056 

100% Hydrochar 0.0599 0.1601 0.2533 0.3320 0.4326 0.5621 

25% H + 75% DC 0.0800 0.1584 0.2530 0.3202 0.4133 0.5007 

50% H + 50% DC 0.0330 0.0992 0.1859 0.2779 0.3573 0.4499 

75% H + 25% DC 0.0586 0.1346 0.2286 0.3093 0.4071 0.4942 

DC: Discard coal, H: Hydrochar 

Table 4.4: 𝑇𝐺𝑠𝑝𝑐 and regression of fuels in descending order at the lower, middle and higher 

heating rates. 

    

4, 8, 12, 16 

(˚C/min) 

4, 8, 12, 16, 20 

(˚C/min) 

4, 8, 12, 16, 20, 24 

(˚C/min) 

Order Samples  𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 

1 100% Biomass 0.1457 0.9992 0.1503 0.9987 0.1525 0.9990 

2 100% Hydrochar 0.0227 0.9971 0.0229 0.9985 0.0243 0.9948 

3 75% H + 25% DC 0.0212 0.9985 0.0218 0.9984 0.0220 0.9970 

4 50% H + 50% DC 0.0205 0.9948 0.0207 0.9974 0.0211 0.9981 

5 25% H + 75% DC 0.0204 0.9962 0.0207 0.9979 0.0210 0.9986 

6 100% Discard coal 0.0135 0.9985 0.0147 0.9923 0.0149 0.9955 

DC: Discard coal, H: Hydrochar 
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Table 4.5: Classification of spontaneous combustion susceptibility based on 𝑇𝐺𝑠𝑝𝑐 index values 

abducted from Manic et al. (2021) 

𝐓𝐆𝐬𝐩𝐜 Index Class 

<0.02 Non-reactive 

0.02-0.03 Low reactive 

0.03-0.05 Reactive 

>0.05 High reactive 

 

From the results presented in Table 4.4, 100% biomass was highly reactive compared to other 

fuels since its 𝑇𝐺𝑠𝑝𝑐 index is 0.1457. According to Table 4.5, any samples with a 𝑇𝐺𝑠𝑝𝑐 index 

> 0.05 is classified as highly reactive. It is expected that 100% biomass is highly susceptible to 

spontaneous combustion compared to the other five fuels in Table 4.4 given that it had a high 

volatile matter, high moisture content and low ash content. The 𝑇𝐺𝑠𝑝𝑐 index for the samples 

increased with increasing sets of heating rates (Table 4.3) as expected because the rate of 

oxygen absorption becomes rapid as the temperature increase (Jain, 2009; Mandal et al., 2022). 

100% discard coal and 25% hydrochar + 75% discard coal had the least spontaneous 

combustion liability due to their low volatile matter and high ash content (Table 4.1). These 

results correlate with those reported by Manic et al. (2021) and Garcia-Torrent et al. (2015). 

There is an indirect correlation between the fixed carbon and the 𝑇𝐺𝑠𝑝𝑐 index, which was 

similar to the observation made by Garcia-Torrent et al. (2015) on the assessment of self-

ignition risks of different types of solid biofuels by thermal analysis. The correlation between 

the sulphur content of the samples used in this study and their spontaneous combustion liability 

is opposite to that reported by Onifade et al. (2020). For this study, the samples that exhibit 

high spontaneous combustion susceptibility had low sulphur content. The difference might be 

a result of the difference in the composition of the samples. Onifade et al. (2020) used coal and 

coal shale, whereas this study used biomass, hydrochar and hydrochar/coal blends. 

  

4.2.2 Spontaneous combustion liability of the samples from the Wits-Ehac index 

The sample’s spontaneous combustion liability was determined from the DTA thermographs 

generated for the individual samples. The two important parameters used in determining the 

Wits-Ehac index are the XPT and Stage II slope of the DTA curve. To generate a DTA 

thermogram, the difference between the temperature of the sample and that of the inert material 

(differential temperature) is plotted against the temperature of the inert material. This approach 
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(Wits-Ehac index) has been used for coal several times, but not to predict the spontaneous 

combustion liability of biomass and hydrochar/coal blends. The results in the form of a DTA 

thermogram of the samples are presented in Figure 4.5. 

 

Figure 4.5: Wits-Ehac differential thermal analysis thermograms for six samples. H: 

Hydrochar, DC: Discard coal 

The sample’s XPT and the Stage II slopes are summarised in Table 4.6 arranged in descending 

order of the Wits-Ehac index. After analysing each sample, the Wits-Ehac computer system 

generates the DTA thermogram, giving the XPT and Wits-Ehac index values. The Stage II 

slope values were calculated using Equation 2.16, and the risk rating classification of the 

samples based on the Wits-Ehac index values are presented in Table 4.7. 
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Table 4.6: A summary of crossing-point temperature, Stage II slope and the Wits-Ehac slope 

for six samples in Wits-Ehac index descending order 

Order Sample XPT (˚C) Stage II Slope Wits-Ehac Index 

1 50% H + 50% DC 130.80 1.237 4.73 

2 25% H + 75% DC 136.00 1.257 4.62 

3 100% Hydrochar 139.40 1.252 4.49 

4 75% H + 25% DC 137.00 1.178 4.30 

5 100% Discard coa1 144.20 1.214 4.21 

6 100% Biomass 167.50 1.169 3.49 

DC: Discard coal, H: Hydrochar 

Table 4.7: Classification of the spontaneous combustion potential 

Wits-Ehac Index Risk 

<3 Low risk 

3-5 Medium risk 

>5 High risk 

 

The XPT for the six samples ranged from 130.8 ˚C to 167.5 ˚C, while their Stage II slope 

ranged from 1.169 to 1.257, and the Wits-Ehac index range was from 3.47 to 4.73. The results 

in Table 4.6 show that the higher the XPT, the lower the Wits-Ehac index. A low XPT shows 

that a sample ignites fast and is, therefore, highly reactive and prone to undergoing spontaneous 

combustion easily. The results also show that 50% hydrochar + 50% discard coal is highly 

susceptible to spontaneous combustion, given that it had the highest spontaneous combustion 

index, followed by 25% hydrochar + 75% discard coal and 100% hydrochar. Contrary to the 

TGA spontaneous combustion test, the Wits-Ehac results further show that 100% biomass had 

the lowest Wits-Ehac index. 
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4.2.3 A comparison between the thermogravimetric analysis spontaneous combustion 

results and the Wits-Ehac index 

Given that the two spontaneous combustion tests investigated in this study were the TGA and 

the Wits-Ehac index, the results of the spontaneous combustion liability of the six samples 

from the two tests are shown in Table 4.8 for comparison. The results presented for the TGA 

spontaneous combustion test are those that were found at lower heating rates, given that the 

lower heating rates conditions are closest to the practical conditions (see section 4.2.1). 

Table 4.8: Comparison of the thermogravimetric analysis and the Wits-Ehac index 

spontaneous combustion tests data arranged in descending order for each test 

Order Samples  𝐓𝐆𝐬𝐩𝐜 
 

Order Samples 

 

Wits-Ehac Index 

1 100% Biomass 0.1457 
 

1 50% H + 50% DC 4.73 

2 100% Hydrochar 0.0227 
 

2 25% H + 75% DC 4.62 

3 75% H + 25% DC 0.0212  3 100% Hydrochar 4.49 

4 50% H + 50% DC 0.0205 
 

4 75% H + 25% DC 4.30 

5 25% H + 75% DC 0.0204  5 100% Discard coa1 4.21 

6 100% Discard coal 0.0135 
 

6 100% Biomass 3.49 

DC: Discard coal, H: Hydrochar 

The results presented in Table 4.8 are arranged in descending order for each test. For the TGA 

spontaneous combustion test, 100% biomass was found to have the highest 𝑇𝐺𝑠𝑝𝑐 index at low 

heating rates. Whereas the same sample had the least spontaneous combustion susceptibility 

based on the Wits-Ehac index. The 100% hydrochar had the second highest 𝑇𝐺𝑠𝑝𝑐 index and 

the third highest Wits-Ehac index. 100% discard coal was predicted to have the least 

spontaneous combustion liability based on the TGA test and the second lowest based on the 

Wits-Ehac index. The two tests show no correlation for any sample. It is important to note that 

the results obtained for the TGA spontaneous combustion can be supported by the 

physicochemical properties of the samples, as discussed in section 4.2.1. However, the opposite 

may be said about the Wits-Ehac index results, as there is no direct relationship between the 

Wits-Ehac data, proximate and ultimate analysis results. 

Since 100% biomass had the highest and lowest spontaneous combustion potential for the TGA 

and Wits-Ehac test, respectively, the sample was re-tested to verify the repeatability of the 

biomass sample using the Wits-Ehac test. The repeatability test for TGA spontaneous 
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combustion test was carried out using 100% discard coal and the results are presented in 

Appendix F1. The TGA results were reliable, reproducible and associated with the sample 

characterisation results. Figure 4.6 presents a Wits-Ehac DTA thermogram for a repeated 100% 

biomass test. 

 

Figure 4.6: Wits-Ehac differential thermal analysis thermogram for a repeated 100% biomass 

test with a Wits-Ehac index of 3.53 

The XPT for the first 100% biomass sample (Figure 4.5) was 167.5, and the repeat test was 

164.6. The Wits-Ehac index for the first and the repeat tests were 3.49 and 3.53, respectively. 

This shows that the Wits-Ehac results are repeatable; however, the data obtained from the 100% 

biomass and hydrochar/coal blends are not supported by the sample’s characterisation results 

or any data from previous studies. This method has been proven to be reliable and accurate for 

the analysis of coal samples Banerjee, 1985; Wade et al., 1987; Gouws & Eroglu, 1993; 

Onifade, 2018; Onifade et al., 2020), but this was not the case for biomass used in this study. 

The difference in the bulk density of the biomass (18 kg/𝑚3), hydrochar and hydrochar/coal 

blends to coal (700 kg/𝑚3) might be responsible for the discrepancy. In addition, since the 

sample holding cells of the Wits-Ehac apparatus are the same , less biomass sample (15 g) was 

used to fill the same cell, with coal at about 25 g. Given also that spontaneous combustion 

occurs due to a chemical reaction between the sample and oxygen, it could be that the samples 

are not exposed to similar airflow due to the difference in their bulk density and porosity. Given 

the mass difference of the samples, the spontaneous combustion results obtained from the Wits-
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Ehac cannot be compared. It was thus decided to use TGA to predict the susceptibility to 

spontaneous combustion of samples treated with imidazolium-based ionic liquids. 

 

4.3 Spontaneous Combustion Liability of Samples Treated with Imidazolium-based 

Ionic Liquids 

The TGA spontaneous combustion results in Table 4.3 showed that 100% biomass is the only 

sample that is highly susceptible to undergoing spontaneous combustion, given that it had the 

highest 𝑇𝐺𝑠𝑝𝑐 index at low, medium and high heating rates. A decision was, therefore, made 

only to treat 100% biomass with imidazolium-based ionic liquids to inhibit its spontaneous 

combustion. The sample was treated with three ionic liquids (see section 3.5).  

This section presents the TGA profiles of the 100% biomass samples treated with IL-A, 

showing the reactivity of each treated sample as time changes. The first peak denotes the release 

of moisture in the sample. The second and third peaks indicate the combustion of fixed carbon 

and degradation of the sample’s lignin component. The samples heated at the heating rate of 

24 ˚C/min had the highest reactivity and burnt out completely before the other samples (Figure 

4.7). To determine the susceptibility of the samples to spontaneous combustion, the slope of 

the linear segment of the profiles at different heating rates was examined. Figures 4.7 to 4.11, 

presents the slopes of the 100% biomass sample treated with 10%, 20%, 30%, 40% and 50% 

IL-A. The calculated slopes for the biomass samples that were treated with the three 

imidazolium-based ionic liquids at different concentrations are presented in Table 4.9. 

The points used to calculate the slopes of the derivative curves can be found in Table B1.1 of 

Appendix B. In addition, the TGA profiles of the 100% biomass samples treated with different 

concentrations of IL-B and IL-C can be found in Appendices C and D. The points used to 

calculate the slopes of the derivative curve for samples treated with both IL-B and IL-C are 

presented in Tables C2.1 (Appendix C) and D2.1 (Appendix D), respectively.  
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Figure 4.7: The derivative profile of 100% biomass that was treated with 10% IL-A (DTG: 

differential thermogravimetric) 

 

 

Figure 4.8: The derivative profile of 100% biomass treated with 20% IL-A (DTG: differential 

thermogravimetric) 
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Figure 4.9: The derivative profile of 100% biomass that was treated with 30% IL-A (DTG: 

differential thermogravimetric) 

 

 

Figure 4.10: The derivative profile of 100% biomass treated with 40% IL-A (DTG: differential 

thermogravimetric) 



76 

 

 

Figure 4.11: The derivative profile of 100% biomass treated with 50% IL-A (DTG: differential 

thermogravimetric) 
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Table 4.9: Slopes obtained for every heating rate applied to the IL-treated 100% biomass 

samples.  

 

Samples 

Heating Rate applied (℃/𝑚𝑖𝑛) 

4 8 12 16 20 24 

10% IL-A-tb 0.2033 0.7036 1.1800 1.5700 2.2560 2.7100 

20% IL-A-tb 0.2020 0.5800 0.9780 1.3590 1.8230 2.2690 

30% IL-A-tb 0.7269 1.1072 1.4439 1.7890 2.1490 2.6799 

40% IL-A-tb 0.7800 1.1984 1.5297 1.7996 2.2300 2.6210 

50% IL-A-tb 0.7800 1.1784 1.5054 1.7896 2.2210 2.4635 

       

10% IL-B-tb 0.3803 0.7408 1.1061 1.4230 1.8190 2.3650 

20% IL-B-tb 0.4187 0.8071 1.1184 1.4710 1.8314 2.2924 

30% IL-B-tb 0.3753 0.6637 1.0007 1.2749 1.6789 2.0236 

40% IL-B-tb 0.5464 0.8214 1.1080 1.3946 1.7121 2.1409 

50% IL-B-tb 0.4352 0.6590 0.9250 1.1147 1.4062 1.6429 

       

10% IL-C-tb 0.1971 0.4209 0.6995 0.8870 1.2020 1.4654 

20% IL-C-tb 0.2076 0.4214 0.5986 0.8660 1.0990 1.3560 

30% IL-C-tb 0.0709 0.2847 0.4619 0.6008 0.7997 0.9889 

40% IL-C-tb 0.0950 0.2260 0.3656 0.4931 0.6418 0.8002 

50% IL-C-tb 0.1412 0.2035 0.3000 0.3856 0.4880 0.5964 

IL-A: 1-butyl-3-methyl-imidazolium hydrogen sulphate [𝐵𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-B: 1-ethyl-3-methyl-imidazolium 

hydrogen sulphate [𝐸𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-C: 1-Butyl-3-methyl-imidazolium acetate [𝐵𝑚𝑖𝑚+𝑂𝐴𝑐−], tb: treated 

100% biomass 

The results presented in Table 4.9 show that the slopes of the samples increase as the heating 

rate increases, horizontally in the table. This is expected because the higher the heating rates, 

the higher the reactivity (%/min) of the sample, which suggests an increase in combustion 

intensity. Also, as the heating rate increases, the linear segment used to calculate the slope on 

the DTG derivative profiles becomes steeper. The same trend was reported by Manic et al. 

(2021) and Onifade et al. (2020), although ionic liquids were not used in their studies. For IL-

A treated 100% biomass samples, the calculated slope for each heating rate increases as the 

ionic liquid concentration increases from 10% to 50%. However, the increments to the slopes 

are relatively small and inconsistent, especially at high ionic liquid concentrations. The 

inconsistency in the combustion profiles for heating rates 12 - 24 ℃ /𝑚𝑖𝑛 after increasing the 
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ionic concentration from 10% could be due to the influence of the ionic liquid. Hence, the DTG 

profile for the heating rate of 4 ℃ /𝑚𝑖𝑛 has the lowest reactivity and the highest burn-out time 

at all concentrations. 

Biomass samples treated with IL-A and IL-B exhibited greater gradients than biomass samples 

treated with IL-C (Table 4.9). This shows that even though the samples were treated with 

imidazolium-based ionic liquids, they are still highly reactive compared to those treated with 

IL-C. The 𝑇𝐺𝑠𝑝𝑐 index of the 100% biomass samples treated at different sets of heating rates 

are presented in Table 4.10. A comparative plot showing the relationship between the 

𝑇𝐺𝑠𝑝𝑐 index and the imidazolium-based ionic liquids concentration at different sets of heating 

rates is presented in Figure 4.12. This shows the relationship between the 𝑇𝐺𝑠𝑝𝑐 indices. 
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Table 4.10: The 𝑇𝐺𝑠𝑝𝑐 indices obtained at different sets of heating rates for 100% biomass 

treated samples. 

  

4, 8, 12, 16 

(˚C/min) 

4, 8, 12, 16, 20 

(˚C/min) 

4, 8, 12, 16, 20, 24 

(˚C/min) 

Samples  𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 𝐓𝐆𝐬𝐩𝐜 𝑹𝟐 

10% IL-A-tb 0.1144 0.9965 0.1243 0.9924 0.1256 0.9956 

20% IL-A-tb 0.0967 0.9990 0.1005 0.9985 0.1032 0.9983 

30% IL-A-tb 0.0881 0.9993 0.0882 0.9996 0.0945 0.9938 

40% IL-A-tb 0.0848 0.9904 0.0875 0.9958 0.0845 0.9959 

50% IL-A-tb 0.0839 0.9942 0.0873 0.9958 0.0845 0.9959 

       

10% IL-B-tb 0.0873 0.9990 0.0890 0.9992 0.0963 0.9921 

20% IL-B-tb 0.0867 0.9983 0.0872 0.9991 0.0914 0.9968 

30% IL-B-tb 0.0759 0.9985 0.0805 0.9961 0.0826 0.9970 

40% IL-B-tb 0.0708 0.9904 0.0726 0.9993 0.0781 0.9932 

50% IL-B-tb 0.0576 0.9963 0.0599 0.9968 0.0605 0.9981 

       

10% IL-C-tb 0.0587 0.9950 0.0619 0.9951 0.6340 0.9966 

20% IL-C-tb 0.0538 0.9935 0.0557 0.9958 0.0574 0.9965 

30% IL-C-tb 0.0442 0.9911 0.0443 0.9955 0.0448 0.9974 

40% IL-C-tb 0.0333 0.9997 0.0340 0.9995 0.0350 0.9987 

50% IL-C-tb 0.0207 0.9931 0.0219 0.9942 0.0230 0.9941 

IL-A: 1-butyl-3-methyl-imidazolium hydrogen sulphate [𝐵𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-B: 1-ethyl-3-methyl-imidazolium 

hydrogen sulphate [𝐸𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-C: 1-Butyl-3-methyl-imidazolium acetate [𝐵𝑚𝑖𝑚+𝑂𝐴𝑐−], tb: treated 

100% biomass 

According to Equation 3.2, the 𝑇𝐺𝑠𝑝𝑐 index is dependent on the heating rate applied. The 

𝑇𝐺𝑠𝑝𝑐 index calculated at a lower set of heating rates is much lower than the one calculated at 

a higher set of heating rates. Given that spontaneous combustion takes place at lower heating 

rates in practical conditions, the indices obtained at a lower set of heating rates provided a clear 

view of how the sample would behave under practical conditions. However, higher heating 

rates were also considered during the experiments to obtain an optimum set of heating rates 

and to observe how the spontaneous combustion susceptibility of the treated samples responds 

to the increase in heating rate. Additionally, calculating the 𝑇𝐺𝑠𝑝𝑐 index at higher heating rates 
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helped in investigating the relationship between the heating rate and the reaction time. The 

deviation coefficients (𝑅2) for the tested samples at different sets of heating rates were close 

to one, showing a strong correlation between the calculated slopes of the linear segment of the 

TGA derivative profiles and the heating rates (Figure 4.12).  

                                       i                                                                          ii 

         

                                                                     iii 

                                 

 

Figure 4.12: Relationship between imidazolium-based ionic liquids concentration and 𝑇𝐺𝑠𝑝𝑐 

index at (i) lower heating rates (4, 8, 12, 16 ℃/min), (ii) middle heating rates (4, 8, 12, 16, 

20 ℃/min) and (iii) higher heating rates (4, 8, 12, 16, 20, 24 ℃/min) 

The comparative plot in Figure 4.12 shows that the 𝑇𝐺𝑠𝑝𝑐 index decreases as the concentration 

of the imidazolium-based ionic liquids increases. This shows that imidazolium-based ionic 

liquids can inhibit spontaneous combustion at high concentrations, particularly 50%. At lower 

heating rates, IL-C is the best inhibitor followed by IL-B and IL-A. The same trend is seen at 

middle and higher heating rates. Before treatment, 100% biomass had a 𝑇𝐺𝑠𝑝𝑐 index of 0.1457, 
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0.1503 and 0.1525 at the lower, middle, and higher heating rates, respectively. After the 100% 

biomass was treated with 50% IL-C, its 𝑇𝐺𝑠𝑝𝑐 index decreased to 0.0207, 0.0219 and 0.0230 

at the lower, middle and higher heating rates respectively.  

Table 4.5 provides the classification of spontaneous combustion susceptibility based on 

𝑇𝐺𝑠𝑝𝑐 index. Based on Table 4.5, the treatment of the biomass sample with 50% IL-C inhibited 

its spontaneous combustion susceptibility by changing the combustion characteristic from 

highly reactive to low-reactive. For the samples treated with 50% IL-A and IL-B, the 

𝑇𝐺𝑠𝑝𝑐 index decreased to a minimum of 0.0839 and 0.0576, respectively at lower heating rates. 

Based on Table 4.5, any sample with a 𝑇𝐺𝑠𝑝𝑐 index < 0.05 is classified as highly reactive. 

Therefore, the two ionic liquids are suitable for inhibiting the spontaneous combustion of 100% 

biomass although they were able to decrease its 𝑇𝐺𝑠𝑝𝑐 index from 0.1457, they are still not 

good enough. 

 

4.4 Post-Treatment Characterisation  

This section presents results on the physical and chemical structure of biomass, including 

surface morphology, textural properties and functional groups after treatment with three 

imidazolium-based ionic liquids. Characterisation of treated samples makes it possible to 

understand the mechanisms of inhibition of imidazolium-based ionic liquids on the 100% 

biomass utilised in this study. 

 

4.4.1 Proximate analysis, ultimate analysis and calorific value 

Table 4.11: Physicochemical analysis of 100% biomass and three biomass samples treated 

with IL-A, IL-B and IL-C. 

Samples Proximate Analysis (Ar) Ultimate Analysis (Db) CV 

 %M %A %FC %VM %S %TC MJ/kg 

100% Biomass 8.01 2.92 19.54 60.52 0.07 44.60 17.28 

50% IL-A-tb 7.89 0.24 15.76 76.11 0.06 43.10 18.96 

50% IL-B-tb 7.13 1.19 16.12 75.56 0.05 44.20 17.60 

50% IL- C-tb 7.02 1.64 14.40 74.47 0.02 42.80 20.55 

M: Inherent moisture, A: Ash content, FC: Fixed carbon, VM: Volatile matter, S: Sulphur, TC: Total carbon, H: Hydrogen, N: 

Nitrogen, O: Oxygen, CV: Calorific value, DC: Discard coal, H: Hydrochar, Ar: Air dried, Db: Dry basis, IL-A: 1-butyl-3-

methyl-imidazolium hydrogen sulphate [𝐵𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-B: 1-ethyl-3-methyl-imidazolium hydrogen sulphate 

[𝐸𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-C: 1-Butyl-3-methyl-imidazolium acetate [𝐵𝑚𝑖𝑚+𝑂𝐴𝑐−], tb: treated 100% biomass 
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The moisture content of 100% biomass decreased after treatment with imidazolium-based ionic liquids. 

With biomass treated with 50% IL-C had the lowest moisture content. This supports the trends seen in 

Figure 4.12, which shows that the sample treated with 50% IL-C is the least susceptible to spontaneous 

combustion, given that it has the least moisture. The ash content of 100% biomass decreased after it was 

treated with the three imidazolium-based ionic liquids. The 100% biomass treated with 50% IL-A had 

the least ash content, while the biomass treated with 50% IL-C had relatively higher ash content compared 

to the other treated samples. Given that high ash content results in low spontaneous combustion (Manic 

et al. 2021), it is expected that the 100% biomass treated with 50% IL-C will be less susceptible 

to spontaneous combustion than the 100% biomass samples treated with 50% IL-A and 50% 

IL-B. High fixed carbon and volatile matter content support the occurrence of spontaneous 

combustion (Onifade & Genc, 2019). As presented in Table 4.11 fixed carbon and volatile 

matter of 100% biomass decreased when it is treated with imidazolium-based ionic liquids. 

The biomass samples that were treated with 50% IL-C had the lowest fixed carbon and volatile 

matter compared to the samples treated with 50% IL-A and 50% IL-B. 

The ultimate analysis results show that the total sulphur and the carbon content of 100% 

biomass decreased when it was treated with the three imidazolium-based ionic liquids. The 

100% biomass treated with 50% IL-A had the highest total sulphur content, possibly explaining 

why it had the highest TGspc index compared to the other treated samples because high sulphur 

content is known to promote spontaneous combustion. The 100% biomass treated with 50% 

IL-C had the lowest total sulphur content amongst the three treated samples and thus the lowest 

TGspc index (Table 4.10). High total carbon content accelerates spontaneous combustion 

(Onifade, 2018; Manic et al., 2021), hence 100% biomass treated with 50% IL-C had the lowest 

carbon content because it is less susceptible to spontaneous combustion. Generally, ionic 

liquids have a positive impact on the calorific value, hence the calorific value of 100% biomass 

increased post-treatment for all imidazolium-based ionic liquids. The 100% biomass treated 

with 50% IL-C had the highest calorific value. Overall, the characterisation results support the 

spontaneous combustion results shown in Figure 4.12. 

 

4.4.2 Fourier transform infrared spectroscopy of treated samples 

For the structural characterisation, FTIR analysis was performed on the following samples: 

untreated 100% biomass, 50% IL-A treated 100% biomass, 50% IL-B treated 100% biomass 

and 50% IL-C treated 100% biomass. The FTIR spectra of the samples are presented in Figure 

4.13. The characteristic peaks of 100% biomass were at 1604 𝑐𝑚−1 and 1030 𝑐𝑚−1, and they 
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were assigned to the carbonyl group and the silicate, present in the fingerprint region due to 

organic minerals (see section 4.1.2). The carbonyl group (C=O) promotes the spontaneous 

combustion of 100% biomass, given that the decomposition of the carbonyl group leads to low-

temperature oxidation of the sample (Moroeng, 2015). In contrast, the silicates inhibit 

spontaneous combustion, given that they are associated with ash content, which has been 

reported to negatively impact the spontaneous combustion liability of a sample (Onifade, 

2018). The hydroxyl stretch (-OH) was present at 3351 𝑐𝑚−1 for 100% biomass, 50% IL-A 

treated 100% biomass, 50% IL-B treated 100% biomass and 50% IL-C treated 100% biomass. 

However, the -OH stretch is more prominent in the 50% IL-A treated 100% biomass than in 

any other sample, and this could be because of the reaction between 100% biomass and 50% 

IL-A.  

 

Figure 4.13: Fourier Transform Infrared spectra of treated and untreated 100% biomass (tb: 

treated 100% biomass) 

Therefore, it is expected for the 100% biomass sample treated with 50% IL-A to be more 

susceptible to spontaneous combustion, given that the -OH stretch is known to be the most 

active group to promote the occurrence of spontaneous combustion. It reacts spontaneously 
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with the absorbed oxygen, and it was reported to be the main product of chemisorption (Zhang 

et al., 2021).  

 

4.4.3 Fourier transform infrared spectroscopy of imidazolium-based ionic liquids (used 

and unused) 

To check if the structural properties of the three imidazolium-based ionic liquids changed 

during their reaction with 100% biomass, FTIR analysis was used to investigate the functional 

groups present in the three ionic liquids before and after they were used to treat 100% biomass. 

The FTIR spectra of IL-A, IL-B and IL-C can be seen in Figures 4.14, 4.15 and 4.16, 

respectively. The characteristic functional groups of pure IL-A were the unsaturated alkyl C-H 

stretching vibration at 3102 𝑐𝑚−1, the side chain alkyl C-H absorption peak at 2960 𝑐𝑚−1, the 

imidazole ring skeleton vibration at 1571 𝑐𝑚−1 and C-C deformation vibration at 1158 𝑐𝑚−1 

(Xu et al., 2019). The used 50% IL-A has a dominant -OH stretching vibration at 3368 𝑐𝑚−1 

and this is expected given that water was introduced to the ionic liquid to dilute it to 50%, given 

that ionic liquids are highly viscous. The spectra of 50% IL-A after treatment does not have 

the unsaturated alkyl C-H stretching vibration and the side chain alkyl C-H absorption peak 

(Figure 4.14). This shows that these two functional groups were transferred to the 100% 

biomass sample during treatment (see Figure 4.13). 

 

Figure 4.14: Fourier Transform Infrared spectra of IL-A before and after it was used to treat 

100% biomass 
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Figure 4.15: Fourier Transform Infrared spectra of IL-B before and after it was used to treat 

100% biomass  

As seen in Figure 4.15, the characteristic functional groups of pure IL-B were observed at 3105 

𝑐𝑚−1, 1572 𝑐𝑚−1 and 1019 & 1159 𝑐𝑚−1. They were attributed to the C-H stretching 

vibrations, the skeletal peak of the imidazole ring, and the symmetric and the asymmetric −𝑆𝑂3 

stretching vibrations, respectively (Tripathi et al., 2015; Jaganathan et al., 2016). The 50% IL-

B after treatment had a prominent -OH stretch at 3368 𝑐𝑚−1 introduced by the addition of 

water to dilute the ionic liquid. The used ionic liquid also had the C=O stretching vibration at 

1636 𝑐𝑚−1, which could have been introduced from the biomass during treatment.  

Figure 4.16 shows that treating biomass with 50% IL-C changes the structural properties of the 

ionic liquid post-treatment. The major characteristics peaks of pure IL-C at 2960 𝑐𝑚−1, 2874 

𝑐𝑚−1, 1573 𝑐𝑚−1, 1378 𝑐𝑚−1 and 1174 𝑐𝑚−1 were assigned to the alkyl C-H stretch, side 

chain C-H stretch, the imidazole ring peak, C=C bond stretch and the C-O bond stretch 

(Wendler et al., 2012; Mohamedali et al., 2018). The fingerprint region of the used IL-C has 

reduced peaks, explaining why the FTIR spectra of the 50% IL-C treated 100% biomass in 

Figure 4.13 has a more prominent silicate peak at 1030 𝑐𝑚−1 than 100% biomass and other 

treated biomass samples. 
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Figure 4.16: Fourier Transform Infrared spectra of IL-C before and after it was used to treat 

100% biomass 

4.4.4 Surface morphology and pore structure of 100% biomass untreated and treated 

samples 

To study the micro-morphology of 100% biomass, 50% IL-A treated 100% biomass, 50% IL-

B treated 100% biomass and 50% IL-C treated 100% biomass, scanning electron microscopy 

was used in high vacuum mode. The samples were sprayed with gold before analysis to enhance 

their conductivity. The BET (Brunauer-Emmett-Telle) was used to analyse the specific surface 

area, pore  and pore diameter distribution of the same samples to identify any change in the 

surface area and pore  following the treatment of the samples with the three imidazolium-based 

ionic liquids. The Density Functional Theory model was used to generate the pore diameter 

distribution of the untreated and treated 100% biomass samples for comparison. The surface 

morphology of the four samples is presented in Figure 4.17. 
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Figure 4.17: Microscopic appearance of biomass samples (tb: treated 100% biomass) 

It can be observed from Figure 4.17 that 100% biomass had a relatively smooth and continuous 

surface structure with fewer cracks and pores compared to the 100% biomass samples that were 

treated with imidazolium-based ionic liquids. The large pores and cracks on the surfaces of the 

treated samples made their surfaces appear relatively rougher. The 100% biomass treated with 

IL-C appeared to have fewer pores and cracks compared to the 100% biomass samples treated 

with IL-A and IL-B. The changes in pore structure impact the oxidation process leading to 

spontaneous combustion (Yuan et al., 2016; Shi et al., 2018; Xi et al., 2020). To quantify the 

extent that the pores were formed on the surfaces of the treated 100% biomass samples, the 

nitrogen adsorption method was used on BET to test the pore structure characteristics of the 

samples. 
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Table 4.12: Pore structure parameters of 100% biomass treated and untreated samples 

Sample SSA (𝒎𝟐/𝒈) APD (nm) TPV (cc/g) 

100% Biomass 2.616 1.266 3.516 x10−3 

50% IL-A-tb 1.208 1.195 1.609 x10−3 

50% IL-B-tb 1.188 1.073 1.599 x10−3 

50% IL-C-tb 1.137 0.961 1.529 x10−3 

SSA: specific surface area, APD: average pore diameter, TPV: total pore , tb: treated 100% biomass, IL-A: 1-butyl-

3-methyl-imidazolium hydrogen sulphate [𝐵𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-B: 1-ethyl-3-methyl-imidazolium hydrogen sulphate 

[𝐸𝑚𝑖𝑚+𝐻𝑆𝑂4
−], IL-C: 1-Butyl-3-methyl-imidazolium acetate [𝐵𝑚𝑖𝑚+𝑂𝐴𝑐−]  

 

Treatment with imidazolium-based ionic liquids reduced the specific surface area of 100% 

biomass from 2.616 𝑚2/𝑔 to 1.188 𝑚2/𝑔, 1.137 𝑚2/𝑔 and 1.208𝑚2/𝑔 when treated with IL-

A, IL-B and IL-C, respectively. The same trend was observed for the total pore  of 100% 

biomass, which decreased in IL-A, IL-B, and IL-C treated samples (Table 4.12). 

The changes in the pore  of the samples are due to functional group degradation and the ionic 

liquid filling the sample’s pores (see section 4.4.2). The IL-C treated 100% biomass sample 

had the smallest average pore diameter. This could be caused by the sample’s micropores and 

mesopores being blocked by the ionic liquid due to the debris filling and viscosity of the ionic 

liquids (Liu et al., 2015). The pore diameter distribution of the sample’s micropores generated 

from the Density Functional Theory model is presented in Figure 4.18. The 100% biomass 

appears to occupy more  than the rest of the samples. The pores of the 50% IL-C treated 100% 

biomass sample occupy less  compared to other treated samples for most of the pore diameter 

sizes. The 50% IL-C treated 100% biomass sample had smaller pores and reduced specific 

surface area. This is expected to limit the amount of oxygen absorbed by the sample during 

low-temperature oxidation and before spontaneous combustion. Based on these results, it can 

be concluded that IL-C is more efficient in inhibiting the spontaneous combustion 

characteristic of 100% biomass, followed by IL-B then IL-A. The BET and scanning electron 

microscopy results are in line with spontaneous combustion results reported for the TGA tests. 
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Figure 4.18: Pore diameter distribution of treated and untreated 100% biomass samples, 

generated by the Density Functional Theory model (tb; treated 100% biomass) 

 

4.5 Summary 

The results presented in this chapter show that 100% biomass had a higher susceptibility to 

spontaneous combustion than 100% discard coal, 100% hydrochar, 25% hydrochar + 75% 

discard coal, 50% hydrochar + 50% discard coal and 75% hydrochar + 25% discard coal. The 

results further proved that imidazolium-based ionic liquids impact on the spontaneous 

combustion characteristic of 100% biomass, with IL-C (1-Butyl-3-methyl-imidazolium acetate 

[Bmim+OAc−]) showing the best inhibitory effect amongst the three ionic liquids that were 

investigated in this study. 

  



90 

 

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

This chapter summarises the major findings and the objectives achieved in this study. The 

limitations encountered in this research and the proposed recommendations for future work are 

also discussed. 

 

5.1 Conclusion 

This research aimed to determine whether the Wits-Ehac and TGA are suitable techniques for 

predicting the spontaneous combustion potential of coal, biomass and hydrochar/coal blends. 

In addition, the effect of imidazolium-base ionic liquids on the spontaneous combustion 

characteristic of the fuels used was also investigated. The aim and objectives of this research, 

identified in Chapter one, were met, and a summary of the main findings and conclusions of 

this research is as follows: 

I. The conversion of 100% biomass into hydrochar by hydrothermal carbonisation 

improves the energy quality of the fuel. The hydrochar had reduced ash and volatile 

matter content, as well as higher fixed carbon and calorific values compared to the 

100% biomass. 

II. The physicochemical analysis conducted on 100% discard coal, 100% biomass, 100% 

hydrochar and their blends revealed that 100% biomass and 100% discard coal have 

the lowest energy quality. Blending 100% hydrochar with 100% coal discard at 

different ratios provides better quality blends. The 75% hydrochar + 25% discard coal 

is of the best quality, with a fixed carbon, volatile matter, moisture content and calorific 

value of 48.56%, 39.51%, 2.04% and 26.97 MJ/kg, respectively. 

III. Wits-Ehac indices indicated that there was no direct link between the results of the 

Wits-Ehac spontaneous combustion test and those of the physicochemical properties of 

the six samples. However, the Wits-Ehac technique proved to be reproducible for all 

samples tested, even though it is not a reliable test for 100% biomass, 100% hydrochar, 

and the hydrochar/coal blends due to the difference in their bulk density from that of 

coal.  

IV. TGA revealed that 100% biomass was highly susceptible to spontaneous combustion 

compared to other fuels with a 𝑇𝐺𝑠𝑝𝑐 index of  .1457%/˚C.min at lower heating rates. 

The results further revealed that 100% discard coal had the lowest spontaneous 

combustion susceptibility with a 𝑇𝐺𝑠𝑝𝑐 index of  . 135%/˚C.min at lower heating rates. 

The physicochemical properties of these samples correlate the findings from the TGA. 
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V. The 100% biomass had high inherent moisture (8.01%), high volatile matter (60.52%), 

low fixed carbon (19.54%) and a low calorific value (17.28%). The combination of 

these high physicochemical properties resulted in higher spontaneous combustion in 

100% biomass compared to 100% discard coal with lower physicochemical properties. 

VI. The results of the FTIR study showed that functional groups (C=O) and low silicate 

(mineral) transmission were responsible for the high susceptibility of 100% biomass to 

spontaneous combustion. Whereas the presence of a pronounced silicate peak in coal 

for 100% discard coal may be the reason why it is least susceptible to spontaneous 

combustion.  

VII. Following the treatment of 100% biomass samples with the three ionic liquids, the TGA 

results showed that imidazolium-based ionic liquids do affect the spontaneous 

combustion susceptibility of 100% biomass. At lower heating rates, the 𝑇𝐺𝑠𝑝𝑐 index 

decreased from  .1457%/˚C.min to 0.0839%/˚C.min for 50% IL-A, 0.0576%/˚C.min 

for 50% IL-B and 0.0207%/˚C.min for 50% IL-C. Given that 50% IL-C has the lowest 

𝑇𝐺𝑠𝑝𝑐, it was concluded that IL-C is the preferred inhibitory liquid for the spontaneous 

combustion susceptibility of 100% biomass. 

VIII. The ash content, fixed carbon, total sulphur and total carbon content of the 100% 

biomass treated with 50% IL-A, 50% IL-B or 50% IL-C were slightly reduced. 

However, the volatile matter content and the calorific value of the samples were 

significantly increased. The FTIR analysis of the treated 100% biomass samples 

showed that some of the functional groups in the biomass samples were enhanced (-OH 

stretch in 100% biomass treated with 50% IL-A and silicates in 100% biomass treated 

with 50% IL-C) during treatment. The susceptibility to spontaneous combustion of the 

100% biomass samples treated with 50% IL-C was significantly reduced due to the 

presence of the silicate stretch. 

IX. The surface morphology and the pore structure results reveal that the cracks and pores 

on the surface of the samples were reduced, especially for the sample treated with IL-

C, during treatment of the 100% biomass samples with imidazolium-based ionic 

liquids. This allowed for minimal interaction between the oxygen and the sample, 

reducing the sample’s susceptibility to spontaneous combustion. 

5.2 Recommendations 

This section presents recommendations for future work considering the findings and limitations 

of this research. 
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I. Further research should investigate how the spontaneous combustion characteristic is 

affected when treating 100% biomass samples with imidazolium-based ionic liquids at 

elevated temperatures. 

II. The impact of different imidazolium-based ionic liquid concentrations on the 

susceptibility of 100% biomass to spontaneous combustion should also be examined. 

III. A cost-benefit analysis of the application of this study on a large scale should be carried 

out to determine whether it is necessary to explore other types of imidazolium-based 

ionic liquids for spontaneous combustion inhibition of 100% biomass. 

IV. The influence of particle size (100% biomass) on spontaneous combustion should be 

investigated to determine the correct particle size for safe transportation and storage. 
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APPENDIX A 

A1. Thermogravimetric analysis derivative profiles of untreated samples 

 

Figure A1.1: The derivative profile of 100% biomass 
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Figure A1.2: The derivative profile of 100% hydrochar 

 

 

Figure A1.3: The derivative profile of 25% hydrochar + 75% discard coal 
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Figure A1.4: The derivative profile of 50% hydrochar + 50% discard coal 

 

 

Figure A1.5: The derivative profile of 75% hydrochar + 25% discard coal 
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A2. Three points that were used for calculating the slopes of the sample’s derivative profile at different heating rates 

Table A2.1: The specific temperatures and differential thermogravimetric analysis values used for calculating the slopes of the sample’s derivative 

profile at different heating rates (H; Hydrochar, DC: Discard coal) 

 
Heating 

Rate ˚C/min Points 100% Biomass 100% Hydrochar 25% H + 75% DC 50% H + 50% DC 75% H + 25% DC 

4 Ignition Point 79.78 0.90 92.22 1.27 80.05 1.46 92.38 1.34 92.38 1.34 

  Inflection Point 87.05 2.66 98.47 3.77 85.50 3.59 98.63 3.79 98.63 3.79 

  Peak Point 90.70 4.98 101.65 5.67 87.32 4.81 101.82 4.31 101.82 4.31 

8 Ignition Point 57.68 0.63 60.70 1.85 57.98 0.88 58.18 0.73 58.18 0.73 

  Inflection Point 60.53 2.26 63.62 5.54 60.87 2.83 63.97 5.13 63.97 5.13 

  Peak Point 63.43 7.06 66.50 9.54 63.80 9.10 66.85 9.58 66.85 9.58 

12 Ignition Point 41.30 1.97 53.88 0.61 41.57 3.59 54.05 0.68 54.05 0.68 

  Inflection Point 43.12 5.65 57.17 4.14 43.40 9.47 57.37 4.65 57.37 4.65 

  Peak Point 45.05 13.55 60.57 10.24 45.32 11.43 60.77 10.08 60.77 10.08 

16 Ignition Point 29.87 1.36 51.10 0.20 40.35 1.67 54.55 1.01 54.55 1.01 

  Inflection Point 31.70 6.53 54.37 0.78 42.08 4.98 54.55 1.01 54.55 1.01 

  Peak Point 33.65 16.40 57.70 10.32 44.00 13.96 57.92 11.38 57.92 11.38 

20 Ignition Point 31.17 0.56 47.30 0.66 31.43 1.14 47.48 0.81 47.48 0.81 

  Inflection Point 32.95 3.63 47.30 0.66 33.27 6.39 47.48 0.81 47.48 0.81 

  Peak Point 34.88 16.36 50.58 12.46 35.15 19.09 50.75 12.58 50.75 12.58 

24 Ignition Point 35.92 18.24 40.08 0.62 32.43 0.57 40.25 0.61 40.25 0.61 

  Inflection Point 34.00 6.68 43.12 8.37 34.22 7.16 43.32 9.39 43.32 9.39 

  Peak Point 34.88 16.36 43.12 8.37 36.13 20.34 43.32 9.39 43.32 9.39 
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A3. Heating rates applied vs the slopes of the derivative curve for the untreated samples 

 

Figure A3.1: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

 

 

Figure A3.2: Heating rates applied vs the slopes of the derivative curve for 100% hydrochar 
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Figure A3.3: Heating rates applied vs the slopes of the derivative curve for 25% hydrochar + 

75% discard coal 

 

 

Figure A3.4: Heating rates applied vs the slopes of the derivative curve for 50% hydrochar + 

50% discard coal 
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Figure A3.5: Heating rates applied vs the slopes of the derivative curve for 75% hydrochar + 

25%discardcoal.
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APPENDIX B 

B1. Three points used for calculating the slopes of the derivative profile of the biomass samples treated with IL-A at different 

concentrations and heating rates 

Table B1.1: The specific temperatures and differential thermogravimetric analysis values used for calculating the slopes of the derivative profile 

of the samples treated with IL-A 

Heating Rate ˚C/min Points 10% IL-A-tb 20% IL-A-tb 30% IL-A-tb 40% IL-A-tb 50% IL-A-tb 

4 Ignition Point 95.15 1.57 79.78 0.90 92.22 1.27 80.05 1.46 92.38 1.34 

  Inflection Point 95.15 1.57 87.05 2.66 98.47 3.77 85.50 3.59 98.63 3.79 

  Peak Point 104.58 5.91 90.70 4.98 101.65 5.67 87.32 4.81 101.82 4.31 

8 Ignition Point 60.38 1.33 57.68 0.63 60.70 1.85 57.98 0.88 58.18 0.73 

  Inflection Point 63.27 4.21 60.53 2.26 63.62 5.54 60.87 2.83 63.97 5.13 

  Peak Point 66.17 10.01 63.43 7.06 66.50 9.54 63.80 9.10 66.85 9.58 

12 Ignition Point 57.00 2.21 41.30 1.97 53.88 0.61 41.57 3.59 54.05 0.68 

  Inflection Point 57.00 2.21 43.12 5.65 57.17 4.14 43.40 9.47 57.37 4.65 

  Peak Point 60.40 11.46 45.05 13.55 60.57 10.24 45.32 11.43 60.77 10.08 

16 Ignition Point 54.20 0.44 29.87 1.36 51.10 0.20 40.35 1.67 54.55 1.01 

  Inflection Point 57.50 8.24 31.70 6.53 54.37 0.78 42.08 4.98 54.55 1.01 

  Peak Point 60.90 8.96 33.65 16.40 57.70 10.32 44.00 13.96 57.92 11.38 

20 Ignition Point 47.13 0.30 31.17 0.56 47.30 0.66 31.43 1.14 47.48 0.81 

  Inflection Point 47.13 0.30 32.95 3.63 47.30 0.66 33.27 6.39 47.48 0.81 

  Peak Point 50.38 9.23 34.88 16.36 50.58 12.46 35.15 19.09 50.75 12.58 

24 Ignition Point 42.87 4.30 35.92 18.24 40.08 0.62 32.43 0.57 40.25 0.61 

  Inflection Point 42.87 4.30 34.00 6.68 43.12 8.37 34.22 7.16 43.32 9.39 

  Peak Point 46.90 13.87 34.88 16.36 43.12 8.37 36.13 20.34 43.32 9.39 

tb: treated 100% biomass  



129 

 

B2. Heating rates applied vs the slopes of the derivative curve for the samples treated 

with IL-A at different concentrations 

 

Figure B2.1: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

treated with 10% IL-A 

 

 

Figure B2.2: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

treated with 20% IL-A 
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Figure B2.3: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

treated with 30% IL-A 

 

 

Figure B2.4: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

treated with 40% IL-A 
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Figure B2.5: Heating rates applied vs the slopes of the derivative curve for 100% biomass 

treated with 50% IL-A 
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APPENDIX C 

C1. Thermogravimetric analysis derivative profile of 100% biomass treated with IL-B at 

different concentrations 

 

Figure C1.1: The derivative profile of 100% biomass treated with 10% IL-B 

 

 

Figure C1.2: The derivative profile of 100% biomass treated with 20% IL-B 
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Figure C1.8: The derivative profile of 100% biomass that was treated with 30% IL-B 

 

 

Figure C1.9: The derivative profile of 100% biomass that was treated with 40% IL-B 
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Figure C1.10: The derivative profile of 100% biomass that was treated with 50% IL-B 
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C2. Three points were used for calculating the slopes of the derivative profile of the samples treated with IL-B at different 

concentrations and heating rates 

Table C2.1: The specific temperatures and differential thermogravimetric analysis values used for calculating the slopes of the derivative profile 

of the samples treated with IL-B 

Heating Rate ˚C/min Points 10% IL-B-tb 20% IL-B-tb 30% IL-B-tb 40% IL-B-tb 50% IL-B-tb 

4 Ignition Point 89.42 0.66 78.53 0.88 92.73 1.23 80.60 1.55 86.65 0.89 

  Inflection Point 98.82 3.88 83.95 2.64 98.33 3.40 86.05 4.49 89.78 2.08 

  Peak Point 101.98 5.83 87.58 4.74 102.15 4.76 87.85 5.52 92.93 3.63 

8 Ignition Point 58.43 1.26 58.60 1.12 58.77 1.26 58.93 1.43 56.25 0.99 

  Inflection Point 61.30 4.13 61.47 3.43 61.65 3.88 61.82 4.28 59.12 2.67 

  Peak Point 64.22 9.23 64.40 9.11 64.57 8.52 64.73 9.63 61.98 7.37 

12 Ignition Point 54.23 0.64 40.07 1.37 54.40 0.79 40.50 1.67 51.32 0.58 

  Inflection Point 57.57 4.21 41.82 4.22 57.77 5.61 42.08 4.98 54.57 2.03 

  Peak Point 60.99 9.87 43.70 11.46 61.10 9.26 44.00 13.96 57.95 8.89 

16 Ignition Point 51.45 0.28 30.38 2.24 51.62 0.22 28.85 0.85 51.78 0.88 

  Inflection Point 54.72 1.84 32.30 9.98 54.88 1.82 30.65 3.56 55.05 5.15 

  Peak Point 58.10 12.28 34.18 13.60 58.27 12.99 32.62 15.46 58.43 9.63 

20 Ignition Point 47.65 0.80 31.70 1.20 47.80 0.77 31.95 1.46 47.98 2.87 

  Inflection Point 47.65 0.80 33.55 6.75 47.80 0.77 33.85 8.65 47.98 2.87 

  Peak Point 50.95 12.66 35.42 17.78 51.12 13.63 35.68 16.54 51.28 12.14 

24 Ignition Point 40.43 0.59 32.68 1.41 40.58 0.57 31.20 0.30 40.73 2.23 

  Inflection Point 40.43 0.59 34.53 12.30 40.58 0.57 32.98 2.07 40.73 2.23 

  Peak Point 43.52 9.60 36.40 14.92 43.72 10.96 34.87 16.36 43.88 13.55 

tb: treated 100% biomass 
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C3. Heating rates applied vs the slopes of the derivative curve for the samples treated 

with IL-B at different concentrations 

 

Figure C3.1: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 10% IL-B 

 

Figure C3.2: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 20% IL-B 
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Figure C3.3: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 30% IL-B 

 

Figure C3.4: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 40% IL-B 
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Figure C3.5: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 50% IL-B 
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APPENDIX D 

D1. Thermogravimetric analysis derivative profile of 100% biomass that was treated with 

IL-C at different concentrations 

 

Figure D1.1: The derivative profile of 100% biomass that was treated with 10% IL-C 

 

 

Figure D1.2: The derivative profile of 100% biomass that was treated with 20% IL-C 
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Figure D1.3: The derivative profile of 100% biomass that was treated with 30% IL-C 

 

 

Figure D1.4: The derivative profile of 100% biomass that was treated with 40% IL-C 

 



141 

 

 

Figure D1.5: The derivative profile of 100% biomass that was treated with 50% IL-C 
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D2. Three points were used for calculating the slopes of the derivative profile of the samples treated with IL-C at different 

concentrations and heating rates 

Table D2.1: The specific temperatures and differential thermogravimetric analysis values used for calculating the slopes of the derivative profile 

of the samples treated with IL-C 

Heating Rate 

˚C/min 
Points 10% IL-C-tb 10% IL-C-tb 10% IL-C-tb 10% IL-C-tb 10% IL-C-tb 

4 Ignition Point 89.97 0.82 75.47 0.50 77.62 0.48 75.73 0.88 87.15 0.74 

  Inflection Point 102.52 2.82 91.77 3.75 99.55 1.96 90.23 2.83 99.73 2.03 

  Peak Point 105.63 4.15 93.62 4.36 102.70 2.31 92.05 3.70 105.98 3.52 

8 Ignition Point 59.27 1.26 59.42 1.92 59.68 2.27 57.03 1.06 54.30 0.47 

  Inflection Point 65.07 5.24 62.33 3.75 65.50 5.35 62.77 4.09 62.93 3.84 

  Peak Point 67.97 6.63 65.23 6.00 68.40 5.48 65.67 5.11 65.82 5.40 

12 Ignition Point 54.75 1.09 40.60 2.39 51.67 0.85 39.07 1.53 51.83 0.35 

  Inflection Point 58.12 5.05 44.27 7.06 54.92 4.54 42.63 5.99 58.47 5.46 

  Peak Point 61.43 8.09 46.10 8.63 58.32 6.01 44.53 7.64 61.78 7.39 

16 Ignition Point 51.95 0.24 29.13 1.24 52.12 0.39 29.38 2.67 52.28 0.64 

  Inflection Point 55.20 2.85 32.88 8.32 55.37 4.00 31.22 7.33 55.53 5.31 

  Peak Point 58.62 9.33 34.68 9.65 58.78 9.38 33.15 9.36 58.95 8.83 

20 Ignition Point 48.17 1.88 32.22 2.44 45.08 0.82 32.43 3.97 45.23 0.53 

  Inflection Point 48.17 1.88 34.12 8.61 48.33 7.31 34.33 9.46 48.50 4.09 

  Peak Point 51.43 10.41 35.95 11.78 51.62 8.73 36.15 11.51 51.78 10.02 

24 Ignition Point 40.95 1.22 33.25 3.75 38.13 2.52 31.68 0.67 41.30 3.09 

  Inflection Point 40.95 1.22 35.15 10.77 41.13 5.28 33.47 6.24 41.30 3.09 

  Peak Point 44.10 10.59 36.97 13.41 44.28 10.43 35.38 11.05 44.48 11.43 

tb: treated 100% biomass 
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D3. Heating rates applied vs the slopes of the derivative curve for the samples treated 

with IL-C at different concentrations 

 

Figure D3.1: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 10% IL-C 

 

Figure D3.2: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 20% IL-C 
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Figure D3.3:Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 30% IL-C 

 

 

Figure D3.4: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 40% IL-C 
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Figure D3.5: Heating rates applied vs the slopes of the derivative curve for biomass treated 

with 40% IL-C 
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APPENDIX E 

E1: Pore diameter distribution data for 100% biomass and the treated biomass samples 

generated by the Density Functional Theory method 

Table E1.1: The pore diameter distribution data 

tb: treated 100% biomass 

 

  

100% Biomass 50% IL-A-tb 50% IL-B-tb 50% IL-C-tb 

Pore 

diameter 

(nm) 

Pore  

(cc/g) 

Pore 

diameter 

(nm) 

Pore  

(cc/g) 

Pore 

diameter 

(nm) Pore  (cc/g) 

Pore 

diameter 

(nm) 

Pore  

(cc/g) 

1.6879 0 1.6879 0 1.6879 0 1.6879 0 

1.7656 0 1.7656 0 1.7656 0 1.7656 0 

1.8469 0 1.8469 0 1.8469 0 1.8469 9.69E-06 

1.9319 1.15E-04 1.9319 3.63E-05 1.9319 2.26E-05 1.9319 8.69E-05 

2.0208 2.62E-04 2.0208 1.34E-04 2.0208 6.69E-05 2.0208 1.63E-04 

2.1138 2.62E-04 2.1138 1.52E-04 2.1138 1.30E-04 2.1138 1.63E-04 

2.2111 4.92E-04 2.2111 2.83E-04 2.2111 1.99E-04 2.2111 2.54E-04 

2.3129 0.00108 2.3129 5.04E-04 2.3129 4.58E-04 2.3129 4.44E-04 

2.4194 0.00154 2.4194 7.08E-04 2.4194 8.10E-04 2.4194 6.31E-04 

2.5307 0.00209 2.5307 9.68E-04 2.5307 1.14E-03 2.5307 8.78E-04 

2.6472 0.00275 2.6472 1.27E-03 2.6472 1.43E-03 2.6472 1.21E-03 

2.7691 0.00319 2.7691 1.44E-03 2.7691 1.58E-03 2.7691 1.48E-03 
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APPENDIX F 

F1: Thermogravimetric analysis repeatability test of 100% discard coal 

 

Figure F1.1: Repeatability test of 100% discard coal at a heating rate of 4 ℃/min 

 


