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ABSTRACT 

The industries that consumed the most coal in South Africa, in 2015, were electricity generation, 

53%, basic iron and steel manufacturing, 20%, and synthetic fuel and chemical industries, 10%, 

with the rest being used in various other smaller industries, 17%. Coal fines (-1 mm) that are 

discarded due to handling issues provide an alternate source of fuel, which can be utilised through 

agglomeration. Briquetting is a large-scale agglomeration method where coal fines, with or 

without a binder, can be used to produce fuel briquettes. Binders are usually needed to produce 

briquettes that are strong and water resistant and should therefore also increase the briquette 

reactivity, be environmentally friendly and be cost effective. Hazardous wastes are expensive to 

dispose of and harmful to the environment, which is why they should be evaluated as binders for 

coal briquetting.  

The binding properties of five industrial wastes were evaluated to determine their efficacy in the 

agglomeration of Highveld inertinite-rich coal fines: (A) waterworks bio-sludge from a 

petrochemical industry, (B) acrylic acid containing a hydrocarbon by-product from a petrochemical 

industry, (C) pitch from a petrochemical industry, (D) wax emulsion from a petrochemical industry, 

and (E) recycled low-density polyethylene (LDPE) from a North-West plastic recycling company. 

The compressive strength, CS (MPa), impact resistance index, IRI (-), friability index, FR (%), 

abrasion resistance, AR (%), and water resistance index, WRI (%) of the briquettes were 

determined to evaluate the mechanical strength of the briquettes. The binderless briquettes had 

a maximum CS of 3.4 MPa, which is higher than the minimum CS of bituminous coal (2.1 MPa). 

The addition of Binders A–E was therefore investigated to use the briquettes as carriers for the 

reduction of hazardous wastes. The optimal concentration for each binder, based on mechanical 

strength (CS, IRI, FR, AR), was determined as 15% Binder A (4.1 MPa; 68; 80%; 99.3%), 20% 

Binder B (2.3 MPa, 87, 71%, 99.5%), 20% Binder C (8.2 MPa, 1000, 100%, 99.2%), 5% Binder D 

(2.4 MPa, 21, 46%, 95.3%) and 5% Binder E (5.3 MPa, 97, 52%, 98.3%). Briquettes bound with 

20% Binder B, and 5–10% Binder E were water resistant. 

The reactivity of the optimal briquettes during pyrolysis (900°C), combustion (850, 875 and 900°C) 

and gasification (1000 and 1025°C) were tested to evaluate the effect of the binders. The binders 

had a small effect on the pyrolysis yields and no observable effect on the combustion and 

gasification reactivity of the briquettes due to the binders decomposing below 500°C. 

The briquettes were matched with suitable industrial processes based on the mechanical strength 

and reactivity results that were obtained. The binderless as well as the Binder B and D bound 

briquettes may be suitable for use in PCC boilers due to their strength being high enough to 
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enable transportation and low enough not to inhibit pulverising. Binders B, C and E bound 

briquettes may be more suited for use in a Lurgi-gasifier. None of the binders are recommended 

for use in blast furnaces due to the high ash yield, low volatile matter content and lack of swelling 

properties. 

Keywords 

Coal briquetting, binders, hazardous waste, compressive strength, impact resistance, water 

resistance, pyrolysis, combustion, gasification 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

In Chapter 1 a basic introduction is given on what fine coal is, why, and how it should be 

agglomerated for use in industrial processes. Section 1.2 gives a brief background on fine coal 

and industrial waste pollution and motivates the utilisation of these wastes. The problem 

statement is described in Section 1.3 and the objectives that need to be met to achieve the aim 

of this study are defined in Section 1.4. The scope of the study is set out in Section 1.5 and 

outlines the criteria that will be considered to evaluate the binding efficacy of the industrial waste 

materials. Section 1.6 shows the outline of the study to make navigating the concepts investigated 

in the dissertation easier. 

1.2 Background and motivation 

Coal is defined as “a black or brownish-black solid combustible substance formed by the partial 

decomposition of vegetable matter without free access of air and under the influence of moisture 

and often increased pressure and temperature that is widely used as a natural fuel” (Merriam-

Webster Inc.,·2019). It supplies approximately 27% of the world’s energy and 71% of the energy 

in South Africa (BP,·2019). The country also uses coal for steel manufacturing, coke and refined 

petroleum production, cement manufacturing, pulp and paper manufacturing, as well as sugar 

mills (CMSA,·2018; FFF,·2011). It is therefore important to ensure that no useful coal goes to 

waste. 

Coal with a small particle size can be classified as fine (-1 mm) and ultra-fine (-0.15 mm) 

(Hardman·&·Lind,·2003). In South Africa approximately 4% of the run-of-mine (ROM) coal is 

classified as ultra-fine, which means that almost 11 Mtpa of coal is being dumped due to particle 

size (BP,·2019; Reddick·et·al.,·2007). The 29 active discard dumps and 17 active slurry ponds in 

South Africa have a combined content of more than 361 Mt (Muzenda,·2014). The coal in these 

dump sites can spontaneously combust or contaminate the surrounding area by means of 

gaseous pollutants or acid mine drainage (Lewitt,·2011; WCA,·2019b). The legislation regarding 

these dumps have therefore become stricter, hence expensive methods of covering the dumps 

have become a necessity (Lewitt,·2011). The small particle size of the coal fines also causes 

handling issues due to the propensity of the coal to block equipment and transportation 

mechanisms (Holuszko·&·Laskowski,·2004). 

Coal agglomeration methods can be used to decrease the volume of hazardous coal fines by 

making them useful. The quality of discarded coal fines is usually very low, but it can still be used 

industrially, e.g. to generate electricity (Lloyd,·2000). Agglomeration methods include pelletising, 

briquetting and spherical agglomeration (England,·2000). The quality of agglomerates can be 
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described by the following characteristics: water resistance, mechanical strength and reactivity 

(Mills,·1908; Waters,·1969). Binderless briquettes are mainly produced with lignite and a binder 

is usually needed to improve the quality of the briquettes (Komarek,·1967; Zhang·et·al.,·2018). 

Binders can affect the properties of the produced agglomerates and should therefore comply with 

the following list of contributions (England,·2000): 

• increase the mechanical strength of the agglomerates by creating stronger bonds between 

coal particles; 

• increase the water resistance of the agglomerates to allow them to be stored outside or 

used in systems where they may become wet without disintegrating; 

• increase or meet the ROM “parent” coal properties with regards to reactivity; 

• be environmentally friendly through reducing pollution by utilising wastes and/ or not giving 

off additional harmful components when used in industrial processes; and 

• be financially feasible. 

In the past both inorganic (e.g., clay, lime, cement) and organic (e.g., wood products, 

sugar-factory residues, starch) binders have been used during coal agglomeration (Mills,·1908). 

Waste materials have also been evaluated as binders to reduce environmental pollution and the 

costs involved in agglomeration (Dec,·2005; Engelleitner,·2001). South Africa generated roughly 

67 Mtpa of hazardous waste in 2017 and some of these wastes should therefore be investigated 

to determine their binding capabilities (Department of Environmental Affairs,·2018). Hazardous 

waste is defined as “any waste that contains organic or inorganic elements or compounds that 

may, owing to the inherent physical, chemical or toxicological characteristics of that waste, have 

a detrimental impact on health and the environment and includes hazardous substances, 

materials or objects within the business waste, residue deposits and residue stockpiles” 

(Department of Environmental Affairs,·2013). Agglomerating coal fines by using hazardous 

wastes can decrease the size of the dumping sites of these components while also creating a 

useable product. 

There are four primary industries where coal is utilised: electricity generation (boilers), cement 

production (high temperature kilns), transportation fuel development (gasifiers) and steel 

manufacturing (coke ovens) (WCA,·2019c). The processes that the coal goes through varies in 

these industries and it is therefore important to research the characteristics of the coal used in 

each of the industrial applications to determine the suitability of hazardous wastes as binders in 

these processes. 
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1.3 Problem statement 

Based on the background provided, fine coal and industrial hazardous waste dump sites pose an 

environmental and physical hazard and should therefore be reduced. The briquetting of coal fines 

and various waste materials should be tested to determine if viable agglomerates can be 

produced for use in industrial processes. 

1.4 Aim and objectives 

The aim of this study is to evaluate industrial waste streams as potential binders to agglomerate 

inertinite-rich, high ash coal fines and to classify these agglomerates for use in various industrial 

processes. 

The following objectives are established to achieve this aim: 

• prepare and characterise the discard coal and waste materials (i.e. potential binders); 

• assess the effect of different waste materials at various concentrations on the mechanical 

strength and water resistance of briquettes produced on laboratory-scale; 

• quantify the effect of the waste materials on the mechanical strength of briquettes 

produced on pilot-scale; 

• assess the effect of different waste materials on the water resistance of the pilot-scale 

briquettes; and 

• conduct reactivity tests to determine the appropriate industrial processes where the 

briquettes could be utilised. 

1.5 Scope of investigation 

The five industrial wastes that will be considered in this study are: A: waterworks bio-sludge, B: 

acrylic acid containing a hydrocarbon by-product, C: pitch, D: wax emulsion, and E: recycled 

low-density polyethylene. The study will be divided into three phases to achieve the objectives 

set out in Section 1.4:  

• Phase 1: Laboratory-scale batch briquetting 

During this phase, the maximum amount of industrial waste material that can be added to 

inertinite-rich coal fines during laboratory-scale briquetting will be determined. To do this, 

cylindrical briquettes are produced using the Lloyd LRX Press, and the compressive strength 

and water resistance of these briquettes will be tested and compared. The effect of moisture 

addition will also be evaluated. Only the binders that do not negatively impact the compressive 

strength and water resistance of the briquettes will be used in the following phase of the study. 
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• Phase 2: Pilot-scale continuous briquetting 

In this phase the viability of the various binders will be evaluated based on the compressive 

strength, impact resistance, durability (i.e., friability and abrasion resistance) and water 

resistance of the briquettes. The information gathered during phase 1 will be utilised to 

produce roller-pressed briquettes in a continuous process to determine the optimal 

concentration for each binder. 

• Phase 3: Matching with industrial processes 

The heating value, reactivity (i.e., pyrolysis, combustion and gasification), proximate analysis 

and thermal fragmentation of the optimal briquettes manufactured in phase 2 will be evaluated 

and matched to industrial processes. The main processes that will be investigated are 

electricity generation (boilers), transportation fuel development (gasifiers), and steel 

manufacturing (coke ovens). 

1.6 Study outline 

The outline of this study is illustrated in Figure 1-1. Chapter 1 introduces the study and gives some 

background on coal fines and the need for fine coal agglomeration. In Chapter 2 the available 

information on coal, binders, agglomeration methods and the uses of coal/ agglomerates are 

reviewed and summarised. The materials and methods that are used during the study are 

described in Chapter 3 and the results are reported and discussed in Chapters 4 and 5. The 

conclusions that can be reached from the results obtained are given in Chapter 6 along with all 

recommendations for future studies. 

 

Figure 1-1: Layout of the chapters in the study 

Chapter 1:

Introduction

Chapter 2:

Literature review

Chapter 3:

Methodology

Chapter 4:

Mechanical strength 
results

Chapter 5: Reactivity 
results

Chapter 6: 

Conclusions and 
recommendations
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview 

The topics that are discussed in this chapter will provide a relevant understanding of what coal is, 

why it is important to agglomerate fine coal, and how these agglomerates can be used in industrial 

applications. The coal that will be used in this study is from the Highveld coalfields and Section 2.2 

therefore describes the characteristics of Highveld coal specifically. Furthermore, the effect of 

coal fines and how they can be agglomerated are also discussed. Section 2.3 provides a 

description of the different variables that play a role during coal briquetting and why these 

variables are important. The properties of industrially viable briquettes are defined in Section 2.4 

and the tests to determine these properties are also described. Section 2.6 provides a summary 

of the industrial processes in which the briquettes can be used, i.e. electricity generation, 

petrochemical industry and steel manufacturing. 

2.2 Coal 

In 2018, the global amount of economically recoverable coal reserves was approximately 

1 054 782 Mt, which can last nearly 132 years at the current production rate of 8 013 Mtpa 

(BP,·2019). This timeline is based on the reserves-to-production ratio, which is calculated by 

dividing the remaining proved reserves by the production in that year and refers to the amount of 

time that the reserves would last if the production continued at that rate (BP,·2019). The coal 

reserves can be divided into two groups: (1) anthracite and bituminous coal, and (2) 

sub-bituminous and lignite coal. Group 1 coal accounts for almost 70% of the global coal reserves 

(BP,·2019). The global primary energy consumption (PEC) is 13 865 Mtoe and the breakdown 

based on fuel type is shown in Figure 2-1 (BP,·2019).  

 

Figure 2-1: Global primary energy consumption by fuel type adapted from BP·(2019) 

Based on the coal consumption of 7 717 Mtpa equating to 27% of the global PEC, even though 

strides are being made to increase the use of renewable fuels, coal is clearly still a widely used 
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resource (BP,·2019). Notably, even though coal reserves are spread over numerous countries 

compared to other energy sources, it also has the highest specific CO2 emissions (BGR,·2019). 

The coal in South Africa is classified as mainly Group 1 coal and the economically recoverable 

coal reserves contain approximately 9 893 Mt, which accounts for almost 1% of the global coal 

reserves (BP,·2019). South Africa is the seventh largest coal producer and with the current rate 

of production being 253 Mtpa, the reserves-to-production ratio is 39 years  (BP,·2019). Figure 2-2 

depicts the division of South African primary energy consumption of 152 Mtpa, with regards to the 

various fuel sources that are used (BP,·2019). Fossil fuels make up almost the whole sector, with 

coal being the most used fuel source at 71% of the PEC. 

 

Figure 2-2: South African primary energy consumption by fuel type adapted from BP·(2019) 

There are 19 coalfields in South Africa, but more than 70% of the country’s reserves are in the 

central basin: Highveld, Witbank, Waterberg and Ermelo (FFF,·2013).  

2.2.1 Highveld coalfields 

The Highveld Coalfield accounts for nearly 29% of the coal reserves in South Africa and is integral 

to the long-term running of Sasol’s Synthetic Fuels as well as power stations in the area, e.g. 

Eskom’s Kriel, Matla and Tutuka power stations (Hancox·&·Götz,·2014; Jeffrey·et·al.,·2015). The 

coalfield extends over an area of approximately 700 000 ha in south-eastern Gauteng and 

Mpumalanga and a summary of the coal seams is shown in Table 2-1 (Hancox·&·Götz,·2014). 

The No. 2 Seam is low-grade bituminous coal, but the quality can increase to 27 MJ/kg in some 

areas (Jeffrey,·2005). Most of the coal resources are contained in the No. 4 Seam, which is 

divided into the No. 4 Lower (4L) and No. 4 Upper (4U) Seam (Hancox·&·Götz,·2014). The coal 

that is mined from this section is usually low-grade bituminous coal, but the coal quality may vary 

depending on the depth of the seam (Jeffrey,·2005). The coal quality decreases in the upper 1 m 

of the seam (ash yield: 40%, calorific value: 15 MJ/kg) and increases at the thicker seam areas 
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in the lower 3–4 m (ash yield: 21%, calorific value: 23 MJ/kg) (Jordaan,·1986). This coal can be 

used for electricity generation (Hancox·&·Götz,·2014). Coal from the No. 5 Seam can be used in 

metallurgical processes due the ash yield, volatile matter and calorific values being 19%, 32% 

and >25 MJ/kg, respectively (Barker, cited by Hancox & Götz, 2014). 

Table 2-1: Summary of the Highveld Coalfield seams adapted from Cairncross·(2001) and 

Hancox·and·Götz·(2014) 

Seam Deptha Thicknessa Qualitiesa,b 

1 - - - 

2 30–240 m <1–10 m 

Moisture content: ±4% 

Ash yield: 22–35%  

Volatile matter: ±20% 

Calorific value: 20–23 MJ/kg 

3 - <0.5–1.0 m Calorific value: ±28 MJ/kg 

4 

4L 

15–300 m 

<1–12 m Moisture content: ±2.5% 

Ash yield: 20–35%  

Volatile matter: ±20% 

Calorific value: 18–25 MJ/kg 

4U 1.5–3.4 m 

5 15–150 m 0.3–3.0 m 

Moisture content: ±3% 

Ash yield: ±17%  

Volatile matter: ±33% 

Calorific value: ±26 MJ/kg 

Source: a Hancox·and·Götz·(2014) and b Cairncross·(2001) 

In South Africa there are two main types of coal mining techniques: underground mining and 

surface mining (FFF,·2011). Approximately 51% of mining is done underground and 49% is done 

on the surface (Department of Energy,·2018). Underground mining is mainly done by 

bord-and-pillar mining where coal is mined from between pillars, which are left to support the 

overlying rocks (Lloyd,·2002). Another underground mining technique that is used to mine a small 

amount of coal is longwall mining, which entails removing all the minable coal and leaving the 

rock ceiling to collapse into the hollow area (Lloyd,·2002). Conveyor belts, shuttle cars and 

continuous miners are used to remove the mined coal for both methods (Jeffrey·et·al.,·2015). 

Surface mining techniques include opencast mining and strip mining. During opencast mining 

coal deposits are exposed by removing a large area of topsoil and surface rocks, also known as 

the overburden, and moving it to another location (Lloyd,·2002). The coal can be extracted with 

trucks and mechanised shovels or bucket-wheel excavators (FFF,·2011). To rehabilitate the area, 

the overburden can be returned to the mined area at a later stage and covered with the topsoil 

(Lloyd,·2002). Strip mining entails removing the overburden one strips at a time to expose and 
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extract the coal deposits and then dumping the overburden of the new strip into the previously 

mined area (Lloyd,·2002). Dragline equipment is used for excavation (FFF,·2011). The use of 

underground/ surface mining methods depends on geological factors (Lloyd,·2002).  

Coal that is newly mined is referred to as ROM (run-of-mine) coal and contains impurities such 

as rocks, wood, ash-forming minerals and moisture (FFF,·2011). These impurities can negatively 

impact the value of the coal by reducing the heating value and increasing the volume of material 

that is handled, the impact of the material on end-use equipment and the hazardous emissions 

that form during end-use processes (FFF,·2011). Coal preparation involves the removal of the 

impurities and can be divided into two stages: (1) screening and (2) washing. In stage 1 the large 

impurities, e.g. rocks and wood, are removed before the ROM coal is crushed and separated into 

various size fractions through screening (FFF,·2011). The coal can then be sold or sent to stage 2 

for washing where the ash-forming minerals are removed with density separating techniques 

(FFF,·2011).  

2.2.2 Coal fines 

Coal breakage occurs systematically throughout the whole coal chain due to both deliberate, e.g. 

crushing, and inadvertent, e.g. transportation, causes (Hardman·&·Lind,·2003). The breakage 

leads to the formation of fine (-1.0 mm) and ultra-fine (-0.15 mm) coal, which relates to a loss of 

profits if the coal does not meet end-use specifications (de Korte,·2016; Hardman·&·Lind,·2003). 

During coal mining the production of coal fines is primarily caused by mechanical equipment and 

transportation (Hardman·&·Lind,·2003). If these coal fines are not handled appropriately in 

underground mines, they could become airborne (at -0.1 mm) and cause dust explosions or are 

respirable (at -0.007 mm) and cause damage to workers’ health (Hardman·&·Lind,·2003). The 

small particle size of coal fines also causes handling issues due to the propensity of the coal to 

block equipment and transportation mechanisms (Holuszko·&·Laskowski,·2004). The moisture 

retention capacity of coal increases with a decrease in coal size, and the calorific value of the coal 

will therefore be reduced (Hardman·&·Lind,·2003). 

In South Africa, studies have been done to find ways of reducing the formation of coal fines during 

mining and preparation or altering end-use processes to accommodate coal fines, however, they 

are usually expensive and not highly effective (Hand,·2000; Mjonono·et·al.,·2018; 

Muzenda,·2014; Reddick·et·al.,·2007). The annual discard and slurry production, consisting of 

mainly bituminous coal, is estimated to be more than 42.5 Mtpa and 11.3 Mtpa, respectively  

(Department of Minerals and Energy,·2001). The 29 active discard dumps and 17 active slurry 

ponds in South Africa have a combined content of more than 361 Mt (Muzenda,·2014). The coal 

in these disposal sites can spontaneously combust or contaminate the surrounding area by 
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means of gaseous pollutants or acid mine drainage (Lewitt,·2011; WCA,·2019c). The legislation 

regarding these dumps have therefore become stricter and expensive methods of covering the 

disposal sites have become a necessity (Lewitt,·2011). However, the quality of the coal fines, 

shown in Table 2-2, is usually very poor and the end-use industrial option for re-using these fines 

are limited (Department of Minerals and Energy,·2001). With economically recoverable coal 

resources in South Africa only dwindling and the disposal sites being an economic and 

environmental burden, it is essential to explore methods of utilising coal fines as a resource. 

Table 2-2: Quality of coal fines dumped in discard dumps and slurry dams adapted from the Department 

of Minerals and Energy·(2001) 

Property Discard dumps Slurry ponds 

Calorific value (MJ/kg) 
Most: 10–15 

Some: 15–20 
20–25 

Volatile matter content (%) 16–20 17–27 

Fixed carbon content (%) 20–40 40–55 

Ash yield (%) 40–50 20–30 

Sulphur (%) 1–3 0–2 

 

2.3 Coal agglomeration 

Coal agglomeration methods can be utilised to make coal fines useable through grouping the coal 

particles together to form a larger mass with similar characteristics as the ROM “parent” coal 

(England,·2000). The three traditional coal agglomeration methods are: briquetting, pelletising 

and spherical agglomeration (England,·2000). Briquetting and pelletising methods are usually 

used to agglomerate coal fines, but large-scale applications have been limited due to the costs 

involved (Couch,·1998). Binders can be used during briquetting and pelletising to enhance the 

binding mechanism of the coal particles; however, they also contribute substantially to the cost of 

the process (Couch,·1998; England,·2000; Mehta·&·Parekh,·1996). 

2.3.1 Methods 

The choice of coal agglomeration method that should be used depends on the properties of the 

coal fines, the required product characteristics (e.g., handleability and strength), the difference 

between coal cost and product value, and the binder availability and cost (Whitehead, cited by 

Couch, 2002). The variables that affect coal briquetting and pelletising are discussed in further 

detail in Section 2.3.2. 
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2.3.1.1 Spherical agglomeration 

Spherical agglomeration, i.e. oil agglomeration, depends on the lipophilic and hydrophobic nature 

of coal (England,·2000). During the process, a bridging agent, e.g. oil, is added to a fine coal 

slurry under high shear conditions where the coal particles become coated in the agent and draw 

closer together until the maximum amount of water is repulsed (England,·2000). The mineral 

matter impurities are left in the water (England,·2000). However, oil agglomeration is only possible 

if the coal particles are hydrophobic enough (Özer·et·al.,·2017). Surface-modification agents can 

be added to increase the agglomeration of the coal particles and decrease the amount of bridging 

agent that is needed (Özer·et·al.,·2017). The spherical agglomerates that are formed can be 

recovered by skimming, screening or by using a sink/ tank density separator (Özer·et·al.,·2017). 

The agglomerates can then be dewatered by stockpiling or screening and pelletised or added to 

the coarse coal product (England,·2000; Özer·et·al.,·2017).  

2.3.1.2 Pelletising 

There are two types of coal pelletising methods: (1) pelleting by agglomeration, and (2) pelletising 

by extrusion (Conkle·&·Ragavan,·1992; Lewitt,·2011). To differentiate between the two types of 

methods the products from method 1 and 2 will be referred to as pellets and extrudates, 

respectively. During method 1 coal fines are shaped into spherical pellets with a disk or drum 

pelletiser, and during method 2 extrudates are formed by extruding coal fines through one or more 

dies or a ring die (Couch,·1998; Lewitt,·2011).  

Disk pelletising involves the formation of spherical pellets by rolling the coal fines on a rotating, 

inclined pan (Couch,·1998; Lewitt,·2011). The coal fines and binder are mixed and fed to the disk 

where a nucleating spray initiates and promotes the formation of pellets by clumping the coal 

particles together, and once the pellets are heavy enough, they are thrown off the disk edge 

(Couch,·1998). The moisture content of the coal affects the size and strength of the pellet and 

should be high: >20% for fine coal and >40% for ultra-fine coal (unless the ash content is high) 

(Couch,·1998; England,·2000). A binder is always added, and the relation of moisture content 

and binder is extremely important and should be carefully controlled (England,·2000). The angle 

of the disk and the speed of its rotation can be adjusted to control the size of the pellets 

(Couch,·1998). The pellets should be treated after being formed and the type of treatment 

depends on the binder that was used (Couch,·1998; England,·2000). Drum pelletising is like disk 

pelletising and entails the formation of spherical pellets by rotating coal fines in a rotating, inclined 

drum (England,·2000). However, the length of the drum is important as it affects the size of the 

pellets and there are usually more unprocessed coal fines at the end of the drum (England,·2000). 

Both disk and drum pelletising are simple and cheap methods that can be used to produce 
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relatively weak pellets with a diameter of 5-80 mm (England, 2002; Whitehead, cited by Couch, 

2002). 

Extruder pelletising entails the formation of cylindrical extrudates by applying compressive 

strength to coal fines with a die (Couch,·1998; England,·2000; Lewitt,·2011) 

(Conkle·&·Ragavan,·1992). During extrusion with a roller and die, a mixture of coal fines and 

binder is fed to a screw-feeder that pushes it into a chamber where a rotating roller forces the 

mixture through a die and an external blade cuts the extrudates into the required size, as shown 

in Figure 2-3(a) (Couch,·1998; England,·2000) (Conkle·&·Ragavan,·1992). The coal fines should 

have a moisture content below 12% (Couch,·1998). Extrusion with one or more cylindrical dies at 

the end of the screw-feeder chamber, depicted in Figure 2-3(b), creates a cylindrical rod that can 

be cut into the required size by a rotating blade (Couch,·1998). The extrudates should be treated 

after the process (Couch,·1998; England,·2000). Extrusion pelletising is a relatively expensive 

process, and the operating costs of the equipment is considerably high due to wear (Whitehead, 

cited by Couch, 2002). 

(a) (b)  

Figure 2-3: Illustration of extrusion with (a) a roller and die and (b) a die with cylindrical openings 
adapted from Conkle·and·Ragavan·(1992) 

2.3.1.3 Briquetting 

Briquette manufacturing, i.e. briquetting, entails the agglomeration of coal fines into usually 

ovoid-shaped briquettes using compressive force (Conkle·&·Ragavan,·1992). The coal fines are 

dried to the required moisture content and then mixed with a binder, if necessary, before being 

fed by a screw-feeder to a roll press with twin opposing rolls containing one or more rows of 

compartments, as illustrated in Figure 2-4 (Conkle·&·Ragavan,·1992; Couch,·1998; 

England,·2000).  
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Figure 2-4: Illustration of briquetting with a roll press adapted from Conkle·and·Ragavan·(1992) 

Briquetting is used to agglomerate coal fines with a relatively low moisture content (<35%), which 

can be achieved through thermal drying, e.g. rotary drier, fluidised bed or flash dryer 

(England,·2000; Komarek,·1991). A binder is typically necessary to create mechanically strong 

briquettes with bituminous coal, but some soft brown coals can be briquetted without a binder 

(Couch,·1998). Anthracite coal, however, is usually too hard to be briquetted (Jones,·1963). The 

speed of the screw-feeder generally affects the strength of bituminous coal briquettes due to the 

added energy causing high shear deformation (England,·2000; Komarek,·1991). The 

unprocessed coal fines that pass through the roll press by being caught between the roll, but 

outside of the compartments, can be separated from the briquettes using a screen and recycled 

back to the feed (England,·2000). A ring-type roll press is preferred for coals that are difficult to 

agglomerate (Couch,·2002). Treatment of the briquettes with heat or cold after manufacturing 

depends on the binder that was used since some binders require heat to spread between the coal 

particles or to activate, while other binders decompose at higher temperatures (England,·2000; 

Kaliyan·&·Morey,·2009). Briquetting is a relatively expensive process (Whitehead cited by Couch, 

2002). 

2.3.2 Briquetting variables 

In this section the characteristics of the coal fines that need to be agglomerated, e.g. particle size 

distribution, type, rank and grade, as well as the process variables of the agglomeration method, 

e.g. binding mechanisms, binder, temperature and pressure will be reviewed.  

2.3.2.1 Coal classification 

Coal is formed during the process of coalification, where pressure, heat and microbial activity 

between other rock strata shapes a combustible, organic rock from ancient vegetation (peat) over 

a lengthy period (Arnold,·2013; O'Keefe·et·al.,·2013). The type of plant material, degree of 
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metamorphism and range of impurities during the coalification process determines the type, rank 

and grade of coal that is formed, respectively (Arnold,·2013; O'Keefe·et·al.,·2013).  

Figure 2-5 illustrates the three variables of coalification, as well as the main ranks of coal that can 

form: peat, lignite, bituminous and anthracite (Laj·&·Barnikel,·2016). These variables each play a 

role during the agglomeration of coal fines. Another important variable is the particle size 

distribution of the coal fines. 

 

Figure 2-5: The effect of coalification on the grade, type and rank of coal adapted from 
Laj·and·Barnikel·(2016) 

a. Coal grade 

Coal grade describes the purity of the peat, i.e. the extent to which mineral matter has been kept 

out of the coal, during accumulation (syngenetic), after burial (epigenetic) and during rank 

advance (O'Keefe·et·al.,·2013). Mineral matter, e.g. quartz, pyrite, marcasite, clay and 

carbonaceous minerals, therefore, determines coal grade (Falcon,·2013; Woodruff·et·al.,·2017). 

Ash and sulphur result from the mineral matter of the coal after combustion and the Parr formula, 

Equation 2-1, is generally accepted as a method to determine the amount of mineral matter from 

the ash yield and sulphur content (Parr, cited by Arnold, 2013; Woodruff et al., 2017). 

 Mineral matter = 1.08 (ash %) + 0.55 (sulphur %) (2-1) 

The amount of ash yield in coal can be classified in five categories, listed in Table 2-3 (ISO,·2005). 

A proximate analysis can be done to determine the percentage moisture content, volatile matter, 

ash yield and fixed carbon (by difference) of the coal and an ultimate analysis can be done to 
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determine the amount of carbon, hydrogen, sulphur, nitrogen and oxygen (by difference) 

(Arnold,·2013). 

Table 2-3: Ash yield class categories retrieved from ISO·(2005) 

Ash class category Ash yield*  

Very low <5 

Low ≥5 and <10 

Medium ≥10 and <20 

Moderately high ≥20 and <30 

High ≥30 and <50 

* % by mass, db 

Clay minerals account for up to 80% of all mineral matter in coal and consequently influences 

coal agglomeration (Falcon,·2013; Mangena·&·du Cann,·2007). Clays can increase the strength 

of the agglomerates at the appropriate moisture content due to the plasticity of the minerals when 

they are wet, which causes the coal particles to adhere to each other (Mangena·et·al.,·2004). 

Kaolinite is a type of clay that swells due to the absorption of water and leads to a decrease in 

the water resistance of agglomerates with an ash yield larger than 15%, adb 

(Mangena·et·al.,·2004). Bentonite is a clay that has been used as a binder to agglomerate coal 

in past studies (Sastry,·1995). Mineral matter can be abrasive to equipment and coal with a low 

ash yield is therefore generally preferred for agglomeration (Couch,·2002). 

b. Coal type 

Coal type is described by the maceral composition of the coal, mainly vitrinite, inertinite and 

liptinite (Falcon,·2013). The maceral composition is determined by interrelated factors such as 

vegetation, climate, Eh (i.e. redox potential) and pH conditions and ground characteristics 

(Cook,·1975; O'Keefe·et·al.,·2013). Vitrinite creates a highly porous char that can cause a fast 

burn-out to occur at ignition, whereas inertinite creates a highly dense char with a long burn-out 

period (Falcon,·2016). Petrography can be used to determine the vitrinite reflectance or to do a 

maceral analysis on the coal (Laj·&·Barnikel,·2016). The vitrinite content of coal is independent 

of coal rank and the vitrinite class categories are listed in Table 2-4. 

The maceral composition of coal plays an important role in the properties of coal agglomerates. 

High reflecting macerals, viz. vitrinite, liptinite and reactive inertinite, increases the strength and 

durability of agglomerates due to the vitrinite matrix that forms when the air in the voids between 

the coal particles is expelled and the particles become oriented and deformed during 

agglomeration (England,·2000; Kidena·et·al.,·2002; Mangena·&·du Cann,·2007; Waters,·1969). 
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Table 2-4: Vitrinite content class categories retrieved from ISO·(2005) 

Vitrinite class category Vitrinite content* 

Low <40 

Medium ≥40 and <60 

Moderately high ≥60 and <80 

High ≥80 

* % by volume, dmmfb 

This matrix binds the other macerals together and improves the elasticity of the agglomerates. 

The rigid, highly reflective macerals transmit shear forces during agglomeration (Gregory,·1960). 

The inert inertinite content of coal therefore has a negative effect on the agglomerate strength 

(Woods, cited by Modiri, 2016). 

c. Coal rank 

Coal rank is determined by the stage of coalification that was achieved, from peat to anthracite, 

which usually reflects the depth of burial and geothermal gradient prevailing at the time of 

coalification (O'Keefe·et·al.,·2013). Coal rank increases with an increase in fixed carbon content 

and calorific value and a decrease in moisture content, and it is independent of coal type and 

grade (Cairncross,·2001; Laj·&·Barnikel,·2016). A dry, mineral matter-free basis should therefore 

be considered to determine the coal rank (Arnold,·2013). A summary of the different coal ranks 

and their corresponding properties are shown in Table 2-5.  

The moisture content of coal affects the agglomeration process due to surface tension and 

capillary pressure (Mangena,·2001; Pietsch,·2004; Waters,·1969). The binding mechanism is 

discussed in detail in Section 2.3.2.2. There is also a specific optimal moisture where clay 

minerals are plasticised (Mangena·et·al.,·2004). The optimal moisture content in coal is 

dependent on the properties of the coal that is being agglomerated. Briquettes are usually 

produced with coal that has a moisture content below 10%, however some studies have had 

success with higher moisture contents (Altun·et·al.,·2003; Clark·et·al.,·1997; England,·1993; 

Han·et·al.,·2013; Komarek,·1991; Mangena·et·al.,·2004; Venter·&·Naude,·2015). Coal rank is 

therefore important because moisture content decreases with an increase in coal rank. The 

strength of agglomerates increases for bituminous coal and semi-anthracites with a decrease in 

hardness, and decreases for anthracites with an increase in hardness (Mochida·&·Honda,·1963). 

This is because the strength of agglomerates increases with plasticity, which decreases with coal 

rank (Jones,·1963). 
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Table 2-5: Summary of coal ranks and their approximate properties adapted from Arnold·(2013), Bowen·and·Irwin·(2008), Laj·and·Barnikel·(2016), Speight·(2008), 

and Woodruff·et·al.·(2017) 

Rank 

Proximate analysis (wt%) Ultimate analysisb,d,e (wt%) 

Reflectance 

of vitrinitec 

(%) 

Calorific 

valuea,c 

(MJ/kg) 
Moisture 

contenta,b 

 

Volatile 

matter 

contentc 

 

Fixed 

carbon 

contenta,b 

 

Ash 

yieldb 
Sulphur Hydrogen Carbon Nitrogen Oxygen 

Lignite 30–60 35–50 25–35 10–50 0.3–2.5 6.0–7.5 35–45 0.6–1.0 38–48 0.2–0.3 9–21 

Subbituminous 10–45 27–50 35–45 ≤10 <2.0 5.5–6.5 55–70 0.8–1.5 15–34 0.3–0.4 19–26 

Bituminous 3–15 10–45 45–85 3–12 0.7–6.0 4.5–6.0 65–80 0.5–2.5 4.5–10 0.5–1.8 20–37 

Anthracite <15 <10 85–98 10–20 0.6–2.5 1.5–3.5 75–85 0.5–1.0 5.5–9.0 4.0 32–36 

Source: a Laj & Barnikel (2016), b Bowen & Irwin (2008), c Arnold (2013), d Woodruff et al. (2017) and e Speight (2008) 

Moisture content: arb, volatile matter: adb, fixed carbon content: dmmfb, ash yield: adb, ultimate analysis: arb, calorific value: mmmf 
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2.3.2.2 Particle size distribution 

Particle size distribution (PSD) of coal is limited by the agglomeration process and can influence 

the strength of the agglomerates (Kaliyan·&·Morey,·2009; Mangena,·2001; 

Woodruff·et·al.,·2017). Agglomerating coal with a wide PSD can enhance the mechanical 

interlocking of the coal particles when the smaller particles fill the voids that are created by the 

larger particles (Dehont,·2006; Kaliyan·&·Morey,·2009; Young,·2015). The strength of 

agglomerates produced by coal with small particles also increases due to the ease with which 

fine coal particles plastically deform under pressure for high vitrinite coal and the increased 

contact between particles that facilitates adhesion/ bond formation (Ellison·&·Stanmore,·1981a; 

Gregory,·1960; Pietsch,·2004). The bonds that are only active below certain particle sizes are 

van der Waals forces (< 1 µm), adsorbed vapour layer (< 80 µm), and liquid bridges (< 500 µm) 

(Rumpf cited by Hapgood and Rhodes, 2008). Particles should be smaller than 1 mm because 

larger particles act as predetermined breaking points in an agglomerate (Franke·&·Rey,·2006). 

However, grinding the particles to a very small size increases the operational costs due to a high 

energy requirement for a low throughput, and it also makes handling difficult due to the propensity 

of the coal to block equipment and transportation mechanisms (Franke·&·Rey,·2006; 

Holuszko·&·Laskowski,·2004). 

A suggested PSD for the agglomeration of coal particles as a percentage of the largest particle 

(3 mm) has been described by Dehont·(2006) as 50% < 16.7% maximum size, 25% < 33.3% 

maximum size, and 20% < 66.7% maximum size. Trommer, cited by 

Ellison·and·Stanmore·(1981a), used the Gates-Gaudin-Schumann distribution model, 

Equation 2-2, to determine the mean PSD of coal for agglomeration purposes. 

 𝑄(𝑑) = (
𝑑

𝑑max
)
𝑛

 (2-2) 

In Equation 2-2, Q(d) is the cumulative distribution of the particles at size d, dmax is the diameter 

of the largest particles, and the distribution parameter, n, is a measure of the dispersion of particle 

sizes, i.e. if n = 0, the particles are all size dmax, and if n = 1, the PSD is linear. An intermediate 

value of n (≈ 0.6) showed the highest strength results due to the fines filling the voids between 

the larger particles, thereby giving maximum surface contact between the particles (Trommer 

cited by Ellison and Stanmore, 1981a).  

2.3.2.3 Binding mechanisms 

The forces associated with agglomeration are difficult to predict, but they can generally be divided 

into two groups: physical and applied (Lu,·1989; Sastry,·1995). There are five main groups of 

interparticle physical binding mechanisms, Table 2-6, described by Rumpf (cited by 
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Pietsch, 2004), viz. solid bridges, adhesion and cohesion forces, surface tension and capillary 

pressure, attraction forces between solids, and interlocking bonds. The applied forces from the 

agglomeration process decrease the interparticle voids and bring the coal particles into proximity 

with each other so that the physical forces can then become operational (Pietsch,·2004; 

Sastry,·1995; Waters,·1969). Binding mechanisms are complex and have been reviewed in detail 

in previous studies, so only a brief overview is given to aid in the analysis of the binder behaviour 

(Iveson·&·Litster,·1998; Iveson·&·Page,·2001; Iveson·et·al.,·2002; Iveson·et·al.,·2001; 

Pietsch,·1997, 2004; Zhang·et·al.,·2018). 

Table 2-6: Agglomeration binding mechanisms and their respective bond types adapted from Rumpf (cited 

by Pietsch, 2004) 

Binding mechanism Type 

Solid bridges 

Crystalline 

Hardening liquid binder  

Solid binder  

Adhesion and cohesion forces 
Highly viscous binders 

Adsorption layers (<3 nm thickness) 

Surface tension and capillary pressure  
Liquid bridges 

Capillary pressure 

Attraction forces between solids 

Molecular forces 

Electric forces 

Magnetic forces 

Interlocking bonds 

 

a. Solid bridges 

Solid bridges form between particles when liquid is removed from the briquette and can develop 

as crystalline, hardening binder or solid binder bridges (Hapgood·&·Rhodes,·2008; 

Pietsch,·2004). Crystalline bridges form when a liquid binder containing a soluble material (e.g., 

salt) is evaporated. This causes recrystallisation at the contact areas between the coal particles 

where a bridge structure then forms to increase the briquette strength. The strength of the 

recrystallised bridge structure depends on the amount of material and increases at higher 

crystallisation rates (Pietsch,·2004).  

Hardening liquid binder or chemical reaction solid bridges usually form when a solvent (e.g., 

water) containing a binder or chemical (e.g. glue) is added to the coal particles in liquid form and 

then evaporated to leave the hardened binder or chemical as a bridge between the particles 

(Hapgood·&·Rhodes,·2008; Pietsch,·2004). The binder properties, i.e. reactivity and tendency to 
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harden, and operational conditions, i.e. pressure and temperature, affect the strength of the 

bridges (Pietsch,·2004). 

Solid binder bridges are also formed when a liquid binder containing suspended colloidal (i.e., 

finely ground) particles is evaporated. When the liquid evaporates the suspended colloidal 

particles causes a pressure increase in the liquid bridges between coal particles which eventually 

compacts the colloidal particles to form a bridge by means of primarily attraction forces 

(Hapgood·&·Rhodes,·2008; Pietsch,·2004). 

b. Adhesion and cohesion forces 

Adhesion force refers to the molecular attraction exerted between the surfaces of the coal 

particles which causes them to stick to each other and cohesion force refers to the molecular 

attraction by which the coal and/ or binder particles in a briquette are united through the mass 

(Pietsch,·2004). Highly viscous binders, e.g. pitch, are used to agglomerate particles through the 

adhesion forces at the particle-binder border and cohesion forces in the binder itself, which 

increases the strength of the briquette until the weaker component, usually the liquid, fails 

(Green·&·Southard,·2019; Pietsch,·2004).  

Particles in the presence of a condensable vapour is covered in a thin adsorbed layer of the 

vapour (Hapgood·&·Rhodes,·2008; Pietsch,·2004). If the adsorption layer is thinner than 3 nm, 

the molecular forces can be completely transmitted at the overlapping area between the particles 

(Pietsch,·2004). This often causes the particles to deform, thereby increasing the contact area 

and strength of the bond between adhering particles. The partial pressure of the vapour in the 

atmosphere affects the thickness and strength of the adsorbed layers, i.e. increased partial 

pressure leads to increased strength, such that there exists a critical partial pressure where the 

adsorbed layer bonding gives way to liquid bridge bonding (Coelho·&·Harnby,·1978; 

Hapgood·&·Rhodes,·2008). 

c. Surface tension and capillary pressure 

A small amount of liquid on the surface of the coal particles decreases the interparticle distance 

and has a smoothing effect, consequently increasing the interparticle forces 

(Hapgood·&·Rhodes,·2008). If a sufficient proportion of liquid is present however, interparticle 

liquid bridges will form (Green·&·Southard,·2019; Hapgood·&·Rhodes,·2008; Pietsch,·2004). 

Figure 2-6 is an illustration of the different liquid saturations in a briquette and the related liquid 

states (Hapgood·&·Rhodes,·2008; Pietsch,·2004).  
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Figure 2-6: Illustrations of the liquid states in briquettes based on the liquid saturation for (a) dry, (b) 
adsorption layers, (c) liquid bridges – pendular sate, (d) transitional – funicular state, (e) fully saturated 

– capillary state, and (f) droplet, adapted from Pietsch·(2004) 

The coal particles will never be completely dry, Figure 2-6(a), under atmospheric conditions due 

to the adsorbed layer, Figure 2-6(b), that forms quickly on the surface of the particles. When the 

liquid saturation is increased to the pendular state, Figure 2-6(c), liquid bridges start to form 

between the coal particles (Green·&·Southard,·2019; Hapgood·&·Rhodes,·2008; Pietsch,·2004). 

These bridges connect the particles at a point contact on the surface and form curved bridge 

necks due to the interstitial space caused by porosity or voidage (Hapgood·&·Rhodes,·2008). 

The coal particles are pulled closer to each other due to the strong boundary forces created by 

the surface tension of the liquid, and the concave menisci that form at the pores on the surface 

of the briquettes that create a capillary pressure in the briquette (Green·&·Southard,·2019; 

Hapgood·&·Rhodes,·2008). An increase in liquid saturation in the pendular state increases the 

resistance of the bonds to rupturing, i.e. the particles can be pulled apart further without breaking 

the bridges, without significantly affecting the interparticle bond strength (Pietsch,·2004). 

However, if the liquid saturation is increased enough to move into the funicular state, Figure 

2-6(d), the strength of the briquette decreases due to the free movement of the liquid and 

reduction in attractive force between the particles (Hapgood·&·Rhodes,·2008). The capillary state 

is reached when all the interstitial space is filled with liquid, i.e. complete saturation, and a further 

decline in briquette strength is observed due to fewer curved liquid surfaces and consequently 

less surface tension to pull the coal particles together (Hapgood·&·Rhodes,·2008). If the liquid 

exceeds complete saturation, the droplet state, Figure 2-6(f), is reached where the coal particles 

are suspended in the liquid and cannot be agglomerated via briquetting 

(Green·&·Southard,·2019; Hapgood·&·Rhodes,·2008; Pietsch,·2004).  

(a) (b) (c) 

(d) (e) (f) 



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

CHAPTER 2: LITERATURE REVIEW   21 

d. Attraction forces between solids 

Fine solid particles can adhere to each other without the presence of material bridges if they are 

very close to each other (Green·&·Southard,·2019; Pietsch,·2004). The three most important 

forces involved in solid-solid particle binding are molecular, electrostatic and magnetic forces 

(Pietsch,·2004). Van der Waals forces are molecularly based attractive forces that exist between 

all solids due to the electric polarization induced by the presence of other particles and has a 

maximum range of 3 nm (Hapgood·&·Rhodes,·2008; Pietsch,·2004). Coulomb force is an 

attractive/ repulsive electrostatic force that occurs due to the electrostatic charging of particles 

when they collide with each other or rub against external surfaces and has a maximum range of 

1 x 10-6 nm (Encyclopedia Britannica,·2016; Hapgood·&·Rhodes,·2008; Pietsch,·2004). 

Magnetic forces are similar to electrostatic forces, but limited to ferromagnetic particles 

(Pietsch,·2004).  

The non-valence associations of certain molecular groups are specifically important with respect 

to coal (Pietsch,·2004). Hydrogen bridges, which naturally binds organic macromolecules in coal, 

form when a hydrogen atom is bonded to a strongly electronegative atom, e.g. oxygen of a COOH 

group (Pietsch,·2004). The addition of water intensifies this association and can also lead to the 

formation of non-valence association bridges from the bipolar molecules, thereby increasing the 

strength of the briquette (Pietsch,·2004). 

e. Interlocking bonds 

Interlocking bonds usually occur when particles with an elongated shape, e.g. fibres, threads or 

lamellae, wrap around each other during agglomeration, consequently strengthening the briquette 

(Pietsch,·2004). If a combination of rigid and plastic particles are briquetted at high pressure, the 

plastic material may fill the interstitial space by wrapping around the rigid material to produce a 

strong structural bond (Pietsch,·2004). 

f. Interaction of binding mechanisms 

The interparticle forces that bind the particles in a briquette all occur simultaneously and the 

relative magnitude of each force is determined by the particle properties, interaction of the forces, 

and surrounding atmosphere (Hapgood·&·Rhodes,·2008; Pietsch,·2004). With the exception of 

capillary (i.e., matrix) bonded briquettes, each particle will experience different bonding forces at 

different surface points due to the heterogeneity of coal, as well as the large number of particles 

in a briquette (Pietsch,·2004). An example of bonding forces interacting is an increase in adsorbed 

moisture layers increasing van der Waals forces, but decreasing the potential for particles to 

interlock due to its surface smoothing effect (Hapgood·&·Rhodes,·2008). Too much moisture can 

however form a barrier that prevents the van der Waals bond from forming (Gregory·et·al.,·1959). 
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An example of the effect of the surrounding atmosphere on the binding forces is an increase in 

humidity which decreases electrostatic forces, but a further increase may lead to the formation of 

liquid bridges (Coelho·&·Harnby,·1978; Hapgood·&·Rhodes,·2008; Karra·&·Fuerstenau,·1977). 

2.3.2.4 Binders 

Binders can increase the costs associated with agglomeration processes and many studies on 

binderless agglomeration have consequently been done (Couch,·2002; 

Ellison·&·Stanmore,·1981a; England,·2000; Gregory,·1960; Jones,·1963; Komarek,·1991; 

Mangena,·2001; Mangena·&·du Cann,·2007; Miller·et·al.,·1979; Motaung·et·al.,·2007; 

Olugbade·&·Ojo,·2021; Piersol,·1933). These studies were mostly on lignite coal. Binderless 

agglomeration relies mostly on capillary tension, van der Waals forces and particle interlocking, 

but the addition of a binder creates bonding due to bridging bonds (i.e. liquid and solid bridges) 

as well (Olugbade·&·Ojo,·2021; Zhang·et·al.,·2018). The influence of liquid binders on briquette 

strength mainly depends on the balance between interparticle friction, surface tension and 

capillary pressure, and adhesion and cohesion forces (Iveson·&·Litster,·1998). 

a. Binder types by method 

Binders can be grouped into five categories based on their binding method: inactive film, chemical 

film, inactive matrix, chemical matrix and chemical reaction (Holley,·1983; Komarek,·1967). 

Inactive film binders can be liquids that pull the particles together through surface tension or a 

solid that is mixed with the coal before a solvent is added (Holley,·1983; Lu,·1989; Young,·2015). 

The binder forms a solid bridge when the solvent dries. Film binders usually require thermal drying 

or high temperature sintering as a post-treatment (Engelleitner,·2001). Examples of this type of 

binder includes water, alcohol, oils, some starches, molasses, glucose, bentonite, 

lignosulphonate and alginates (Engelleitner,·2001; Young,·2015). Specialty inactive film binders 

are Brewex, Peridur, Fuller’s earth, Alcotac, Avicel and Omnicel (Engelleitner,·2001). 

Chemical film binders coat the coal particles and then cause a brief chemical reaction to occur 

which forms hardening binder solid bridges to bind the particles (Holley,·1983; Lu,·1989; 

Young,·2015). The agglomerates that are formed with these binders are usually water resistant 

and some examples are sodium silicate combined with either CO2, dilute acid, lime or hydrated 

lime and molasses (Engelleitner,·2001; Young,·2015). 

Inactive matrix binders embed the coal particles in a matrix of binding material (Holley,·1983; 

Lu,·1989; Young,·2015). These binders may need to be heated to coat the coal particles after 

which the binder sets and keeps the particles together. Examples include petroleum asphalt, 

carnauba wax, paraffin, coal tar pitch, bitumen, resins and Gilsonite (Engelleitner,·2001; 

Young,·2015).  
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Chemical matrix binders agglomerate coal particles due to a chemical reaction that takes place 

between two or more hardening liquid binder components which creates a matrix of solid bridges 

between the particles. Quick lime and water, molasses and slaked lime, and Portland cement and 

water are examples of this type of binder (Engelleitner,·2001; Young,·2015). Krystal Bond, 

LFI/SIVIA and Terravest are examples of specialty chemical matrix binders (Engelleitner,·2001). 

Chemical reaction binders are used to form agglomerates by forming a strong bond between the 

coal particles and binder itself (Holley,·1983; Lu,·1989; Young,·2015). An example of this type of 

binder is water and a reagent, e.g. dilute sulphuric or phosphoric acid, may need to be added to 

increase the strength of the agglomerate. 

Lubricants are an important additive in compaction agglomeration methods, such as briquetting 

and extruder pelletising (Engelleitner,·2001; Komarek,·1967; Pietsch,·2004). It can be mixed with 

the coal fines (internal) or applied to the compartments or dies in the agglomeration equipment 

(external). A lubricant improves briquette strength by reducing the coefficient of friction between 

particles, which leads to lower porosity and additional adhesion sites (Pietsch,·2004). A solid 

inactive film binder acts as a lubricant and a glue in the coal-binder mixture (Young,·2015). 

Examples of lubricants include water, glycerine, silicone, graphite and paraffin wax 

(Engelleitner,·2001; Kaliyan·&·Morey,·2009; Komarek,·1967). 

b. Binder types by composition 

Binders can also be sorted into three categories based on their material composition: organic, 

inorganic and compound (Mangena,·2001; Messman,·1977; Young,·2015; Zhang·et·al.,·2018). 

Organic binders include biomass, tar pitch, petroleum bitumen, lignosulphonate and polymers 

(Mills,·1908; Waters,·1969; Zhang·et·al.,·2018). Tar pitch, petroleum bitumen and 

lignosulphonate can be used to create strong agglomerates, but they are being phased out due 

to their hazardous properties (England,·2000; Leokaoke·et·al.,·2018; Mills,·1908; 

Strydom·et·al.,·2018; Zhang·et·al.,·2018). Biomass binders are inexpensive, easily accessible 

and they form strong agglomerates, however the agglomerates that are formed are not water 

resistant and they have a low ignition temperature (Zhang·et·al.,·2018). Polymer binders, e.g. 

starch and polyvinyl alcohol (PVA), create mechanically strong agglomerates, but they are 

expensive and do not increase the water resistance of agglomerates (Botha,·2019; 

Swanepoel,·2017; Venter·&·Naude,·2015; Zhang·et·al.,·2018).  

Inorganic binders include clay, bentonite, kaolin, cement, water glass, lime and calcium carbide 

mud (Mangena,·2001; Zhang·et·al.,·2018). The advantages associated with this type of binder 

are the thermal stability, strong agglomeration affect and the desulphurisation properties of some 
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of them (Mills,·1908; Zhang·et·al.,·2018). The disadvantages are the poor water resistance of the 

agglomerates that are produced and the high ash yield (Mills,·1908; Zhang·et·al.,·2018).  

Compound binders are used to combine the advantages of two or more binders, while eliminating 

or mitigating the disadvantages (Mangena,·2001; Zhang·et·al.,·2018). Both organic and inorganic 

binders can be combined to form organic-organic, organic-inorganic or inorganic-inorganic 

compound binders. Examples of compound binders include: kaolin, bentonite and sodium humate 

(increased mechanical strength and thermal stability, high ash yield), cements, hydrated lime and 

PVA (increased mechanical strength and water resistance, high ash yield and low calorific value), 

and asphalt, cationic emulsifier and water (increased mechanical strength and thermal stability, 

high cost) (Zhang·et·al.,·2018). 

c. Industrial waste binders 

An industrially acceptable binder can produce a strong, waterproof agglomerate, is 

environmentally friendly and economically feasible and does not decrease the quality of the coal 

or negatively impact the end-use process (England,·2000; Mills,·1908). Another criterion to 

consider is the quantity of binder that is readily available (Young,·1999). A method of reducing 

the costs associated with binders is by using wastes or processing by-products as a binder 

instead of commercially offered binders (Engelleitner,·2001). 

The wastes in South Africa can be classified into two groups: general waste and hazardous waste 

(Department of Environmental Affairs,·2018).  General waste does not pose an immediate threat 

to the environment or the health of the population and includes domestic waste, building and 

demolition waste, paper, and plastic. In 2017, South Africans generated approximately 54 Mtpa 

of general waste with only 38.6% of it having been recycled or recovered (Department of 

Environmental Affairs,·2018). Hazardous waste includes any waste that contains organic or 

inorganic compounds that may be harmful to the environment or the health of the population. 

Examples of this waste are waste oils, tarry and bituminous waste, fly ash and dust, mineral waste 

and sewage sludge. The total amount of hazardous waste generated in South Africa, in 2017, 

was approximately 67 Mtpa and only 6.3% of it was recycled or treated (Department of 

Environmental Affairs,·2018). 

Some wastes have been investigated as possible binders for use during coal agglomeration, but 

it is still useful to do more tests to evaluate these wastes in new ways or to discover other useful 

waste binders. Approximately 2.4 Mt of plastic, specifically low-density polyethylene (LDPE), is 

available for recycling in South Africa and it is an example of a waste that has recently been tested 

as a binder for the use in coal agglomeration (GreenCape,·2019; Massaro·et·al.,·2014; 

Nwabue·et·al.,·2017). 
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2.3.2.5 Pressure and temperature 

The ideal practice of coal agglomeration involves the production of an agglomerate with sufficient 

mechanical strength by using ambient temperature and a low compaction pressure during 

production (England,·2000). In coal briquetting either pressure or temperature and pressure is 

required to create mechanically strong briquettes from coal fines (England,·2000; 

Habib·et·al.,·2014; Mangena,·2001). The pressure and temperature required to agglomerate coal 

increases with coal rank (Waters,·1969). Compaction pressure and temperature also affect the 

solid bridge bonds, and adhesion and cohesion forces that form when a binder is used 

(Pietsch,·2004). 

Briquetting is a high-pressure agglomeration process where plastic deformation, and breakage 

followed by rearrangement of brittle particles take place (Pietsch,·2004). Compaction pressure 

can increase the strength of agglomerates, due to the tighter packing of the coal particles (i.e. 

porosity <20%), and enhanced bonding until a limiting condition such as internal arching is 

encountered or the real density of the coal is reached (England,·2000; Green·&·Southard,·2019; 

Gregory,·1960; Pietsch,·2004). Coal agglomeration is usually conducted at a pressure of 

50–150 MPa and the mechanical strength and density of the agglomerates mainly increases up 

to a pressure of 70 MPa, after which the increase is minor (Couch,·2002; Gregory,·1960; 

Miller·et·al.,·1979). During agglomeration, pressure can cause fibres and particles to interlock 

and fold about each other, creating interlocking bonds which are resistive to elastic recovery when 

the pressure is removed (Green·&·Southard,·2019; Kaliyan·&·Morey,·2010).  

The temperature that is used during coal agglomeration can affect the chemical and physical 

properties of the coal, such as the improvement of plastic deformation under pressure at a 

temperature of 150°C (Gunnink·&·Zhuoxiong,·1994; Kaliyan·&·Morey,·2009; Mangena,·2001). 

High temperature briquetting (400–500°C) can drastically increase the plasticity of the coal and 

be used to remove volatiles, however, spontaneous combustion is also a possibility at these 

temperatures (England,·2000; Mangena,·2001). If the temperature is higher than two-thirds of the 

coal melting temperature the atoms/ molecules diffuse at the interparticle contact areas to form a 

type of solid bond called sinter bonds (Pietsch,·2004). Heat from interparticle friction may also 

melt the roughness peaks at the contact points, i.e. partial melting, which creates liquid bridges 

that quickly solidify into solid bridges (Pietsch,·2004). Adding heat during the agglomeration 

process is expensive and hazardous, but it is still preferred to using binders (Jones,·1963). 

Post-treatment, i.e. curing, entails the treatment (e.g., aging, drying or heating) of green, i.e. wet, 

agglomerates to modify their moisture content, strength or structure (Pietsch,·2004). Curing 

increases the strength of agglomerates that contain mainly liquid binder by removing the liquid 

and creating stronger bonds, i.e. solid bridges from sintering, partial melting, hardening binder 
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bridges, or crystalline bridges (Kaliyan·&·Morey,·2009; Pietsch,·2004). Curing is mainly used in 

low- and medium pressure agglomeration processes, such as drum agglomeration and 

pelletising, due to the higher liquid content of the of the feeds (Pietsch,·2004). Temperature also 

plays a part during the curing phase of the agglomeration process and it is impacted by the use 

of a binder (Habib·et·al.,·2014). The costs involved in curing agglomerates is high, but become 

more economical for facilities with capacities higher than 1000 Mtpa (Pietsch,·2004). 

2.4 Physical properties of briquettes 

There are six physical properties that should be considered while quantifying the quality of coal 

briquettes: compressive strength, impact resistance, abrasion resistance, water resistance, 

weathering, and density (Dohm·et·al.,·2012; Richards,·1990). These properties simulate some of 

the stresses that the briquettes will experience during transportation and end-use processes, as 

seen in Figure 2-7, such as (a) compressive force, (b) impact force and (c) attrition force.  

The ability of a briquette to withstand the compressive forces, impact forces and attrition forces 

that it may experience can be described by its compressive strength, impact resistance and 

abrasion resistance, respectively (Dohm·et·al.,·2012). However, there are many different tests 

that can be used to determine these properties and a standard method is necessary for 

comparison purposes (Dohm·et·al.,·2012). The thermal degradation and swelling index of the 

briquettes may also be investigated due to the effect of these properties on end-use processes 

and equipment (England,·2000; Falcon·&·Ham,·1988; Mishra·et·al.,·2018). 

(a)  (b) (c) 

Figure 2-7: Forces briquettes encounter during storage, handling and transportation: (a) compressive 
force, (b) impact force and (c) attrition force, adapted from Dohm·et·al.·(2012) 

2.4.1 Compressive strength 

Briquettes should be able to withstand the compressive force they may experience while they are 

stacked on each other during storage, handling and transportation without collapsing, which is 

why compressive strength (CS) is important even though a standard testing method does not 
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exist (Mangena,·2001; Rahman·et·al.,·1989). The shape of the briquettes has an impact on the 

CS; cylindrical-shaped briquettes are approximately 5 times stronger than pillow-shaped 

briquettes due to the higher density in the upper part of the briquette (Rahman·et·al.,·1989). The 

position that the cylindrical briquettes are in when the compression test is done also affects the 

strength of the briquettes, i.e. the surface CS is almost 10 times larger than the line or point CS 

due to dispersion of force over the larger contact area of the flat surface (Rahman·et·al.,·1989). 

Some deformation of the briquettes may occur before a crack forms, which can influence the 

results of the compression test (Kaliyan·&·Morey,·2009; Rahman·et·al.,·1989).  

The minimum CS of a viable briquette has been acknowledged as 0.38 MPa, according to 

Richards·(1990), while the CS of in situ ROM coal from South African coalfields has been 

specified as 5.4–7.4 MPa, by Mark·and·Barton·(1996), and 2.1–17.2 MPa, by Speight·(2005). 

Leokaoke·et·al.·(2018) found that the CS of cylindrical shaped Highveld ROM coal was 14 MPa, 

which is at the higher end of the CS specified by Speight·(2005). 

The Richards·(1990) method of determining the CS of a briquette entails a universal tensile 

testing machine applying an increasing load at a constant rate with two parallel plates to a single 

briquette, until it cracks. Equation 2-3 shows the calculation that is used to determine the CS of 

the briquette.  

 CS =
𝐹

𝐴
 (2-3) 

In Equation 2-3, F (N) is the fracture load and A (m2) is the area of the fracture. The average value 

of six identical tests is used as the CS (MPa). By expressing the CS as a stress, not a force, it is 

easier to compare to other studies with briquettes consisting of different shapes and sizes 

(England,·2000; Rahman·et·al.,·1989).  

Taulbee·et·al.·(2013) used a Lloyd LRX Plus compressive meter to test the CS of briquettes made 

with coal and biomass. The machine was equipped with a compression disk (d = 19 mm) on an 

automated test stand and a constant speed of 0.42 mm/s was used to apply force. The average 

of 20–30 identical tests was accepted as the CS in kilograms of compression (kgF). The CS was 

classified as either poor (< 222 kgF), marginally acceptable (≥ 222 kgF, < 445 kgF), good 

(≥ 445 kgF, < 667 kgF), or excellent (≥ 667 kgF)(Dohm·et·al.,·2012).  

Borowski·and·Hycnar·(2013) tested the point CS of briquettes (flat horizontally) with a Zwick 100 

materials testing machine that was connected to an automated test stand and used a moving 

plate speed of 0.2 mm/s. The CS was recorded in MPa.  
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Mangena·(2001) also used an Instron 1195 Universal Strength testing machine to determine the 

point CS of binderless pillow-shaped briquettes by crushing a briquette between two plates 

(dlower = 138 mm, dupper = 152 mm) at a constant speed of 0.3 mm/s until a crack forms and the 

fracture load, F, is determined. The CS was then calculated with Equation 2-3 and the average 

of 10 tests was reported in kPa.  

Mitchual·et·al.·(2013) used an Instron Universal Strength testing machine to determine the CS of 

a briquette. The compression plates applied a load at a constant speed of 0.005 mm/s, until the 

briquette cracked. The fracture load, F, was then multiplied by three and divided by the sum of 

the length of the briquette measured at three points to calculate the CS (N/mm). 

The Japanese Standard compression test (JIS Z 8841-1993) involves a briquette (2-20 mm) being 

placed between two plates where the top plate moves at a speed of 0.15-0.3 mm/s to apply 

pressure on the briquette until it cracks (England,·2000).  

The CS of a briquette can therefore be determined by pressing it between two plates at a constant 

speed (< 0.5 mm/s) and converting the fracture load (N) and area (m2) to CS (Pa). 

2.4.2 Impact resistance 

The impact resistance of a briquette is its ability to withstand a large force over a short period of 

time, such as falling to the ground or hitting a wall, which could happen during handling, 

transportation or loading (Dohm·et·al.,·2012).  

The standard drop shatter test (ASTM D440-86) is used to determine the IRI of coal, but it is 

tailored for a large sample, viz. 50 kg (Dohm et al., 2012). Richards·(1990) adapted the standard 

drop shatter test to determine the impact resistance index (IRIA) of a briquette. The test consists 

of dropping a single briquette from a height of 2 m onto a concrete floor and recording the number 

of pieces it breaks into. If the briquette does not shatter at first impact it is dropped again until it 

breaks, and the number of drops is also recorded. The results of three to six tests are averaged 

and substituted into Equation 2-4.  

 IRIA =
𝑁drops

𝑁pieces
× 100  (2-4) 

In Equation 2-4, Ndrops is the average number of drops before the briquette shattered and Npieces 

is the average number of pieces the briquette broke into (Adeleke·et·al.,·2019; Richards,·1990). 

The minimum IRIA for a briquette is 50 (Richards,·1990). Chaiklangmuang·et·al.·(2008), Li and 

Lui (2000), and Tembe·et·al.·(2014) used a similar method. A limitation of this method is the fact 

that the fine particles are not considered when counting Npieces (Li·&·Liu,·2000). 
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Holley·and·Antonetti·(1977) developed a drop shatter test for briquettes that are approximately 

1 cm3 in size. During the test 10 briquettes were dropped simultaneously from a predetermined 

height after which the briquettes that did not shatter were dropped again. This was repeated a 

maximum of 10 times or until all the briquettes shattered. Equation 2-5 was then be used to 

calculate the IRIB of the briquettes. 

 IRIB =
𝑁drops

10
  (2-5) 

In Equation 2-5, Ndrops is the total number of drops for the 10 briquettes. The height of the drop 

was not specified, which means that this test is not suitable for comparison.  

The Japanese drop shatter test (JIS Z 8841-1993) involves dropping a 400 cm3 sample of 

briquettes, which is weighed, from a height of 2 m onto a steel plate in a drum five times 

(England,·2000). The sample is then sieved using a sieve approximately one-fifth the size of the 

briquette and the oversize is weighed (England,·2000). The shatter index (SI) of the briquettes 

can be determined using Equation 2-6. 

 SI =
𝑚f

𝑚0
× 100 (2-6) 

In Equation 2-6, m0 (g) is the weight of the sample and mf (g) is the mass of the oversize 

(England,·2000). The method is like that of Richards·(1990), but more accurate due to all the fines 

being taken into account when the briquette shatters. 

Lindley·and·Vossoughi·(1989) determined the SI for briquettes by dropping a briquette from a 

height of 1 m onto a concrete surface. The briquette was dropped a total of 10 times and the SI 

could be calculated with Equation 2-6. Conkle·and·Ragavan·(1992) used a similar method. 

The Richards·(1990) drop shatter test can also be used to analyse the friability index (FR) of the 

briquettes with a method like that of the SI test. The FR, which is a measure of durability, can be 

calculated using Equation 2-7. In the equation m0 is the weight of the briquette (g) and mf is the 

weight of the largest piece after shattering (g). The minimum requirement for a viable briquette is 

an FR value of 80% (Kaliyan·&·Morey,·2009). 

 FR =
𝑚f

𝑚0
× 100 (2-7) 

There are clearly various methods for testing the IRI of a briquette, but they all entail dropping a 

briquette(s) from a height and quantifying the breakage that occurs. The choice of methods 

therefore depends on sample size and available equipment. 
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2.4.3 Abrasion resistance 

The transportation and handling of briquettes can cause them to rub against container walls and 

each other (Dohm·et·al.,·2012). The abrasion resistance (AR), or durability, of briquettes should 

therefore be quantified. The equation used to calculate the AR, Equation 2-8, is similar to that of 

the SI and FR, but the method is different. The shape of a briquette affects its AR, i.e. briquettes 

with a rounded shape will have a higher AR than briquettes with sharp edges (Richards,·1990). 

This is due to the sharp edges being abraded, while the central part remains intact.  

Richards·(1990) adapted the Micum Test for coke to a small-scale tumbler test that utilises a drum 

(l = 270 mm, di = 200 mm) that is fitted with a single lifter (w = 38 mm) on the entire length of the 

drum. A sample of approximately 20 ovoid-shaped briquettes (~1 200 g) was rotated in the sealed 

drum at 50 rpm for 100 revolutions, after which the sample was sieved on a 3 mm sieve and the 

AR was calculated as the oversize percentage as shown in Equation 2-8. 

 AR =
𝑚f

𝑚0
× 100 (2-8) 

In Equation 2-8, m0 (g) is the weight of the initial briquette sample and mf (g) is the weight of the 

oversize sample after tumbling. The oversize value is regarded as the AR with a minimum value 

of 95% (Richards,·1990). 

Botha·(2019) used a modified version of the Richards tumbler test to determine the AR of 

briquettes. A stainless-steel cylindrical drum (di = 70 mm, l = 51 mm) with a lifter spanning the 

whole length of the drum was filled with a sample of four briquettes with a combined weight of 

~20 g. The drum was rotated on roller-shafts connected to a Bongfioli variable speed drive at a 

speed of 80 rpm for 197 revolutions and then sieved on a 3 mm sieve to calculate the oversize 

as a percentage with Equation 2-8. 

Kaliyan·and·Morey·(2009) used the ASAE Standard (S 269.4) method to calculate the AR of the 

briquettes. A sample of ~500 g briquettes was rotated in a rectangular, stainless steel drum 

(l = 300 mm, w = 125 mm, h = 300 mm) with a baffle (l = 230 mm) extending 50 mm into the 

drum. The drum was rotated at 50 rpm for 10 min, after which the sample was sieved on a sieve 

with an aperture size of about 0.8 times the briquette diameter. The AR was then calculated with 

Equation 2-8. 

Taulbee·et·al.·(2013) determined the AR with a Plexiglas cylinder (l = 305 mm, di = 305 mm) 

equipped with three equally spaced lifters (w = 51 mm). A sample of 20-25 briquettes (~200 g) 

was tumbled at 40 rpm for 5 min. The sample was then sieved on a 4.76 mm sieve and the AR 

was calculated with the oversize as a fraction of the initial sample, but it can be converted to a 
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percentage value by multiplying the values by 100. The AR can be classified as poor (< 80%), 

marginally acceptable (≥ 80%, < 90%), good (≥ 90%, < 95%), and excellent (≥ 95%) 

(Dohm·et·al.,·2012; Taulbee·et·al.,·2010; Taulbee·et·al.,·2013). 

Mangena·(2001) adapted the Roga Test for coke to test the AR of briquettes. A drum (l = 70 mm, 

di = 200 mm, d = 202 mm) made of sheet iron with two baffles (w = 30 mm) was filled with a 

~350 g sample of briquettes and tumbled at 50 rpm for 5 min. The sample was sieved on a sieve 

with 2 mm sized apertures and the AR was calculated with Equation 2-8. 

The Japanese standard for the tumbler test (JIS Z 8841-1993) utilises a drum (l = 175 mm, 

di = 350 mm) with two baffles opposite each other on the inside (England,·2000). An 

agglomeration sample of 400 cm3, that is weighed, is rotated 200 times and then sieved on a 

sieve that is one fifth the size of the briquettes. The oversize percentage, calculated with 

Equation 2-8, is the AR.  

As observed for the IRI tests, the methods for AR testing are numerous and depends on sample 

size and available equipment. 

2.4.4 Water resistance 

Briquettes should be water resistant to avoid disintegration or loss of material when they come 

into contact with water (Dohm et al., 2012). A weathering test is not always possible or reliable, 

but the water resistance test can give an indication of the briquettes’ behaviour when exposed to 

wet conditions (England,·2000; Kaliyan·&·Morey,·2009). 

Richards·(1990) developed an immersion-in-water test to test the water resistance of a briquette, 

viz. a single briquette is immersed in water for a period of 30 min and light pressure is applied at 

10 min intervals to check for disintegration. The water resistance index (WRI) can then be 

calculated using Equation 2-9. 

 WRI = 100 − %𝑚w (2-9) 

In Equation 2-9, %mw is the mass of water that was absorbed as a percentage of the overall mass 

of the briquette. The minimum WRI is 95% (Richards,·1990). The briquette can be wiped dry and 

tested afterwards to determine the wet compressive strength (CSwet). 

Lindley·and·Vossoughi·(1989) measured the WRI of an briquette that was immersed for 0.5 min 

at 27°C as the percentage water that was absorbed, as shown in Equation 2-9. 

Borowski·and·Hycnar·(2013) immersed the briquettes in water and defined the water resistance 
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as the percentage mass lost during the test, with briquettes that remained intact after 30-60 min 

being classified as water resistant.  

Taulbee·et·al.·(2013) determined the water resistance of briquettes by weighing 10 of them and 

then immersing them in water for 60 min, after which they were visually assessed and classified 

as intact, mostly intact, mostly degraded or degraded. The briquettes that were intact were left to 

dry for 30 min and then tested to establish the CSwet. Mangena·(2001) immersed 10 briquettes in 

water for 120 min and immediately tested the CSwet as an indication of water resistance. 

Beker·(1997) and Chaiklangmuang·et·al.·(2008) immersed a briquette in cold tap water and 

measured the time until the onset of dispersion as the water resistance. 

The method for water resistance should therefore be quantifiable and provide some indication of 

a briquette’s ability to withstand contact with moisture. 

2.4.5 Thermal degradation 

Thermal degradation occurs when a coal briquette, or even sometimes ROM coal, disintegrates 

into small pieces due to the extreme heat that it suddenly experiences in some end-use processes 

(England,·2000). Coal degradation can be described by fragmentation, i.e. a single particle 

breaking up into two or more similarly sized particles, or attrition, i.e. a single particle retaining its 

shape and only losing very fine particles (Chirone·et·al.,·1982; Stubington·&·Linjewile,·1989). 

Coal fragmentation is caused by devolatilization (primary fragmentation), thermal stresses and/or 

combustion of the connective bridges between coal particles (secondary fragmentation), while 

coal attrition is due to the coal particles rubbing against bed inert solids and the internal surface 

of the combustor (Chirone·et·al.,·1982). 

The effect of coal properties on fragmentation have been analysed in previous studies 

(Dacombe·et·al.,·1999; Gajewski·&·Kosowska,·2005; Senneca·et·al.,·2011; van Dyk,·2001; 

Zhang·et·al.,·2002). Primary fragmentation is the main cause of fragmentation in coal particles 

and increases with an increase in coal rank, i.e. carbon content (Dacombe·et·al.,·1999; 

Gajewski·&·Kosowska,·2005; Zhang·et·al.,·2002). Volatiles can create pressure in the particle 

during devolatilization and weaken the char structure during release and therefore primary 

fragmentation increases with an increase in volatile matter (Dacombe·et·al.,·1999; 

Gajewski·&·Kosowska,·2005; Senneca·et·al.,·2011; Zhang·et·al.,·2002). Primary fragmentation 

also increases with an increase in original particle size due to the higher number of volatiles and 

lower specific surfaces that cause larger inner pressure during devolatilization (Coetzee,·2011; 

Dacombe·et·al.,·1999; Zhang·et·al.,·2002). Briquettes made with a binder experience 

substantially more thermal degradation compared to binderless briquettes (Clark cited by 

England, 2000). This may be due to the binder creating a more rigid structure, thereby causing 
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higher thermal stresses inside the briquette when the volatile matter is removed. The extent of 

fragmentation decreases with an increase in particle CS (Dacombe·et·al.,·1999).  

Van Dyk (2001) developed a laboratory testing method to determine the primary fragmentation of 

coal. A composite sample was sieved, and the Ergun index was calculated with Equation 2-10, 

where x and y > 0. The amount of sample between screenx and screenx+1 is fractionx. 

Ergun Index = [(1 ∑ % of fraction𝑥

Fraction 𝑦

Fraction 𝑥

⁄ )
screen  size𝑥 + screen size𝑥+1

2
⁄ ] × 100 (2-10) 

The sample (PSD: 6.7–19 mm) was placed on a steel basin and covered with a lid. A muffle oven 

was pre-heated to 100°C and flushed with nitrogen to ensure that no secondary fragmentation 

takes place. The sample was then heated at a high heating rate of 12°C/min to 700°C, where the 

sample was kept for 60 min. The sample was cooled to room temperature and sieved again. The 

Ergun index after the test was used to calculate the percentage thermal fragmentation with 

Equation 2-11. 

% Thermal fragmentation =
Ergun index before test −  Ergun index after test

Ergun index before test
× 100 (2-11) 

Leokaoke·et·al.·(2019) used a similar method to test the thermal fragmentation of briquettes with 

an Elite Thermal Systems Ltd tube furnace. The briquettes were weighed and inserted into a 

pre-heated oven, at 100°C, in an inert environment created by nitrogen gas flowing into the 

furnace at 5 NL/min. A lower heating rate of 5°C/min was used to increase the temperature to 

700°C where it was kept for 60 min. The remaining sample was weighed to determine the thermal 

fragmentation. The briquettes did not fragment, and a qualitative analysis of the briquettes were 

made. This could be due to the lower heating rate that was used creating an insufficient thermal 

shock effect. 

Dakič·et·al.·(1989) proposed a correlation between the pore resistance number (PRN) and free 

swelling index (FSI) of coal with various sizes (2–15 mm), shown in Equation 2-12, as a more 

precise way of categorising low rank coals that do not exhibit measurable swelling during the FSI 

standard test, i.e. have a score below one. 

 FSI = 10−2PRN1.9 (2-12) 

The PRN is calculated from the volatile matter content divided by the inherent moisture in the coal 

and is therefore dependent on coal type. A higher PNR indicates more resistance for volatiles to 

escape from the coal which leads to fragmentation. 
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2.5 Reactivity of coal 

The thermal reactivity of coal is a complex process that is affected by numerous variables and 

therefore difficult to predict. However, it is still important to strive to understand and analyse the 

thermal behaviour in coal for use in industrial processes, viz. combustion, carbonization, 

liquefaction, and gasification (Speight,·2012). 

Combustion is essentially the complete oxidation of coal in air/ oxygen to produce thermal energy, 

while gasification can be considered as an incomplete combustion of coal due to insufficient 

oxygen, converting the energy in the coal into chemical energy contained in the resulting crude 

gas instead of thermal energy (Bell·et·al.,·2011; Fernando,·2008; Speight,·2012). The steps in 

both processes therefore entails: 

• Step 1: Drying. 

• Step 2: Pyrolysis, i.e. de-volatilisation. 

• Step 3: Volatile combustion. 

• Step 4: Char reactions. 

The reactions that occur during the combustion and gasification steps occur simultaneously and 

consecutively and may sometimes approach a condition of equilibrium (Bell·et·al.,·2011).  

Pyrolysis is the thermal decomposition of coal in an inert environment at temperatures above 

300°C and produces char (i.e., coke), tar, (i.e., high-molecular-weight liquids), liquor (i.e., low-

molecular-weight liquids), and gas (i.e., CO, CO2, H2O, and low-molecular-weight hydrocarbons 

such as C1–C5 up to C10) (Bell·et·al.,·2011; Dong·et·al.,·2019; Speight,·2012). The pyrolysis 

temperature has a large effect on the product formation and can be classified as low (400–750°C), 

medium (750–900°C), high (900–1100°), or plasma (> 1650°C), Table 2-7 (Ladner,·1988; 

Speight,·2012; Xu·&·Tomita,·1987). As the temperature increases, the gas yield increases and 

the char yield decreases (Ladner,·1988; Speight,·2012; Uwaoma·et·al.,·2019). The gas 

composition also changes based on the temperature range (Hu·et·al.,·2004; Ladner,·1988; 

Meyer,·2020; Speight,·2012; Xu·&·Tomita,·1987). 

In the temperature region below 350°C mainly moisture is evaporated, but some hydrocarbons 

(e.g., benzene, toluene, HCl) are also removed from the coal matrix (Ladner,·1988). In the low-

temperature region (400–750°C) the gas yield increases with hydrocarbons, especially CH4, 

accounting for most of the gas, the tar/ liquor yield decreases, and the char yield slightly increases 

due to the formation of some carbonaceous products (Ladner,·1988). In the high-temperature 

region (900–1100°C) the char (~75%) and gas (~17%) yield accounts for more than 90% of the 

product yield with the gas consisting of mostly H2 and hydrocarbons (Hu·et·al.,·2004; 
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Ladner,·1988; Pretorius·et·al.,·2017; Xu·&·Tomita,·1987). The H2 evolves from the 

dehydrogenation reaction of the aromatic cluster at higher temperatures and some CO evolves 

from the decomposition of phenolic hydroxyl groups (Hu·et·al.,·2004; Xu·&·Tomita,·1987). In the 

plasma-temperature region (> 1650°C) a negligible amount of tar is formed and the gas is rich in 

acetylene (Ladner,·1988). 

Table 2-7: Pyrolysis reactions and products at low, medium, high and plasma temperature ranges 

adapted from Speight·(2012) 

Region Temperature (°C) Reactions Products 

– < 350 Mainly evaporation Water and volatiles 

Low 400–750 Primary degradation Gas, tar and liquor 

Medium 750–900 
Secondary reactions 

Gas, tar, liquor and additional 

hydrogen High 900–1100 

Plasma > 1650  Acetylene; carbon black 

 

Other coal properties that affect pyrolysis behaviour are coal rank, density, heating rate, and gas 

environment (Smoot·&·Smith,·1985; Speight,·2012; Wu,·2005). 

2.6 Industrial applications of coal 

This section provides a brief overview of potential end-use industries for the briquettes based on 

the effect of the coal characteristics on the processes. Co-firing specifications are discussed 

where relevant literature is available, otherwise raw coal properties are used. The coal briquettes 

will primarily be used in local coal markets due to the low quality of the raw fine coal discards 

compared to export qualities; therefore only end-use processes that are based in South Africa will 

be considered in this section.  

The industries that consumed the most coal in South Africa, in 2015, were electricity generation, 

53%, basic iron and steel manufacturing, 20%, and synthetic fuel and chemical industries, 10%, 

with the rest being used in various other smaller industries, 17% (CMSA,·2018). Other industries 

that use coal on smaller scale are cement manufacturers, pulp and paper manufacturers and 

sugar mills (FFF,·2011). However only electricity generation, steel manufacturing, and liquid fuels 

and chemicals production will be considered due to the possible hazardous nature of the binders 

that are added to the coal briquettes.  

Figure 2-8 depicts the different types of coal based on their rank and the end-use industries of 

each type (Speight,·2008). The lower ranked coals (lignite and subbituminous) and low-quality 

bituminous coals are primarily used for electricity generation and to a lesser extent cement 

production. Coal used in steel manufacturing is coking (i.e. better) quality coal and some binders 
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may increase the calorific value of the coal briquettes to make them useable in this industry. 

Therefore, to determine the suitability of certain binders for use in these industries, a summary of 

the processes and the effects of coal quality on them will be given in the following sections. 

 

Figure 2-8: The different types of coal and their respective uses retrieved from Speight·(2008) 

2.6.1 Electricity generation 

A simplified coal-fired electricity generation process is depicted in Figure 2-9 (Department of 

Energy,·2018; FFF,·2011; Speight,·2008). Coal is fed to boiler where the particles react with air 

and combust due to the high temperature, releasing more heat that is used to convert water into 

steam. The steam propels the turbine which powers the generator, where electricity is generated. 

The water is in a closed circuit and another open circuit of cooling water is used to condense the 

steam so it can be reheated. The ash that is formed during the combustion process falls to the 

bottom of the boiler where it is removed to an ash dam. The gaseous emissions, e.g. CO2, SO2 

and NOX, and particulate matter emissions are called flue gas and removed through a chimney, 

i.e. a flue. Some of the components in the flue gas can be reduced with emission control 

technologies. 

There are three types of technology that is used in coal-fired power stations: pulverised coal 

combustion (PCC), fluidised bed combustion (FBC), and integrated gasification combined cycle 

(IGCC) (Fernando,·2004). As of 2011, all of Eskom’s (the primary electricity provider in South 

Africa), coal-fired plants are PCC plants (Department of Energy,·2018; FFF,·2011). FBC may play 

a larger role in the future of coal-fired plants in South Africa and will also be considered 

(Hotta,·2009; Mamaila,·2020; Schreuder,·2017). The ACTOM (Pty.) Ltd. John Thompson 
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industrial boilers have been used to successfully co-fire coal and bagasse due to the versatility of 

stokers with regards to fuel feed (Fernando,·2007; Whyle,·2016). Chain grate stokers may be 

able to handle a feed with 40% ash yield, but they have a lower efficiency and throughput 

compared to other combustion technologies (Ban,·1981; Fernando,·2007). 

  

Figure 2-9: Simplified diagram of a coal-fired electricity generation process adapted from 
Speight·(2008) 

2.6.1.1 Pulverised coal combustion 

In a PCC plant, the feed coal is pulverised to a particle size of 5-400 µm before being blown into 

the boiler by air through the furnace burners that are usually positioned in the walls of the boiler 

(FFF,·2011). The combustion process, described in Section 2.5, takes place at a temperature of 

1300-1700°C, depending on the coal rank (FFF,·2011; Wu,·2005) 

Co-firing is the substitution of some of the coal feed by a biomass or gas feed and there are four 

methods for directly co-firing waste fuels in a PCC boiler (Fernando,·2001; FFF,·2011). The first 

method is feeding and burning the waste together; this has the lowest cost implications, but the 

highest risk of malfunction. The second method is by only burning the coal and waste together; 

the cost of installing a new transport line should be considered and it may also cause congestion 

and a lower burner performance. The third method entails burning the waste in dedicated burners; 

the risk is minimised by this method, but it is an expensive option. The fourth option is to use the 

waste as a re-burn fuel, but this method is still in development (Fernando,·2001). 
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Table 2-8: Summary of some coal properties and their desired values and effects on pulverised coal combustion adapted from de Korte·and·Jeffrey·(2016), 

Skorupska·(1993), and Wu·(2005) 

Property Unit 
Value 

Comments 
Minimum Desired Maximum 

Moisture contenta,b wt% - 4–8 12* - 

Volatile matter contenta,b wt% 

20–23* 20–35 - Side-fired furnace 

- 15–20 20 Down-fired furnace 

Ash yielda,b wt% - low 20–30* - 

Sulphura,b wt% - low 0.5–2.0 Depends on local regulations 

Vitriniteb wt% - - 55–80 - 

Inertiniteb wt% - - 10–25 - 

Calorific valuea,b MJ/kg 23*–25 high - - 

Particle size (to pulveriser)a mm 3.0 30–40 50 Maximum 30% <3 mm 

Particle size (to boiler)c mm - 0.005–0.400 - 
Maximum 70–75% <0.075 mm 

and 2% >0.3 mm for bituminous coal 

Source: a De Korte & Jeffrey (2016), b Skorupska (1993) and c Wu (2005) 

* Outer limits 

Moisture content: ar, volatile matter content: db, ash yield: db, calorific value: ar 
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The quality of the coal that is fed to the boiler has a significant effect on the ignition, capacity, 

heat rate, availability and maintenance requirements of the plant (Carpenter,·2006). The 

properties of the coal fines and binders that are used for agglomeration that are important include, 

but are not limited to the moisture content, volatile matter content, ash yield and calorific value, 

shown in Table 2-8. The effect of coal and waste properties on PCC plants have been studied in 

detail by Fernando·(2007), Skorupska·(1993) and Wu·(2003), therefore only a brief overview will 

be given in this section. 

The moisture content of the boiler feed should be low due to the negative effect it has on the 

handling and thermal efficiency of the process (Carpenter,·2010). A high moisture content (> 8%) 

can also increase the flue gas volume and necessitate excess air flow which will negatively 

influence the fans, air preheater and emission control equipment. (Carpenter,·2010; 

Fernando,·2007). 

The volatile matter content can negatively impact the storage of the coal due to the danger of 

spontaneous combustion or the loss of calorific value, the required size for pulverisation, burner 

settings, combustion behaviour and carbon content of the fly ash (Carpenter,·2010).  

2.6.1.2 Fluidised bed combustion  

The FBC systems have been investigated by Wu·(2003) and only a brief overview of the process 

will be given in this section. In a FBC plant the coal is fed to the boiler where it is burnt in a bed 

of heated particles suspended in flowing air (Fernando,·2007; Wu,·2003). The air flowing into the 

boiler keeps the particles suspended which promotes mixing and a uniform temperature 

throughout the combustion zone. The ash that forms eventually constitutes the bulk of the 

suspended particles and the surplus is periodically removed to maintain the correct bed depth. 

There are two different forms of FBC based on the fluidising gas velocity, namely bubbling 

fluidised bed combustion (BFBC) and circulating fluidised bed combustion (CFBC). CFBC is 

currently the most promising alternative to PCC (Aziz·&·Dittus,·2011; Barišić·et·al.,·2009; 

Belaid,·2017; Fernando,·2007). The advantages of CFBC are the lower operating temperature of 

800–900°C, an increased rate of heat transfer, greater fuel flexibility, reduced NOX formation and 

easier capturing of SO2 with sorbents (Belaid,·2017; Wu,·2003). The disadvantages include the 

relatively small scale in current commercial use, large amounts of solid residues, higher 

carbon-in-ash levels and increased N2O formation (Moodley,·2007; Skinner·&·Brown,·2011; 

Wu,·2003). 
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Table 2-9: Summary of some coal properties and their desired values and effects on fluidised bed combustion adapted from Aziz·and·Dittus·(2011), Belaid·(2017), 

Fernando·(2004), Henderson·(2003), Hotta·(2009), Jin·et·al.·(2003), and Wu·(2006) 

Property Unit 
Value 

Comments 
Minimum Desired Maximum 

Moisture contenta–e wt% - ~12 23–55, 65* - 

Volatile matter contentb,e wt% - 10–55 - - 

Ash yielda–e wt% - 10–17 25–65 - 

Sulphura,b,d wt% - 0.1–1.0 1.5 - 

Calorific valueb–e MJ/kg 5–6 20–25 - - 

Particle size (feed)b,f,g mm 0 3–6 25 

Anthracite: 0–6 mm 

Semi-anthracite: 0–8 mm 

Bituminous: 0–10 mm 

Lignite: 0–13 mm 

 

Less than 10% <0.1 mm, 

50-60% <0.1–1.0 mm, 

and 30-40% >1.0 mm 

Source: aHotta·(2009) , bHenderson·(2003), cFernando·(2004), dAziz·and·Dittus·(2011), eBelaid·(2017), fWu·(2006), and gJin·et·al.·(2003) 

* Outer limits 

Moisture content: ar, volatile matter content: dafb, ash yield: db, calorific value: ar 
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The advantage of most interest in briquette use is the greater fuel flexibility that is observed in 

CFBC plants. The types of material that has been used in the past either alone or via co-firing 

include coals of different ranks (from lignite to anthracite), solid waste fuels (e.g., peat, municipal 

refuse, industrial waste, coal waste, sewage sludge), and biomass (Aziz·&·Dittus,·2011; 

Fernando,·2004; Koornneef·et·al.,·2007; Wu,·2003; Zhu,·2013). The amount of co-firing material 

is usually added to the coal feed in the range of 5–30 wt% (Barišić·et·al.,·2009; Hotta,·2009).  

The properties of the fuel that is fed to the boiler has an impact on its operations and therefore 

some co-firing fuels are preferable (Koornneef·et·al.,·2007; Zhu,·2013). A summary of the 

possible ranges for the fuel characteristics is given in Table 2-9. The four main fuel qualities that 

may affect the operations of the boiler are the preparation requirements, ash yield, CV, and 

chlorine content (Koornneef·et·al.,·2007). A summary of the various co-firing materials that have 

been used in the past and their challenges vs. CV has been evaluated by Koornneef·et·al.·(2007). 

Biomass has been successful as a co-firing material, however its higher moisture content will 

require a pre-treatment with mills that have an increased drying capacity (Henderson,·2014; 

Zhu,·2013). Petroleum coke is a good choice for co-firing because it has a high CV and does not 

require any design changes to the boiler. Municipal solid waste (MSW) and refuse derived fuels 

(RDF) are poor choices due to low CV and multiple design and operation challenges. 

2.6.2 Liquid fuels and chemicals production 

Coal gasification entails the conversion of a solid fuel into a gas, which is easier to use, through 

the reaction of the fuel with a gasifying agent such as air, carbon dioxide, oxygen and steam 

(Bell·et·al.,·2011; Fernando,·2008). Gasification can be considered as an incomplete combustion 

of coal due to insufficient oxygen, converting the energy in the coal into chemical energy 

contained in the resulting crude gas, instead of thermal energy (Bell·et·al.,·2011; 

Fernando,·2008). The steps that are involved in coal gasification are consequently similar to those 

of combustion: (1) drying, (2) de-volatilisation, (3) volatile combustion, and (4) char reactions 

(Bell·et·al.,·2011). 

There are two process routes for the conversion of coal-to-liquids (CTL), i.e. liquefaction: direct 

and indirect (Couch,·2008; Osbourne·&·Gupta,·2013). Direct coal liquefaction (DCL) involves the 

addition of hydrogen to the coal and the dissolution of coal in solvents at a high temperature and 

pressure. This process is very efficient; however, significant purification processes are required 

to obtain a good quality product. Indirect coal liquefaction (ICL) entails the complete destruction 

of the coal structure by gasification, followed by purification to produce a synthesis gas (syngas) 

consisting of mainly carbon monoxide, hydrogen and some light hydrocarbons (Couch,·2008; 

Osbourne·&·Gupta,·2013). A simplified diagram of the process is shown in Figure 2-10 
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(Mahinpey·&·Gomez,·2016; Sasol,·2018). The sulphur is converted to mainly H2S, instead of 

SO2, and the nitrogen is almost completely converted to NH3, instead of NOX, which makes it 

easier to remove and gasification is consequently considered a clean coal technology 

(Vamvuka,·1999). The condition of the ash that is removed from the gasifier can be classified as 

dry or wet/ slagging (Couch,·2008). The impurities should also be removed before the coal is 

gasified to prevent the downstream gas phase reaction catalysts from being poisoned in 

Fischer-Tropsch (FT) synthesis reactions (Couch,·2008; Osbourne·&·Gupta,·2013).  

There are three types of gasifiers based on their fluidisation regime: moving bed, fluidised bed 

and entrained flow (Bell·et·al.,·2011; Fernando,·2008; Mahinpey·&·Gomez,·2016; 

Vamvuka,·1999). In a moving (i.e. fixed) bed gasifier, the coal is fed from the top of the gasifier, 

and the gasifying agent is fed from the bottom while the gases from the reactions flow upward 

and are removed at the top, and the ash is removed from the bottom. In a fluidised bed reactor, 

the coal and gasifying agent is fed from the bottom and gasified in a bed of heated particles 

suspended in flowing air. In an entrained flow gasifier, the pulverised coal and gasifying agent is 

fed from the top and flow concurrently through the gasifier at high speed. The properties of the 

coal that are used differ for each type of gasifier, however Sasol (the main CTL company in 

South-Africa) uses the Lurgi® FBDB™ (fixed bed dry bottom) gasifier and therefore only the 

properties for moving bed gasifiers will be evaluated in this section (Bell·et·al.,·2011; Sasol,·2018; 

van Dyk·et·al.,·2001).  

  

Figure 2-10: Simplified diagram of an ICL gasification process adapted from 
Mahinpey·and·Gomez·(2016) 
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Table 2-10: Summary of some coal properties and their desired values and effects on coal gasification adapted from Couch·(2008), Vamvuka·(1999), van 

Dyk·et·al.·(2001), van Dyk·et·al.·(2006), and Weiss·and·Turna·(2009) 

Property Unit 
Value 

Comments 
Minimum Desired Maximum 

Moisture contenta,b wt% - ~5 30* 

Σ (moisture + ash) ≈ 50% 

Ash yielda,c wt% 4* ~28 35 

Volatile matter contenta wt% - ~20 - - 

Sulphura wt% - low 0.6 Depends on local regulations 

Thermal fragmentationc % - low ~55 - 

Caking propensityd % - low ~20  

Ash fusion temperaturea,c °C ~1 200 - - - 

Calorific valuea MJ/kg - ~30 - - 

Particle sizeb,d,e mm - 5–70 100* Maximum 5% <5 mm 

Source: a Vamvuka (1999), b Van Dyk et al. (2006), c Weiss & Turna (2009), d Van Dyk et al. (2001) and e Couch (2008) 

* Outer limits 

Moisture content: ar, volatile matter content: mmfb, ash yield: adb, calorific value: mafb 
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The effects of coal characteristics on gasification have been intensively evaluated and only a brief 

overview will be discussed in this study (Fernando,·2008; Mahinpey·&·Gomez,·2016; 

Mishra·et·al.,·2018; van Dyk·et·al.,·2001). The characteristics of the coal affect gasification in 

many ways, but some of the most important factors, which can also be tested, are volatile matter 

content, moisture and oxygen content, caking properties, ash characteristics, sulphur content and 

reactivity (van Dyk·et·al.,·2001). The desired values and limits of the coal properties are 

summarised in Table 2-10. 

The volatile matter content of the coal gives an indication of the number of liquid hydrocarbons 

that can be produced during gasification and it is also directly proportional to the reactivity of the 

coal (Mahinpey·&·Gomez,·2016; Mishra·et·al.,·2018).  

Thermal fragmentation can affect the gas purification equipment due to the fines that are carried 

out of the gasifier with the gas stream and should consequently be minimised (Couch,·2008). It 

is affected by the moisture content and oxidation of the coal; the moisture content contributes to 

~75% of the thermal fragmentation (van Dyk·et·al.,·2001). 

Coal caking is caused when the coal particles melt or sinter together to form larger particles due 

to their plasticity at higher temperatures (van Dyk·et·al.,·2001). This can cause gas channelling 

and pressure drop fluctuations which can lead to unstable operation and in severe cases oxygen 

break-through which may cause downstream explosions (Couch,·2008; van Dyk·et·al.,·2001). 

Pressure has a significant influence on the caking propensity of coal; the caking propensity is 

directly proportional to the pressure in the gasifier (van Dyk·et·al.,·2001). The caking propensity 

may be decreased by blending coal samples (Couch,·2008; van Dyk·et·al.,·2001). 

The ash fusion temperature (AFT) analysis of coal provides an indication of the likelihood of ash 

agglomeration/ clinkering during gasification (van Dyk·et·al.,·2001). Ash fusion can cause 

problems similar to coal caking and the gasifier should therefore be operated at a temperature 

above the initial deformation temperature (IDT), but below the melting temperature in a dry-bottom 

(non/slagging) fixed bed gasifier (Couch,·2008; van Dyk·et·al.,·2001). The ash composition 

affects the ash fusion behaviour; ash with a higher content of Ca, Na and Fe, has a lower AFT 

due to the fluxing properties of the minerals (Couch,·2008; van Dyk·et·al.,·2001). The AFT may 

also be decreased by blending coal samples (Couch,·2008; van Dyk·et·al.,·2001). 

2.6.3 Metallurgical use 

The steel manufacturing process consists of four stages: mining, iron making, primary steel 

production and fabrication (FFF,·2011). There are three main types of iron making methods: blast 

furnace, direct reduction and smelting reduction (Carpenter,·2004; SEAISI,·2016; WCA,·2019a). 
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In South Africa, the primary method that is used is the blast furnace (55%), followed by direct 

reduction (23%), with the electric furnace (14%) and other methods (8%) accounting for the rest 

of the iron manufacturing (FFF,·2011). The focus of this study will consequently be on blast 

furnaces and direct reduction. 

2.6.3.1 Blast furnace method 

An integrated steel plant consisting of a coking plant, iron ore agglomeration plant, blast furnace 

(BF), basic oxygen furnace plant, and continuous casting, rolling and finishing operations is the 

main setup for iron production with a BF (Carpenter,·2004; WCA,·2019a). A simplified diagram of 

the process is illustrated in Figure 2-11 (Carpenter,·2004; SEAISI,·2016; WCA,·2019a). The 

metallurgical coal is crushed and fed to the coking ovens where it is heated up (~1 200°) in an 

inert atmosphere to drive off volatiles and some impurities. The sponge-like mass of carbon-rich 

material (i.e. the coke) is then quenched with water and screened. Large coke (25–80 mm) and 

small nut coke are fed separately to the BF and the smallest coke (i.e. coke breeze) is used at 

the sinter plants. The gas that was produced is piped to a gas processing plant where by-products 

(e.g., coke oven gas and tar) are extracted from the gas, after which some coke oven gas may 

be returned and mixed with the blast furnace gas to heat the coking ovens or as a fuel around the 

steelworks. 

Iron ore is fed to the BF as lump ore, pellets or sinter where it is charged into the top of the BF 

along with coke and fluxes such as limestone or sometimes dolomite. The coke is gasified when 

it reacts with the air and heat in the BF which produces more heat, carbon monoxide and carbon 

dioxide. The iron ore reacts with the carbon monoxide (reductant) to produce a high-quality molten 

iron that is called hot metal/ molten pig iron, which can then be removed through tapping and 

refined to produce steel. The chemistry of the slag can be controlled by the fluxes and it can be 

cooled and sold or dumped in a landfill. The gas that is produced is handled similarly to the gas 

from the coking ovens and the extracted blast furnace gas can be used to preheat the air entering 

the BF. 

The air that is used for the gasification of the coke contains a supplementary fuel such as natural 

gas or pulverised coal (SEAISI,·2016). The coal that is used to produce the coke, i.e. metallurgical 

coal, is usually a high rank, hard coal and it is therefore preferable to use lower quality coals for 

pulverised coal injection (PCI) rather than coke production (Carpenter,·2004; WCA,·2019a). PCI 

technology has many benefits, it reduces the overall costs due to lower consumption of expensive 

metallurgical coals, it extends the coke oven lifetime due to less coke production, it increases BF 

productivity and flexibility due to the thermal conditions in the BF and the coal injection rate being 

easier to adjust, and it reduces overall emissions due to less coal being manufactured 

(Carpenter,·2004; WCA,·2019c). However, there are some disadvantages, especially at high coal 
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injection rates (>150 kg/thm) and if no operational changes are implemented (Carpenter,·2006). 

This is due to not enough coke being available to maintain a permeable bed in the BF, which can 

lead to production loss and a shorter BF lifetime (Carpenter,·2006). 

 

Figure 2-11: Simplified diagram of the blast furnace iron making process adapted from 
Carpenter·(2006) and SEAISI·(2016) 

The considerations of using PCI in a BF to manufacture iron has been intensively reviewed by 

Carpenter·(2006). The properties of the coal that is used affects the performance of the BF at 

injection rates higher than 100 kg/thm and the volatile matter content, carbon content, moisture, 

ash yield, calorific value, AFT and sulphur should therefore be evaluated (Carpenter,·2006).  

The volatile matter content can affect the char formation, blast momentum and coke fines 

generation due to the pyrolysis of the coal and the resulting volatiles (Carpenter,·2006). The 

carbon content of the coal increases the coke replacement ratio, which is the mass (kg) of coke 

replaced per kilogram of coal, decreases the blast oxygen enrichment requirements, and 

decreases the blast momentum if the content is more than 85% dafb (Carpenter,·2006). A high 

moisture content can decrease the efficiency of the pulverisers, block the equipment and require 

more energy in the BF to evaporate the moisture (Carpenter,·2006). The ash yield of the coal 

should be low because of the propensity of the mineral matter to cause lance blockages and 
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increase the wear on the equipment, the reduced flux requirements and the lower slag production 

(Carpenter,·2006). The ash composition can also affect the efficiency of the BF and the quality of 

the hot metal. The calorific value of the coal should be high to increase the coke replacement 

ratio and the stability of the BF due to increased reactivity (Carpenter,·2006). The AFT of the coal 

should be high enough that ash deposition on the injection equipment does not occur 

(Carpenter,·2006). The sulphur in the coal can increase the volume of slag formation and the 

sulphur content of the hot metal and should therefore be low (Carpenter,·2006). 

2.6.3.2 Direct reduction method 

Another method of incorporating coal into the iron making process is with coal based direct 

reduction (Carpenter,·2006; SEAISI,·2016). The most used reactor type to produce direct 

reduced iron (DRI) is the rotary kiln (Carpenter,·2006; SEAISI,·2016). A simplified diagram of the 

process is shown in Figure 2-12 (Carpenter,·2006; SEAISI,·2016).  

 

Figure 2-12: Simplified diagram of the direct reduction iron making process adapted from 
Carpenter·(2006) and SEAISI·(2016) 
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Table 2-11: Summary of some coal properties and their desired values and effects on blast furnace and direct reduction iron making adapted from Carpenter·(2004) 

and Chatterjee·(2010) 

Property Unit 
Blast furnace method Direct reduction method 

Minimum Desired Maximum Minimum Desired Maximum 

Moisture contenta wt% - 6–8 10 - ~6 10 

Ash yielda wt% - low 8 - low 25 

Volatile matter contenta wt% - 20–38 - - 28–35 - 

Sulphura wt% - low 0.8 - low 0.8 

Ash fusion temperaturea °C  - - 1 150 - - 

Calorific valuea,b MJ/kg - 30–34 - - 20–30 - 

Particle sizea mm - - - - 1–10 - 

Source: a Carpenter (2004), b Chatterjee (2010) 

* Outer limits 

Moisture content: ar, volatile matter content: db, ash yield: adb, calorific value: mafb 
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Iron ore (lump, pellets or iron sands), coal and the fluxes (limestone/ dolomite) are fed to the 

rotating kiln which is tilted 3-4° from the horizontal. The solids move through the kiln due to gravity 

and rotation. Gasification and reduction both take place in the kiln: the coal is devolatilised in an 

inert atmosphere and then gasified to produce carbon monoxide and carbon dioxide, after which 

the iron undergoes a reduction reaction with the carbon monoxide. The carbon monoxide and 

hydrogen gas from the reactions partially combusts with air to produce heat in the kiln. The burner 

at the discharge end of the kiln may fire pulverised coal, fuel oil or natural gas as a fuel, like PCI. 

The DRI product can be removed cold or hot and then passed through magnetic separators to 

separate the DRI, ash and char. The gas that is produced can be fed to a gas processing plant 

to produce off-gas, which can be used to preheat the feed to the kiln or to dry the coal. 

Carpenter·(2004) reviewed the coal quality requirements for direct reduction processes and the 

desired values are summarised in Table 2-11. 
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CHAPTER 3: METHODOLOGY 

3.1 Overview 

In this chapter the materials, methods and equipment that were used during the study are 

described. Section 3.2 contains a description of the materials that were used. The coal 

preparation and sampling methods are described in Section 3.3 and the characteristics of the coal 

were determined using the methods in Section 3.4. The laboratory-scale and pilot-scale 

briquetting methods used are given in Section 3.5 and Section 3.6, respectively. The mechanical 

strength tests that were conducted on the briquettes are described in Section 3.7 and the 

reactivity tests are described in Section 3.8. The coal characteristics are provided in Section 3.9. 

3.2 Materials 

A description of the coal and binders used in this study is provided in this section, as well as the 

chemicals, liquids and gasses that were used for tests. 

3.2.1 Coal 

Highveld inertinite-rich coal fines (-272 µm) from a filter cake was used in this study. A more 

detailed characterisation of the coal is given in Section 3.9. 

3.2.2 Binders 

Five industrial wastes were evaluated to determine their efficacy in the agglomeration of coal 

fines. The binders will be referred to as Binder A–E for ease of reference. These binders are: 

• A: waterworks bio-sludge from a petrochemical industry 

• B: acrylic acid containing a hydrocarbon by-product from a petrochemical industry 

• C: pitch from a petrochemical industry 

• D: wax emulsion from a petrochemical industry 

• E: recycled low-density polyethylene (LDPE) from a North-West plastic recycling company 

In addition to waste reduction, all these binders were selected due to properties they possess 

which may be advantageous with regards to agglomeration or reactivity. The notable advantages 

and disadvantages based on the material safety datasheets (MSDS) of the binders are 

summarised in Table 3-1. The specific SDSs will not be referenced due to confidentiality 

agreements, but a summary of the physical and chemical properties of the binders is provided in 

Appendix A. 
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Table 3-1: Overview of the binder properties which may be beneficial in briquetting coal fines 

Binder 
Properties 

Agglomeration Reactivity 

A 
✓ Relatively harmless to the environment 

Type: Inactive film 
X High moisture content 

B 

✓ Contains components that are used to 

make sealants and adhesives 

✓ Polymerisation occurs when exposed to 

white light, ultraviolet light or heat 

X Contains hazardous components 

Type: Inactive matrix 

X May produce hazardous 

emissions 

C 

✓ Contains components that are used to 

make sealants and adhesives 

✓ Pitch has been successfully used as a 

binder in previous studies 

X Contains hazardous components 

Type: Inactive matrix 

X High sulphur content  

D 
✓ Hydrophobic component 

Type: Inactive film 
X High moisture content 

E 
X Should have a particle size ≤ coal fines 

Type: Inactive matrix 
✓ High heating value 

Source: MSDS 

✓: advantages, X: disadvantages 

The water used for the binderless briquettes, Binder A, and Binder D are all inactive film binders, 

where a liquid uses surface tension to pull the coal particles together (Engelleitner,·2001; 

Holley,·1983; Young,·2015). Binder B, C and E are all inactive matrix binders, where the coal 

particles are imbedded in an almost continuous matrix of the binder (Engelleitner,·2001; 

Holley,·1983; Young,·2015). 

3.2.3 Liquids 

Liquid nitrogen was used to pulverise Binder E and toluene was used as a solvent in the Fischer 

assay experiments to wash the gas and trap the tar from the briquette pyrolysis reaction of the 

optimal pilot-scale briquettes. Tap water from the Potchefstroom area was used during the coal 

agglomeration process and during the water resistance tests, demineralised water was used 
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during the particle size distribution (PSD) and the bomb calorimeter tests, and ice was used to 

keep the toluene cold in the Fischer assay experiments, as per the relevant standard procedures. 

3.2.4 Gases 

The gases that were used to test the briquettes were supplied by Afrox. Oxygen (99.9% purity) 

was used during the bomb calorimeter test, nitrogen (99.9% purity) was used to devolatilise the 

briquettes, carbon dioxide (99.9% purity) was used during gasification experiments, and dry air 

(<2 ppm water) was used during combustion experiments.  

3.3 Coal preparation and sampling 

A coal sample of ~500 kg was received and prepared to ensure that a homogeneous sample was 

used during the study. A grab sample of approximately 20 g was taken to test the surface moisture 

content (ar) of the coal. The coal was spread over a clean, flat area and left to air dry for four 

days, after which another grab sample was taken to test the surface moisture (adb) of the coal. 

The coal sample was mixed while coning and quartering, as shown in Figure 3-1 

(Crosby·&·Patel,·1995). The coal was piled with a shovel into a cone-shaped heap, Figure 3-1(a), 

and then flattened on the top, Figure 3-1(b). The heap was divided into four equally sized quarters, 

Figure 3-1(c), and the coal on the outside was piled into the middle of the heap to form a 

cone-shape again. This was repeated and two of the equally sized quarters, Figure 3-1(c), were 

removed to reduce the size of the sample, Figure 3-1(d). 

(a)  (b) 

(c) (d) 

Figure 3-1: Coal preparation – coning and quartering, adapted from Crosby·and·Patel·(1995) 

The smaller coal sample was separated into two using a manual riffle divider and any large clumps 

of coal/ impurities were removed by sieving the coal on a sieve with an aperture size of 1 mm. 

This also ensured that the coal that was used during the study can be classified as fine coal. The 

oversize and unused coal sample was stored in separate 20 L containers and nitrogen gas was 

injected into the containers to prevent oxidation of the coal. 
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3.4 Coal and briquette characterisation 

The PSD, composition and calorific value of the coal was determined, while only the proximate 

analysis and calorific value of the optimal pilot-scale produced briquettes was determined to 

evaluate the suitability of the briquettes as feedstock to various industrial applications and are 

incorporated into the reactivity results in Chapter 5. 

3.4.1 Particle size distribution 

A Malvern Panalytical Ltd. Mastersizer® 3000 was used to determine the PSD of the coal fines. 

The procedure adheres to the ISO 13320 (2009a) standard for laser diffraction methods to 

analyse particle sizes and the results are shown in Section 3.9 on a cumulative distribution curve 

according to the ISO 9276-1 (1998) standard for the representation of PSD results. 

3.4.2 Coal and briquette composition 

The proximate and ultimate analyses of the coal that was used for the experiments were 

outsourced to Bureau Veritas Testing and Inspection (BVT) in South Africa. The standards that 

BVT used to determine the characteristics of the coal are listed in Table 3-2. The proximate 

analyses of the optimal briquettes, as determined during the pilot-scale tests, were conducted 

in-house in a Labotec Inc. EcoTherm Economy oven, a Carbolite® Gero VMF–100 muffle furnace 

and a Carbolite® Gero AAF–1100 muffle furnace, according to the standards listed in Table 3-2. 

Table 3-2: Standards for proximate analysis, ultimate analysis, XRD and XRF 

Description Procedure/ Test method 

Sample preparation BV-TPM-001 based on ISO 13909-4 (2001) 

Moisture content (%) BV-TPM-010 based on ISO 11722 (2008) 

Ash content (%) BV-TPM-011 based on ISO 1171 (2010a) 

Volatile matter content (%) BV-TPM-012 based on ISO 562 (2010b) 

Fixed carbon content (%) Calculated by difference 

Total sulphur (%)  BV-TPM-013 based on ISO 19579 (2006) 

Elemental analysis (%) CHN Instrumental method based on ISO 12902 (2001) 

Mineral composition (%) Rietveld method 

Ash composition (%) ASTM D4326-4 XRF – By fusion bead (2004) 

3.4.3 Gross calorific value 

A bomb calorimeter was used to determine the gross calorific value (CV), also known as the 

higher heating value, of the coal fines and optimal briquettes. The standard procedure described 

by ISO 1928 (2009b) was used for the analysis. 
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3.5 Laboratory-scale briquetting 

Phase 1 of the study entails the manufacturing of cylindrical briquettes on laboratory-scale to 

evaluate the effect of the binders on the agglomeration process. Two batches of briquettes were 

manufactured to test the effect of different parameters on the mechanical strength of the 

briquettes. 

3.5.1 Binder preparation 

The initial batch of laboratory-scale tests focused on the handleability of the binders and the effect 

of a large moisture addition on the compressive strength (CS) and water resistance index (WRI) 

of the briquettes. This was done to determine if air-drying is necessary before the coal and binders 

were mixed and agglomerated. Venter·and·Naude·(2015) could make briquettes with a moisture 

addition of up to 18%, and a maximum moisture addition of ~17% was therefore used. The 

moisture and binder additions were based on weight percentage and the mass of binder that was 

added to the mass of coal fines was calculated using Equation 3-1. 

 𝑚binder =
𝑚coal

(1 − 𝑥binder)
− 𝑚coal (3-1) 

In Equation 3-1, mbinder (g) is the mass of binder that was added to a coal sample with a mass of 

mcoal (g) to achieve a binder mass fraction of xbinder. This equation was also used to calculate the 

amount of water that should be added by substituting xbinder with the moisture fraction. The 

diameter (13 mm) and mass (~2 g) of the briquettes were kept constant, but the length differed 

based on the type and amount of binder that was added. The moisture addition of 17% was kept 

constant while the binder was added from 5%, increasing in intervals of 5%, until the mixture 

could not hold its form during agglomeration.  

The second batch of laboratory-scale tests focused on maximising the binder addition to air-dried 

coal fines. Usually, the goal is to find a compromise between minimising the binder addition and 

maximising the quality of the briquettes due to the costs involved (Couch,·2002; 

Engelleitner,·2001). Binders A–D considered in this study are all classified as hazardous wastes 

and getting rid of these wastes can be a costly process (Lewitt,·2011). Maximising the binder 

addition in the briquettes therefore creates an opportunity to reduce or even eliminate the costs 

involved in disposing of these wastes, while also making the waste materials useful and 

decreasing environmental pollution (Couch,·1998). Binder E was not considered during this 

phase due to the extra costs involved in sourcing and processing the binder. 

Binders A and D were used as is while Binders B and C were heated before briquetting the second 

batch of briquettes due to the high viscosity of the binders hindering homogeneous mixing 
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(Mills,·1908). This was not an issue during the first batch due to the higher moisture content 

facilitating mixing. The equipment used included a beaker (100 mL) to heat the binders, a beaker 

(100 mL) to mix the coal and binder, a spatula to handle the materials and an eyedropper to add 

water to the mixture. A laboratory mass balance (0.01 g readability) was used to measure the 

mass of the materials.  

Binder E had an average particle size of approximately 5 mm (ar) and the particle size was 

consequently reduced to -1 mm to ensure that the plastic and coal particles had enough contact 

to properly bind and to avoid excessively large voids caused by the larger plastic particles 

(Dehont,·2006; Kaliyan·&·Morey,·2009; Massaro·et·al.,·2014). The crystalline structure of LDPE 

deforms instead of shattering and the plastic had to be cooled with liquid nitrogen while a 

Kambrook® electric blender was used to reduce the size of the particles to below 1 mm in size. A 

D90 of 826 µm was obtained.  

3.5.2 Batch briquetting process 

The briquettes were manufactured using an Ametek® Lloyd Instruments™ LRX Plus press in a 

stainless-steel Specac® die with a 13 mm diameter. A schematic of the process is illustrated in 

Figure 3-2. Each briquette was pressed individually by inserting the coal-binder mixture into the 

die, and placing it between two plates, viz. the fixed lower punch and the moving upper punch, 

shown in Figure 3-2(a). A guide pin was used to push the upper punch down until a pressure of 

1.5 kN was reached, after which the position was held for 15 s before being released 

(Maree·et·al.,·2020). The briquette, shown in Figure 3-2(b), was removed and stored for further 

testing. Approximately 50 briquettes (~2 g each) were manufactured for each respective binder 

and concentration. 

(a)                  (b) 

Figure 3-2: Briquetting process: (a) before and (b) after 
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3.5.3 Curing 

The curing step facilitates the evaporation of moisture from the briquettes to increase capillary 

pressure and/or enables solid bridge bond formation which increases their strength 

(Green·&·Southard,·2019; Hapgood·&·Rhodes,·2008; Pietsch,·2004). Briquette curing 

conditions were dependent on the properties of the binders and therefore differed between some 

binders.  

The first batch of briquettes bound with Binders A and D were cured at ambient temperature and 

the briquettes bound with Binders B and C were cured in a Labotec Inc. EcoTherm Economy oven 

at 60°C for 30 min, as the binders start to decompose above 60°C. The Binders B and C bound 

briquettes were heated due to the high viscosity of the binders to ensure that the binder sufficiently 

fills the voids between the coal particles. Some briquettes containing Binder B were also cured 

under an 18 W UV lamp due to its propensity of plasticising under UV light (based on SDS) 

(Pietsch,·2004). The briquettes manufactured with Binder E were cured in the oven at 150°C for 

12 hrs due to its higher melting point (Gug·et·al.,·2015; Massaro·et·al.,·2014). The briquettes 

were then stored in a well-ventilated area at room temperature. 

The second batch of briquettes were cured under ambient temperature in a well-ventilated area 

as Binders B and C were heated before briquetting, thereby reducing binder viscosity. Binder E 

was not tested during the second batch of tests due to handling issues. 

3.6 Pilot-scale briquetting 

Phase 2 of the study entails the manufacturing of pillow-shaped briquettes at pilot scale to 

determine the optimal briquette concentrations for each binder based on the mechanical strength 

(CS, AR, FR, IRI) and water resistance (WRI) of the briquettes. The handleability, cost 

implications and hazardous nature of the binders are also considered. 

3.6.1 Binder preparation 

The addition of moisture was found to act as a lubricant during the mixing of the binders and coal 

fines, however due to the binders needing to be maximised, a compromise between moisture and 

binder addition was found (Engelleitner,·2001; Komarek,·1967). The minimum moisture addition 

that was considered to create binderless briquettes was 2.5%. The moisture addition was 

therefore kept constant at 2.5%, while the binder addition was increased from 5%, at intervals of 

5%, until the briquettes no longer retained their shape during the briquetting process. If the mixture 

could not be agglomerated at 10%, the binder concentration was lowered to 2.5% to determine if 

a lower concentration could create a stronger briquette. 
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Binders A, D and E were used at room temperature, while Binders B and C were heated before 

use as described in Section 3.5.1. 

3.6.2 Continuous briquetting process 

The pillow-shaped briquettes were manufactured on pilot-scale using a K.R. Komarek Inc. B050 

roll press. A schematic of the process is shown in Figure 2-4. The coal-binder mixture (~2 kg) was 

agitated at 80 rpm with a Kenwood® electric mixer and then fed through a hopper-setup to a feed 

screw. The mixture was then fed at a speed of 80 ± 0.1 rpm to two roller dies rotating at 

3.8 ± 0.1 rpm with a roll gap and force of 0.3 mm and 30 ± 0.5 kN, respectively, where the 

briquettes where formed (Botha,·2019). Each briquette (l = 35 mm, w = 22 mm, h = 12 mm) 

weighed approximately 5 g. 

3.6.3 Curing 

The briquettes produced with Binders A–E, as well as the binderless briquettes, were cured under  

a controlled temperature (25°C) and humidity (40% relative humidity) to reduce the adsorption of 

moisture from the atmosphere (Himbane·et·al.,·2018). Additionally, the briquettes produced using 

Binder E were cured in a Labotec EcoTherm oven at 150°C overnight (~18 hours) to melt and 

sufficiently spread the binder between the coal particles (Gug·et·al.,·2015; Massaro·et·al.,·2014). 

3.7 Mechanical strength tests 

Four tests were performed to determine the compressive strength (CS), abrasion resistance (AR), 

impact resistance (IRI), durability (FR) and water resistance (WRI) of the briquettes. The 

mechanical strength tests were performed on specific days: 0 (green strength), 7, 14 and 21. 

Phase 1 testing only entailed the compressive strength test and the water-immersion test, 

whereas Phase 2 included all four tests. 

3.7.1 Compressive strength test 

The Richards·(1990) test was used to determine the CS of the briquettes using an Ametek® Lloyd 

Instruments™ LRX press. The cylindrical briquettes were tested for surface CS, i.e. axially vertical 

position as shown in Figure 3-3(a), while the pillow-shaped briquettes were tested for point CS, 

i.e. flat-horizontal position as shown in Figure 3-3(b), due to it being the natural resting orientation 

of the briquettes (Rahman·et·al.,·1989). The top plate (d = 500 mm) pressed on the briquette 

resting on an equal sized plate at a speed of 0.25 mm/s, until a cracked formed and the CS could 

be calculated using Equation 2-3: 

 CS =
𝐹

𝐴
  (2-3) 
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In Equation 2-3, F (N) is the fracture load and A is the area of the fracture, i.e. the area that 

touches the plate. The circular flat area of the cylindrical briquette was 1.33 x 10-4 m2 and the 

rectangular flat area at the topmost part of the pillow-shaped briquette was 6.80 x 10-4 m2. The 

test was repeated five times and the average CS was reported. The minimum acceptable CS is 

0.38 MPa for briquettes and 2.1 MPa for South African ROM coal (Mark·&·Barton,·1996; 

Richards,·1990; Speight,·2005). 

  

Figure 3-3: Schematic of the (a) axially vertical and (b) flat-horizontal positions for testing compressive 
strength  

3.7.2 Drop shatter test 

The Richards (1990) drop shatter test was used to determine the impact resistance index (IRI) 

and the friability (FR) of the briquettes. FR provides information on the durability of the briquettes. 

The test consisted of dropping a single briquette from a height of 2 m onto a concrete floor until it 

breaks. The number of times it was dropped, Ndrops, the number of pieces it broke into, Npieces, the 

initial mass, m0 (g), and the mass of the largest broken piece, mf (g), was recorded. A laboratory 

mass balance (0.01 g readability) was used. The values were substituted into Equation 2-4 and 

Equation 2-7 to calculate the IRI and FR, respectively. 

 IRI =
𝑁drops

𝑁pieces
× 100 (2-4) 

 FR =
𝑚f

𝑚0
× 100 (2-7) 

The minimum acceptable IRI and FR are 50 and 80%, respectively (Kaliyan & Morey, 2009; 

Richards, 1990). 

3.7.3 Tumbler test 

A modified Richards (1990) test, constructed by Botha (2019), was used to establish the AR of a 

smaller sample size of briquettes, which is an indication of the durability of the briquettes. A 

(a) (b) 
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stainless-steel cylindrical drum (di = 70 mm, l = 51 mm) with a lifter spanning the whole length of 

the drum was used in the experiment. The drum contained a sample of four briquettes with a 

combined weight of approximately 20 g, which was rotated on roller-shafts connected to a 

Bonfiglioli® variable speed drive controlled at a speed of 80 rpm for 197 revolutions. The sample 

was sieved on 6 mm and 1 mm sieves to determine the amount of sample that can be classified 

as peas (+6 mm), duff (-6 mm, +1 mm) and fines (-1 mm) (Steyn·&·Minnitt,·2010). The oversize 

of the 6 mm sieve was used to calculate the AR as a percentage using Equation 2-8.  

 AR =
𝑚f

𝑚0
× 100 (2-8) 

In Equation 2-8, m0 (g) is the weight of the initial briquette sample and mf (g) is the weight of the 

oversize sample after tumbling, determined with a laboratory mass balance (0.001 g readability). 

To ensure accuracy the test was repeated twice, and the average of the results was used. The 

minimum acceptable AR value is 95% (Richards, 1990). 

3.7.4 Water-immersion test 

The water resistance of the briquettes was tested with the Richards·(1990) immersion-in-water 

test where a briquette is immersed in water for 30 min, with light pressure being applied every 

10 min. If the briquettes were not water resistant the time until dispersion was classified as 5, 10 

or 30 min with the state of the waterlogged briquette being evaluated as intact, mostly intact, 

mostly degraded, or degraded (Taulbee·et·al.,·2013). The intact briquettes were then weighed to 

determine the mass of water that was absorbed, and the water resistance index (WRI) was 

calculated using Equation 2-9.  

 WRI = 100 − %𝑚w (2-9) 

In Equation 2-9, %mw is the mass of water that was absorbed as a percentage of the overall mass 

of the briquette. The test was repeated three times and the average value was used to ensure 

accuracy. The minimum acceptable WRI is 95% and the briquette was wiped dry and tested 

afterwards to determine the wet compressive strength (CSwet) (Richards,·1990). 

3.8 Reactivity tests 

Phase 3 entails the matching of the different binders to end-use processes they can possibly be 

used in. It is therefore important to know how the different binders react during pyrolysis, 

gasification and combustion to predict their suitability to the four processes that are considered in 

this study. The briquettes that have the best mechanical strength tests results for each binder will 

be considered in these tests.  
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3.8.1 Free swelling index 

The free swelling index (FSI), i.e. crucible swelling number, of the coal and optimal coal-binder 

blends were tested to determine if the coal or binders had any swelling properties for use in the 

metallurgical industry. The standard procedure is described in ISO 501 (2003). The FSI was also 

calculated with the pore resistance number (PRN) correlation suggested by Dakič·et·al.·(1989), 

as shown in Equation 2-12. The PRN is calculated from the volatile matter content divided by the 

inherent moisture in the coal. 

 FSI = 10−2PRN1.9 (2-12) 

3.8.2 Thermal degradation 

The method that van Dyk·(2001) and Leokaoke et al. (2019) used was modified to test the primary 

thermal degradation of the briquettes. A Carbolite® Gero VMF–100 muffle furnace was used due 

to its high heating rate capability. The briquettes were placed inside the ceramic crucibles used 

for the proximate analysis (volatile matter content) and covered with a lid to prevent air from 

entering. The muffle oven was pre-heated to 100 ± 25°C and the briquettes were weighed and 

inserted into the furnace. The furnace was then heated at a rate of 45°C/min to 700 ± 25°C and 

kept there for 60 min. The fragmentation that occurred could then be measured with the Ergun 

index, Equations 2-10 and 2-11, or through visual assessment if no fragmentation occurred. 

3.8.3 Pyrolysis 

The briquettes were charred in an Elite Thermal Systems Ltd. TMH16/75/610 horizontal tube 

furnace before undergoing either combustion or gasification reactivity tests. The briquettes were 

charred in an inert environment created by streaming 5 ± 0.1 sL/min nitrogen gas into the furnace 

while the furnace was heated to 1000 ± 25°C at a heating rate of 5°C/min. The briquettes were 

held isothermally for 120 min to ensure that all the volatiles were removed before the furnace was 

cooled down to room temperature (Vamvuka,·1999). The charred briquettes were stored under 

nitrogen atmosphere in air-tight containers at ambient temperature.  

3.8.4 Thermogravimetric analysis 

The combustion and gasification tests were both performed in an in-house designed Elite Thermal 

Systems Ltd. TSV15/50/180 vertical tube furnace setup with different gases and experimental 

parameters. A schematic of the process is shown in Figure 3-4. The furnace was heated via 

elements around the tube and a ceramic encasing insulated the furnace from the surrounding 

area. A maximum heating rate of 7°C/min and temperature of 1 400°C could be obtained in the 

furnace. The gas-flow was controlled using a mass flow controller (viz. Brooks® model 0254 for 
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air and Sierra® SmartTrak® 50 series for CO2) and entered the furnace at the top. The gas then 

flowed through the furnace where the briquette was held in a quartz bucket, placed on top of a 

laboratory mass balance (0.001 g readability). The mass, temperature and time were logged at 2 

second intervals with a computer program, VisiDAQ®. The mass loss versus time data was filtered 

with the least square’s method to smooth out the TG-curves for data analysis. 

The isothermal combustion tests were performed on the charred coal briquettes with a dry air 

flowrate of 0.15 ± 0.01 sL/min at three temperatures, viz. 850, 875 and 900 ± 5°C (Botha,·2019). 

The isothermal gasification tests were conducted using carbon dioxide with a flow rate of 2 sL/min 

at two different temperatures, viz. 1000 and 1025 ± 5°C.  

 

Figure 3-4: Schematic of the in-house testing rig setup for thermogravimetric analysis 

3.8.5 Fischer assay 

An adapted Fischer assay rig, based on the ISO 647 (2007) standard, was used to evaluate the 

pyrolysis products of the briquettes (Roets·et·al.,·2014). Nitrogen was sent through the setup to 

generate an inert environment. The Fischer assay was conducted using a temperature of 900°C, 

with an oven ramp rate of 10°C/min and a retort ramp rate of 5°C/min. The volatiles that were 

released during the heating process bubbled through a toluene tar trap and gas washing phase 

that was kept cool with an ice bath. This was used to separate the gas fractions from the tars for 
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capture in Tedlar® gas sampling bags. A Dean-Stark distillation system was used to remove the 

water fractions from the tar and toluene mixture and a Büchi® Rotavapor® R-100 and Büchi® 

Vacuum pump V-100 were used to perform rotary evaporation on the remaining mixture at 60°C 

and 77 mbar. The ISO 647 (2007) method was used to determine the gas yields, while the weights 

of the different fractions were used to gain the pyrolysis product distributions. 

An SRI Instruments gas chromatograph (GC) model 8610C, fitted with a 1mL sample loop, was 

used to analyse the composition of gaseous products and a Restek® Molecular sieve 13X column, 

with argon gas as a carrier, was used to separate the gas components. Each analysis started 

with the sample flowing through the separation column and being detected by the thermal 

conductivity detector (TCD). The sample gas components were eluted and then detected in the 

order of H2, N2, CH4 and CO within the first six minutes. The sample loop was then switched so 

that the flow of argon was reversed at 6.3 min which ensures that the CO2 is eluted to the TCD. 

At the time that the sample was injected into the GC column the temperature was 50°C where it 

was held for 3 min. The oven temperature was then increased to 25°C/min until a temperature of 

200°C was reached in 9 min. To ensure that the CO2 peak was completely eluted and detected 

by the TDC it was left for another minute at 200°C. A detection error of less than 1% was ensured 

with the calibration graphs of the gaseous components. 
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3.9 Coal characterisation results 

This section contains the PSD, XRD, XRF and CV results of the coal used in the study. The results 

are discussed based on their effect on the briquetting of the coal fines. 

Table 3-3: Comparison of the proximate analysis, ultimate analysis and gross calorific value of the coal 

fines and ROM coal from the same area adapted from Leokaoke·et·al.·(2019) 

Property Coal fines ROM coala 

Proximate analysis (wt%, db) 

Ash yield 30.4 19.8 

Volatile matter 24.4 24.1 

Fixed carbon yield* 45.2 56.0 

Ultimate analysis (wt%, afb) 

Carbon 77.6 78.6 

Hydrogen 4.3 4.0 

Nitrogen 1.9 2.1 

Oxygen* 15.0 14.7 

Sulphur 1.2 0.6 

Gross calorific value (MJ/kg, adb) 

CV 20.1 26.0 

a Leokaoke·et·al.·(2019) 

* calculated by difference 

The proximate analysis, ultimate analysis and CV results of the coal fines are shown in Table 3-3. 

The values for ROM coal from the same area are also given for comparison 

(Leokaoke·et·al.,·2019). The inherent moisture content of the coal fines was found to be 4.7 wt% 

(adb). The ash yield for the coal fines is categorised as high (≥ 30), but still below the ash yield of 

coal from discard dumps (40–50%) (Arnold,·2013; Department of Minerals and Energy,·2001; 

ISO,·2005). The volatile matter content of the coal fines is comparable to that of the ROM coal 

and is in line with that of a medium volatile bituminous coal (Arnold,·2013; ISO,·2005). The fixed 

carbon yield is also acceptable for a bituminous coal (Laj·&·Barnikel,·2016). The volatile matter 

is within the range (20–28%) where the compressive strength of the briquettes are expected to 

increase with an increase in volatile matter content (England,·1993). The CV of the coal fines is 

low compared to that of ROM coal, but above that of coal from discard dumps (10–20 MJ/kg, adb) 

(Department of Minerals and Energy,·2001). Overall, the coal fines are comparable to coal from 



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

CHAPTER 3: METHODOLOGY  64 

the upper part of the No. 4 Seam in the Highveld Coalfield (Hancox·&·Götz,·2014; Jeffrey,·2005; 

Jordaan,·1986). 

Table 3-4: Mineralogical composition from the XRD analysis results for the coal fines 

Mineral Coal 

XRD analysis (wt%, graphite basis) 

Graphite 68.2 

Kaolinite  16.3 

Quartz  8.4 

Calcite  1.5 

Gypsum  1.4 

Microcline  1.4 

Muscovite  1.0 

Dolomite 1.0 

Magnetite  0.7 

Pyrite  0.2 

 

The crystalline mineral matter composition of the coal fines from XRD analysis is presented in 

Table 3-4. The approximate amount of mineral matter (33.5 wt%) can be calculated using the 

Parr formula, Equation 2-1, by using the ash yield and sulphur content given in Table 3-3. This 

value concurs with the results from the XRD analysis where the crystalline mineral matter was 

determined to be 31.8 wt%. Mineral matter can be abrasive and a low value is therefore preferable 

(Couch,·2002). The most abundant crystalline minerals are kaolinite (16.3%) and quartz (8.4%), 

which is typical for Highveld coal (Leokaoke·et·al.,·2018; Matjie·et·al.,·2012; 

Strydom·et·al.,·2018). Kaolinite is a clay mineral that can cause a low WRI in briquettes with an 

ash yield above 15 wt% (db) due to the clay plasticising and swelling when encountering water 

(Mangena·et·al.,·2004). Since kaolinite, shown in Table 3-4, accounts for more than half of the 

minerals present in the coal fines and the ash yield is larger than 15 wt%, the WRI of the briquettes 

may be poor. 

The ash composition of the coal fines from XRF analysis is shown in Table 3-5 and compared to 

ROM coal from the same area (Leokaoke·et·al.,·2019). The ash consists primarily of metallic 

oxides, e.g. SiO2 and Al2O3, which may derive from the kaolinite and quartz minerals shown in 

Table 3-4 (Spears,·2000). The alkali index, AI, was calculated with the equation proposed by 

Sakawa·et·al.·(1982) and represents the catalytic effect of the ash components. The increased 
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AI of the coal fines suggests an increased reactivity compared to the ROM coal 

(Coetzee·et·al.,·2013; Sakawa·et·al.,·1982; Zhang·et·al.,·2006) 

Table 3-5: Ash composition from the XRF analysis results for the coal fines 

Ash composition Coal fines ROM coala 

XRF analysis (wt%, LOIfb*) 

SiO2 50.3 50.1 

Al2O3 26.4 24.4 

CaO 7.5 10.7 

Fe2O3 5.4 1.8 

SO3 3.8 5.6 

MgO 2.1 3.3 

TiO2 1.4 1.3 

K2O 1.2 0.6 

P2O5 0.8 0.6 

SrO 0.4 0.4 

Na2O 0.4 0.8 

BaO 0.3 0.2 

MnO 0.1 0.1 

ZrO2 0.1 0.1 

Alkali Index** 6.5 4.6 

a (Leokaoke·et·al.,·2019) 

*Loss on ignition free basis 

** AI =
CaO+Fe2O3+MgO+K2O+Na2O

SiO2+Al2O3
× Ash(%) 

The cumulative density distribution graph of the coal particle sizes is shown in Figure 3-5. The 

graph shows that the particle sizes are distributed between a minimum size of 0.46 µm and a 

maximum size of 272 µm and the coal can therefore be classified as fine (-1000 µm) 

(Hardman·&·Lind,·2003). The Dv90 is however 178 µm, which means that most of the particles 

are ultra-fine (-150 µm) (Hardman·&·Lind,·2003). The increased contact between the surfaces of 

the smaller particles may increase the bond formation and adhesion between them to create 

stronger briquettes (Ellison·&·Stanmore,·1981a, 1981b; Gunnink·&·Zhuoxiong,·1994; 

Motaung·et·al.,·2007; Pietsch,·2004). The small particle size also allows van der Waals forces 

(< 1 µm), adsorbed vapour layers (< 80 µm), and liquid bridges (< 500 µm) to all be active in 

binding the particles (Rumpf cited by Hapgood and Rhodes, 2008). 
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Figure 3-5: Cumulative density particle size distribution of the coal fines (-1 mm) 
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CHAPTER 4: MECHANICAL STRENGTH RESULTS 

4.1 Overview 

The mechanical strength of the briquettes bound with Binders A–E was evaluated. Section 4.2 

contains the results for the laboratory-scale briquettes and provides insight into behaviour of the 

binders. Section 4.2 contains the results for the pilot-scale briquettes which expands on the 

mechanical strength of the briquettes and leads to the optimisation of the binder concentrations 

for further reactivity testing.  

4.2 Phase 1: Laboratory-scale briquetting 

The compressive strength, CS (MPa), and water resistance index, WRI (%), results of the 

lab-scale produced, cylindrical briquettes are discussed in this section. The binding mechanisms 

involved for each binder are hypothesised based on the performance of the binder and the CS of 

the briquettes. Some notes on the handling and behaviour of the binders are also listed for the 

next phase of testing. 

4.2.1 Compressive strength results 

The CS of the briquettes with 95% confidence level over a 21-day period is given in Figure 4-2 to 

Figure 4-6. The effect of the various binders on the CS of the briquettes is compared to the CS of 

the binderless briquettes, as well as the minimum CS for bituminous ROM coal (2.1 MPa) 

(Speight,·2005). It can be noted that all the briquettes surpassed the minimum limit of 0.38 MPa 

set by Richards (1990) on day 0 as well as the minimum ROM coal CS of 2.1 MPa from 

Speight·(2005) on day 7. The evaporation/ adsorption of moisture in the Phase 1 briquettes is 

shown in Figure B-1 (Appendix B) to aid in discussing the theorised binding mechanisms of each 

binder. 

The binderless briquettes were manufactured with an additional 17% moisture, however the 

briquettes had a lower moisture content because some of the moisture was removed at the sides 

of the die during pressing. This is caused by pressure decreasing the interstitial space, i.e. pores, 

created by air between the coal particles which are occupied by incompressible fluids which then 

need to escape (Iveson·&·Page,·2001; Pietsch,·2004). The CS of the binderless briquettes, 

Figure 4-1, peaked on day 0 at 3.4 MPa (green strength), after which it decreased with time. 

Figure B-1 shows that the briquettes lost a relatively large amount of weight (9.0%) between day 

0 and 7, before gaining back some weight between day 14 (0.9%) and 21 (0.3%). The initial 

weight loss can be attributed to moisture evaporating from the briquettes which may have 

decreased the adhesion and cohesion forces created by the water layer and the small amount of 

re-adsorbed moisture was not enough to increase the strength (Hapgood·&·Rhodes,·2008; 
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Karra·&·Fuerstenau,·1977; Pietsch,·2004). The maximum CS obtained for the binderless 

briquettes (3.4 MPa) will be used for comparison with the binder bound briquettes. 

 

Figure 4-1: Compressive strength results over a period of 21 days for the lab-scale binderless 
briquettes  

a. Binder A bound briquettes 

The CS of briquettes produced with Binder A (5–15%) and a 17% moisture addition is shown in 

Figure 4-2. Binder A is a film binder and consists of small particles (< 10%) suspended in water 

which is why the binder did not have a large effect on the CS of the briquettes when compared to 

binderless briquettes. Figure B-1 shows that the weight changes of briquettes bound with different 

concentrations were almost identical. This may be due to the water escaping from the coal 

particles during pressing, leaving the solid colloidal particles in the briquette. The increase in CS 

(1–3 MPa) when the concentration is increased could therefore be due to solid bridges that are 

formed between the coal particles by the colloidal particles in the binder 

(Hapgood·&·Rhodes,·2008; Pietsch,·2004). Solid binder bridges are held together by mainly 

attraction forces and the adsorption of moisture, indicated by the weight gain after day 7 (1.3%), 

may have weakened these bonds and decreased the CS (Coelho·&·Harnby,·1978; 

Hapgood·&·Rhodes,·2008). The highest CS (5.6 MPa) was achieved with a binder concentration 

of 15% on day 7. 

In the second batch of tests the concentration of Binder A could be increased to 20, 30 and 40%, 

without additional moisture. The same behaviour was observed as in Phase 1 because even 

though no extra water was added, Binder A mostly consists of water which leads to less liquid 

escaping during pressing compared to Phase 1, but similar liquid retention. The highest CS of the 

20, 30 and 40% Binder A bound briquettes were 2.3, 3.8 and 4.1 MPa respectively, all on day 7. 
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These values are below those obtained in the first phase (binder dosages of 5–15%), although 

only by a small measure (1–2 MPa). There is therefore no observable benefit in increasing the 

binder concentration above 15%, except to use the briquettes as a carrier for the waste binder. 

 

Figure 4-2: Compressive strength results over a period of 21 days for the lab-scale briquettes 
manufactured with Binder A  

b. Binder B bound briquettes 

Figure 4-3 shows the 21-day CS results of briquettes that were manufactured with maximum 

moisture addition (~17%) and Binder B (5–15%) then cured in an oven (60°C, 30 min). The CS 

results of the briquettes that underwent additional curing under a UV lamp as an attempt to 

activate the plasticising effect of the binder are also shown on the graph. Binder B is a somewhat 

viscous binder and therefore creates adhesion and cohesion forces as well as liquid bridges 

between the coal particles (Green·&·Southard,·2019; Pietsch,·2004). Binder B is both insoluble 

in water and denser (~1.025 g/cm3) than water thus it can be assumed that more water escaped 

during pressing than binder. Briquettes bound with 5% Binder B had a relatively large weight loss 

(8.3%) before day 7 compared to the 10% (0.5%) and 15% (1.1%) bound briquettes, as shown in 

Figure B-1. This weight loss may be caused by moisture evaporating from the briquette and is 

higher due to the lower binder concentration allowing more water to be retained in the briquette. 

The slight increase in CS when the concentration is increased could therefore be caused by more 

adhesion and cohesion forces, and binder liquid bridges being present which supports the theory 

that more water than Binder B escapes during pressing. The CS of the 5, 10 and 15% bound 

briquettes peaked on day 7 at 5.1, 6.8 and 7.8 MPa, respectively. After day 7 the briquettes all 

regained some weight (0.4–1.0%) indicating adsorption of moisture on the surface of the particles 

which corresponds to the slight fluctuation in CS after day 7. 
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Figure 4-3: Compressive strength results over a period of 21 days of the lab-scale briquettes 
manufactured with Binder B 

The peak CS of the UV cured Binder B bound briquettes at a concentration of 5, 10 and 15% was 

5.0, 7.0 and 7.8 MPa, respectively. UV light seems to expedite the curing that the briquettes 

experience in the first week but did not significantly affect the peak CS of the briquettes; a finding 

that was also reported by Venter·and·Naude·(2015). This might be due to the UV light removing 

some of the moisture in the green briquette instead of plasticising the binder. The addition of an 

initiator, e.g. hydrogen peroxide, can induce the polymerization of the binder 

(Rife·&·Walker,·1953). The UV cured briquettes had the same behaviour as the uncured briquette 

with regards to weight change, shown in Figure B-1, but at a smaller magnitude.  

In the second batch no extra moisture was added, but the concentration of Binder B could not be 

increased beyond 15% due to the high viscosity of the binder preventing it from escaping during 

densification (Hapgood·&·Rhodes,·2008). The coal-binder mixture was also tacky and difficult to 

handle due to the absence of the additional moisture that acted as a lubricant (Engelleitner,·2001; 

Komarek,·1967). This is similar to the maximum viscous liquid saturation of 20–30% that is 

observed for the granulation of fine particle systems (Iveson·&·Page,·2001; Iveson·et·al.,·2002; 

Keningley·et·al.,·1997). 

c. Binder C bound briquettes 

The CS measured over a period of 21 days for the briquettes containing a moisture addition of 

17% and Binder C (5–15%) is shown in Figure 4-4. The green strength of the briquettes 

(~1.6 MPa) was below even the binderless CS (3.4 MPa).  A sharp increase in CS was observed 

in the first 7 days where the CS of the briquettes bound with 5, 10 and 15% Binder C peaked at 

5.6, 9.5 and 14.5 MPa, respectively. The corresponding weight, Figure B-1, of the briquettes 
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bound with 5, 10 and 15% Binder C was reduced by 3.6, 5.1 and 7.8% over this period. Binder C 

is a highly viscous (500 mPa.s at 100°C) binder and therefore acts as a matrix between the coal 

particles to create strong viscous binder bridges that exhibit strong surface tension, capillary 

pressure, and adhesion and cohesion forces (Ennis·et·al.,·1990; Keningley·et·al.,·1997; 

Mazzone·et·al.,·1987; Simons,·2007). The declining CS after day 7 corresponds to a weight gain 

which could be due to moisture adsorption decreasing the capillary pressure in the briquette. The 

peak CS of the 15% binder containing briquettes (14.5 MPa) is comparable to that of cylindrical 

ROM coal (14 MPa) (Leokaoke·et·al.,·2018). 

The issues observed during the second batch (> 15%) for Binder C were similar to those of 

Binder B. Theoretically a higher binder concentration should be able to provide stronger 

briquettes when considering the trend in Figure 4-4, but the mixing and pressing of briquettes with 

such a high viscous liquid content was found to be unfeasible. 

 

Figure 4-4: Compressive strength results over a period of 21 days of the lab-scale briquettes 
manufactured with Binder C  

d. Binder D bound briquettes 

Figure 4-5 shows the CS results for Binder D (5–15%) bound briquettes over a period of 21 days. 

The same escape of liquid during densification was observed as with the previous binders which 

decreased the moisture content of the pressed briquettes. The peak CS of the 5, 10 and 15% 

Binder D bound briquettes, viz. 3.7, 4.0 and 4.1 MPa, were comparable to that of the binderless 

briquettes (3.4 MPa). Binder D is a wax emulsion and mostly consists of water which is why the 

briquette strength depends on attractive forces, surface tension and capillary pressure 

(Pietsch,·2004). The weight loss, Figure B-1, of the Binder D bound briquettes is similar to the 

weight loss seen in the binderless briquettes which explains the peak in CS on day 7 and 

subsequent decrease. 
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Figure 4-5: Compressive strength results over a period of 21 days of the lab-scale briquettes 
manufactured with Binder D 

During the second batch of tests the concentration of Binder D could be increased to 20% and 

30%, with a peak CS on day 7 of 2.9 MPa and 3.5 MPa, respectively. This is slightly lower than 

the CS of the first batch of briquettes. 

e. Binder E bound briquettes 

Binder E was handled differently to the previous liquid binders due to it being a solid. The CS of 

the briquettes was not evaluated over time as the coal particles are bound by solid bridges and 

the effect of adsorbed moisture was deemed negligible (Pietsch,·2004). The focus for Binder E 

was therefore on the CS of the briquettes at different concentrations. Figure 4-6 shows the CS of 

briquettes bound with 5, 10, 15 and 20% Binder E and a moisture addition of 17% (lubricant). 

The hypothesis was that Binder E would function as an inactive matrix binder by melting and 

coating the coal particles, thereby creating a matrix that bonds the particles together 

(Engelleitner,·2001; Gug·et·al.,·2015; Massaro·et·al.,·2014; Pietsch,·2004). Binder E is, 

however, a plastic and the finely comminuted plastic particles (-1 mm) that were mixed with the 

coal swelled when the briquettes were cured (150°C), thereby creating cracks in the briquette 

surface and weakening the briquette structure which caused the CS to decrease above 10% 

binder addition. Technology, such as extruder pelletising, should therefore be considered in future 

studies to ensure that the binder is moulded while hot, thereby eliminating the cracks that form 

due to the particles swelling. The CS of the 5, 10 and 15% Binder E bound briquettes were still 

high at 10.0, 11.1 and 6.4 MPa, respectively, and further testing with the roller press will be 

implemented. 
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Figure 4-6: Compressive strength results of the lab-scale briquettes manufactured with Binder E 

4.2.2 Water resistance results 

The water resistance test determined that briquettes manufactured using Binders A–D were not 

water resistant. On the other hand, the briquettes manufactured with Binder E were water 

resistant and could be kept immersed for up to 3 hrs without disintegrating. The WRI of the 

Binder E bound briquettes at different time intervals are shown in Table 4-1. The minimum WRI 

is 95% and Binder E bound briquettes (5, 10 and 15%) all meet this requirement (Richards, 1990). 

Additionally, the 5% and 10% briquettes could be immersed for up to 120 min and still conform to 

the minimum WRI. 

Table 4-1: Water resistance index, WRI (%), of lab-scale briquettes with Binder E at 30, 60, 120 and 

180 min 

Binder E 

Time immersed in water (min) 

30 60 120 180 

5% 98.2 96.8 95.7 94.7 

10% 97.6 96.6 95.2 93.9 

15% 97.2 94 85.7 84.7 

20% 92.9 80 53 44.8 

 Binder E bound briquettes with WRI ≥ 95% 

The CSwet of the 5 and 10% Binder E bound briquettes after 30 min of immersion, shown in Figure 

4-7, were 8.3 and 9.7 MPa, respectively. The CSwet of both the 5 and 10% binder E containing 

briquettes were below their original CS (10.0 and 11.1 MPa, respectively) but exceeded that of 
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literature (0.38 MPa). The 15% Binder E bound briquettes could only withstand 30 min immersed 

in water and had a CSwet of 3.9 MPa, compared to an original CS of 6.4 MPa which may be due 

to the swelling of the plastic damaging the briquette structure. The CSwet also decreased with an 

increase in immersion time, however the CSwet of the briquettes at 120 min (5.5 and 6.8 MPa, 

respectively) were still above the minimum acceptable values (Richards,·1990; Speight,·2005). 

 

Figure 4-7: Wet compressive strength results of the lab-scale briquettes bound with 10 and 15% 
Binder E 

4.2.3 Summary of lab-scale briquettes 

The optimal concentrations for the cylindrical briquettes, as well as their respective CS and WRI, 

are summarised in Table 4-2. The binders (descending) can be ranked based on their CS as: 

C > E > B > A > D.  

Table 4-2: Summary of the lab-scale briquettes manufactured with Binders A–E 

Binder Moisture 

(wt%) 
CS (MPa) WRI (%) 

CSwet 

(MPa) Type Concentration (wt%) 

A 

15 
17 

5.6 

– – 
B 7.8 

C 14.5 

D 4.1 

E 10 11.1 97.6 9.7 
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The lab-scale cylindrical tests have provided some valuable insight into the binders that were 

used in this study. Some of these insights are: 

• Binders A and D had the lowest CS due to the primary binding mechanism being surface 

tension and capillary pressure from liquid bridges between the coal particles. 

• Binder B and C are viscous liquids and increase the CS of the briquettes, at a magnitude 

relating to their viscosities, due to added adhesion and cohesion forces. 

• Binder E created solid bridges in the briquette by melting and interlocking around coal 

particles. 

• Binder E was the only binder that increased the water resistance of the briquettes enough 

to satisfy the minimum WRI parameter. 

• Binders B, C and E all significantly increase the CS of the briquettes, but only Binder C 

matched the CS of ROM coal. 

• Additional moisture has a lubricating effect on binder mixing and may be necessary when 

highly viscous binders are used. 

4.3 Phase 2: Pilot-scale briquetting 

The CS (MPa), IRI (-), FR (%), AR (%), and WRI (%) results of the Phase 2 pilot-scale 

pillow-shaped briquettes are presented and discussed in this section. The optimal binder 

concentrations are also determined based on the mechanical strength, water resistance, 

handleability, hazardous nature and cost implications of the binders prior to further reactivity 

testing.  

4.3.1 Compressive strength results 

The CS results of the pilot-scale briquettes manufactured with moisture (2.5–10%), Binder A 

(5–15%), Binder B (5–20%), Binder C (5–20%), Binder D (2.5–5%), and Binder E (5–10%) were 

evaluated and compared with the minimum CS of South African ROM coal (2.1 MPa) and 

cylinder-shaped ROM coal (14 MPa) (Leokaoke·et·al.,·2018; Speight,·2005). It can be noted that 

all the briquettes surpassed the minimum limit of 0.38 MPa set out by Richards (1990). The 

briquettes were stored in a temperature (25°C) and humidity-controlled (40% relative humidity) 

room to diminish the effects of moisture adsorption on the mechanical strength of the briquettes 

during the 21-day curing period. 

The CS of the binderless briquettes with a moisture (i.e. water) addition of 2.5, 5 and 10% are 

shown in Figure 4-8. The CS of the binderless briquettes increased with curing time due to the 

evaporating liquid increasing the capillary pressure in the briquette, but it still did not reach the 

CS of ROM coal (2.1 MPa) (Botha,·2019; de Assis·et·al.,·2019; Iveson·et·al.,·2001; 
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Patil·et·al.,·2009). The peak CS for the 2.5, 5 and 10% briquettes was 1.8, 2.2 and 2.3 MPa, 

respectively. It can be observed that the moisture content did not have a significant impact on the 

CS of the briquettes and the lowest concentration (2.5%) was therefore chosen to complete the 

pilot-scale briquette manufacturing of the liquid and slurry containing binders (A, B, C and D), 

while the highest addition of water (10%) was chosen for the solid binder (E) to enable capillary 

forces (Massaro·et·al.,·2014).  

 
Figure 4-8: Compressive strength results over a period of 21 days of the pilot-scale binderless 

briquettes manufactured with a moisture addition of 2.5, 5.0 and 10.0% 

The CS results for the briquettes bound with Binders A–E are shown in Figure 4-9. The CS of the 

binders showed similar trends as seen in Phase 1 but peaked at lower values which indicates that 

the binding mechanisms proposed in Section 4.2 are still valid. The briquettes also took longer to 

cure due to their larger size. Some variation in the CS trends was observed which may be due to 

poorer mixing caused by the higher volume of coal and binder batches that were prepared for the 

pilot-scale briquettes, resulting in the uneven distribution of materials within the briquettes 

(Rubio·et·al.,·1999). All the briquettes exceeded the minimum ROM coal CS of 2.1 MPa except 

the Binder D and 10% Binder E bound briquettes thus the binders can be ranked as: C>E>A>B>D. 
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Figure 4-9: Compressive strength results over a period of 21 days of the pilot-scale briquettes manufactured with Binders A–E  
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4.3.2 Impact resistance results 

The IRI is a measure of the briquette’s ability to withstand impact forces, e.g. hitting a surface 

during transportation, handling or loading (Dohm·et·al.,·2012). The minimum acceptable IRI is 50 

with the briquettes dropped a maximum of 10 times (Richards,·1990). The IRI tabulated results 

of the briquettes over a 21-day period is shown in Table C-1, Appendix C. The average for each 

binder type and concentration was calculated and can be seen in Figure 4-10. The effect of the 

impact when the briquette hits the floor, on the bonds created by each respective binder (as 

detailed in Section 4.2.1), are discussed in this section. 

The briquettes bound with water (2.5–10%) and Binder D (2.5–5%), respectively, did not achieve 

the minimum IRI. Both binders are mainly dependent on attraction forces and liquid bridges with 

resulting surface tension and capillary pressure created by the water in the briquette. The impact 

from hitting the ground during the drop shatter test could therefore easily break these bonds, 

causing the briquettes to shatter, thereby decreasing the IRI. Binder A is also a film-type binder 

consisting of mostly water, however the colloidal particles in the binder that form colloidal solid 

bridges increased the IRI with concentration, resulting in an above minimum IRI of 68 ± 13 at a 

concentration of 15%.  

 
Figure 4-10: Average impact resistance index results of the pilot-scale binderless briquettes and 

briquettes bound with Binders A–E 

The higher viscosities of Binders B and C resulted in an increase in impact resistance with an 

increase in concentration due to viscosity being the dominant mechanism of energy dissipation 

(Adams·et·al.,·1994; Ennis·et·al.,·1990; Iveson·&·Page,·2001; Keningley·et·al.,·1997; 

Mazzone·et·al.,·1987). Binder B had an acceptable IRI of 66 ± 13 and 87 ± 11 at concentrations 

of 10 and 20%, respectively. The IRI seems to increase with Binder B concentration, except at a 

concentration of 15%. This could be due to the large error caused by the limitations of the drop 
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shatter test discussed in Appendix C, e.g. not taking the small pieces/ fines into account when 

counting the number of pieces the briquette breaks into (Li·&·Liu,·2000). The IRI of Binder C 

increases with concentration, and at a concentration larger than 15%, the briquettes do not shatter 

when they hit the ground after 10 drops, i.e. the IRI is 1000 (Blesa·et·al.,·2003; 

Rubio·et·al.,·1999). This may be a result of Binder C creating a matrix of very high viscosity binder 

around the coal particles (Iveson·&·Page,·2001). 

4.3.3 Durability results 

Friability index, FR (%), and abrasion resistance, AR (%), are both measurements of a briquette’s 

durability, i.e. resistance to the formation of fines (Dohm·et·al.,·2012). The FR results of the 

briquettes, Table C-2 in Appendix C, showed no clear trend based on time and the average for 

each binder and concentration was therefore calculated and shown in Figure 4-11.  

 

Figure 4-11: Average friability index results of the pilot-scale binderless briquettes and briquettes bound 
with Binders A–E 

The FR of a briquette is calculated from the weight of the largest piece after breaking as a 

percentage of the initial briquette weight and has a minimum acceptable value of 80% 

(Kaliyan·&·Morey,·2009). The goal of this is to limit the amount of smaller, e.g. fine, pieces to 

20%, though the pillow-shaped briquettes frequently broke in half at the seam where it is weakest 

(Botha,·2019). This skews the results because the largest piece is approximately half the briquette 

weight (~50%), but virtually no fines are generated giving an inaccurately low FR. Conversely, the 

briquette splitting could give an inaccurately high FR if the briquette splitting prevented the 

briquette from shattering. The FR of most of the briquettes were below the acceptable minimum 

of 80%, with some Binder A, B and C bound briquettes exceeding it (Kaliyan·&·Morey,·2009). 

0

20

 0

60

80

100

 
 
  
 
 

       

Average FR (%) Minimum



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

Chapter 4: MECHANICAL STRENGTH RESULTS  80 

Massaro·et·al.·(2014) also observed scattered results for the attrition index of plastic bound 

pillow-shaped briquettes due to inherent inconsistencies in the briquetting process. 

The AR results of the briquettes also showed no clear trend and had a maximum difference of 

1% so the average for each binder and concentration, Figure 4-12, will be used for analysis. The 

AR of the binderless briquettes with a lower moisture addition (2.5 and 5%) and the Binder D 

bound (2.5 and 5%) briquettes had the lowest AR.  The AR of the briquettes in Figure 4-12 showed 

some variation based on concentration.  

 

Figure 4-12: Average abrasion resistance results of the pilot-scale binderless briquettes and briquettes 
bound with Binders A–E 

4.3.4 Water resistance results 

Most of the briquettes were not very water resistant, however the effect of the binders on the 

water resistance of the briquettes can still be visually assessed to describe their performance as 

shown in Appendix D. The briquettes were classified as intact, mostly intact, mostly degraded, or 

degraded and the time (1, 5, 10, 20, 30 min) when the briquettes were degraded was recorded 

(Taulbee·et·al.,·2013). The results are tabulated in Table 4-3. The water and Binder D bound 

briquettes degraded before 5 min which is similar to the briquettes made from lignite and waste 

materials that were tested by Beker·(1997). The poor water resistance of the briquettes is caused 

by the high kaolinite content in the coal swelling when it is wetted (Leokaoke·et·al.,·2018; 

Mangena·et·al.,·2004; Motaung·et·al.,·2007). The other binders increased the water resistance 

of the briquettes to different degrees due to their hydrophobic properties. Binder B is insoluble in 

water and the water resistance of the 10, 15 and 20% Binder B bound briquettes can therefore 

be attributed to enough binder coating the coal particles in the briquette and keeping the water 

out of the briquette matrix (de Assis·et·al.,·2019). The increased water resistance of the 
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pilot-scale briquettes compared to the lab-scale Binder B bound briquettes can consequently be 

explained by the higher water addition in the lab-scale briquettes inhibiting the complete coating 

of coal particles with Binder B. The markedly improved water resistance of the 20% Binder C 

bound briquettes compared to the briquettes with lower concentrations (≤ 15%) can be explained 

by the higher viscosity of the binder requiring more binder to sufficiently coat the coal particles 

(Mills,·1908). The Binder E bound briquettes were all water resistant due to the binder (plastic) 

creating a solid bridge matrix in the briquette that does not dissolve in water 

(Massaro·et·al.,·2014).  

Table 4-3: Water resistance of the pilot-scale briquettes manufactured with water and Binders A–E based 

on their condition 

Binder 
Immersion time (min) Condition (-) 

Type Concentration (wt%) 

Water 

2.5 5 

Degraded 10 5 

15 5 

A 

5 10 
Mostly degraded 

10 10 

15 10 Mostly intact 

B 

5 10 Mostly intact 

10 30 

Intact 15 30 

20 30 

C 

5 5 

Degraded 10 5 

15 5 

20 30 Mostly intact 

D 
2.5 5 

Degraded 
5 5 

E 
5 30 

Intact 
10 30 

If the briquettes were still fully intact after 30 min they were accepted to be water resistant and 

the WRI and wet compressive strength, CSwet, were determined, Table 4-4 (Richards,·1990). The 

briquettes bound with 20% Binder B, 5% Binder E and 10% Binder E met the minimum WRI 

requirement of 95% (Richards,·1990). The CSwet is lower than the original CS of the briquettes, 
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also observed by Leokaoke·et·al.·(2018) and Massaro·et·al.·(2014), but still above the minimum 

CS of 0.373 MPa set by Richards·(1990).  

Table 4-4: Water resistance index and wet compressive strength of the briquettes bound with Binders B 

(10, 15, 20%) and E (5, 10%) that were intact after 30 min 

Binder 

WRI (%) CSwet (MPa) 

Type Concentration (wt%) 

B 

10 89 0.44 

15 92 0.49 

20 97 0.59 

E 
5 96 1.30 

10 97 1.45 

 Binder B bound briquettes with WRI ≥ 95%,  Binder E bound briquettes with WRI ≥ 95% 

4.3.5 Optimisation of binder concentrations for pilot-scale briquettes 

The optimisation, or rather satisficing, of the binder concentrations was done with an a posteriori 

weighing method and equal weights, as shown in Equation 4-1 (Einhorn·&·Hogarth,·1975; 

Ennis·&·Ennis,·2012; Miettinen,·2008). The method is discussed in Appendix E and the optimal 

binder concentrations and their respective mechanical strength values are tabulated in Table E-1 

and summarised in Table 4-5. The optimal briquettes were used for further reactivity testing and 

the results are presented in Chapter 5. 

 𝑦 =  0.143(𝑥CS + 𝑥IRI + 𝑥durability + 𝑥WRI + 𝑥handling + 𝑥cost + 𝑥hazard) (4-1) 

 

Table 4-5: Optimal concentrations for the pilot-scale briquettes manufactured with water and Binders 

A–E and their mechanical strength and water resistance 

Binder 
Moisture 

(wt%) 

CS 

(MPa) 
IRI (-) FR (%) AR (%) 

WRI 

(%) 

CSwet 

(MPa) Type 
Concentration 

(wt%) 

Water – 5 2.2 22 49 95.2 
– – 

A 15 

2.5 

4.1 68 80 99.3 

B 
20 

2.3 87 71 99.5 97.4 0.59 

C 8.2 1000 100 99.2 
– – 

D 
5 

2.4 21 46 95.3 

E 10 5.3 97 52 98.3 98.3 1.30 
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CHAPTER 5: REACTIVITY RESULTS 

5.1 Overview 

The briquettes with the optimal concentration for each binder (5% water, 15% Binder A, 20% 

Binder B, 20% Binder C, 5% Binder D and 5% Binder E) were evaluated to determine the effect 

of the binders on the briquette reactivity. The results were mainly compared to the performance 

of the binderless briquettes as a deeper investigation is beyond the scope of this study. 

Section 5.2 contains the proximate analysis and calorific value results of the optimal briquettes, 

while the pyrolysis, combustion and gasification behaviour of the briquettes are discussed in 

Sections 5.3–5.5. The results of the reactivity tests are used to match the binders to possible 

end-use industries in Section 5.6. The reproducibility of the tests is discussed in Appendix I. 

5.2 Proximate analysis and calorific value results 

The proximate analysis of the binderless and optimal Binder A–E bound briquettes is shown in 

Table 5-1. The properties were used to evaluate the behaviour of the briquettes during the 

reactivity tests and to compare with the yields that were obtained. 

Table 5-1: Proximate analysis and calorific value results of the optimal concentration briquettes 

compared to ROM coal adapted from Leokaoke·et·al.·(2019) 

Property ROMa  Water A B C D E 

Proximate analysis (wt%, db) 

Ash yield 19.8 30.8 29.3 28.1 26.1 31.3 28.1 

Volatile matter 24.1 25.0 27.2 32.6 34.2 25.2 29.4 

Fixed carbon content* 56.0 44.2 43.4 39.3 39.7 43.5 42.5 

Gross calorific value (MJ/kg, adb) 

CV 26.0 20.1 20.7 20.8 21.7 20.4 20.6 

a Leokaoke·et·al.·(2019)  

* by difference 

The inherent moisture of the briquettes were similar and can be ordered as: water bound (i.e. 

binderless) and Binder A bound briquettes (5.1%) > Binders D and E bound briquettes 

(4.8%) > Binder C bound briquettes (4.4%) > Binder B bound briquettes (3.5%). The ash yield for 

the binder bound briquettes generally decreased, which may be due to the binders comprising of 

mostly liquids which did not leave a substantial residue, i.e. ash, behind. The increase in volatile 

matter and decrease in fixed carbon can be attributed to the volatile nature of some of the binders 

and corresponds to the behaviour of similar binders from literature (Fernando,·2007; 

Folgueras·et·al.,·2003; Gao·&·Li,·2019; Gwenzi·et·al.,·2020; Leckner·&·Lind,·2020; 

Massaro·et·al.,·2014; Nwabue·et·al.,·2017; Otero·et·al.,·2008). The increase in CV due to binder 

addition was very small, with Binder C bound briquettes having the highest CV (~1.6 MJ/kg) and 
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Binder E bound briquettes exhibiting almost no increase in CV (~0.5 MJ/kg), which contradicts 

most previous studies with plastics (Gao·&·Li,·2019; Massaro·et·al.,·2014; Nwabue·et·al.,·2017). 

5.3 Pyrolysis results 

The thermal fragmentation and Fischer assay results are provided in this section to evaluate the 

effect of Binders A–E on the behaviour of the briquettes during pyrolysis.  

5.3.1 Thermal fragmentation results 

The thermal fragmentation test results provide insight into the primary fragmentation that occurs 

during pyrolysis, i.e. heating in an inert environment. The binderless and Binder A–E bound 

briquettes, Figure 5-1, were heated at a high heating rate (45°C/min) and the resulting briquettes 

are shown in Figure 5-2. The discoloration at the ends of the briquettes can be attributed to the 

small amount of air that was trapped in the crucibles reacting with the coal.  

 

Figure 5-1: Thermal fragmentation pre-test images of the optimal concentration briquettes with (a) 5% 
moisture, (b) 15% Binder A, (c) 20% Binder B, (d) 20% Binder C, (e) 5% Binder D, and (f) 5% Binder E 

No significant fragmentation, i.e. breakage, was observed and the fragmentation could therefore 

not be calculated with the Ergun index as described by Equations 2-10 and 2-11. This is in 

contradiction to the high volatile matter (> 24%, adb), as indicated in Table 5-1, and the binder 

content in the briquettes suggesting that some fragmentation will occur. This observation may be 

attributed to the higher porosity in the briquettes allowing the volatile matter to escape and 

reducing internal pressure build-up (England,·2000; Gajewski·&·Kosowska,·2005; 

Senneca·et·al.,·2011). Leokaoke·et·al.·(2019) also did not observe fragmentation for briquettes 

bound with resin or lignosulphonate and attributed it to the findings of Bunt·and·Waanders·(2008) 

stating that small Highveld coal particles (< 25 mm)  do not have a high propensity for thermal 
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fragmentation. The micropore surface area of the resin and lignosulphonate bound briquettes in 

the previously stated study increased during pyrolysis due to the decomposition of the binders 

and the reduced interparticle bonding could also have provided less resistance to the escape of 

volatiles. The possible effect of the binders on attrition fragmentation, i.e. formation of fines, is 

discussed in Appendix F. 

 

Figure 5-2: Thermal fragmentation post-test images of the optimal concentration briquettes with (a) 5% 
moisture, (b) 15% Binder A, (c) 20% Binder B, (d) 20% Binder C, (e) 5% Binder D, and (f) 5% Binder E 

The result of the free swelling index (FSI) test is shown and discussed in Appendix G. Binders A 

and D had no effect on the FSI of the coal calculated with Equation 2-12, while Binders B, C and 

D only produced a slight increase due to their higher volatile matter contents (Dakič·et·al.,·1989). 

A low FSI usually correlates with more thermal fragmentation due to the decreased swelling ability 

increasing the internal pressure so the lack of briquette fragmentation supports the theory that 

the porosity of the briquettes allowed the volatiles to more easily escape 

(Stubington·&·Linjewile,·1989). Further tests will however be necessary to substantiate this. 

5.3.2 Fischer assay results 

The pyrolysis product yields (wt%), i.e. char, tar, water and gas, of the Fischer assay test that 

was conducted at 900°C are shown in Table 5-2. The water yield (5–10%) is comprised of surface 

and pore moisture, inherent moisture and pyrolytic water, and is aptly higher than the respective 

inherent moistures of the briquettes, listed in Table 5-1 (3.5–5.1%) (Meyer,·2020; 

Pretorius·et·al.,·2017). The difference in char yields of the briquettes can be explained by their 

respective fixed carbon contents, as seen in Table 5-1, and is in the range (70–75%) that can be 

expected for medium to high-temperature pyrolysis (Ladner,·1988; Meyer,·2020). The char yield 

was compared to that of the pyrolysis and proximate analyses of the briquettes in Appendix I and 
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shows a good correlation (error < 1%). The Binder B and C bound briquettes had the highest 

volatile matter content and consequently the highest evolved volatile yield, i.e. tar and gas 

(Ladner,·1988; Xu·&·Tomita,·1987). The relatively high tar yield (9.4%) of the 20% Binder C 

bound briquettes can be attributed to the high binder concentration and pitch being the main 

component of tar at 900°C (Hu·et·al.,·2004; Ladner,·1988).  

Table 5-2: Fischer assay results of the optimal briquettes  

Property Water A B C D E 

Pyrolysis yields (wt%) 

Water 6.4 8.8 5.9 7.6 5.4 9.8 

Char 71.0 71.0 66.6 63.5 71.5 68.3 

Tar 2.5 3.0 4.5 8.7 1.8 3.2 

Gas 20.1 17.2 23.0 20.2 21.3 18.8 

 

The gas product contains low-molecular weight volatiles and consists mainly of H2, CH4, CO and 

CO2 (Bell·et·al.,·2011; Dong·et·al.,·2019; Speight,·2012). The normalised (N2 and C2-C6 

hydrocarbon-free basis) composition (%) of these components in the pyrolysis gas are shown in 

Figure 5-3.  

The gas compositions were all comparatively similar to the binderless briquettes, especially the 

Binder B and D bound briquettes which contained primarily water. A high H2 yield is typical for 

pyrolysis above 900°C due to the dehydrogenation reaction of the aromatic clusters occurring at 

high temperatures (Hu·et·al.,·2004; Xu·&·Tomita,·1987). The small differences in the 

compositions of the Binder B, C and E briquettes are due to the binders containing more 

chemicals, with the most important being hydrocarbons and oxygen-containing polymers 

(Andreikova·et·al.,·2017; Massaro·et·al.,·2014; Sørum·et·al.,·2001; Straka·et·al.,·1998). 

The pyrolysis product yields, and gas compositions were all comparable to that of other studies 

done at high 900°C and no noteworthy impact was observed from the addition of Binders A–E 

(Meyer,·2020; Pretorius·et·al.,·2017; Roets·et·al.,·2015; Uwaoma·et·al.,·2019). The effects on 

the char and tar yields were not investigated and may provide more insight into the specific effects 

of the hydrocarbons and polymers in Binders B, C and E. 
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Figure 5-3: Pyrolysis gas composition (H2, CH4, CO, CO2) of the optimal concentration briquettes  

5.4 Combustion results 

The mass loss (g) and time (s) data of the combustion experiments were refined with the least 

squares method and plotted in Excel® to obtain a 4th order polynomial trendline (R2 > 0.999). This 

was done to reduce the number of data points and to create an equation to differentiate. The 

carbon conversion, X (-), was calculated with Equation 5-1, as previously done by 

Coetzee·et·al.·(2013), du Toit·(2013), and Leokaoke·et·al.·(2019). In Equation 5-1, m0 is the 

initial mass of the charred briquette, mash is the mass of residual ash and mi is the mass at time ti. 

The conversion graphs (X vs. t) of the combustion tests are provided in Appendix H and the 

repeatability of the results are shown in Appendix I. 

 𝑋 =
𝑚0 − 𝑚𝑖

𝑚0 − 𝑚ash
 (5-1) 

The conversion rate, dX/dt (min-1), was then determined with Equation 5-2.  

 
d𝑋

d𝑡
=

𝑋𝑖 − 𝑋𝑖−1

𝑡𝑖 − 𝑡𝑖−1
 (5-2) 

Figu shows the conversion rates versus conversion (up to 50%) with a 95% confidence level for 

all the briquettes, i.e. binderless and Binders A–E bound, obtained from the combustion tests at 

(a) 850°C, (b) 875°C, and (c) 900°C. No clear trend was observed based on binder addition and 

the effect of temperature seems to be negligible. A maximum initial conversion rate with 
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subsequent decrease was observed with an increasing carbon conversion and can be attributed 

to pore coalescence and collapse decreasing the available reaction surface area and active sites 

(Coetzee,·2011; Leokaoke·et·al.,·2019; Liu·et·al.,·2000; Rambuda,·2015). 

 

 

Figure 5-4: Graphs of the conversion rate versus conversion for the binderless and Binder A–E bound 
briquettes during combustion at (a) 850°C, (b) 875°C, and (c) 900°C 
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Figure 5-4 (continued) 

Binders A–E all decomposed at ≤ 500°C, based on literature values of similar binders, and 

therefore did not significantly influence the combustion process aside from the char formation 

during pyrolysis (Andreikova·et·al.,·2017; Botha,·2019; Cozzani·et·al.,·1995; 

Leokaoke·et·al.,·2019; Massaro·et·al.,·2014; Sørum·et·al.,·2001; Wallouch·et·al.,·1972).  

5.5 Gasification results 

The gasification results were refined as discussed for the combustion results in Section 5.4 and 

the repeatability of the test is demonstrated in Appendix I. Figure 5-5 shows the conversion rate 

versus conversion (up to 20%) with a 95% confidence level for the binderless and Binders A–E 

bound briquettes during gasification at (a) 1000°C and (b) 1025°C.  

An increase in initial conversion rate was observed with an increased in temperature from 1000 

to 1025°C. Bunt·et·al.·(2015) and Leokaoke·et·al.·(2019) also noted an increased gasification 

rate for coal briquettes with an increase in temperature at 1000°C. The gasification rates of the 

briquettes were also higher than ROM coal in both studies. The initial conversion rates for 

gasification (2.0–4.6 min-1) were lower than those for combustion (5.4–7.0 min-1), which agrees 

with literature (Rambuda,·2015; Smoot·&·Smith,·1985). There is no apparent trend based on the 

binder addition, also observed for the combustion results, due to the binders decomposing at 

≤ 500°C (Andreikova·et·al.,·2017; Botha,·2019; Cozzani·et·al.,·1995; Leokaoke·et·al.,·2019; 

Massaro·et·al.,·2014; Sørum·et·al.,·2001; Wallouch·et·al.,·1972). 
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Figure 5-5: Graphs of the conversion rate versus conversion for the binderless and Binder A–E bound 
briquettes during gasification at (a) 1000°C and (b) 1025°C 

5.6 Matching with industrial processes 

A good binder should increase mechanical strength, increase water resistance, increase 

reactivity, be eco-friendly and be financially feasible (England,·2000; Mills,·1908; Waters,·1969). 

If the binder does not increase these properties, it should at least not decrease them. The results 

of the reactivity tests performed on the Binder A–E bound briquettes compared to the binderless 

briquettes indicate that the binders do not have a significant influence on the utilisation behaviour 

of the briquettes and are therefore mainly beneficial in terms of mechanical strength. This will be 

important in terms of transporting, handling and storing the briquettes. The negligible effect of 

Binders A–E during combustion and gasification therefore does not exempt them from use in 
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industrial processes and the properties of the coal will be the determining factor in matching them 

with suitable industrial processes (i.e. co-combustion or co-gasification).  

According to Carpenter·(2006), the co-combustion of briquettes may have a significant effect on 

the ignition, capacity, heat rate, availability and maintenance requirements of the plant. Pulverised 

coal combustion (PCC), stoker-fired boilers and circulating fluidised bed combustion (CFBC) 

boilers have been used to combust waste fuels (Fernando,·2007). The moisture content, volatile 

matter content, ash yield and calorific value requirements of the PCC and CFBC boilers are shown 

in Table 5-2.  

Table 5-3: Properties of coal feedstock used in PCC and CFBC boilers 

Property Unit PCCa-d CFBCe-k 

Moisture content (ar) % 4–8, <12* ~12, <23–65* 

Volatile matter content (db) % >20–30 10–55 

Ash yield (db) % 25–30, <35* 10–17, <25–65* 

Calorific value (ar) MJ/kg >23*–25 20–25, >5 

Sources: a De Korte and Jeffrey (2016), b Skorupska (1993), c Wu (2005), dSteyn·and·Minnitt·(2010),  eHotta·(2009), 

fHenderson·(2003), gFernando·(2004), hAziz·and·Dittus·(2011), iBelaid·(2017), jWu·(2006), and kJin·et·al.·(2003) 

* Outer limits 

The briquettes with lower mechanical strengths, i.e. binderless, Binder B and D bound, may be 

more suitable as feedstock for a PCC boiler. The agglomeration of the coal enables easier 

handling and transportation while the lower strength of the briquettes reduces the costs involved 

in pulverising the agglomerates. The moisture content (4.4–5.1%, adb), ash yield (26.1–31.3%, 

db) and volatile matter content (25.0–34.2%, db) of the briquettes are within the limit of the PPC 

boiler feedstock, but the CV (20.1–21.7 MJ/kg) is below the required value (Aziz·&·Dittus,·2011; 

de Korte·&·Jeffrey,·2016; Fernando,·2004). The ash yield is higher than the set maximum of 

CFBC boilers, but can be accommodated if the operating parameters are adjusted 

(Fernando,·2007). 

Co-gasifying the briquettes in a Lurgi-gasifier is a good option due to its compatibility with low 

rank coal as a feedstock, as illustrated by the values in Table 5-4 (van Dyk·et·al.,·2001; 

Weiss·&·Turna,·2009). The properties of the briquettes are well suited for gasification. The 

absence of thermal degradation and swelling properties of the briquettes are also beneficial to 

the process as the production of fines and/ or clinkers lead to pressure drop fluctuations and 

unstable operations (Vamvuka,·1999; van Dyk·et·al.,·2001). The water-resistant Binder E bound 

briquettes may be especially suited to co-gasification due to the coal fed to the process being 

stored in heaps that are exposed to the elements, as well as wet sieving before use. 
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The briquettes are not well suited for use in the metallurgical industry due to their high ash yield, 

low volatile matter content and lack of swelling properties (Carpenter,·2004; Chatterjee,·2010).  

Table 5-4: Properties of coal feedstock used in CTL gasifiers 

Property Unit CTL 

Moisture content (ar) % ~5, <10–30* 

Volatile matter content (db) % >21 

Ash yield (adb) % <20–29, 35* 

Calorific value (adb) MJ/kg ~30, >20 

Source: Vamvuka (1999), Van Dyk et al. (2006), Weiss & Turna (2009), Van Dyk et al. (2001), and Couch (2008),   

* Outer limits 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

6.1 Overview 

The conclusions that were made from the mechanical strength tests and reactivity experiments 

along with the resulting contribution to the knowledge of science and technology are discussed in 

this chapter. Recommendations for future studies are also listed. 

6.2 Conclusions 

The following conclusions were derived from the mechanical strength and reactivity results of the 

briquettes and are presented under the objectives stated in Chapter 1: 

• Objective 1: Prepare and characterise the discard coal and waste materials (i.e. potential 

binders) 

Highveld inertinite-rich, high-ash (30%, db) coal from a filter cake (-272 µm) was used to test the 

binding properties of industrial wastes. 

Five industrial wastes were evaluated to determine their efficacy in the agglomeration of coal 

fines: (A) waterworks bio-sludge from a petrochemical industry, (B) acrylic acid containing a 

hydrocarbon by-product from a petrochemical industry, (C) pitch from a petrochemical industry, 

(D) wax emulsion from a petrochemical industry, and (E) recycled low-density polyethylene 

(LDPE) from a North-West plastic recycling company. These binders were selected for waste 

reduction due to possible advantageous properties they possess with regards to agglomeration 

and/or reactivity. The addition of the binders, however, mainly affected the agglomeration, i.e. 

strength and in some cases water resistance, of the briquettes. 

• Objective 2: Assess the effect of different waste materials at various concentrations on the 

mechanical strength and water resistance of briquettes produced on laboratory-scale 

The CS of the binderless briquettes (3.4 MPa) was higher than the minimum CS of bituminous 

ROM coal (2.1 MPa). Binders A–E increased the CS of the briquettes in the following order: 

C > E > B > A > D (descending). During the lab-scale production, 15% Binder C bound briquettes 

were the only briquettes that exceeded the CS of cylinder-shaped Highveld ROM coal (14 MPa) 

due to the binder’s high viscosity. 

Briquettes bound with 5–15% Binder E had an acceptable water resistance (WRI ≥ 95%). 
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• Objective 3: Quantify the effect of the waste materials on the mechanical strength of briquettes 

produced on pilot-scale 

The CS, IRI, FR and AR were used to evaluate the strength of the briquettes. The optimal 

concentration for each binder, based on mechanical strength (CS, IRI, FR, AR), was determined 

as 15% Binder A (4.1 MPa; 68; 80%; 99.3%), 20% Binder B (2.3 MPa, 87, 71%, 99.5%), 20% 

Binder C (8.2 MPa, 1000, 100%, 99.2%), 5% Binder D (2.4 MPa, 21, 46%, 95.3%) and 5% Binder 

E (5.3 MPa, 97, 52%, 98.3%). Compared to the optimal binderless briquettes which were 

manufactured with 5% water (2.2 MPa, 22, 49%, 95.2%), the binders had a beneficial effect to 

the order of: C > E > A > B > D, with Binder D having almost no effect. Binders A–E, however, all 

had an increasing effect on the strength of the briquettes and can therefore be utilised to reduce 

the costs and pollution associated with disposing of the waste materials. 

• Objective 4: Assess the effect of different waste materials on the water resistance of the 

pilot-scale briquettes  

Briquettes bound with 20% Binder B, and 5–10% Binder E had an acceptable water resistance 

(WRI ≥ 95%). The Binder B bound briquettes were water resistant from an addition of 10% as the 

hydrophobic material was in sufficient concentration to coat the coal particles, preventing water 

from entering the briquettes. The briquettes bound with Binder E were water resistant from the 

lowest concentration due to the plastic melting and coating the particles to create a solid matrix 

between the coal particles.  

• Objective 5: Conduct reactivity tests to determine the appropriate industrial processes where 

the briquettes could be utilised 

The conversion rate of the combustion and gasification reactivity of the briquettes were unaffected 

by binder addition due to the decomposition of the binders below 500°C, during pyrolysis. The 

binders also did not affect the thermal (i.e. primary) fragmentation of the briquettes; however the 

composition of the char, tar and water yield may provide more insight into the behaviour of the 

binders during pyrolysis. The binderless as well as the Binder B and D bound briquettes may be 

suitable for use in PCC boilers due to their strength being high enough to enable transportation 

and low enough not to inhibit pulverising. Binders B, C and E bound briquettes may be more 

suited for use in a Lurgi-gasifier. None of the binders are recommended for use in blast furnaces 

due to the high ash yield, low volatile matter content and lack of swelling properties. 



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

CHAPTER 6: CONCLUSION AND RECOMMENDATIONS  95 

6.3 Contribution to the scientific field  

The use of industrial wastes as binder in the briquetting of Highveld inertinite-rich coal fines is 

feasible. The effect of the binders was primarily observed with regards to the physical properties 

of the briquettes and the addition of industrial wastes to coal briquettes can consequently be used 

to reduce these wastes. This will also enable the use of coal fines which are an underutilised 

resource. 

6.4 Recommendations  

The following recommendations are made for future studies: 

• Investigate the synergistic effects of the binders (i.e., as compound binders) in different 

combinations to determine if the positive attributes can be combined for better quality 

briquettes. Other additives may also be investigated to minimise the hazardous gases that 

are released during end-use processes. 

• Use Binder E (LDPE) to create extrudates with extrusion pelletising equipment to continually 

add heat during agglomeration thereby reducing the breakage that occurs due to the plastic 

swelling during post-agglomeration curing. 

• Build an experimental rig that can move (e.g., tumble) and heat the briquettes during thermal 

degradation testing to evaluate the thermal fragmentation and attrition of the briquettes since 

the heat weakens the briquettes, but that is not clear until force is applied to the briquettes.  

• Do more in-depth analyses on the briquettes with regards to environmental impact, e.g. do a 

TG-MS analysis to evaluate the type of gases that are released during combustion/ 

gasification.  

• Conduct a techno-economic feasibility study to determine the financial implications of using 

the briquettes in the proposed industries. 
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APPENDIX A: SUMMARY OF THE MATERIAL SAFETY DATA SHEETS FOR THE WASTE BINDERS 

Table A-1: Physical and chemical properties of Binders A–E adapted from the material safety data sheets (MSDS) 

Property Value 

Binder: A B C D E 

State of matter Liquid (20°C) Liquid (20°C) Liquid (≥60 C) Liquid (20°C) Solid (20°C) 

Colour Brownish Dark brown Dark brown Off-white Black 

Odour Pungent Acrylic-like Pungent Odourless Odourless 

pH 7–8 – – 8–10 – 

Boiling; melting point –; 0°C 102.5°C; – 179–219°C; – 96°C; – –; 105–130°C 

Flash point – 59°C 81°C – 341°C 

Density 
0.96–1.13 g/cm3 (25°C) 

Bulk: 958.97 kg/m3 (22°C) 

75%: 1.072 g/cm3 (20°C) 

25%: 0.884 g/cm3 (>50°C) 
1.224 g/cm3 1.0 g/cm3 (25°C) 

0.90–0.96 g/cm3 

(20°C) 

Water solubility Dispersible Insoluble, gel formation – Soluble Insoluble 

Dynamic viscosity – – 
500 mPa.s 

(100°C) 
– – 

A: waterworks bio-sludge, B: acrylic acid containing a hydrocarbon by-product (25:75 ratio of two different by-products), C: pitch, D: wax emulsion, E: recycled low-density polyethylene (LDPE) 
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APPENDIX B: MOISTURE EVAPORATION/ADSORPTION OF 

LAB-SCALE BRIQUETTES 

The weight change of the briquettes containing a liquid binder was recorded over a period of 21 

days and converted to a percentage of the initial weight of the briquettes. This was done to 

evaluate the evaporation/adsorption of moisture and aid in the discussion of the binding 

mechanisms present within the briquettes. The change in weight was small (< 0.1 ± 0.01 g) 

therefore these values only act as a guide to describe the changes in CS over time and not as a 

definitive explanation. The briquettes were manufactured for the Phase 1 lab-scale analysis 

where the effect of maximum moisture addition (17%) on the CS (MPa) and WRI (%) of the 

briquettes bound with Binders A-E was tested. Figure B-1 is a graph showing the weight change 

of the briquettes manufactured using Binders A–D (5–15% addition). Binder E is excluded from 

this discussion because it is a solid and therefore behaves different to the liquid binders. 

 



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

APPENDIX B: MOISTURE EVAPORATION/ADSORPTION OF LAB-SCALE BRIQUETTES  115 

 
Figure B-1: Weight change (%) over 21 days of the Phase 1 lab-scale briquettes that were manufactured with Binders A–D (5–15%) at maximum moisture 

addition (17%)  
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APPENDIX C: DROP SHATTER TEST RESULTS FOR THE 

PILOT-SCALE BRIQUETTES 

The mechanical strength results obtained from the Richards·(1990) drop shatter test, i.e. the 

impact resistance index, IRI (-), and friability index, FR (%), are tabulated and discussed in this 

appendix.  

C.1   Impact resistance index 

The IRI is a measure of the briquette’s ability to withstand impact forces, e.g. hitting a surface 

during transportation, handling or loading (Dohm·et·al.,·2012). The Richards·(1990) method was 

used where the number of drops before the briquette broke, Ndrops, and number of pieces it broke 

into, Npieces, were inserted into Equation 2-4. The minimum IRI is 50 and the briquettes were 

dropped a maximum of 10 times (Lindley·&·Vossoughi,·1989; Richards,·1990). 

 IRI =
𝑁drops

𝑁pieces
× 100 (2-4) 

The IRI is directly proportional to Ndrops and inversely proportional to Npieces. This is due to a 

briquette being stronger if it can withstand more drops or if it breaks into larger, i.e. useable, 

pieces when it does break. Figure C-1 shows the effect of Npieces on the IRI for up to 10 drops, 

which indicates that even if a briquette can withstand many drops, it will still have a low IRI if it 

shatters. 

 

Figure C-1: Example of the impact resistance index dependence on the number of pieces the briquette 
breaks into, Npieces < 10, and number of drops before it breaks, Ndrops < 10 

0

100

200

300

 00

500

600

700

800

900

1000

1 2 3  5 6 7 8 9 10

  
 
 
 
  
  
 
  
  
 
 
 
  
 
 
 
 
  
  
  
  
 

                        

1 Drop 2 Drops 3 Drops   Drops 5 Drops 6 Drops

7 Drops 8 Drops 9 Drops 10 Drops Minimum



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

APPENDIX C: DROP SHATTER TEST RESULTS FOR THE PILOT-SCALE BRIQUETTES  117 

The IRI results, over 21 days, of the briquettes produced with water and Binders A–E are shown 

in Table C-1. The highlighted cells contain the values that are above the minimum of 50 when the 

error values are accounted for. The average percentage standard deviation is below 40%, as 

reported by Richards·(1990). There is no clear trend in IRI based on binder concentration or 

curing time so the average IRI over the 21-day period was used to determine which binders and 

concentrations where higher than the minimum IRI and is discussed in more detail in Chapter 4. 

Table C-1: Impact resistance index results for binderless and Binders A–E bound pilot-scale briquettes, 

over a 21-day period 

Binder Day 0 Day 7 Day 14 Day 21 Average 

Water 

2.5% 15 ± 3 23 ± 5 19 ± 5 16 ± 7 18 ± 5 

10% 14 ± 2 18 ± 4 36 ± 13 19 ± 3 22 ± 6 

15% 11 ± 2 17 ± 5 31 ± 2 23 ± 6 20 ± 4 

A 

5.0% 30 ± 5 24 ± 5 38 ± 10 19 ± 6 28 ± 6 

10% 40 ± 9 69 ± 14 44 ± 5 50 ± 0 51 ± 7 

15% 45 ± 6 83 ± 14 50 ± 8 92 ± 25 68 ± 13 

B 

5.0% 33 ± 5 22 ± 6 50 ± 2 30 ± 4 34 ± 4 

10% 60 ± 11 72 ± 12 61 ± 16 72 ± 12 66 ± 13 

15% 40 ± 7 43 ± 6 42 ± 7 72 ± 12 49 ± 8 

20% 75 ± 9 82 ± 8 128 ± 12 61 ± 16 87 ± 11 

C 

5.0% 31 ± 9 42 ± 7 42 ± 7 34 ± 7 37 ± 8 

10% 127 ± 38 258 ± 41 72 ± 12 138 ± 28 149 ± 30 

15% 1000 ± 0 1000 ± 0 1000 ± 0 1000 ± 0 1000 ± 0 

20% 1000 ± 0 1000 ± 0 1000 ± 0 1000 ± 0 1000 ± 0 

D 
2.5% 14 ± 3 14 ± 1 15 ± 3 10 ± 3 13 ± 2 

5.0% 9 ± 2 13 ± 3 50 ± 21 11 ± 2 21 ± 7 

E 
5% 100 ± 24 102 ± 11 92 ± 30 95 ± 21 97 ± 21 

10% 228 ± 91 132 ± 48 77 ± 16 80 ± 36 129 ± 48 

 inder A bound briquettes ≥ 50,  Binder B bound briquettes ≥ 50,  Binder C bound briquettes ≥ 50,  Binder E 
bound briquettes ≥ 50 

C.2   Friability index 

The friability index, FR (%), is a measure of a briquette’s durability, i.e. ability to withstand attrition 

forces caused by rubbing against surfaces/other briquettes (Dohm·et·al.,·2012). The FR can be 

calculated by weighing the briquette, m0, before the drop shatter test and weighing the largest 

piece after the briquette breaks, mf. The values can then be inserted in Equation 2-7. 
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 FR =
𝑚f

𝑚0
× 100 (2-7) 

The FR is directly proportional to mf, as illustrated in Figure C-2. The minimum acceptable FR is 

80% and the mf should therefore be larger than 80% of the m0, leading to less than 20% of the 

briquette being small pieces/fines (Kaliyan·&·Morey,·2009). The FR will be low (~ 50%) if the 

briquette breaks in half, which is more likely due to the seam in the pillow-shaped briquettes, and 

very low (< 30%) if the briquette shatters. 

 

Figure C-2: Example of the friability index dependence on the weight of the largest piece of briquette, mf, 
after it breaks for a briquette with an initial weight, m0, of 4 g 

The FR results, over 21 days, of the briquettes produced with water and Binders A–E are shown 

in Table C-2. The cells that contain values higher than the minimum FR of 80% when the error 

values are accounted for, are highlighted. Binder C bound briquettes (15–20%) were the only 

briquettes that met the minimum FR requirement. As seen with the IRI results, there is no clear 

trend associated with the curing time or binder concentrations, and the average FR for the 

briquettes were therefore considered in Chapter 4. 
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Table C-2: Friability index results for binderless and Binders A–E bound pilot-scale briquettes, over a 21-day 

period 

Binder Day 0 Day 7 Day 14 Day 21 Average 

Water 

2.5% 33 ± 5 68 ± 1 44 ± 6 36 ± 17 45 ± 7 

10% 47 ± 15 42 ± 5 47 ± 8 60 ± 11 49 ± 10 

15% 37 ± 13 41 ± 21 53 ± 8 66 ± 18 49 ± 15 

A 

5.0% 65 ± 26 70 ± 14 81 ± 13 53 ± 28 67 ± 20 

10% 50 ± 4 53 ± 15 85 ± 7 58 ± 20 61 ± 11 

15% 81 ±  5 87 ± 6 72 ± 19 81 ± 9 80 ± 11 

B 

5.0% 45 ±  16 43 ± 22 80 ± 18 64 ± 11 58 ± 17 

10% 75 ±  7 73 ± 19 84 ± 3 76 ± 11 77 ± 11 

15% 65 ±  4 73 ± 28 83 ± 17 86 ± 12 77 ± 19 

20% 60 ±  8 75 ± 8 84 ± 13 66 ± 21 71 ± 14 

C 

5.0% 46 ± 5 60 ± 18 84 ± 10 62 ± 17 63 ± 13 

10% 58 ± 13 73 ± 25 65 ± 24 87 ± 10 71 ± 18 

15% 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 

20% 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 

D 
2.5% 51 ± 25 43 ± 13 64 ± 14 47 ± 25 51 ± 19 

5.0% 14 ± 7 48 ± 15 84 ± 12 39 ± 10 46 ± 11 

E 
5.0% 51 ± 2 49 ± 1 48 ± 1 60 ± 3 52 ± 2 

10% 56 ± 12 70 ± 19 49 ± 3 63 ± 10 60 ± 11 

 Binder C bound briquettes ≥ 80% 

C.3   Limitations of the drop shatter test 

A limitation of this test, which was also observed by Li·and·Liu·(2000), is the fact that the fines 

generated when the briquette breaks is not considered since it is difficult to count, and therefore 

quantify, the smaller pieces. The way the briquette hits the floor also plays a role in its breakage; 

especially pillow shaped briquettes that have seams which may act as weak points that cause the 

briquette to break in half. The briquettes also bounce an indeterminate number of times when 

they hit the floor, and this added impact is unaccounted for in the IRI calculation. The uncontrolled 

variables caused by these limitations can therefore be the cause of the large errors that were 

observed, and a more controlled test should consequently be considered for future studies. 
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APPENDIX D: WATER RESISTANCE TEST RESULTS FOR THE 

PILOT-SCALE BRIQUETTES 

The water resistance test results are shown in this appendix. Most of the briquettes were not 

water resistant, however the effect of the binders on the water resistance of the briquettes could 

still be visually assessed to describe their performance. The briquettes were classified as intact, 

mostly intact, mostly degraded, or degraded and the time (1, 5, 10, 20, 30 min) when the 

briquettes were degraded was recorded (Taulbee·et·al.,·2013). If the briquettes were still fully 

intact after 30 min they were determined to be water resistant and the wet compressive strength, 

CSwet (MPa), was determined (Richards,·1990). The results will be discussed in Section 4.3.4.  

D.1   Effect of additional water on briquette water resistance 

The images for the water resistance test of the binderless briquettes with 2.5, 5 and 10% water 

addition are shown in Table D-1. The briquettes were completely degraded at 5 min and therefore 

not water resistant. 

Table D-1: Water resistance test images of the pilot-scale binderless briquettes with 2.5, 5 and 10% 

moisture addition 
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D.2   Effect of Binder A on briquette water resistance 

The images for the water resistance test of the briquettes with 5, 10 and 15% Binder A addition 

are shown in Table D-2. The briquettes were mostly intact after 10 min, but the light pressure that 

was added caused them to completely degrade. The 15% Binder A bound briquettes show less 

degradation, and it can therefore be concluded that Binder B has a positive effect on the water 

resistance of the briquettes. 

Table D-2: Water resistance test images of the pilot-scale binderless briquettes bound with 5, 10 and 15% 
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D.3   Effect of Binder B on briquette water resistance 

The images for the water resistance test of the briquettes with 5, 10, 15 and 20% Binder B addition 

are shown in Table D-3. The 5% Binder B bound briquette was mostly intact but showed 

degradation at 10 min and is consequently considered not water resistant. The 10, 15 and 20% 

Binder B bound briquettes were completely intact after 30 min and can be classified as water 

resistant. The CSwet of the briquettes was determined. 

Table D-3: Water resistance test images of the pilot-scale binderless briquettes bound with 5, 10, 15 and 

20% Binder B 
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D.4   Effect of Binder C on briquette water resistance 

The images for the water resistance test of the briquettes with 5, 10, 15 and 20% Binder C addition 

are shown in Table D-4. The 5, 10 and 15% Binder C bound briquettes all degraded before 5 min 

and are therefore not water resistant. The 20% Binder C briquette was mostly intact after 30 min 

but was deemed not water resistant due to the slight degradation that was observed. 

Table D-4: Water resistance test images of the pilot-scale binderless briquettes bound with 5, 10, 15 and 

20% Binder C 
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D.5   Effect of Binder D on briquette water resistance 

The images for the water resistance test of the briquettes with 2.5 and 5.0% Binder D addition 

are shown in Table D-5. Both the 2.5 and 5.0% Binder D bound briquettes completely degraded 

before 5 min and are therefore not water resistant. 

Table D-5: Water resistance test images of the pilot-scale binderless briquettes bound with 2.5 and 5.0% 
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D.6   Effect of Binder E on briquette water resistance 

The images for the water resistance test of the briquettes with 5 and 10% Binder E addition are 

shown in Table D-6. Both the 5 and 10% Binder E bound briquettes were completely intact after 

30 min and the CSwet was determined. 

Table D-6: Water resistance test images of the pilot-scale binderless briquettes bound with 5 and 10% 
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APPENDIX E: OPTIMISATION OF THE PILOT-SCALE BINDER 

CONCENTRATIONS  

The optimisation of the binder concentrations was done with an a posteriori weighing method 

(Einhorn·&·Hogarth,·1975; Miettinen,·2008). The mechanical strength, water resistance, 

handling, cost and hazard of the binders were used to compare their qualities. A summary of the 

mechanical strength (CS, IRI, FR, AR) and water resistance (WRI, CSwet) of the binderless and 

Binder A–E bound briquettes is provided in Table E-1.  

Table E-1: Summary of the mechanical strength and water resistance results for the pilot-scale briquettes 

Binder 
CS 

(MPa) 
IRI (-) FR (%) AR (%) WRI (%) 

CSwet 

(MPa) Type 
Concentration 

(wt%) 

Water 

2.5 1.8 18 45 94 0 – 

5 2.2 22 49 95 0 – 

10 2.3 20 49 97 0 – 

A 

5 2.7 28 67 98 0 – 

10 3.5 51 61 99 0 – 

15 4.1 68 80 99 0 – 

B 

5 2.5 34 58 98 0 – 

10 2.8 66 77 99 89 0.44 

15 2.7 49 77 99 92 0.49 

20 2.3 87 71 99 97 0.59 

C 

5 2.6 37 63 98 0 – 

10 5.5 149 71 99 0 – 

15 8.0 1000 100 99 0 – 

20 8.2 1000 100 99 0 – 

D 
2.5 1.6 13 51 96 0 – 

5 2.4 21 46 95 0 – 

E 
5 5.3 97 52 98 96 1.30 

10 2.2 129 60 97 97 1.45 

 

The CS, WRI and durability (AR, FR) of the briquettes are distinct quality measures and cannot 

be used interchangeably because the stress component that has the largest impact on the 

briquette strength is not known (Kaliyan·&·Morey,·2009). The average of the FR and AR was 
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used to avoid inflating the importance of the values because both quantify the durability of the 

briquettes. The values were transformed to a 0–1 scale to remove the effect of their differing units 

(Einhorn·&·Hogarth,·1975; Miettinen,·2008). The scalarised values are presented in Table E-2. 

The CS, IRI, durability and WRI were calculated as a fraction of the maximum value obtained 

from the tests for each property. The handling, cost and hazard values were assigned to the 

briquettes based on their binder concentrations and was calculated as the difference of the 

concentration (fraction) from the maximum (1.00). The handling and hazard values of the binders 

that were harmful or necessitated more preparation therefore decreased with binder 

concentration, and the cost of the binders had a positive effect because the aim of the study 

entails the reuse of wastes, i.e the assumption is made that it is more cost effective to use the 

hazardous wastes than to dispose of them (Young,·1999).  

Table E-2: Mechanical strength results, water resistance index, handling, binder cost and hazardous nature 

of the briquettes as fractions for the optimisation of the binder concentrations 

Binder CS IRI Durability WRI  Handling Cost Hazard 

Maximum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Water 

2.5% 0.22 0.02 0.69 0.00 1.00 1.00 1.00 

5% 0.27 0.02 0.72 0.00 1.00 1.00 1.00 

10% 0.28 0.02 0.73 0.00 1.00 1.00 1.00 

A 
 

5% 0.33 0.03 0.83 0.00 0.95 0.85 0.95 

10% 0.43 0.05 0.80 0.00 0.90 0.90 0.90 

15% 0.51 0.07 0.90 0.00 0.85 0.95 0.85 

B 

5% 0.30 0.03 0.78 0.00 1.00 0.85 0.95 

10% 0.35 0.07 0.88 0.89 1.00 0.90 0.90 

15% 0.33 0.05 0.88 0.92 1.00 0.95 0.85 

20% 0.28 0.09 0.85 0.97 1.00 1.00 0.80 

C 
 

5% 0.32 0.04 0.80 0.00 0.95 0.85 0.95 

10% 0.67 0.15 0.85 0.00 0.90 0.90 0.90 

15% 0.98 1.00 0.99 0.00 0.85 0.95 0.85 

20% 1.00 1.00 1.00 0.00 0.80 1.00 0.80 

D 
 

2.5% 0.19 0.01 0.74 0.00 1.00 0.83 1.00 

5% 0.29 0.02 0.71 0.00 1.00 0.85 1.00 

E 
 

5% 0.64 0.10 0.75 0.96 0.95 0.85 0.95 

10% 0.27 0.13 0.78 0.97 0.90 0.90 0.90 
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The weights of the variables were considered to be equal because the specific effect of each 

variable is beyond the scope of this study (Einhorn·&·Hogarth,·1975; Ennis·&·Ennis,·2012). The 

weight of each variable was therefore assigned as 0.143 and the results are shown in Table E-3. 

The values were used to compare the properties for each binder independently and no effort was 

made to correlate these values between different binders.  

Table E-3: Optimisation of the binder concentrations based on mechanical strength results, water 

resistance index, handling, binder cost and hazardous nature of the briquettes as weighted fractions  

Binder CS IRI Durability WRI Handling Cost Hazard Total 

Maximum 0.143 0.143 0.143 0.143 0.143 0.143 0.143 1.00 

Water 

2.5% 0.032 0.003 0.099 0.000 0.143 0.111 0.143 0.53 

5% 0.039 0.003 0.103 0.000 0.143 0.107 0.143 0.54 

10% 0.040 0.003 0.105 0.000 0.143 0.100 0.143 0.53 

A 

5% 0.047 0.004 0.118 0.000 0.136 0.122 0.136 0.56 

10% 0.061 0.007 0.114 0.000 0.129 0.129 0.129 0.57 

15% 0.072 0.010 0.128 0.000 0.122 0.136 0.122 0.59 

B 

5% 0.043 0.005 0.112 0.000 0.143 0.122 0.136 0.56 

10% 0.049 0.009 0.126 0.127 0.143 0.129 0.129 0.71 

15% 0.047 0.007 0.126 0.132 0.143 0.136 0.122 0.71 

20% 0.040 0.012 0.122 0.139 0.143 0.143 0.114 0.71 

C 

5% 0.046 0.005 0.115 0.000 0.136 0.122 0.136 0.56 

10% 0.096 0.021 0.122 0.000 0.129 0.129 0.129 0.63 

15% 0.140 0.143 0.142 0.000 0.122 0.136 0.122 0.80 

20% 0.143 0.143 0.142 0.000 0.114 0.143 0.114 0.80 

D 
2.5% 0.027 0.002 0.105 0.000 0.143 0.118 0.143 0.54 

5% 0.041 0.003 0.101 0.000 0.143 0.122 0.143 0.55 

E 
5% 0.092 0.014 0.107 0.137 0.136 0.122 0.136 0.74 

10% 0.038 0.018 0.112 0.139 0.129 0.129 0.129 0.69 

Optimal binderless moisture concentration, Optimal Binder A concentration, Optimal Binder B concentration,  

Optimal Binder C concentration,  Optimal Binder D concentration,  Optimal Binder E concentration 

The optimal binderless briquettes were produced with 5% water addition and the optimal binder 

bound briquettes contained 15% Binder A, 20% Binder B, 20% Binder C, 5% Binder D, and 5% 

Binder E. 
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APPENDIX F: THERMAL FRAGMENTATION TEST 

The fragmentation test was performed to determine the effect of binder addition on the primary 

fragmentation of the coal which is caused by the release of volatiles and thermal stresses 

(Chirone·et·al.,·1982; van Dyk,·2001). Some cracking on the surface of the briquette was 

observed, Figure 5-2, but no measurable fragmentation, i.e. breakage, occurred. After applying 

manual force to break the briquettes in half, Figure F-1, it can be observed that the binders 

influenced the attrition, i.e. formation of fines, of the briquettes (Boerefijn·et·al.,·2007; 

Chirone·et·al.,·1982). The fragmentation test should therefore be conducted with more samples 

at a time and/or additional mechanical movement, e.g. tumbler, during heating. 

 

Figure F-1: Thermal fragmentation post-test images of the optimal concentration briquettes with (a) 5% 
moisture, (b) 15% Binder A, (c) 20% Binder B, (d) 20% Binder C, (e) 5% Binder D, and (f) 5% Binder E 

that were manually broken in half  
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APPENDIX G: FREE SWELLING INDEX RESULTS 

The free swelling index, FSI, from the standard test and the calculated values were determined 

and discussed in this appendix. The limitations of the test method are also presented. 

G.1   FSI from the standard method 

The results obtained from the standard procedure to determine the free swelling index (FSI) of 

coal, described in ISO 501 (2003), is shown in Figure G-1. Fines from the binderless and Binder 

A–E bound briquettes (after crushing) did not exhibit any swelling during the test and therefore all 

had an FSI of 0. The coal that was used in this study is a low-rank coal and consequently does 

not qualify to be used as a coking coal (Speight,·2008). The binders also did not exhibit any 

swelling properties which may be due to their low melting/boiling points (< 219°C), Appendix A. 

 

Figure G-1: Images of the optimal concentration briquettes with (a) 5% moisture, (b) 15% Binder A, (c) 
20% Binder B, (d) 20% Binder C, (e) 5% Binder D, and (f) 5% Binder E after the free swelling index test  

G.2   FSI from the calculated method 

The method proposed by Dakič·et·al.·(1989) was used to calculate the FSI of the briquettes 

through dividing the volatile matter content by the inherent moisture, as provided in Table 5-1, to 

obtain the pore resistance number (PRN) for use in Equation 2-12. The three film binders, i.e. 

water, Binder A and Binder D, had the lowest FSI of 0.2. This is due to the binders consisting 

mainly of water which is inversely proportional to the PRN. Binders B (0.6), C (0.4), and D (0.3) 

had a small increase in FSI which is due to the higher volatile matter content of the binders which 
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is directly proportional to the PRN (Dakič·et·al.,·1989). Compared to the binderless briquette FSI 

(5% water addition), the binders do not inhibit the FSI and consequently should not negatively 

affect the performance of coking coals. 

Table G-1: Free swelling index calculated with the pore resistance number of the optimal briquettes 

 Binder PRN (-) FSI (-) 

Water: 5% 4.7 0.2 

A: 15% 5.1 0.2 

B: 20% 9.0 0.6 

C: 20% 7.4 0.4 

D: 5% 5.0 0.2 

E: 5% 5.8 0.3 

 

G.3   Limits of the FSI determination 

The standard method of determining the FSI of coal requires the test sample to be crushed 

(-212 µm) beforehand. This may break the binder bonds between the coal particles and an 

accurate representation of the briquettes’ swelling behaviour due to binder addition is therefore 

not provided. The thermal fragmentation test may provide more insight into the effect of the 

binders on coal pyrolysis since it is determined with whole briquettes.  

 



COMPARISON OF INDUSTRIAL WASTES AS BINDER IN THE AGGLOMERATION OF COAL FINES 

APPENDIX H: COMBUSTION RESULTS  134 

APPENDIX H: COMBUSTION RESULTS 

The isothermal combustion results for the optimal briquettes are shown in this Appendix. Figure 

H-1 shows the mass loss (g) of the briquette over time (min). The combustion experiments were 

run until no more mass loss could be observed. The ash yield from the combustion tests at 900°C 

differed by ± 3% from the proximate analysis results. 

 

Figure H-1: Graph of the weight loss, m (g), over time, t (min), for the isothermal combustion of 
the binderless briquette with 5% moisture addition at 900°C 

After combustion the briquettes were removed and broken to ensure that complete burnout 

occurred, as shown in Figure H-2 (van der Merwe,·2011). 

 

Figure H-2: Images of the binderless briquette with 5% moisture addition (a) after isothermal combustion 
at 900°C and (b) after force was applied 
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The conversion, X (-), versus time, t (min), of the optimal briquettes during combustion testing at 

850°C are shown in Figure H-3. 

 

 

 

Figure H-3: Combustion (850°C) graphs of the fractional conversion over time for the (a) binderless and 
optimal briquettes bound with binder (b) A, (c) B, (d) C, (e) D, and (f) E 
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The conversion, X (-), versus time, t (min), of the optimal briquettes during combustion testing at 

875°C are shown in Figure H-4. 

  

 

 

Figure H-4: Combustion (875°C) graphs of the fractional conversion over time for the (a) binderless and 
optimal briquettes bound with binder (b) A, (c) B, (d) C, (e) D, and (f) E 
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The conversion, X (-), versus time, t (min), of the optimal briquettes during combustion testing at 

900°C are shown in Figure H-5. 

  

 

 

Figure H-5: Combustion (900°C) graphs of the fractional conversion over time for the (a) binderless and 
optimal briquettes bound with binder (b) A, (c) B, (d) C, (e) D, and (f) E 
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APPENDIX I: REPEATIBILITY OF EXPERIMENTS 

The repeatability of the coal characterisation and briquette reactivity is described in this appendix.  

I.1   Particle size distribution  

The particle size distribution (PSD) results of the coal from three runs are shown in Figure I-1. 

There was almost no variation between the values which indicates that the test is repeatable and 

the average of the three runs was used as the PSD of the coal fines in Chapter 3. 

 

Figure I-1: Particle size distribution, PSD, results of the coal fines (-1 mm) for three runs 

I.2   Comparison of char yields  

The char yields of the proximate analysis, Fischer assay and pyrolysis of the optimal pilot-scale 

briquettes are shown in Table I-1. The values have a standard error of less than 1% which 

indicates that the test results are reproducible and accurate. 

Table I-1: Comparison of the char yields obtained from the proximate analysis, Fischer assay and 

pyrolysis experiments of the optimal pilot-scale briquettes 

Binder Proximate 

analysis (%, db) 

Fischer assay 

(%, db) 
Pyrolysis (%) 

Type Concentration (wt%) 

Water 5 71.2 71.0 71.6 

A 15 69.0 71.0 69.7 

B 20 65.0 66.6 66.1 

C 20 62.9 63.5 63.1 

D 5 71.2 71.5 71.0 

E 5 67.2 68.3 69.0 
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I.3   Combustion repeats 

Conversion rate, dX/dt (min-1), versus conversion, X (-), for the combustion (900°C) results of 

two runs with a 20% Binder C bound briquette are shown in Figure I-2. The data points on the 

graph have an error margin of ±0.3 min-1 for a 95% confidence level up to ~50% conversion, 

and the results can consequently be used to evaluate the reactivity of the briquettes.  

 

Figure I-2: Repeatability of the combustion results for 20% Binder C bound briquettes at 900°C  

I.4   Gasification repeats 

Conversion rate, dX/dt (min-1), versus conversion, X (-), for the gasification (1000°C) results of 

two runs with a binderless briquette (5% water) are shown in Figure I-3. The data points on the 

graph have an error margin of ±0.1 min-1 for a 95% confidence level up to ~20% conversion, 

and the results can consequently be used to evaluate the reactivity of the briquettes.  

 

Figure I-3: Repeatability of the gasification results for binderless briquettes at 1000°C  
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