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ABSTRACT 

The gasification process is vital to various applications, such as the manufacture of 

products in the petrochemical industry, for example chemicals, diesel and petrol. 

The importance of gasification to the coal industry necessitates continuous research 

in order to achieve optimal operation. Continuous research ultimately results in the 

progress of the industry with regard to various factors, among others that of (a) 

environmentally cleaner operations which aim at protecting the green heritage, (b) 

effective material selection which leads to shorter residence times, and (c) the 

prolonged existence of equipment which in turn leads to stronger economical 

viability. 

The main objective of this Masters in Chemical Engineering was to investigate the 

agglomeration phenomenon which occurs inside the gasifier, causing problems such 

as pressure fluctuations, hindered bed permeability and possible downstream 

explosions. 

This research investigated the agglomeration phenomenon within a nitrogen 

atmosphere. Four South African coals were used during the experiments and the 

coal was cut into sample blocks of roughly 8cm3. The coal samples were 

subsequently pyrolized under various temperatures. After pyrolization, the samples 

were photographed. Once the coal samples had been pyrolized, the degree of 

agglomeration was determined by performing a rough break test. 

The four coal types agglomerated at different temperature ranges, to varying 

degrees. The higher both the vitrinite content and volatile matter of a coal type, the 

greater the tendency to agglomerate. An important finding in support of the literature 

is the greater the tendency of a coal type to agglomerate, the greater the force 

needed to break the bond which formed during pyrolysis. 

The novelty of this research is embedded firstly in the technique which this 

researcher developed for assessing coals, and secondly in the fact that this 

technique was aimed at screening coals to determine propensity for causing 

problems in a gasifier. 

Key words: coal agglomeration, gasification, caking, pyrolization, pyrolysis 
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OPSOMMING 

Die vergassingsproses is onmisbaar in verskeie toepassings daarvan, soos die van 

die vervaardiging van produkte in die petro-chemiese industrie, byvoorbeeld 

chemikaliee, diesel en petrol. 

Die belangrikheid van vergassing vir die steenkool-industrie noodsaak voortdurende 

navorsing om 'n optimale bedryf te verkry. Voortgesette navorsing loop uiteindelik uit 

op die vooruitgang van die industrie met betrekking tot verskeie faktore, onder 

andere die van (a) omgewingskoner bedrywe wat ingestel is op die beskerming van 

die groenerfenis, (b) doelmatige materiaalkeuring wat tot korter verblyftye lei, en (c) 

die verlengde bestaan van toerusting wat op sy beurt tot sterker ekonomiese 

lewensvatbaarheid lei. 

Die hoof-doelwit van hierdie Meestersgraad in Chemiese Ingenieurswese was om die 

agglomerasie-verskynsel na te vors wat binne-in die vergasser plaasvind en 

probleme veroorsaak soos druk-wisseling, belemmerde grondlaag permeabiliteit en 

moontlike stroomaf-ontploffings. 

Hierdie navorsing het die agglomerasie-verskynsel binne-in 'n stikstofatmosfeer 

ondersoek. Vier Suid-Afrikaanse steenkooltipes is in die eksperimente gebruik en die 

steenkool is in monsterblokke van ongeveer 8cm3 gesny. Die steenkoolmonsters is 

vervolgens onder verskeie temperature gepiroliseer. Na die pirolisering is die 

monsters gefotografeer. Nadat die steenkoolmonsters eers gepiroliseer is, is die 

graad van agglomerasie bepaal deur 'n onafgeronde breektoets uit te voer. 

Die vier steenkooltipes het op verskillende temperatuur-gebiede en tot verskillende 

grade geagglomereer. Hoe hoer die vitriniet-inhoud en vlugtige substansie van die 

steenkooltipe, hoe groter is die neiging om te agglomereer. 'n Belangrike bevinding 

ter ondersteuning van die literatuur is dat, hoe groter die neiging van 'n steenkooltipe 

is om te agglomereer, hoe groter die krag wat nodig is om die hegting wat tydens die 

pirolise gevorm is, te breek. 

Die nuutjie aan hierdie navorsing word eerstens omvat in die tegniek wat hierdie 

navorser ontwikkel het om steenkole te takseer, en tweedens in die feit dat hierdie 

tegniek daarop gemik was om steenkole te keur met die oog daarop om die neiging 

om probleme in 'n vergasser te veroorsaak, te bepaal. 
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CHAPTER ONE 

ORIENTATION TO THE RESEARCH 

1.1 INTRODUCTION 

The agglomeration phenomenon is defined as the melting of the various constituents 

of a material, such as coal, at different temperatures, finally forming a re-solidified 

mass. Agglomeration takes place within the gasifier during the gasification process. 

This phenomenon was investigated in this research. 

1.2 BACKGROUND OVERVIEW 

Gasification is a combination of various processes: three of these processes are 

incomplete combustion with the addition of steam during which coal is reduced to 

carbon monoxide and hydrogen (also known as synthesis gas), the drying process 

and the pyrolysis process. This research was focused on the investigation of coal 

agglomeration in a non-pressurized gasifier, incorporating pyrolysis (cf. 2.2). 

The solid remains are referred to as char. Merriam-Webster (1985:226) describes it 

as the combustible substance resulting from the destructive distillation of coal. In the 

case of this research, char was the combustible substance resulting from pyrolysis. 

Various factors such as the temperature, pressure, gas flow and gas composition 

play an important role in the efficiency of gasification. Agglomeration is one such 

factor which affects the gasification process negatively. 

1.3 PROBLEM STATEMENT 

Agglomeration (a) commences at a certain temperature due to the melting and/or 

reacting of both the organic and mineral substances which are found within coal, and 

(b) affects the gasification process. According to Van Dyk et al. (2006:251), 

agglomeration causes not only the effect of blockage, but also those of significant 

pressure drop variations and channel burning. These effects result in unstable 

gasifier operation characterized by factors such as unstable gas outlet temperature, 

unstable gas composition, probable downstream explosions and fouling (Collot, 

2002:2). This correlational relationship (cf. 1.7.2) implicates an increase in 

maintenance costs as well. 
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An investigation into the agglomeration phenomenon could lead to clear knowledge 

of both the commencing temperature and the cause of agglomeration. Thus the 

gasification process could be optimized in order to utilize agglomerating coals without 

the problems usually involved with agglomeration, as pointed out in the previous 

paragraph. 

1.4 HYPOTHESIS 

According to Leedy and Ormrod (2005:4), a hypothesis is a logical supposition / a 

reasonable guess / an educated conjecture. Forming a hypothesis is typical of 

everyday life in that the human mind tends to seek a plausible explanation for 

anything which occurs out of place, unpredicted or unexpectedly. It is Hicks 

(1982:15) who points out that a researcher risks drawing a faulty conclusion as it is 

often founded on a small set of data. 

On a more scientific level, forming a hypothesis would indicate that at that moment 

not enough validated information was available to explain the specific occurrence 

under investigation with more than a hesitant explanation (Merriam-Webster, 

1985:594). 

Bearing in mind that the characteristics of coal which are responsible for the 

agglomeration phenomenon are as yet vague and unclear {cf. 2.4.2), the researcher 

formulated two hypotheses which would either be supported or rejected by the 

experimental results of this research: 

• The coal types investigated in this research will show signs of agglomeration in 

different temperature ranges. 

• The coal types investigated in this research will agglomerate to varying degrees. 

Feedback is provided in the final chapter {cf. 5.4.1) on either support for or rejection 

of these two hypotheses. 

1.5 AIM 

The overall aim of this research was to investigate the agglomeration phenomenon 

as it occurs in South African coals under various laboratory conditions (cf. 5.4.2.1). 

The coal was gasified in an inert atmosphere, unlike the industrial procedure, to 

isolate the agglomeration phenomenon in order to better understand and hopefully 

better define agglomeration. 
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1.5.1 Operationalization 

The overall aim was operationalized by incorporating the following: 

• Pyrolisation of the coal at various temperatures for half an hour (cf. 5.4.2.2). 

• Experimentation with various South African coals (with regard to, among others, 

the mineral and moisture content; cf. 5.4.2.2). 

• Placing the gasified coal under stress to serve as a rough indication of the degree 

of agglomeration which took place (cf. 5.4.2.2). 

1.5.2 Objectives 

The objectives serving the overall aim of this research were the following: 

• Determination of the temperature ranges where the coal types are likely to 

agglomerate (cf. 5.4.2.3). 

• Determination of the effect time has on agglomeration (cf. 5.4.2.3). 

• Determination of the possible effect which orientation of the coal layers in relation 

to one another could have during the experiments (cf. 5.4.2.3). 

• Determination of the effect pressure has on agglomeration during the 

experiments (cf. 5.4.2.3). 

1.6 DEMARCATION OF THE RESEARCH 

Although a wide range of South African coals (cf. Figure 1.1) can be found, 

significant characteristics would make any coal either applicable / non-applicable to 

the occurrence of a specific phenomenon. Four types of coal were investigated in this 

research. 
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Figure 1.1: Coal deposits in South Africa {Vorster, 2003) 

The reason for limiting the amount of coal was supported not only by the fact that 

non-aggiomerating coals would be irrelevant to the investigation of agglomeration, 
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but also by the detailed objectives of this research which would have become even 

more cumbersome (cf. 5.6). 

1.7 METHOD OF INVESTIGATION 

This research consisted of a detailed literature review (cf. Chapter 2) and an 

experimental design (cf. Chapter 3). 

1.7.1 Literature review 

According to Leedy and Ormrod (2005:64), a literature review has another look at 

what has already been written and concluded on the matter under investigation. At 

the same time such a review promises several benefits (Leedy & Ormrod, 2005:64-

65): 

• Assisting in clarifying the problem. 

• Presenting different perspectives. 

• Updating knowledge on similar work completed by other researchers. 

• Indicating previous methodology and design aspects in related projects. 

• Disclosing unknown data resources. 

• Establishing new efficient tools of measurement. 

• Showing how to manage comparable problematic situations. 

• Assisting in analysing conclusions. 

• Supporting the motivation to investigate the chosen research area. 

As the theoretical part of the dissertation progressed, certain questions were taken 

into consideration. These questions included the following important factors (Holman, 

1978:28): 

• The primary variables to be investigated (cf. 5.3). 

• The control to be exerted (cf. 5.3). 

• The construction of the apparatus (cf. 5.3). 
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• The safety precautions concerning the operation of the apparatus (cf. 5.3). 

• The recording of the data (cf. 5.3). 

Using ScienceDirect and EBSCOHost the following keywords and key phrases were 

used in the process of searching and finally discovering relevant literature: 

caking / agglomeration / gasification / coal agglomeration / caking coal(s) / 

agglomerating coal(s) / coal caking properties / caking propensity / coking. 

The relation between coking and agglomeration is embedded in the fact that the term 

agglomeration is used for coals which show plastic properties in laboratory tests 

(agglomerating coals) and coking is used for coals with such strong plastic properties 

that they are suitable for conversion into metallurgical cokes (and other industrial 

cokes), i.e. strongly agglomerating coals (Berkowitz, 1979:142). 

1.7.2 Experimental design 

As pointed out by Welman et a/. (2005:22-23), research is done to (a) illustrate the 

characteristics of the subject of research, (b) clarify the association between 

concepts, and (c) foresee occurrences. Quantitative research designs originated in 

the field of science: implementing a positivist philosophy which put the focus on 

remaining objective and putting a figure to the occurrences. A category of 

quantitative research is that of the experimental design. 

In an experimental design the researcher exercises control over the intervention or 

withholds the intervention (McMillan & Schumacher, 2006:23). At the same time such 

a design focuses on one specific purpose, which is to study cause-and-effect 

relationships between the interventions and the measured results (McMillan & 

Schumacher, 2006:24). 

According to Welman et al. (2005:82-83), science aims at not only explaining 

phenomena, but also explaining how these phenomena came about. Once the 

prerequisites of (a) a relationship between the variables, (b) the result following the 

cause and (c) manipulation of the intervention have been established (Welman et al., 

2005:82), the probability of a correlational relationship can be considered. The latter 

relationship occurs when the link between X and Y could be explained either by a 

shared relationship between the two, or by the intervention of a third variable. In the 

case of this research it is this correlational relationship which was investigated. 
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A quantitative researcher, according to Leedy and Ormrod (2005:96), is known to 

depend on deductive reasoning to a large extent, often starting off with a hypothesis 

or two (cf. 1.4) and eventually making plausible findings (cf. 5.4 & 5.4.1) deriving from 

the hypothesis/es. 

The literature review of this research (cf. Chapter 2) served as a background to 

hands-on experience gained in the experimental work done in this research. This 

secured the achievement of a scientific investigation (cf. Chapter 3). 

1.7.2.1 Theoretical framework 

Holman (1978:31) states that the possibility of change in the experimental design at 

any point while conducting the experimental work of a certain project, necessitates 

uncertainty analysis to be performed throughout (cf. 5.4.3). This would enable 

effective choice of apparatus and design thereof. According to Hicks (1982:15), the 

concept uncertainty does not refer to ignorance. It merely points out the impossibility 

of predicting the outcome. 

1.7.2.2 Laboratory scale research: assumptions 

At the initial planning stages of the experimental design, the following assumptions 

were made: 

• Representative samples of run-of-mine coal would be used in the experiments 

(cf. 5.4.4). 

• The experiments run under laboratory conditions in this research would be 

compatible with the continuous everyday process in the industry (cf. 5.4.4). 

• Three to four types of coal which are used in the industry for gasification will be 

identified (cf. 5.4.4). 

• The particle size will be determined by the size of the reactor (cf. 5.4.4). 

• Visible results will be effected through sample size (cf. 5.4.4). 

1.7.2.3 Ethical aspects 

For the purposes of this research, the following urgent ethical aspects were identified 

(cf. 5.4.5): 
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• A preliminary assignment had to be completed in order to prove the researcher's 

awareness of ethical aspects, focusing on plagiarism and how to avoid its pitfalls. 

• IP protocol (SASOL) prohibits the disclosing of the specifics of coal used, such as 

identifying coal types and mines. 

• The same IP protocol (SASOL) prohibits naming specific gasification equipment. 

Additional aspects which would be important to the ethical conduct of engineering 

research are as follow (Auster, 2002): 

• Any contribution made must be acknowledged: all persons who contributed to the 

project in any manner (such as ideas, published or unpublished work) must be 

acknowledged. 

• Data must be reported truthfully: all the data which are recorded during 

experimental work, must be reported truthfully, id est not falsified, changed or 

fabricated. 

• To this effect of reporting truthfully, the mineral map {cf. 1.1) was taken from the 

Council for Geoscience, Downloadable Maps and Documents, which invites the 

public to freely download and use any such documents (Vorster, 2003). 

1.8 CHAPTER DIVISION 

The road map of this research comprised the following chapters: 

CHAPTER 1 - ORIENTATION TO THE RESEARCH 

This chapter presents the background to the research, forming the structural plan to 

guide the progress of both the theoretical and the practical components. 

CHAPTER 2 - LITERATURE REVIEW 

Relevant sources are reported to ensure that vital concepts are addressed. 

CHAPTER 3 - EXPERIMENTAL DESIGN 

The experimental set-up is presented, illustrated and discussed. 
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CHAPTER 4 - ANALYSIS OF EXPERIMENTAL RESULTS 

The results are revealed, illustrated and discussed. 

CHAPTER 5 - SUMMARY, FINDINGS AND RECOMMENDATIONS 

The final chapter gathers the various loose threads, which resulted from the first four 

chapters, in order to form the golden thread vitally important to scientific research. In 

the final analysis, the findings drawn are discussed and several recommendations 

are made. 

1.9 CONTRIBUTION OF THIS RESEARCH 

The fact that the existence of coal is brought about by various reactions, causing the 

degradation of accumulated plant matter over extremely long periods of time {cf. 2.2) 

implies that coal is an exhaustible energy resource. 

With the clear knowledge that ongoing research in the field of mineral processing is 

necessary, the value of this research can be found in the fact that the decrease in 

coal resources over time occurs relatively quickly: 

the decrease in coal resources » the formation process of coal 

The more the coal resources deplete, the less fastidious (fussy) plants can be in the 

choice of coal, with regard to grade, rank and organic composition among other 

characteristics, for specific industrial applications. 

Thus, even though this research was completed on a small scale, it contributes 

towards a sounder understanding of the coal-specific agglomeration phenomenon 

which occurs during the gasification process. The long-term aim is that this research 

- together with completed and future research - would establish the possibility of 

managing coal in a non-fastidious manner: implying that regardless of grade, rank or 

any other characteristic, any coal type could be utilized for gasification. 

1.9.1 Financial support 

• North-West University, Faculty of Chemical and Mineral Engineering, financed a 

research visit to the University of Nottingham, Nottingham, England for June/July 

2007. 
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• All miscellaneous expenditure was funded by the Faculty of Chemical and 

Mineral Engineering under the supervision of Prof. QP Campbell. 

• The R&D Department of SASOL provided the funds for the technical side of this 

research: this included the materials for the equipment which formed part of the 

experimental design, as well as the modifications which became necessary 

during the progress of the research. 

1.10 SUMMARY 

The purpose of this chapter was to present the reader with a description of the 

general structure of the subsequent chapters. Detail such as the statement of the 

problem and investigation procedure followed was briefly discussed to answer any 

questions about this research. 

The subsequent chapter will focus on presenting an overview of the current relevant 

literature concerning aspects such as the process of agglomeration and the 

properties of coal which cause agglomeration. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 INTRODUCTION 

In this chapter the relevant sources found during the preliminary search on the topic 

of this research - the agglomeration of coal - were presented and discussed. General 

information on coal as a complex substance is used as a starting point. 

In the next instance, the focus turns to describing gasification, coal gasification and 

coal agglomeration as they would be relevant to the overall aim of this research, 

which was to investigate the agglomeration phenomenon as it occurs in South 

African coals under various laboratory conditions (cf. 1.5). Finally, both the current 

methods which were implemented for the analysis of swelling and agglomeration 

properties, and the methods implemented for the analysis of coal composition were 

addressed. 

2.2 THE BASICS OF COAL 

Coal consists mainly of organic matter (plant material). The different types of coal are 

brought about by the type of plant material present in the coal and can be named by 

their maceral names, inertinite, vitrinite and liptinite. These vary in colour from black 

to reddish brown (for younger deposits). These maceral constituents differ 

remarkably in physical and chemical properties. Coal's distinguishing features such 

as type, grade and rank determine physical characteristics of coal like colour, luster, 

fracture and texture (Anon, 2002:703). Moreover, the rank of coal is determined by 

the reflectance of the vitrinite (Yu et al., 2007:137) and the type of coal by the amount 

of plant matter which remains intact after the following changes have taken place: 

According to the Kirk-Othmer Encyclopedia of Chemical Technology (Anon, 

2002:703), the existence of coal has been brought about by a combination of 

chemical, biological and physical degrading of plant matter which has accumulated 

over extremely long periods of time. 

An important coal characteristic in this research is the swelling of coal, especially 

during pyrolysis. While the swelling affects the density and particle size of the char 

resulting from pyrolysis, this phenomenon also affects the behaviour of the coal 

during high temperature reactions (Zeng et al., 2005:2214). For example, at a 
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specific temperature a coal particle in the swelling state firstly increases in diameter 

during early pyrolysis and shrinks to a small degree during later devolatilization. 

Devolatilization is defined as the process during which the volatile matter bound 

within coal is released; when coal is devolatilized in an inert atmosphere, the process 

is referred to as pyrolysis (Yu et a/., 2007:138; cf. 1.2). 

In order to understand the reaction possibilities and characteristics of coal, a brief 

look at its geological origin would enhance the process. 

2.2.1 The geological origin of coal 

The involvement of mankind in nature only quickens the breakdown of plant tissue. 

Without our involvement microbiological activity especially ensures that even the 

most resistant plant tissues are broken down to simpler compounds which nourish 

succeeding floral generations (Berkowitz, 1979:3). 

However, accidents of nature occasionally intervene to arrest decay and set residual 

plant matter on a different course. Land subsidence or other changes in the local 

water regime cause the inundation of the debris and the gradual cover thereof by silts 

which shield it from subsequent degradation. During the burial process of the debris 

under increasingly thick inorganic sediments, the debris is compacted by overburden 

pressures and chemically altered by heat. Thus coal is formed. 

Proof that the termination of plant decay (by flooding and subsequent burial) was 

common and ordinary throughout a significant part of geological history, can be found 

in the fact that coal is widely distributed and occurs in various types of non-marine 

strata (Berkowitz, 1979:3). 

Coal-forming processes did not require specific kinds of debris: whatever plant life 

flourished at the time went into the formation of coal. Consequently, substantial coal 

deposits started forming as soon as terrestrial vegetation became plentiful. The 

variation of this vegetation and the varied conditions under which it accumulated and 

decayed had a significant effect on the types of coal that ultimately developed from it. 

It is well to realize, for all practical purposes, that coal is merely a generic term and 

that the solids to which it is applied are often more diverse than alike (Berkowitz, 

1979:4). 

With the origin of coal in mind, the focus turns to the coalification process itself. 

12 



2.2.2 The coalification process 

The decomposing plant material is covered and folded into the earth's crust via 

geological action that provides extreme hydrological pressure and heating required 

for the coal conversion process, as well as an environment that drives off volatiles 

and water (Keating, 1993). This complex transformation (or coalification process) 

results in change, or metamorphism (cf. 2.2.2.2), over great periods of time and in a 

variety of fuels. The coalification process consists of two stages: the biochemical and 

metamorphic stages. 

2.2.2.1 Biochemical or diagenetic stage 

Information about the biochemical stage comes mainly from studies of plant remains 

that can be identified under a microscope (Berkowitz, 1979). These remains show 

that the conditions under which plant matter was collected and decayed were 

generally as diverse as in coeval wilderness regions. The differences in the plant 

material and the extent of decomposition during the first stage are largely due to the 

different petrographic components known as macerals (Grainger & Gibson, 1981). 

These macerals can be identified by microscopy (as previously mentioned) and 

concentrates can be prepared if needed. 

In each geological period, aerobic as well as anaerobic microorganisms attacked 

forest vegetation, as well as hydrophilic species, which thrived in swamps or shallow 

lakes - from this the major accumulations were formed. The various types of 

environment either coexisted in close spatial relationship or changed into one 

another with the passage of time. Debris sometimes drifted from its original site to 

another basin and became intimately mixed with dissimilar foreign plant material and 

mineral matter during this migration (Berkowitz, 1979:5). 

Disregarding their origin, all multi-celled plants ultimately consist of the following 

(Berkowitz, 1979:6): 

• Carbohydrates - monosaccharides, disaccharides and polysaccharides. 

• Glycosides - complexes of monosaccharides and hydroxylated aromatic or 

aliphatic compounds. 

• Proteins - high-molecular-weight polypeptides, each carrying a specific sequence 

of amino acids. 
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• Fats, waxes and resins - derived from terpenes or primary oxidation products of 

terpenes. 

• Alkaloids, purines, chitins, enzymes and pigments - most important of these are 

chlorophyll and carotenoids. 

On condition that local temperature fluctuations were insignificant (and thus 

prevented the hindering of any microbial activity), rates of decay in most instances 

increased with temperature. Decay processes therefore always proceeded 

significantly faster in warm conditions than in cool conditions. Where acid decay 

products could be neutralized by the geological environment through the infusion of 

dissolved alkaline mineral matter, it also upheld a higher level of bacterial activity 

than was otherwise the case (Berkowitz, 1979:7). Bacterial activity significantly slows 

down when the pH of the substance falls below ~5 and, in principle, discontinues 

entirely at pH ~3. Fungal activity, however, commonly discontinues at pH ~2 

(Berkowitz, 1979:19). 

Accessibility of the debris to oxygen determined the decay mechanism in the 

following manner (Berkowitz, 1979:7): 

(a) In essentially dry and aerobic (fully exposed) accumulations, decay continued 

entirely by dry rotting: abiotic oxidation and fungal hydrolysis of debris by 

destroying cellulosic matter, leaving little true humus. The remaining residue 

mostly comprised humic acids and its oxidation products and fusinized woody 

fragments of which the texture resembled that of charcoal. 

(b) In strongly anaerobic environments (i.e. swampy areas), the overruling decay 

processes were bacterial hydrolysis and the reduction of plant matter. This 

yielded slimes and gels that penetrated and thus preserved other plant 

entities. During the metamorphic stage of coal formation these slimes and 

gels formed the substantially structureless matrices wherein preserved 

entities are not found enclosed. 

The Encyclopaedia Britannica along with Berkowitz (1979:8) state that even though 

all diagenetic processes homogenize the accumulated organic mass, the 

compositions of the resulting mixtures still depend on the site-specific factors and the 

time period between the start and end of decay. 
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2.2.2.2 Metamorphic stage 

The metamorphic stage started with the build-up of inorganic sediment to a 

significant amount over the original coal mass creating pressure on the coal mass. 

Additional change continued chiefly via compaction, dehydration and a sequence of 

stripping and condensation reactions. If these reactions - which only end when coal is 

mined - are not interrupted, they would ultimately have produced anthracites (further 

homogenized matter) and gradually have increased the rank (carbon enrichment): 

firstly at the expense of oxygen and subsequently by the loss of hydrogen, mostly in 

the form of methane. 

The primary impulse for this chemical maturation is commonly accepted to be 

supplied by heat. The general pattern - referred to as normal metamorphism - was 

continued by the heat flow from the earth's core which can be directly related to 

geothermal gradients. The heterogeneity of the layers near the surface of the earth's 

crust cause these gradients (which average 14°C per kilometer of depth) to vary from 

one environment to another - ranging from less than 10°C to more than 30°C per 

kilometer of depth (Berkowitz, 1979: 9). Thus coal masses from various geographic 

environments, but otherwise comparable, are found to have reached different 

degrees of maturity. 

The sensitivity of chemical change to temperature variation (often doubling with a 

10°C increase) could even cause temperatures just higher than surface temperatures 

to bring about widespread metamorphism. Geological studies have revealed that 

burial depths as deep as 1000m to 2000m were adequate to increase the carbon 

contents from as little as 60% to 80% or 85% (Berkowitz, 1979:9). Bituminous coals 

in comparison to low rank coals, for example, have undergone metamorphism to a 

higher degree, recognizable from the differences in the organic structure and pore 

structure, and the higher condensed and aligned aromatics. 

However, there are also some instances where coal has undergone metamorphism 

by radioactive emissions rather than by heat. Examples of the aforementioned have 

been found in a group of coals from the Jurassic and Triassic periods and also in 

coalified woods from sandstones near the uranium mines in Utah and Colorado 

(Berkowitz, 1979:10). 

The maturation process of a so-called young coal accumulation from 60% to 68% 

carbon can theoretically occur at a low temperature of only 20°C. Further maturation 
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to 75% carbon can only occur if the temperature increases to a minimum of 30°C. 

Higher temperatures would likewise shorten the time period of the maturation 

process. 

These two stages, those of the biochemical/diagenetic and metamorphic variety, lead 

to a series that could be indicated for coal, aiming at determining how far the 

coalification process has progressed. 

2.2.2.3 Coal: the series 

According to Berkowitz (1979:13), all coals - disregarding their origin, age and type -

can be positioned in an ascending order of their carbon contents to form a seemingly 

continuous coal series. 

This series is generally written as follows (note that the nomenclature may differ 

elsewhere): 

Peat —► lignite (or brown coal) —► subbituminous coal —► bituminous coal —► anthracite 

Peat is produced at the end of the biochemical stage and, at present, deposits found 

are less than one million years old - which in coalification terms is relatively young 

(Grainger & Gibson, 1981). Whenever peat is dug for fuel, it seems to be a 

substance made up of partly decomposed plant material such as reeds and mosses 

growing in swamps. It is found all over the world, especially in Ireland (Simeons, 

1978). 

The lowest rank of coal has its name from Latin: lignum, meaning wood (Keating, 

1993). This rank of coal is also known as brown coal due to its colour. It crumbles 

and may also appear to consist of decomposed wood-like material (Simeons, 1978). 

It is a dense carbonized plant substance often having a fibrous structure appearing 

as a fuel intermediate between peat and actual coal (Merriam-Webster, 1985). This 

coal grade is found in large amounts in Australia, Germany, Poland, the U.S.S.R. and 

the U.S.A (Simeons, 1978). 

The subbituminous coal rank is also known as black lignite. It has higher fixed carbon 

content than the above-mentioned, even though it might still contain a high moisture 

and ash content. It has a low sulphur content, is moderately free-burning, non-

agglomerating and has a reasonably low energy density which makes it a good 

contender for combustion in coal-burning systems in which the sulphur content may 

be important (Keating, 1993). 
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The bituminous coals are generally used in households and factories. They are black 

in colour and consist of layers which differ in appearance from bright-ceramic to 

sooty-matt (Simeons, 1978). These occur in many countries and may have high or 

low volatile hydrocarbon contents. Given that these coals produce large amounts of 

smoke when burned, they are impractical as natural fuels. On the other hand, these 

coals are good contenders as solid fuels (Keating, 1993). 

Anthracite - the highest rank coal - is a mineral coal almost entirely consisting of 

pure carbon and has progressed along the series from peat (Grainger & Gibson, 

1981). This coal is very hard, has lost any sign of banding, breaks into small blocks 

easily and shines brightly (Simeons, 1978). Anthracite is found in many countries, but 

in restricted amounts. 

The conceptual endpoint of this series is graphite (resembling anthracite to some 

extent), but it is rarely reached. 

The variable composition of coal necessitates the evaluation of the quality of all coals 

and this can be indicated via the following two factors: grade and rank, of which rank 

is regarded as the more important of the two. 

2.2.2.4 Grade 

Grade is an important factor in marketable conditions. It describes the degree to 

which coal has been contaminated by non-plant substances (Grainger & Gibson, 

1981); in other words, it measures the fixed carbon in coal (Keating, 1993). 

Significant contamination may either be by mineral matter (as total or separate 

components) or by moisture. These contaminants came from the original plant life or 

were introduced as air- or waterborne mineral particles: finely divided, closely 

associated with the coal substance and difficult to remove (Grainger & Gibson, 

1981). 

These same authors (Grainger & Gibson, 1981) also pointed out that other material 

might have come from fine layers of silt within the coal seam itself or by the roof 

and/or floor being mined with the seam by accident. Generally, the latter materials 

are removed to some extent by coal preparation in order to determine the amount of 

mineral matter in coal, as marketed by feasibility. 

The grade of coal is determined by ash content. Hence, a low grade coal means that 

the coal has a high ash content. 
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2.2.2.5 Rank 

According to Berkowitz (1979:13), rank with regard to coal refers to the extent of 

maturation and is thus a qualitative measure of the carbon content of coal. In 

conjunction with the latter, rank is also described as a time period for the conversion 

of coal (Keating, 1993). A low rank has less carbon and a high rank has a higher 

carbon content (or is mostly made up of carbon). 

Lignites and subbituminous coals are generally known as low rank coals, while 

bituminous coals and anthracites are well-known high rank coals. The European 

vocabulary for lignites and subbituminous coals, and bituminous coals and 

anthracites are soft coals and hard coals respectively. 

With this in mind, it should be stressed that rank is not identical to grade (even 

though grade also implies a connotation with quality): low rank coals are not as 

suitable for some uses as the higher rank coals. However, they are often superior to 

these in other applications (Berkowitz, 1979:14). Rank is regarded by some to be the 

most important characteristic of the various coals (Grainger & Gibson, 1981). The 

rank of coal is determined by the vitrinite reflectance. 

With the focus having been on the general theoretical background to coal, 

gasification of coal comes into play with the reference to gas production and 

generation of power. 

2.3 GASIFICATION 

In essence, gasification is described as "incomplete combustion". Coal gasification, 

on the other hand, is described as "the reduction process of coal". The reduction of 

coal is brought about by causing the coal to react with gases such as steam, oxygen 

and carbon dioxide, thus producing a gas which consists mainly of carbon monoxide 

and hydrogen (Anon, 2002:771). 

Berkowitz (1979:250) states that, during gasification, all organic material of coal is 

converted into the gaseous form. Only the rate of gasification is affected by the rank 

of coal and the temperature. This process can also, when preferred, be manipulated 

to produce a gas which consists almost entirely of carbon monoxide, carbon dioxide 

and hydrogen (apart from the small amount of impurities such as hydrogen sulphide). 

18 



Gasification of coal is brought about by various reactions (in different combinations 

and to different extents) - these reactions occur at different rates at temperatures 

above 815°C: 

C + 02 <H> C02 Combustion 

C + C02 <->■ 2CO Boudouard reaction 

C + H20 <-» CO + H2 Carbon-steam reaction 

CO + H20 <-> C02 + H2 Shift reaction 

Below 1150°C and at high pressures, hydrogen may also react with carbon to form 

methane: 

C + 2H2 <->■ CH4 Carbon hydrogenation 

When the carbon source produces volatile matter, more methane will form via 

thermal cracking: 

One of the reaction processes applied to the synthesis gas resulting from the 

gasification process in order to produce the final products, is that of Fischer-Tropsch. 

2.3.1 The Fischer-Tropsch process 

Coal gasification has various applications. The production of synthesis gas can be 

achieved via coal gasification, or via the steam reformation or partial oxidation of 

natural gas. The various transportation fuels which can be obtained from the 

conversion of synthesis gas are fuels such as gasoline, diesel oils, liquid petroleum 

gases and aviation turbine fuel (Berkowitz, 1979:288). The process which is 

commonly used for these applications is the Fischer-Tropsch process (incorporating 

an iron or cobalt catalyst): synthesis gas is extensively converted into aliphatic 

hydrocarbons. 

Gasification itself can be divided into different types of processes, operated on 

various principles. The moving bed gasification process is discussed in short. 
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2.3.2 Moving bed gasification 

Moving bed gasification either works on the counter-current or concurrent principle. 

The counter-current principle involves the following: the air and steam enter the 

gasifier at the bottom, travelling upwards through the coal bed, while the coal enters 

at the top and travels downwards. Coal sizes range from 5 up to 80mm and is fed 

into the gasifier through a lock hopper system (Minchener, 2005:2226). High 

pressure gasifiers inhibit residence times from several hours for atmospheric 

gasifiers to residence times ranging from 15 to 60 minutes. 

The pressure in commercial high pressure gasifiers is typically 3 MPa. However, 

tests have been realized at pressures as high as 10 MPa. The top and bottom levels 

of the coal bed are respectively fixed by the gas outlet and coal inlet, and the rotating 

grate at the bottom (Anon, 2002:792). Four processes take place inside a moving 

bed gasifier: drying, devolatilization (also known as pyrolysis), gasification and 

combustion: the moisture present within coal is driven off (the drying zone); the coal 

is heated further via the hotter product gas and also devolatilized (the 

devolatilization/pyrolysis zone); gasification follows via the reaction of the coal with 

the steam and carbon dioxide (the gasification zone); then, ultimately, the residual 

char is combusted entirely (the combustion zone). 

The maximum temperature in the dry ash gasifiers can reach 1300°C within the 

combustion zone, depending on the ash melting point (Minchener, 2005-:2226). The 

maximum temperature inside a gasifier should be lower than the temperature at 

which the ash starts to melt to prevent problems such as blockage. The gas outlet 

temperatures are typically of the order 400-500°C, as the exiting gas is cooled via 

contact with the entering feed. The bed permeability within these gasifiers depends 

on certain factors such as the coal size, thermal fragmentation, the agglomeration 

tendency of the coal and the ash fusion temperatures - to name only a few. The 

figure below gives a representation of a moving bed gasifier (Figure 2.1). 
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Figure 2.1 An example of a moving bed gasifier (adapted from Van Dyk et at., 

2006:1133) 

2.3.2.1 Advantages of moving bed gasification 

The advantages of moving bed gasification include the judicial management of heat 

via the preheating of the coal by the upward flowing gas. Effective carbon conversion 

is achieved in the combustion and gasification sections via the plug flow of the solids 

within these two sections and the long residence times of the fuel inside the gasifier. 

The exiting gas exits at relatively low temperatures (Anon, 2002:793). 

Moving bed gasifiers have been developed and optimized to enable the handling of 

various solid fuels. The particle size, size distribution, agglomerating tendency, the 

ash fusion temperature and the reactivity are characteristics of a fuel which affect the 

fuel performance inside the gasifier. Obviously, the ideal coal is a non-caking coal 

with uniformly sized particles because, within this kind of bed, the gas flow is 

distributed evenly, Thus uniform temperature distribution is achieved, as well as fixed 

reaction sections. Reactivity influences the size of the reaction sections. 
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These gasifiers also have the ability to process coals with high ash contents: 

allegedly Lurgi dry ash gasifiers can process coals with ash contents as high as 35% 

(Minchener, 2005:2226). 

2.3.2.2 Disadvantage of using moving bed gasifiers 

Agglomeration of coal - especially in bituminous coals - reveals moving bed 

gasifiers' disadvantage: their deficiency in handling agglomerating coals. Bituminous 

coals tend to swell and eventually agglomerate, causing the uneven distribution of 

gas and solids flow, which retards the process performance. Pretreatment (either 

pre-oxidation or coking) is applied to these coals in order to avoid any agglomeration 

tendencies (Anon, 2002:793). 

Agglomerating coals can also be blended with low agglomerating coals in order to 

achieve successful processing within these gasifiers (Minchener, 2005:2227). 

Bearing in mind the hindrance which coal agglomeration can cause in gasification, it 

is discussed in the following section. 

2.4 COAL AGGLOMERATION 

In general terms, agglomeration can be described as the formation of aggregates 

through the fusing together of material (Perry & Green, 1997:20-56). In this case, 

agglomeration is brought on by heat. According to Perry and Green (1997:20-57), the 

former either leads to sintering of the particle bed or brings about sintering or partial 

melting of a binder component within the feed - some kind of polymer. This 

description is extremely accurate, as will be seen in the following sections (cf. 2.4.1). 

More specifically, agglomeration, also known as caking, of coal particles has various 

descriptions, one of which is the softening of coal (otherwise known as the plasticity 

property of coal) which causes particles within the coal to melt together to form larger 

particles during heating (Van Dyk et a/., 2006:251). Unstable gasifier operation can 

result from the agglomeration of the coal within gasifiers, which can cause variations 

in the pressure drop, as well as channel burning. In extreme cases, oxygen can 

break through, which can cause major safety hazards due to potential downstream 

explosions (Van Dyk et a/., 2001:7). 

2.4.1 The agglomeration property of coal 

Two fundamental principles play a role in the behaviour of coal during heating: 
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• the swelling of coal - the degree of the swelling is dependent on the 

degasification rate and the plastic properties of coal; and 

• the agglomeration power of coal. 

The swelling of coal is caused by the formation of a foam at the swelling temperature 

on the dilatometer curve. At this point, the amount of metaplast (cf. 2.4: the polymeric 

substance) and degasification rate is sufficient for the foam formation (Van Krevelen 

& Schuyer, 1957:306). Walker (2005:135) also mentions a relationship existing 

between aliphatic compounds and the plasticity property of coal. The mobilization of 

these compounds improves the coal's plasticity through oil and tar production. Short-

chain and long-chain aliphatics have different bond strengths which cause steady 

breakdown over a wide range of temperatures. This ultimately widens the plastic 

range of coals (Walker, 2005:136). 

The swelling of coal can be measured by two methods: the first is the rapid heating of 

coal in a crucible under standardized conditions resulting in a coke button (this 

determines a swelling index); the second is the percentage of maximum dilatation (cf. 

2.5.1) during slow heating (Van Krevelen & Schuyer, 1957:13). 

The degree of swelling, as well as the structure of swollen particles, was found to be 

dependent on the rate of heating, the final temperature and also on the ambient gas 

composition (Essenhigh, 1981:1188). In the research conducted by Street et at. 

(1969:343), pure lithotypes and British coals of varying rank, as well as varying 

swelling propensities, were studied. The particles of these coals and lithotypes were 

treated in air and nitrogen respectively. An important observation which was made 

during the conduction of this research was the fact that the swelling ratios depend on 

the gas composition. 

The swelling ratios of the particles which were treated in air were less than the 

swelling ratios of the particles (of the same coal or lithotype) which were treated in 

nitrogen. The high swelling coal - Ackton Hall CRC 502 with an ash percentage of 

22.7 and a volatile percentage of 28.1 (both on a dry basis) - revealed a volume 

increase of 1.33 times when treated in air in comparison with a volume increase of 

3.87 times when treated in nitrogen (Street et a/., 1969:360). In a reducing 

atmosphere, maximum swelling was found to occur at 700°C. Littlejohn (1967:128), 

however, found swelling to be dependent on the time, temperature and rate of 

heating which the coal was exposed to. 
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The agglomeration property of coal has a significant effect on gasifier performance. 

During the heating of bituminous coals - 300 to 350°C - the coal particles swell and 

agglomerate to varying degrees. A solidified cake is then produced. The 

development of gasification processes has been influenced by this significantly. Gas 

flow patterns in moving bed, as well as fluid bed gasifiers, are disrupted greatly by 

the agglomerate formed. The thermal efficiency is also retarded. 

During the drying process, the coal particles of bituminous coals, unlike low rank coal 

particles, maintain their strength. On the other hand, during heating to the 

decomposition point of organic components, the more cross-linked features are 

partially dissolved by the organic volatiles formed, resulting in a plastic transformation 

of the coal. This is known as metaplast and it is a glutinous, agglomerating phase. 

The decrease of the volatile matter content of the coal to approximately below 20% 

reduces the agglomeration tendencies (Anon, 2002: 780-781). 

The metaplast theory states that the plastic properties of coal depend on the amount 

of metaplast formed (Van Krevelen & Schuyer, 1957:304). 

During the heating of coal, the coal firstly softens and then resolidifies after a while. 

Both stages include the release of gas: in the softening stage, primary gas is 

released and in the resolidification stage, secondary gas is released. 

The decomposition of coal during heating includes three subsequent reactions (Van 

Krevelen & Schuyer, 1957:294): 

(1) Coking coal (P) —£-> metaplast (M) 

(2) Metaplast —^—» semi-coke (R) + primary gas (G^ 

(3) Semi-coke —^—> coke (S) + secondary gas (G2) 

ki> k2, k3 = the respective reaction velocity constants. 

Reaction 1 is known as depolymerization, during which the metaplast is formed; 

reaction 2 is known as cracking, during which recondensation of the metaplast takes 

place and semi-coke is formed; and reaction 3 is known as secondary degasification, 

during which the semi-coke fuses together through the evolution of methane (and at 

higher temperatures, the hydrogen also) resulting in coke (Van Krevelen & Schuyer, 

1957:295). 
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In conjunction with agglomeration, high molecular weight tars are also produced from 

bituminous coals. Handling these tars produced in coal process units is extremely 

difficult and it requires engineering of the downstream gas cleanup system in such a 

way that the plugging and fouling of equipment are avoided (Anon, 2002: 780-781). 

2.4.1.1 The agglomeration tendency of coal 

According to Van Dyk et al. (2006:251), the agglomeration propensity of coal is 

determined via pyrolysis. The coal sample with a predetermined size distribution is 

pyrolyzed in an inert environment at the common gasifier conditions. Any significant 

increase in the size of particles is determined afterwards. This is a uniquely in-house 

developed test of Sasol for the characterization of coal under common conditions of 

gasifier operation. The gas atmosphere does not have any significant effect on the 

agglomerating propensity of coal (Van Dyk et al., 2001:7). 

Van Dyk et al. (2006:251-252) state that the agglomeration propensity of coal is 

influenced significantly by pressure: low to medium agglomerating coals under 

pressure show no agglomeration at atmospheric pressure, and highly agglomerating 

coals at 26 bar have significantly lower agglomerating propensities at atmospheric 

pressure. 

Previous research experience with highly agglomerating coals caused an unstable 

gasifier operation and therefore the blending technique is now incorporated to 

produce acceptable blends. This technique includes the blending of a high 

agglomerating coal with a low agglomerating coal. Van Dyk et al. (2006:252) mention 

the agglomerating propensity of common coal blends used during gasification in 

Sasolburg to be very low or zero, and in Secunda to be ±20%. 

Attention ought to be paid to the fact that even coals with an agglomerating 

propensity of 100% can be gasified successfully after acceptable blending has been 

achieved. 

Sha et al. (1990:658) examined ten coals of various ranks. They found that, at 

atmospheric pressure, non-agglomerating coals do not agglomerate up to a pressure 

of 4.0 MPa and that slightly agglomerating coals' agglomerating property increases 

with an increase in the pressure. The same was found for agglomerating coals. The 

agglomerating property of a coal is usually determined via the Roga index, but in this 

case a G' index was used on account of the pressure being increased. The 
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correlation between the G' index and the Roga index is as follows (Sha et a/., 

1990:656): 

RI = 0.875G'+14.41 

The increase in the agglomerating property of coals could be ascribed to the increase 

in the boiling points of the liquid products formed during gasification. This leads to an 

increase in the quantity of the liquid products formed, to the benefit of wetting of the 

solid phase, and finally improves the strength of the coal char (Sha et a/., 1990:658). 

After this research has looked at the agglomeration property of coal, the starting point 

of the agglomeration phenomenon comes into focus. 

2.4.2 Starting point of agglomeration 

In the early 80s, the TRW Engineering Division of Virginia, USA, successfully 

developed an engineering model which enabled the prediction of the starting point of 

agglomeration during coal gasification (Apte & Fein, 1981:1037). This process could 

also be applied to adjust the operational conditions in order to avoid coal 

agglomeration entirely, without neglecting the high through-put rates required for 

economical feasibility of the process. 

According to Apte and Fein (1981:1037), coal enters a plastic state above 400°C 

where a viscous liquid is formed known as a metaplast. This liquid can coalesce and 

bind the individual particles into an inseparable mass. This model also shows that the 

degree of agglomeration which occurs during gasification is proportional to the 

quantity of the metaplast produced. Thus, agglomeration can be avoided by 

controlling the metaplast concentration below the critical level and this can be 

achieved by maintaining the coal heating rate at an acceptable level (Apte & Fein, 

1981:1038). 

Fong et al. (1986:195) mentions that softening is triggered by a superposition of the 

physical melting process of coal and the pyrolysis of coal. The plasticizing agent, 

metaplast (cf. 2.4.1), produced via these processes, maintains the fluidity of the coal 

until the evaporation, repolymerization and thermal cracking {cf 2.3) processes have 

reduced the metaplast concentration to a subcritical amount - causing 

resolidification. 
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Seki et a/. (1989:837) investigated the influence which soluble components in coal 

have on agglomeration properties by first extracting these soluble parts. The 

agglomeration properties were then determined afterwards. The chloroform soluble 

constituents are the so-called agglomeration components. Their research concluded 

that not only chloroform soluble constituents, but also constituents extracted via 

mixed solvents can act as agglomerating components (Seki et a/., 1989:842). 

Another conclusion was that the extractable constituents which act as binders in coal 

are the reason for the agglomerating property. However, properties such as 

agglomeration, porosity, the volatile matter and the fluidity are the reason for the 

swelling property of the coal. 

It is also possible to predict the behaviour of coal during the melting process and its 

viscosity from the chemical composition, as was predetermined (Vorres, 1979:487). 

Acids act as complex ion formers with anions which are provided by bases. An 

example of a base in coal ash is an oxide ion donor. Thus, in a compound which 

contains acids in the limited presence of oxide ion donors, polymers mainly form in 

the melted material. 

Van Heek and Muhlen (1987:1) investigated the influence which pyrolysis conditions 

have on the swelling (and shrinking) of individual particles and agglomeration 

specifically important to moving bed gasification. They also mentioned that 

thermoplasticity might lead to agglomeration which can cause gasifier failures. They 

experimented with a wire-net apparatus in order to determine the kinetics of swelling 

(and shrinking) of individual coal particles during quick pyrolysis. A high speed 

camera was used to record their results visually. 

These two authors found that a particle increased to approximately 2.2 times its 

original size and shrunk back to 1.3 times its original size within the temperature 

range of 200-1100°C. At low pressures, low heating rates and small particles, the 

products (mainly compounds such as the tar formed during the pyrolysis stage which 

cause the swelling) leave during the plastic stage, thus causing the shrinking. The 

opposite is applicable to high pressures, high heating rates and larger particles (Van 

Heek & Muhlen, 1987:6). 

The metaplast (cf. section 3.1) consists of an amount pre-existing in the coal and an 

amount formed during thermal decomposition. This metaplast is responsible for the 

thermoplasticity of coal during heating. The swelling is actually the growth of the 

particles during the plastic stage which is caused by the growth of the bubbles. The 
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bubbles are caused by the volatiles which are released during devolatilization. The 

particles subsequently shrink again as the bubbles burst. This process is repeated 

until the particles resolidify at a later stage. An increase in the coal density results in 

a significant decrease in the swelling and bubbling taking place (Yu et a/., 2007:156-

157). 

The characteristics of coal which are responsible for the agglomeration phenomenon 

are vague and unclear (there are contradictory arguments on the source of 

agglomeration), thus some researchers refer to the "coking principle" as a concept 

which must be constituted by a coal in order to be classified as an agglomerating 

coal. 

2.4.3 The coking principle 

Solvent extraction of coal has proved that a coal should contain the so-called "coking 

principle" in order to be regarded as an agglomerating-coal (Van Krevelen & 

Schuyer, 1957:107). The extract contained resin-like substances and showed strong 

agglomerating properties. Fischer and co-workers (Van Krevelen & Schuyer, 

1957:107) used benzene as the solvent medium to extract coal under pressure: the 

residue didn't show any coking properties after extraction; however, two substances 

were identified - a petroleum-ether soluble substance and a petroleum-ether 

insoluble substance. The former was considered to be responsible for the plastic and 

caking properties and the latter for the swelling properties of coal. 

Various factors determine whether a coal constitutes the coking principle, one of 

which is the vitrinite present within coal. 

2.4.4 Vitrinite 

Vitrinite is the most likely coke-forming maceral, according to Van Krevelen and 

Schuyer (1957:73), taking into account that its rank falls within certain limits. If the 

volatile matter falls between 19-33%, the vitrinite represents the coking principle 

mentioned above. The reflectance of vitrinite is used to determine coal rank (cf. 

2.6.1). 

In transmitted light, vitrinite is translucent and a dark or light orange colour. Under 

reflected light, however, vitrinite appears light to dark grey (Van Krevelen & Schuyer, 

1957:53). Another important fact about vitrinite is that it is anisotropic: the vitrinite 

acts in various ways under polarized light. Walker (2005:4) reports a vitrinite 
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reflectance range between 1.0% and 1.4% as an indication of coals constituting the 

coking principle. 

Unlike vitrinite, inertinite oppositely affects the constitution of the coking principle. 

2.4.5 Inertinite 

The name of this maceral group is derived from the fact that the macerals belonging 

to this group behave as inert infusible diluents when coal containing inertinite is 

thermally pyrolyzed (Probstein & Hicks, 2006:11), unlike vitrinite and exinite which 

are described as reactive macerals. Inertinite retards the agglomeration 

phenomenon. 

In combination with the vitrinite content, the volatile matter within coal is just as 

important. 

2.4.6 Volatile matter content 

Coal with a volatile matter content of more or less 30% shows the highest 

decomposition rate, greatest plasticity and dilatation (Van Krevelen & Schuyer, 

1957:292) coinciding with the range mentioned above (cf. 2.4.4). As soon as the 

volatile matter content of coal drops below 20% during the plastic stage of coal in the 

gasification process, the agglomerating propensity of coal is reduced (Kirk-Othmer 

Encyclopedia of Chemical Technology, 2002:781). 

Walker (2005:8) reports the volatile matter range for premium coking coals to be 

between 15 and 40 wt%. 

The particle size of coal also affects the agglomeration phenomenon and needs to be 

discussed. 

2.4.7 The effect of particle size 

Hanson et al. (2002:531) found in their investigation that various coal size fractions 

went through different changes during pyrolysis: the smaller coal particles revealed a 

greater tendency to produce char particles larger than themselves (swelling and 

consequent agglomeration) and the larger coal particles revealed a greater tendency 

to fragment. 

Hanson et al. also describes gasification as a two-stage process - firstly, the rapid 

pyrolysis stage during which the coal is devolatilized releases easily reacting volatiles 
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and secondly, the char which is produced reacts more slowly. During pulverized fuel 

gasification, both stages take place in 1s. In fluidized bed gasification, as well as in 

moving bed gasification, larger particles are used (slowing down the process) and 

thus an internal thermal gradient is quickly created. This manages the rate of 

increase to temperatures in the consecutive layers where thermal decomposition of 

coal takes place. The volatiles released during decomposition result in internal 

pressures building up within particles. 

Two extremes have been revealed. The first is particles which fragment due to 

thermal stresses and internal pressure build-up; and the second is particles which 

show signs of plasticity and consequently deform, resulting in pore formation, 

swelling and probable agglomeration (Hanson et a/., 2002:531). Their investigation 

appeared to reveal that there is a critical size where the changeover between the 

tendency to swell and agglomerate and the tendency to fragment occur (Hanson et 

a/., 2002:534). The gas also seemed to escape easier and more quickly from larger 

coal particles (Hanson et a/., 2002:535). The assumption could be made that, in 

milder conditions, large particles remain whole which might relate this observation to 

the tendency of larger coal particles to fragment more severely than the smaller coal 

particles. 

Van Dyk (2001:245) developed an alternative method for the determination of the 

thermal fragmentation of coal during pyrolysis in gasification. This method includes 

the heating of the coal under atmospheric or pressurized conditions (2.6 MPa). The 

method was optimized in such a way that each experiment was performed in a 

shorter time. Van Dyk (2001:245) concluded that high-agglomerating coals at 

atmospheric conditions revealed even higher agglomeration tendencies under 

pressure conditions. This minimized the tendency to fragment (Van Dyk, 2001:247). 

The table (cf. Table 2.1) below reveals a rough reference for the comparison of 

different agglomerating coals (Van Krevelen & Schuyer, 1957:25). 
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Table 2.1: Comparison of different agglomerating coals (rough reference) 

Group Caking properties Swelling index Roga index 

0 None Non-agglomerating 0 - 5 

1 Weak 1 -2 5 -20 

2 Medium 2.5-4 20-45 

3 Strong >4 >45 

Bearing in mind all of the above knowledge on coal, the gasification process and the 

agglomeration phenomenon affecting operation performance, the evaluation of the 

agglomeration and swelling characteristics of coal in order to classify a coal needs to 

be discussed. 

2.5 CURRENT ANALYSIS METHODS FOR SWELLING AND 

AGGLOMERATION 

The "transient plastic stage" revealed by certain coals during the temperature interval 

coinciding with the so-called active decomposition phase (which varies for different 

coals), is described by Berkowitz (1979:142) as the softening, swelling and final 

resolidification into a coal mass (or coke mass). 

Apparently these agglomerating properties are only observed in high-volatile-A, 

medium-volatile and low-volatile bituminous coals. These properties are significantly 

strong in medium-volatile bituminous coals with a carbon content between 86% to 

89%. 

However, there is no definite boundary between agglomerating and non-

agglomerating coals. Even the behaviour of agglomerating coals varies significantly 

within the plastic range and thus the evaluation of agglomerating and Theological 

properties is hindered: evaluation of several fundamental parameters is necessitated 

(Berkowitz, 1979:142). These parameters are evaluated via the methods which 

follow. 
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2.5.1 Dilatometer analysis method 

The dilatometer records the volume changes taking place during the heating of a 

caking coal through its plastic range (Berkowitz, 1979:146): the vertical displacement 

of a piston perched on a coal sample is recorded. 

The swelling properties of coal can be determined by placing a test piece of 

approximately 60mm ± 0.5mm inside the preheated retort. Firstly, the furnace must 

be stabilized at 30°C below the expected softening temperature. If, however, the 

softening temperature is not known, the stabilization temperature should be chosen 

according to the volatile matter content of the coal or as 265°C {cf. Table 2.2). 

Table 2.2: Determining the dilatometer stabilization temperature 

Volatile matter content 

(dry, ash-free basis) 

% (m/m) 

Stabilization temperature 

°C 

38.1 and higher 265 

28.1 -38.0 295 

18.1 -28.0 325 

18.0 and lower 355 

Unknown 265 

10 minutes should be allowed for the system to re-stabilize after the coal has been 

placed inside the retort. The furnace temperature is recorded. 

The test is concluded either when no further dilatation takes place for 5 minutes or 

when no dilatation takes place before 500°C (BS 1016-107.3:1990). 

Figure 2.2 below presents an example of a characteristic dilatation curve. 
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Figure 2.2 An example of a dilatometer curve (Berkowitz, 1979:149) 

2.5.2 Caking index analysis method 

Coal and standard anthracite are mixed in a crucible. A steel weight is placed on top 

of the mixture. Pressure is exerted on the whole, no shorter than 30 seconds by the 

6kg steel weight, in a press. The crucible is removed from the press and covered with 

a lid, while the steel weight remains in the crucible. 

Once the temperature of the furnace has been raised to 850°C ± 10°C, the crucible is 

inserted. After a heating period of 15 minutes, the crucible is removed and allowed to 

cool. Now the weight is removed from the mixture and the crucible with its contents is 

weighed. The abrasive strength of the sample is tested in a drum. The mixture is then 

transferred to the drum and covered. At this point, the drum is rotated at 50 ± 

2rev/min. for 5minut.es, while the coke is then removed from the drum and sieved; the 

coke remaining on the sieve is returned to the crucible and reweighed. The coke is 

finally returned from the crucible to the drum and the abrasion procedure is repeated: 

the oversize needs to be sieved and reweighed precisely (BS ISO 15585:2006). 

The caking index, G, is then calculated via the following equation: 

G = 10 i 30/»i+70/«2 

m 

m = total mass of crucible coke after carbonization (g) 
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tTH = mass of coke remaining on sieve after first drum test (g) 

m2 = mass of coke remaining on sieve after second drum test (g) 

2.5.3 Rogatest 

This test is similar to the former-mentioned analysis method (cf. 2.4.1.1), except that 

the mechanical strength is assessed (Berkowitz, 1979:143): 

Approximately 1g of -0.2mm coal is mixed with 5g of -0.4mm anthracite. This is then 

compacted under 6kg for 30 seconds and heated to 850°C within 15min. The 

resulting button is weighed (w) and screened to remove -1mm particles; reweighed 

(a), and rotated in a 20cm-diameter drum for three 5minute time intervals (with -1mm 

particles removed after each rotation). 

The Roga index (R) is calculated via the following equation: 

-(a + d)+b + c,m^ 
R = -

3 V W J 

where b, c, d are the weights of the resulting button after the first, second and third 

rotations. 

2.5.4 Gray-King analysis method 

Coal is placed in a retort tube and positioned in the furnace. The tube is connected in 

such a way that the gas and tar formed can be disposed of. The energy input to the 

furnace is raised in order for the preheated furnace to regain its temperature of 

325°C ± 5°C within 3-7minutes. The temperature is subsequently raised at a constant 

rate of 5°C/min. until the level of 600°C ± 5°C is reached and this temperature is 

sustained for 15 minutes. 

The retort tube is removed and allowed to cool. The coke is then slid from the tube to 

be examined and classified in comparison with a photograph of a set of standard 

residues and a table of descriptions (BS 1016-107.2:1991). The table of descriptions 

can be found in Appendix A which coincides with the standard residues presented in 

Figure 2.3 below. 
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Figure 2.3 The Gray-King classification of coke (Berkowitz, 1979:144) 

2.5.5 Free Swelling Index 

A broad qualitative evaluation of agglomeration propensity these days is the free 

swelling test which originated in Britain, It has since been embodied in some national 

standards (Berkowitz, 1979:143). This method is performed as follows: 
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1g of -60mesh coal is heated in a silica crucible to a temperature of 820 ± 2°C within 

214 minutes. The free swelling index (FSI) is determined by comparison of the 

resulting button with a series of standard shapes. An inconsistent residue is assigned 

with an index of 0, and indices of 2 and 3 are generally assigned to coals which are 

only weakly agglomerating. Figure 2.4 presents the standard shapes and assigned 

indices. 

Figure 2.4 Button profiles and associated indices (Berkowitz, 1979:143) 

2.5.6 Gieseler plastometer analysis method 

Nowadays the fluidity of a plastic coal is measured with a modified constant torque 

Gieseler plastometer (Berkowitz, 1979:146). Figure 2.5 gives a representation of a 

Gieseler plastometer. The rotation of a specifically designed rabble-armed stirrer is 

measured in a compacted 5g coa! sample while the sample is heated from 300°C at 

3 ± 0.1°C/min. The fluidity is recorded in dial divisions per minute (dd/min). 

Significant points which should be noticed are the softening temperature (Ts), the 

temperature of maximum fluidity (Tm), and the resolidification temperature (Tr). Ts and 

Tr are associated with a fluidity of 20dd/min. The plastic range is identified as Tr - Ts. 

Figure 2.6 presents the temperatures mentioned above on a characteristic fluidity 

curve resulting from a plastometer test. 
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The analysis of the composition of coal is always necessary in order to clarify and 

explain the results produced during any research done on coal. 

2.6 ANALYSIS METHODS FOR COAL COMPOSITION 

The characterization of the coal used in this research was performed via two 

common characterization methods: petrographic analysis and proximate analysis. 

The physical composition of the coal was characterized via petrographic analysis and 

the chemical composition of the coal was characterized via proximate analysis. 

2.6.1 Petrographic analysis 

A prepared block of coal is examined under a reflected light microscope. The 

maceral groups are identified by the relative reflectance, colour, size and morphology 

observed under an immersion medium, usually oil is preferred. The immersion 

medium must have an appropriate refractive index and must be compatible with the 

microscope. 

The prepared block is placed under the microscope with a layer of the immersion 

medium on the surface. The material is identified under the microscope via a point 

count procedure (as described in SANS 7404 PART 3:1994). At least 500 points are 

used in this procedure. 

The mean random reflectance of vitrinite was used (SANS 7404 PART 5, 8.3.3:1994) 

in this research - the same method applies here as for the maximum reflectance of 

vitrinite, except that the method is performed without the polarizer and without 

rotating the block of coal. 

2.6.2 Proximate analysis 

The proximate analysis method determines the moisture contents (Mad), the volatile 

matter contents (Vad), the ash contents (Aad - the inorganic material left after all 

combustible substances have been burned off) and also, indirectly (that is), the 

supposed fixed carbon contents (CfjX,ad) by difference. The calculations for this 

analysis method are calculated to air-dried basis. 

The fixed carbon content is determined via the following equation (SANS 

17246:2006): 

Cflx,ad=l00-(Mad+Aad+Vad) 
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where Mad is the moisture content (air-dried basis) 

Aad is the ash content (air-dried basis) 

Vad is the volatile matter content (air-dried basis) 

2.7 SUMMARY 

In this chapter the relevant literature sources which were discovered during the 

preliminary search (cf. 1.7.1) were presented. Although the search was worrying in 

the sense that the literature range on agglomeration was overwhelming, the literature 

finally selected with the research priorities of this research in mind (cf. 1.3, 1.4, 1.5 & 

1.5.2), supported the research by informing the reader of the fundamental concepts 

regarding the agglomeration phenomenon revealed by coal during the gasification 

process. 

These fundamental concepts were (a) the plastic region that is revealed during 

pyrolization; (b) the amount of metaplast which forms during this process; and (c) the 

influences which affect the latter - the heating rate and pressure applied during 

pyrolization. 

Looking at the content of the chapter, the focus was on the basics of coal, the 

gasification process itself, the agglomeration phenomenon as such, and selected 

analysis methods for determining the tendency of coal to swell and agglomerate. The 

literature review ended with the most relevant analysis methods for determining the 

composition of coal. 

Most of the current research on agglomeration was done for the coking process 

during which agglomeration is necessary. This research, however, is focused on 

understanding the agglomeration process in order to prevent agglomeration during 

the pyrolization process. 

The subsequent chapter will describe all the aspects which the experimental design 

comprised of. 
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CHAPTER THREE 

EXPERIMENTAL DESIGN 

3.1 INTRODUCTION 

During the review of the available literature {cf. Chapter 2) attention was focused on 

the questions arising from the first view of the theme of this research - coal 

agglomeration during gasification: 

• What is gasification? 

• What exactly is agglomeration (caking)? 

• What causes agglomeration? 

With these questions in mind, this chapter presents the experimental design which 

was followed in order to achieve the overall practical aim. 

Since the main aim of this research was to investigate the agglomeration 

phenomenon of coal, the experimental design was done as follows: 

• The gasification of coal was attempted at various temperatures in an inert 

atmosphere - nitrogen gas was used for this purpose. 

• Various types of coal were investigated. 

• The degree of agglomeration was determined by performing a break test of some 

sort and visual recording via photographing. 

The results of investigations done in the past, as shown in existing literature, hardly 

ever focused on visible physical results, represented in perceptible reality, generated 

in an inert atmosphere with regard to coal agglomeration. 

That is what this investigation aimed at: visible results, roughly 8cm3 samples, in 

order to achieve a sounder understanding of the agglomeration process which takes 

place during the heating of coal. Any other reactions which normally take place 

during gasification, were excluded via the inert atmosphere, thus enabling the 

prevention or at least the minimalization of agglomeration during gasification. 
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The basic outline of this chapter consists mainly of the apparatus, raw materials and 
experimental procedure. 

3.2 APPARATUS 

In this investigation, a self-constructed small-scale reactor was used (cf. Figure 3.1): 
a current vertical tube furnace - capable of 1200°C - with a modification to the sample 
holder. The system was devised to hold two blocks - each roughly 2x2x2 cm3 - of a 
coal sample on top of each other in the core heating zone of the furnace. 

Nitrogen is introduced into the reactor core at the bottom. The temperature is 
monitored both at the heating centre of the outer casing, as well as at the bottom of 
the reactor core via thermocouples (cf. Figure 3.2). Thus the latter mentioned 
temperature takes longer to reach the temperature of the heating coils around the 
vertical core. 

The apparatus was modified frequently during the initial stages of the testing period, 
because the coal combusted. Different reasons for this occurrence were considered, 
such as air leaking into the reactor. 

One experiment also took an entire day to complete and the reason for this was 
thought to be the cold nitrogen feed entering the reactor core. 

The changes made to the apparatus follow below: 

• The reactor was sealed at the top and the reactor core was sealed with a small 
removable lid. 

• A coil was added at the bottom in order to heat the nitrogen feed before it entered 
the reactor core. 

• The tube furnace was lifted even further into its casing in order to place the 
reactor core, where the coal blocks were situated, right at the centre of the 
heating zone of the furnace. 
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The only raw material used in the experiments was the various types of coal. The first 

coal used during the testing period of the apparatus was a low quality power station 

feed coal. 

Initially the analyses below were performed on the coal, mentioned above, in order to 

determine which analyses would be most applicable in this research: 

• Petrographic analysis 

• Proximate analysis 

• Ultimate analysis 

• Vitrinite reflectance measurement 

• Free swelling index (FSI) 

• Roga index 
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Figure 3.1: Vertical tube furnace set-up 

3.3 RAW MATERIAL 



• Gieseler plastometry 

• Dilatometry 

The petrographic analysis was performed according to the ISO Standard 7404 - 3, 

1994 and the vitrinite reflectance measurements were performed according to the 

ISO Standard 7404 - 5, 1994. 

The standard procedures followed for the proximate, ultimate, FSI, Roga, plastometry 

and dilatometry analyses are given below: 

Table 3.1: Standard procedures followed for proximate, ultimate, FSI, Roga, 

plastometry and dilatometry analyses 

Analysis step Standard procedure 

Sample preparation ACT-T028 SABS 0135: Part 1 & 2 -

1997 

Gross calorific value ACT-T020 Based on SABS ISO 1928: 

1995 

Swelling index ACT-T004 Based on SABS ISO 501 

Roga index ACT-T008 Based on SABS ISO 335 

Moisture content ACT-TO01 Based on SABS Method 925 

Ash content ACT-T002 Based on SABS ISO 

1171:1997 

Volatile matter content ACT-T007 Based on SABS ISO 

562:1998 

Total sulphur via IR spectroscopy ACT-T019 Based on ISO 19579 

Coking properties via the Ruhr 

dilatometer test 

ACT-T003 Based on SABS Method 1072 

Plastic properties via the Gieseler 

plastomer 

ACT-T023 Based on ISO Draft 343 

Ultimate analysis Based on ISO 12902 - CHN Instrumental 

method 
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Four coal types were used during the investigation of the agglomeration 

phenomenon (Coal Types A, B, C and D). 

The following analyses were chosen to be performed on each of the coals which 

formed part of this investigation: 

• Petrographic analysis 

• Proximate analysis 

• Vitrinite reflectance measurement 

• Free swelling index (FSI) 

• Gieseler plastometry 

The petrographic analysis was performed according to the ISO Standard 7404 - 3, 

1994 and the vitrinite reflectance measurements were performed according to the 

ISO Standard 7404 - 5, 1994. 

The exact standard procedures which were followed in the proximate, FSI and 

plastometer analyses are given in the table below: 

Table 3.2: Standard procedures followed for proximate and Gieseler 

plastometry analyses 

Analysis step Standard Procedure 

Sample preparation ACT-T028 SABS 0135: Part 1 & 2 -1997 

Moisture content ACT-T001 Based on SABS Method 925 

Ash content 
ACT-T002 Based on SABS ISO 

1171:1997 

Volatile matter content 
ACT-T007 Based on SABS ISO 

562:1998 

Plastic properties via the Gieseler 

plastometer 
ACT-T023 Based on ISO Draft 343 
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The results of these analyses will be indicated and discussed in Chapter 4 (see also 

Appendix B). 

3.4 EXPERIMENTAL PROCEDURE 

The experimental procedures of the agglomeration test and the break test will be 

discussed separately. 

3.4.1 Agglomeration test 

The procedure which was followed in each experiment follows below (cf. Figure 3.2): 

• The coal samples were cut into cubes of roughly 8cm3 (2x2x2). The initial 

intention was to store them under vacuum, but the vacuum sealer proved to be 

inefficient. The experiments were conducted as soon as the coal was cut, 

unfortunately the coal was cut in bunches of small coal blocks at a time thus they 

were exposed to the atmosphere for short periods of time. In future oxidation 

must be prevented. 

• At least one side of each cube was smoothed even further than the other sides. 

• Two cubes were then placed inside the reactor with the two smoothed sides on 

top of each other. 

• The reactor was closed, after which the nitrogen flow was opened. 

• The furnace was turned on to heat up to the determined maximum temperature at 

an appropximate heating rate of 3 to 5 K-min. since the atmospheric temperature 

had an influence on the heating rate . 

• The furnace was kept at the maximum temperature for half an hour. 

• After this period, the furnace was switched off to cool down to a temperature 

lower than 100°C before opening the reactor. 

• The nitrogen flow was stopped at a temperature below 150°C to prevent oxidation 

from occurring. 

• The subsequent step was then to open the reactor and carefully remove the 

gasified coal blocks in order to record any change which had taken place during 

the gasification process. 
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This procedure was followed for all the experiments that were run, irrespective of 

coal type. 
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Figure 3.2: Process flow diagram 

The agglomeration phenomenon was investigated at the following temperatures for 

each coal: 

• Coal type A - 500°C, 600°C, 650°C, 700°C, 800°C, 900°C and 1000°C 

• Coal type B - 400X, 450°C, 500°C, 600X, 700°C, 800°C, 900°C and 1000°C 

• Coal type C - 500°C, 600°C, 650°C, 700°C, 800°C, 900°C and 1000°C 

• Coal type D - only at 500°C (cf. 4.8) 

The coal preparation for the coal analyses that were performed included the 

following: 

• The coal was roughly crushed to a size of -5mm. 

• The sample of each coal type was weighed, sealed and tagged separately. 

The coal samples were sent to the consultant organic petrologist, Vivien du Cann, at 

Petrographies South Africa. 
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3.4.2 Break test 

The experimental procedure of the break test will be discussed in Chapter 4 (cf. 4.6) 

as it is closely related to the results which were generated during these tests. 

3.5 ASSUMPTIONS MADE 

Assumptions were made for the sake of simplifying the processing of the results and 

achieving a comparison between the four types of coal, ultimately ending in 

applicable and relevant conclusions. 

The assumptions which were made: 

• The size of all the blocks was assumed to be roughly the same. The cutting of 

coal is impeded by the fact that the coal is rather brittle and thus tends to break 

easily or even crumble. 

• Oxidation did not have an influence on the results. The small coal blocks were cut 

from much larger coal samples and atmospheric oxidation is a slow process 

which starts out on the exterior surface. 

• The nitrogen flow was assumed to be the same during all the experiments that 

were executed. The calibration of the flow meter was not fine enough to pinpoint 

the exact amount of the minimal nitrogen feed into the reactor. 

• The maximum temperature for each experiment was assumed to be constant for 

the tested time period. Temperature control revealed an offset causing the 

temperature to fluctuate. 

• Initially one of the objectives (cf. 1.4) was to execute the experiments under a 

light weight. However, the sealing off of the reactor core, as well as the size of the 

core, impeded the realization of this objective: the weight exerted on the sample 

within the reactor would have been insignificant. 

3.6 SUMMARY 

This chapter presented the experimental design of this research which concentrated 

on the investigation of the agglomeration phenomenon which takes place in coal 

during the gasification process. 
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The focus was on a detailed description of the apparatus and the raw material that 
were used in the experimental procedure that was incorporated into this research -
such as the composition of the coal (moisture and maceral content) and the various 
coal types that were tested. 

The subsequent chapter will focus on the analysis of the data generated via the 
experiments which were performed in this research and the results from the analyses 
performed on the coal. Thus a sound comparison will be made in order to establish 
the relevancy and success of the investigation method that was followed in this 
research. 
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CHAPTER FOUR 

ANALYSIS OF EXPERIMENTAL RESULTS 

4.1 INTRODUCTION 

Experimental data must be analysed, be it by verbally appraising the test results or 

by comparing the data to basic physical principles in a theoretical analysis of the 

uncertainties in the experiments (Holman, 1978:41). 

In this chapter, the results generated via the vertical tube furnace experiments will be 

presented and compared to the analyses performed on the coal by Vivien du Cann 

from Petrographies SA in order to establish a relationship of some kind if possible. Of 

the four types of coal which were investigated, only three were analyzed since the 

fourth type of coal (Coal Type D) proved to be problematic in the experimental set-up 

incorporated during this research (cf 4.5.1). This relationship or lack thereof will 

ultimately be discussed. 

4.2 COAL TYPE A 

4.2.1 Agglomeration test results 

The experiment for Coal Type A was run at temperatures from 500°C up to 1000°C 

at a 100°C increment for the subsequent test. The experiment was also run at 650°C, 

after this coal type did not agglomerate at 600°C but agglomerated at 700°C, in order 

to determine the starting temperature of agglomeration for Coal Type A. As has 

already been mentioned in Chapter 3 (cf. 3.5), the temperature was kept at the 

maximum temperature for half an hour for each test. 

Below follow photographs of each pyrolized sample for Coal Type A. 
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The coal blocks did not show any sign of deformation or agglomeration at 500aC, but 

fine cracks can be seen on the surface (cf. Figure 4.1). 

Figure 4.1: Coal Type A after pyrolization at 500°C 
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Again at 600°C the coal blocks did not show any sign of deformation or 

agglomeration, but fine cracks are clearly visible on the surface {cf. Figure 4.2). 

Figure 4.2: Coal Type A after pyrolization at 600°C 
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The experiment was performed on one block of coal in order to determine whether 

this coal type does indeed not deform or show any sign of agglomeration at 600X 

and surprisingly enough signs of deformation, as well as cracks, are visible on the 

photograph below (cf. Figure 4.3), 

Figure 4.3: Coal Type A after pyrolization at 600°C - a single block 
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Thus the experiment was repeated at 600°C with two Coal Type A blocks. However, 

again no agglomeration took place, but unlike the first experiment run at 600°C there 

were signs of deformation and fine cracks on the surface (cf. Figure 4.4). 

Figure 4.4: Coal Type A after pyrolization at 600°C - second test 

Thus it can be concluded that the Coal Type A shows no sign of agglomeration at 

600°C. 
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Coal Type A agglomerated at 700°C. Cracks and deformation are also clearly visible 

on the photograph below {cf. Figure 4.5). On the right at the top of the front surface 

the initial stage of the bubbles which form during the heating of coal to high 

temperatures as shown in the article of Yu et al. (2003:1981) can be seen. It is most 

likely the vitrinite showing this bubbling effect, since it is vitrinite which shows the 

most "coke-like" behaviour. 

Figure 4.5: Coal Type A after pyrolization at 700°C 
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At 800°C deformation, agglomeration, cracks and bubbles are visible on the 

photograph (cf. Figure 4.6). 

Figure 4.6: Coal Type A after pyrolization at 800°C 
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The test for Coal Type A at 900°C revealed the same: deformation, agglomeration 

and rather severe cracking - as can be seen on the right - the cracking apart of the 

block (cf. Figure 4.7). 

Figure 4.7: Coal Type A after pyrolization at 900°C 

56 



Coal Type A did not agglomerate at 1000°C. The coal did not show any signs of 

deformation either, although cracks can be seen (cf. Figure 4.8) and the coal broke 

apart. 

Figure 4.8: Coal Type A after pyrolization at 1000°C 
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The following photograph {cf Figure 4.9) shows the Coal Type A blocks before the 

experiment was performed at 650°C: 

Figure 4.9: Coal Type A before pyrolization at 650°C 

The fact that no layers were distinguishable for Coal Type A before pyrolization was 

the reason why the orientation of the coal blocks with regard to one another was not 

investigated as was planned {cf. 1.5). 
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The photograph below (cf. Figure 4.10) reveals cracking and deformation, however, 

agglomeration did not take place. 

Figure 4.10: Coal Type A after pyrolization at 650°C 

Thus it can be concluded for the pyrolization of Coal Type A in an inert atmosphere 

that agglomeration starts at a temperature exceeding 650°C and ceases at a 

temperature between 900°C and 1000°C. 

4.2.2 Analysis results 

The results for the petrographic analysis and the average reflectance value are given 

below in Table 4.1. 

Table 4.1: Petrographic analysis and average reflectance results of Coal 
Type A 

Vitrinite Liptinite Inertinite Reflectance 

10 4 86 0.80 

The Coal Type A revealed a rather low vitrinite content. 
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The results of the proximate analysis and the free swelling index test are given below 

in Table 4.2. The coal was placed inside an oven and exposed to a temperature of 

110°C in order to determine the moisture content (Bunt, 2009). 

Table 4.2: Proximate analysis and FSI test results of Coal Type A 

% Moisture % Ash % Volatile % Fixed Swelling 
content content matter 

content 
carbon 
content 

index 

(air-dry) (dry basis) 
(dry basis) 

(calculation) 

(air-dry) 

5.5 19.2 22.0 55.5 0.0 

The volatile matter content concurs with the statement in Chapter 2 (cf. 2.4,4), falling 

within the range mentioned for the constitution of the coke principle. 

The swelling index is rather peculiar, since the Coal Type A revealed deformation 

and agglomeration. The Gieseler fluidity test did not generate any temperatures for 

initial softening, maximum fluidity or solidification either {cf. Appendix B). The reason 

for this may be the fact that these tests are not performed in an inert atmosphere or 

the fact that the limited amount of available coal for this research inhibited the use of 

a representative sample for the analyses performed on this coal type. 
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4.3 COAL TYPE B 

4.3.1 Agglomeration test results 

The experiment for the agglomeration of Coal Type B was run at temperatures from 

400°C up to 1000°C at a 100°C increment for each subsequent test. The temperature 

was kept at the maximum for half an hour (cf. 3.5). It was expected of Coal Type B to 

agglomerate more easily than the other coal types and thus the first experiment was 

run at 500°C. 

Figure 4.11: Coal Type B after pyrolization at 500°C 

The expectation proved to be correct. The photograph (cf. Figure 4.11) clearly 

reveals deformation, agglomeration and only fine slight cracks. Also take note of the 

maceral layering becoming even clearer during pyrolization. 
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Bubbling is also clear as can be seen on the following photograph {cf. Figure 4.12): 

Figure 4.12: Coal Type B bubbling at 500°C 
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The following experiment was performed at 450°C in the hopes of determining the 

temperature where agglomeration starts to take place for Coal Type B. The sample 

agglomerated significantly, as can be seen on the photograph (cf. Figure 4.13) 

below. Again the layers are easily distinguished. This sample clearly showed signs of 

deformation, agglomeration and fine cracks. 

Figure 4.13: Coal Type B after pyrolization at 450°C 
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The starting point of the agglomeration phenomenon during the heating of Coal Type 

B proved to be rather low thus the following experiment was performed at 400°C. The 

photograph (cf. Figure 4.14) below was taken before pyrolization. 

i 

Figure 4.14: Coal Type B before pyrolization at 400°C 

Take note of the fact that the layers are distinguishable from the start. 

Initially one of the objectives of this research was to investigate the effect of the 

orientation of the layers of the different coal types on the agglomeration 

phenomenon, but only for the Coal Type B would this have been possible. 
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This sample also showed significant deformation, agglomeration and no signs of 

cracks (cf. Figure 4.15). The bubbling effect also once again quite dearly took place 

during pyrolization. 

Figure 4.15: Coal Type B after pyrolization at 400°C 
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The following experiment was done at a temperature of 400°C just as in the previous 

experiment, but after the maximum temperature was reached the coal sample was 

cooled down immediately to investigate whether time plays a significant role in the 

agglomeration phenomenon. 

The following photograph (cf. Figure 4.16) shows the coal sample before pyrolization. 

Figure 4.16: Coal Type B before pyrolization at 400°C 
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Coal Type B deformed and cracked at 400°C momentarily, but did not show any 

signs of agglomeration. The much darker colour once again points out the extent of 

the pyrolization process - in this case only having started and quite likely not having 

ceased yet. Not only the layers are clearly visible in the photograph {cf. Figure 4.17) 

below, but also the bubbling effect. 

Figure 4.17: Coal Type B after pyrolization at 400°C 

Thus the conclusion has been drawn that time does indeed have a significant effect 

on the agglomeration phenomenon during pyrolization. 
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The sample in the following photograph (cf. Figure 4.18) showed significant 

deformation and agglomeration, but again barely any signs of cracking, 

Figure 4.18: Coal Type B after pyrolization at 600°C 
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At 700°C Coal Type B showed significant deformation and agglomeration (cf. Figure 

4.19). As before no signs of cracks are visible and the lighter shade in colour should 

be noted. The layering is also quite clear and distinguishable. 

Figure 4.19: Coal Type B after pyrolization at 700°C 
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Coal Type B showed even more significant deformation at 800°C as can be seen 

from the photograph (cf. Figure 4.20) below. Again agglomeration took place and 

cracks were visible. However, signs of the bubbling effect clearly diminished. 

Figure 4.20: Coal Type B after pyrolization at 800°C 
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The pyrolized sample showed significant deformation and agglomeration at 900°C as 

well. The bubbling effect was once again clear to have taken place and only slight 

signs of cracking were visible {cf. Figure 4.21). 

Figure 4.21: Coal Type B after pyrolization at 900°C 
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Just like before, in the case of pyrolization at 800°C, Coal Type B showed more 

significant deformation and agglomerated well. Cracking was only slightly visible in 

this case (cf. Figure 4.22). The layering, however, was less clear after pyrolization; 

the entire sample was of the same light shaded colour. 

Figure 4.22: Coal Type B after pyrolization at 1000°C 

It can be concluded for the pyrolization of Coal Type B that, in an inert atmosphere, 

the agglomeration starts at a temperature below 400°C, bearing in mind that the 

temperature is then kept at the maximum temperature for at least half an hour and 

that the agglomeration phenomenon ceases to take place at a temperature 

exceeding 1000X. 

4.3.2 Analysis results 

The results of the petrographic analysis and the average reflectance value are shown 

in Table 4.3 below. 
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Table 4.3: Petrographic analysis and average reflectance results of Coal 

Type B 

Vitrinite Liptlnite Inertinite Reflectance 

68 9 23 0.67 

The high vitrinite content in Coal Type B proves that the vitrinite shows the most 

"coke-like" behaviour of all the macerals and accounts for the fact that Coal Type B 

agglomerated so easily. 

The results of the proximate analysis and the free swelling index test are given in 

Table 4.4 below. 

Table 4.4: Proximate analysis and FS1 test results of Coal Type B 

% Moisture % Ash % Volatile % Fixed Swelling 
content content matter 

content 
carbon 
content 

index 

(air-dry) (dry basis) 
(dry basis) 

[calculation) 

(air-dry) 

2.9 24.3 32.1 42.2 1.0 

The volatile matter content once again coincides with the statement in Chapter 2 (cf. 

2.4.4), falling within the range mentioned for the constitution of the coke principle. 

The free swelling index (FSI) test for Coal Type B revealed a swelling index of 1, 

unlike the test done for Coal Type A. However, the Gieseler fluidity test revealed the 

same results as for Coal Type A: no significant temperatures for the softening, 

maximum fluidity or solidification of the coal during heating {cf Appendix B). 

73 



4.4 COAL TYPE C 

4.4.1 Agglomeration test results 

The agglomeration experiment for Coal Type C was run at temperatures from 500°C 

up to 1000°C at a 100°C increment for each subsequent test. The experiment was 

also run at 650°C, after Coal Type C did not agglomerate at 600°C, but did, however, 

agglomerate at 700°C, in order to once again determine at what temperature the 

onset of agglomeration of Coal Type C is likely to be. Once again the experiments 

were run at the maximum temperature for half an hour {cf. 3.5). 

The photograph below {cf. Figure 4.23) shows that deformation took place only 

slightly and cracking rather more intensely. No agglomeration took place at 500°C for 

Coal Type C. 

Figure 4.23: Coal Type C after pyrolization at 500°C 
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The following photograph (cf. Figure 4.24) shows that no deformation and 

agglomeration took place at 600°C for Coal Type C. On the other hand, the cracking 

which took place was more severe. 

Figure 4.24: Coal Type C after pyrolization at 600°C 
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On the photograph below {cf. Figure 4.25) it is clear that deformation took place 

during pyrolization, as well as severe cracking. The coal blocks agglomerated as 

expected. However, the bond strength was of such a low degree that a part of it 

broke off during the removal of the sample from the furnace. An important feature to 

take note of (as is visible on the photograph) is the clearly distinguishable layers. 

Unfortunately the layering is only visible after pyrolization has taken place. 

Figure 4.25: Coal Type C after pyrolization at 700°C 
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From the photograph below (cf. Figure 4.26) can be seen that Coal Type C 

agglomerated at 800°C, but did not deform. It did, however, crack and break due to 

the coal's extreme brittleness after pyrolization. 

Figure 4.26: Coal Type C after pyrolization at 800°C 
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Once again from the photograph below {cf. Figure 4.27), it is clear that Coal Type C 

did agglomerate - as can be seen on the block of coal on the right. However, the 

sample broke apart due to the brittleness of the coal. Severe cracking also took 

place, as well as deformation. 

Figure 4.27: Coal Type C after pyrolization at 900°C 
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Coal Type C did not agglomerate at 1000°C as can be seen from the photograph {cf. 

Figure 4.28). The sample did, however, crack severely and break. No deformation 

took place during the pyrolization process either. 

Figure 4.28: Coal Type C after pyrolization at 1000°C 
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The agglomeration experiment for Coal Type C was also performed at 650°C for the 

determination of the starting temperature of agglomeration. The photograph (cf. 

Figure 4.29) shows that Coal Type C deformed and agglomerated significantly. 

Severe cracking took place during pyrolisis. The bubbling effect also took place again 

and is visible, as can be seen below. 

Figure 4.29: Coal Type C after pyrolization at 650°C 

It can be concluded for the pyrolization of Coal Type C in an inert atmosphere that 

agglomeration starts at a temperature between 600°C and 650°C and ceases at a 

temperature between 900°C and 1000°C. 

4.4,2 Analysis results 

The results of the petrographic analysis and the reflectance value for Coal Type C 

are shown in Table 4.5 below. 
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Table 4.5: Petrographic analysis and average reflectance results of Coal 
TypeC 

Vitrinite Liptinite Inertinite Reflectance 

42 5 53 0.63 

The vitrinite content for Coal Type C falls between the vitrinite contents for Coal Type 

A and Coal Type B: this supported the statement made by van Krevelen and Schuyer 

(cf. 2,4.4). Coal Type C showed a weaker agglomeration tendency during the 

experiments than Coal Type B, but a stronger agglomeration tendency than Coal 

Type A did. 

The results of the proximate analysis and the free swelling index for Coal Type C are 

presented in Table 4.6 below. 

Table 4.6: Proximate analysis and FSI test results of Coal Type C 

% Moisture % Ash % Volatile % Fixed Swelling 
content content matter 

content 
carbon 
content 

index 

(air-dry) (dry basis) 
(dry basis) 

(calculation) 

(air-dry) 

4.8 13.6 29.4 54.3 0.0 

The volatile matter content for this coal type falls in the range mentioned in Chapter 2 

(cf. 2.4.4). During the experiments performed for this research, the following 

observation was noted: both an increasing vitrinite content and a volatile matter 

content falling in the range 19% - 33% result in a stronger agglomeration tendency. 

The free swelling index and the Gieseler fluidity tests produced zero results, as was 

the case with Coal Type A: no significant temperatures for the softening, maximum 

fluidity or solidification of the coal during heating were produced (cf. Appendix B). 
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4.5 COAL TYPED 

4.5.1 Agglomeration test results 

The experiment was run at 500°C for half an hour to investigate the agglomeration 

tendencies of Coal Type D. The brittleness of this coal type hindered the cutting 

thereof into blocks. Thus the sample blocks for experimentation with this coal type 

was larger than the sample blocks for Coal Types A, B and C. The photograph below 

[cf. Figure 4.30) shows the sample after pyrolization. 

Figure 4.30: Coal Type D after pyrolization at 500°C 

Coal Type D agglomerated and swelled immensely, taking on the form of the reactor 

core entirely. It spilled out the top of the reactor core, causing the lid to stick inside 

the tube of the furnace. The coal sample had to be crushed and broken in order to 

remove it from the reactor core. Further experimentation with Coal Type D in this 

specific experimental set-up was not attempted due to the following reasons: 

• A larger reactor core is needed to investigate Coal Type D. 
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• The properties of Coal Type D resulted in this coal type being non-

camparable to the other three coal types (Coal Types A, B and C). 

No analyses were performed on this coal type due to the difficulty experienced during 

the pyrolization of Coai Type D in the tube furnace set-up of this research, as well as 

the limited amount of coal which was available for use in this research. 

4.6 DEGREE OF AGGLOMERATION: BREAK TEST RESULTS 

In order to determine the degree of agglomeration which took place during the 

experiments performed, a break test was performed on the pyrolized samples. 

The Tinius Olson 300 OOON apparatus was used to perform the first standard break 

test, but since this apparatus was designed for effective and accurate reading on 

materials revealing strengths in the order of kilonewton magnitude such as metals, it 

did not suffice for the testing of pyrolized coal. The break occurred gradually and thus 

did not result in the usual break test curve: the usual momentary break at a certain 

load reading. The break could be described as a cleavage break. The load reading 

for the first test performed stayed below 0.4kN (cf. Table 4.7). The coal was of a 

brittle nature and of little strength. Another important fact to bear in mind was that the 

standard test was performed exactly on the bond surface which was formed during 

the pyrolization of the coal samples, unlike the break tests performed via the rough 

method which was applied hereafter. 

Table 4.7: Break test results for Coal Type B - standard procedure 

COAL TYPEB 

Temperature 

(°C) 

Time period at 
max. temperature 

(min.) 

Force applied 

(N) 

Distance from 
break 

(m) 

500 30 395 0 

A break which is of a brittle nature is distinguished by a quick spreading of the break 

and no significant deformation (Dieter, 1988:241). Although the coal did not reveal 

rapid breaking during the standard test performed via the Tinius Olson apparatus, it 

did reveal rapid breaking during the rough method applied for the break tests on the 

other pyrolized samples. Some of the pyrolized samples broke or crumbled at the 

slightest touch. The break surface revealed a fibrous appearance in most cases. 
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After the unsuccessful standard test, a rough method was applied for the break tests 

on the rest of the pyrolized samples (cf. Figure 4.31): 

• the pyrolized sample was clamped to a flat horizontal surface via a vice grip; 

• a simple spring balance (maximum load limit 25 kg - 245N) was attached to the 

sample via a piece of twine; 

• a load was slowly applied to the spring balance at a constant rate till the sample 

broke; and 

• the reading was taken, but was a rough measure since the break occurred rapidly 

and almost immediately in some cases. 

Pyrolized 
sample 

Spring 
balance 

Figure 4.31: Break test: rough method 
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The break test for Coal Type A could only be performed on the samples which were 

pyrolized at 800°C and 900°C (cf. Table 4.8). The other samples either did not 

agglomerate during pyrolysis or broke at the slightest touch. 

Table 4.8: Break test results for Coal Type A - rough method 

COAL TYPE A 

Temperature 

(°C) 

Time period at 
max. temperature 

(min.) 

Force applied 

(N) 

Distance from 
break 

(m) 

800 30 Broke at touch -

900 30 2.3 0.011 

The break test for Coal Type B could be performed on most of the pyrolized samples 

(cf. Table 4.9). Coal Type B revealed a greater agglomeration tendency and stronger 

bonding surfaces were established during pyrolysis, which is clear from the small 

number of samples which broke at touch. 

Table 4.9: Break test results for Coal Type B - rough method 

COAL TYPE B 

Temperature 

(°C) 

Time period at 
max. temperature 

(min.) 

Force applied 

(N) 

Distance from 
break 

(m) 

400 30 Crumbled at weak 
point before any 

force was applied 

-

450 30 1 0.010 

600 30 8.5 0.014 

700 30 4.6 0.015 

800 30 1.4 0.032 

900 30 Broke at touch -

1000 30 1.8 0.021 
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Table 4.10 presents the break test results generated for Coal Type C: the break test 

could only be performed on three of the pyrolized samples which agglomerated and 

were still intact for further investigation. 

Table 4.10: Break test results for Coal Type C - rough method 

COAL TYPEC 

Temperature 

(°C) 

Time period at 
max. temperature 

(min.) 

Force applied 

(N) 

Distance from 
break 

(m) 

650 30 <0.1 -

700 30 < 1.5 0.006 

800 30 Broke at touch -

The effectiveness of a break test and the comparability of the different results for the 

samples with one another were prevented by the varying shapes and sizes of the 

pyrolized samples, and thus the varying cross sectional area. In order to achieve 

effective and comparable break test results, the samples would have been physically 

modified which would in turn have influenced the results produced. 

4.7 SUMMARY 

The break tests conclude the practical work planned for this research (cf. 1.5), 

serving as a rough indication of the degree of agglomeration which took place during 

pyrolization. 

The following conclusions could be made for the temperature ranges where the 

agglomeration phenomenon was revealed for each of the coal types investigated (cf. 

Figure 4.32): 

• Coal Type A: for the pyrolization of Coal Type A in an inert atmosphere, 

agglomeration starts at a temperature exceeding 650°C and ceases at a 

temperature between 900°C and 1000°C; 

• Coal Type B: for the pyrolization of Coal Type B in an inert atmosphere, 

agglomeration starts at a temperature below 400°C, bearing in mind that the 

temperature be kept at the maximum temperature for at least half an hour and the 
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agglomeration phenomenon ceases to take place at a temperature exceeding 

1000°C; 

• Coal Type C: for the pyrolization of Coal Type C in an inert atmosphere, 

agglomeration starts at a temperature between 600°C and 650°C and ceases at 

a temperature between 900°C and 1000°C. 
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Figure 4.32: The agglomeration temperature ranges as determined for each 
coal type (Coal Type D excluded); the random reflectance values and vitrinite 
contents included 

The rank of the coal, represented by the reflectance values in the figure (cf. Figure 

4.32), revealed no significant trend. 
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It can be concluded for Coal Type D that the tendency to swell, deform and thus 

agglomerate was much greater than for the other coal types. The structure of the 

coal sample after pyrolization was also extremely porous and light in weight. 

During the pyrolization experiments performed for this research, an interesting 

observation was made: agglomeration and physical cracks were observed 

simultaneously and the severity of the cracks decreased with the increase in the 

tendency of the coal types to agglomerate. 

Another important observation which was made is the fact that the greater the 

agglomeration tendency of a coal type, the more porous the structure of the coal after 

pyrolization. This was most clear at the break surfaces revealed after the breaks 

caused during the break tests. 

After the completion of the break tests, it was concluded that the greater the 

tendency of a coal to agglomerate, the stronger the bonding surface established 

during pyrolization. Thus the various coal types agglomerated to different degrees. 

The subsequent chapter will be devoted to more detail on the conclusions which 

were made after the completion of the practical work of this research and to the 

recommendations. 
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CHAPTER FIVE 

SUMMARY, FINDINGS AND RECOMMENDATIONS 

5.1 INTRODUCTION 

Bearing in mind the discussion of the experimental results of the experiments in 

Chapter 4, the conclusions (apart from those already drawn in that chapter) can now 

be finalized. 

In this chapter the reflection will be on the research priorities listed in Chapter 1, 

which served as the figurative compass for this research. The main purpose is to 

determine whether the research priorities which were identified while planning this 

research (cf. Chapter 1) were off the mark or spot-on. 

In the final analysis, the researcher will indicate the shortcomings and limitations, 

with the intention of assisting the planning of future research in this vital area. The 

recommendations can be regarded as the culmination of the experimental results, 

hands-on experience, shortcomings and limitations. 

5.2 GENERAL SUMMARY 

Chapter 1 started off by discussing the background and the problem statement to this 

research. Thereafter the hypotheses, aim and demarcation were indicated. Under the 

heading, method of investigation (cf. 1.7), the literature review, the experimental 

design with all its subheadings and the ethical aspects were addressed. This chapter 

ended with the chapter division and the contribution of this research to the larger field 

of on-going research. 

In the literature review, Chapter 2, the focus was on presenting literature relevant to 

determining the basics of coal, the gasification process itself, the agglomeration 

phenomenon as such, and selected analysis methods for determining the tendency 

of coal to swell and agglomerate. This bird's eye view of the literature was rounded 

off with the most relevant analysis methods for determining the composition of coal. 

In conclusion, Chapter 2 informed the reader of vital concepts in order to grasp the 

progress of this research. 

Chapter 3 provided a layout of the experimental design as such. This included 

describing the apparatus, specifying the raw materials, indicating experimental 
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uncertainties, pointing out the experimental procedure, and presenting the 
assumptions which were made to simplify the analysis of the data. 

The analysis of the experimental results was presented in Chapter 4, clearly 
distinguishing between the test and analysis results of Coal Type A, Coal Type B and 
Coal Type C. However, due to the fact that there was extreme swelling in Coal Type 
D, this research's apparatus which only represented an actual gasifier, did not allow 
further investigation of this coal type. In the last instance, the degree of 
agglomeration determined by the break test results of this research (cf. 4.6) was 
pointed out. 

5.3 LITERATURE REVIEW: REFLECTION 

Reflecting on 1.7.1, where the keywords and key-phrases were indicated in 
discovering relevant literature, finding relevant primary and secondary literature 
sources proved a difficult task, but those which were identified were incorporated into 
the typed documentation (cf. Chapter 2). 

The primary variables identified for close observation in this research (cf. 1.7.1) were 
the temperature (cf. 3.1 & 3.5) and the degree of agglomeration (cf. 4.6). 

Control was exerted on the pyrolization process by controlling both the temperature 
and the nitrogen flow into the reactor core (cf. 1.7.1). After an extended testing 
period, the nitrogen flow was minimized to an infinitesimally small value. 

The development and relevant modifications of the apparatus (cf. 1.7.1 & 3.2) were 
completed successfully by the technician, Mr Jan Kroeze. 

Personal protection gear was worn at all times in the laboratory and the experiments 
were performed in a room with good ventilation, as well as an extractor fan (cf. 1.7.1). 

The relevant aspects concerning each experiment were carefully noted for further 
analysis in Chapter 4, such as the temperature, time and type of coal (cf. 1.7.1 & 
Chapter 4). 
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5.4 EMPIRICAL RESEARCH FINDINGS 

5.4.1 Hypothesis 

The hypothesis (cf. 1.4) was supported by the experimental results: the four coal 

types agglomerated at different temperature ranges (cf. 4.2.1, 4.3.1, 4.4.1 & 4.7) and 

agglomerated to varying degrees {cf. Tables 4.7, 4.8, 4.9 & 4.10). 

5.4.2 Aim 

The aim of this research comprises the general overall aim, operationalization of the 

aim and the objectives serving the aim in order to fully achieve it. 

5.4.2.1 Overall aim 

The overall aim of this research (cf. 1.5) was achieved in the sense that four South 

African coals were investigated at a range of temperatures, in a small laboratory at 

the North-West University, School of Chemical and Mineral Engineering 

(Potchefstroom Campus). The experimental work was performed in a nitrogen 

atmosphere successfully isolating the agglomeration phenomenon. 

5.4.2.2 Operationalization 

The planned operationalization of the aim was successfully achieved via the following 

(cf. 1.5.1): 

• The four coal types investigated in this research were pyrolized at various 

temperatures (cf. 4.2.1, 4.3.1 & 4.4.1). 

• The four South African coal types investigated in this research varied widely in 

the different coal characteristics (cf. 4.2.2, 4.3.2 & 4.4.2) - including Coal Type D, 

for which no analyses were performed, which revealed an extreme swelling 

behaviour during pyrolization (cf. 4.5). 

5.4.2.3 Objectives 

The objectives (cf. 1.5.2) which were planned for in order to serve the aim of this 

research were achieved: 

• The temperature ranges where the four coal types agglomerated were 

determined (cf. 4.7). 
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• The time period for which a coal sample is kept at the maximum temperature 

during pyrolization does indeed have an effect on the agglomeration taking place 

during pyrolization (cf. 4.3.1, Figure 4.17 & 5.8): the longer the coal was kept at 

the maximum temperature during pyrolization, the greater the degree of 

agglomeration which took place. 

• Unfortunately the effect which the orientation of the layers of coal blocks, in 

relation to one another, has on agglomeration could not be successfully 

investigated (cf. Figures 4.9, 4.14 & 4.25), since the layering was distinguishable 

before pyrolization for only Coal Type B. 

• The effect of pressure, exerted during pyrolization, on agglomeration could not 

successfully be investigated, since the pressure exerted by the small weight 

during the pyrolization experiments would have been insignificant (cf. 3.6). 

5.4.3 Uncertainty analysis 

The researcher experienced the following experimental uncertainties (cf. 5.4.3): 

Firstly the researcher's uncertainty of whether the tube furnace experiments could 

successfully be related to the actual performance of an industrial gasifier, proved to 

have been caused by the following reason (cf. 3.6): 

• The size of the reactor core used in this research seemed to be too small for 

significant pressure exertion on the coal samples during the experiments that 

were performed. 

Based on the fact that the pressure force on the coal within an industrial gasifier is of 

megapascal magnitude, the effect of pressure on the agglomeration of the coal 

during gasification was therefore excluded in the experimental part of this research. 

The vertical tube furnace incorporated in this research was only a representation of 

an actual gasifier. It is therefore recommended that further research be conducted in 

this specific area. 

Secondly, another uncertainty was whether the coal would agglomerate during the 

vertical tube furnace experiments. Fortunately, the selected coal types agglomerated 

at different temperature ranges (cf. 4.2.1, 4.3.1, 4.4.1 & 4.7). 

92 



5.4.4 Laboratory scale research: assumptions 

The assumptions which were initially made (cf. 1.7.2.2) were either confirmed or 

rejected: 

• As assumed, representative samples of run-of-mine coal were collected as far as 

it was academically / professionally possible for investigation in this research. 

• The laboratory conditions, under which the agglomeration experiments were 

performed, were assumed to simulate the continuous everyday process applied 

in the industry. However, the uncertainty that the tube furnace experiments could 

successfully be related to the actual performance of an industrial gasifier 

remained (cf. 5.4.3). 

• Four coal types were identified and investigated. However, these coal types were 

determined by the availability of coal for academic experimentation. 

• The size of each coal block was roughly 8cm3 in order to enable easy insertion 

and removal from the reactor core. Unfortunately this proved to be too large for 

experimentation with Coal Type D (cf. 4.5.1 & Figure 4.30). 

• Bearing in mind the previously mentioned aspect, clearly visible results were 

generated. 

5.4.5 Ethical aspects 

Each of the ethical aspects was adhered to in the following manner (cf. 1.7.2.3): 

• The assignment on plagiarism heightened the researcher's awareness of the 

importance of this aspect in order to prevent committing this crime: all 

researchers who contributed to this study were acknowledged. 

• IP protocol (SASOL) was adhered to: 

> The coal types investigated were reported as Coal Types A, B, C and D. 

> Gasification was discussed in general without the use of any industrial-

specific equipment references (cf. 2.3). 
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5.5 LIMITATIONS OF THE RESEARCH 

Gathering enough relevant literature, in order to avoid the inclusion of unnecessary 

information, took quite some time to get hold of. This extended the time period 

needed to complete this research: the research literature is the most important 

aspect of any official investigation, enabling swift and effective progress. 

It was no easy task to acquire relevant literature from the industry in general due to 

confidentiality clauses, as you would have to be employed at a specific industry in 

order to have access to this type of information: for example the acquirement of 

relevant coal types and detail on the process investigated. 

The indistinguishable layering of the coal prevented the investigation of the effect 

which the orientation of the layers of the coal types in relation to one another had on 

agglomeration (cf. Figures 4.9, 4.14 & 4.25). 

The brittleness of the coal hindered the cutting of the coal into blocks. Hence, the 

rough 8cm3 size, assumed to be the same for all of the coal blocks (cf. 3.6). 

The brittleness of the coal worsened during pyrolization preventing the successful 

implementation of a standard method for the break test: the Tinius Olsen 300 000N 

apparatus was designed for materials with strengths in the order of kilonewton 

magnitude, such as metals (cf. 4.6). Thus a rough method was used for this test. 

Even though limitations are always a reality in any investigation, which means 

assumptions had to be made, they always lead to findings. 

5.6 FINDINGS 

The researcher based her findings both on the literature review and the experimental 

results: 

• The first finding is the fact that the swelling index (FSI) measured during the coal 

analyses did not coincide with the swelling and deformation observed during the 

pyrolysis experiments performed on the coal samples, due to the influence of the 

gas atmosphere on the properties of coal. 

Street et al. (1969:360) found that swelling ratios of coal treated in air were less 

than those for coal treated in nitrogen. The Free Swelling Index test is performed 
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in an air atmosphere and the pyrolization experiments in this project were 

performed in an inert atmosphere as was previously mentioned (cf. 3.1). 

Another aspect which could be responsible for these contradictory results is the 

fact the swelling index test is performed on pulverized coal, unlike the pyrolization 

experiments in this project which were performed on 8cm3 coal block samples. 

This is related to the separation of the lithotypes caused by processes such as 

grinding (Street ef a/., 1969:360). Some lithotypes such as durain swell much 

more than others such as fusain: smaller particles are more likely to contain more 

fusain, whereas larger particles are more likely to contain more durain. Thus the 

coal swelled significantly more during pyrolysis than was predicted by the 

swelling index. 

• The second finding is the following: The higher both the vitrinite content of a coal 

type and the volatile matter content of a coal type, the greater the tendency of the 

coal type to agglomerate during pyrolization. The vitrinite content in decreasing 

order for the various coal types was coal type B > coal type C > coal type A which 

coincides with the tendency of the various coal types to agglomerate (also in 

decreasing order): coal type B > coal type C > coal type A. 

• Thirdly it was found that time does indeed have an influence on agglomeration. 

Coal type B, a relatively high agglomerating coal, was kept at 400°C for half an 

hour, as well as heated to 400°C during a second experiment and cooled 

immediately as it reached this temperature: the sample agglomerated during the 

half-hour pyrolization, but did not agglomerate during the second experiment. 

Therefore: the longer a coal is kept at the maximum temperature during pyrolysis, 

the higher the chances of agglomeration taking place. 

• It appears that the greater the tendency of a coal type to agglomerate (cf. 4.2, 

4.3, 4.4), the greater the force needed to break the bond formed during pyrolysis 

(cf. Tables 4.8, 4.9 & 4.10): as mentioned above, the tendency of the various coal 

types to agglomerate in decreasing order would be Coal Type B > Coal Type C > 

Coal Type A coinciding with the force needed to break the bonds formed during 

pyrolization also in decreasing order Coal Type B > Coal Type C > Coal Type A. 
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Elevator statement with reference to the purpose of this research 

The researcher found agglomeration not to be a significant problem during 

pyrolization at a maximum temperature of 1000°C. Further research is recommended 

on pyrolization at temperatures exceeding that of 1000°C, where the interaction of 

the mineral matter within the coal in conjunction with the interaction of the organic 

matter within the coal, causes the actual agglomeration problem which is 

experienced during industrial gasification. 

5.7 RECOMMENDATIONS 

Generally speaking, findings made always tend to lead to more uncertainties, such 

as: 

• Why were only four types of coal tested? 

• Why was the change in volume of the coal blocks not recorded? 

• Why was coal type D not investigated any further than the first experiment 

performed on this coal type? 

These questions can be used to make recommendations for future research: 

• Experiment with other coal cutting devices. The coal was cut into blocks of 

roughly 8cm3 with a belt saw. 

• Investigate the possibility of a critical time period where the tendency of a coal 

type to agglomerate ceases or starts decreasing. The assumption that the longer 

coal is pyrolized, the greater the chances that the coal will agglomerate, was 

based on only one experiment due to the limited amount of coal available for this 

project. 

• Investigate the influence which the heating rate, to which coal is exposed during 

pyrolization, has on the agglomeration phenomenon. 

• Design a larger reactor core for investigation of highly agglomerating coals such 

as coal type D. 

• Investigate the possible influence of the orientation of the layers of a coal block in 

relation to the second coal block during a pyrolysis experiment. 
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• Investigate the influence of pressure (via a type of weight) on agglomeration in a 

larger reactor core. 

• Investigate the influence that placing two blocks of different coal types on top of 

one another during pyrolysis has on agglomeration. 

• Record the volume change of the coal samples in sophisticated equipment such 

as an electronic stereo pycnometer. This was attempted via the rough method of 

recording the water displacement caused by submerging the coal blocks before 

and after pyrolization in a large measuring cylinder filled with water. There were 

more than one factor which made this method ineffective, which included air 

trapped inside the pyrolized samples; the rough calibration of the measuring 

cylinder; and any mass loss via breakage or crumbling. 

• Conduct further research on pyrolization at temperatures exceeding 1000°C, in 

order to determine the influence of not only the organic matter melting and/or 

reacting within the coal, but also the influence that the interaction of the mineral 

matter within the coal has on agglomeration. 

• Perform ash analyses on the coal types as well, in order to determine the varying 

contributions of each specific mineral compound (within coal) to the 

agglomeration phenomenon. 

5.8 SUMMATION 

Recommendations made conclude the theoretical, as well as the practical sections to 

the research. Although this study could be deemed research on a small scale, it 

proves that coal agglomeration is unquestionably an ongoing research area. 

Far must thy researches go 
Wouldst thou learn the world to know 

Schiller, Proverbs of Confucius 
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Adapted from the table of descriptions of the Gray-King analysis results in the British 

Standard: BS 1016-107.2:1991. 

TABLE A1 DESCRIPTIONS OF THE STANDARD RESIDUES A, B AND C 

A B C 

Maintains its initial cross section 

Examine for strength 

Non-consistent Barely consistent Consistent 

• Typically in the • In some pieces • Typically in one 

form of powder and some loose piece - easily 

• May include pieces powder broken 

which cannot be • Pieces break into • May be in the form 

handled without powder form on of two or three 
breaking handling pieces with 

basically no 

powder 

• Very friable and 

dull 
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TABLE A2 DESCRIPTIONS OF THE STANDARD RESIDUES D, E AND F 

D E F 

Shrunken 

Examine for strength 

Reasonably hard and Hard and very shrunken Hard, strong and shrunken 

shrunken 

• May be fissured • Volume below • Volume between 

• Can be scratched 16cm3 16cm3 and 23cm3 

with fingernail • Typically very • May be fissured 

• Stains fingers on fissured • Reasonable 

rubbing surface • Reasonable metallic ring when 

briskly metallic ring when tapped on a hard 

• Typically dull and 

black 

tapped on a hard 

wooden surface 

wooden surface 

• Does not stain the 

• Appears fritted 

rather than fused 

• Does not stain the 

fingers on rubbing 

fingers on rubbing 

• Cross section well 

• Grey or black with fused and greyish 

minor lustre 
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TABLE A3 DESCRIPTIONS OF THE STANDARD RESIDUES G AND Gx 
G Gx 

Maintains initial volume Swollen 

Examine for strength 

Hard and strong 

• Volume between 23cm3 and 25.9 • Volume greater than 26cm3 

cm • Well fused 

• Well fused • Good metallic ring when tapped 

• Good metallic ring when tapped on a hard wooden surface 

on a hard wooden surface 
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1 

A PETROGRAPHIC INVESTIGATION OF 
THREE BITUMINOUS COALS 

REQUESTED BY NORTH-WEST UNIVERSITY, POTCHEFSTROOM 

1 INTRODUCTION 

Ms. Fransie de Waal, of North-West University, Potchefstroom, requested that Petrographies SA carry 
out a microscopic characterization of three bituminous coals. 

The samples were marked: COAL B 
COALC 
COAL A 

2 OBJECTIVES 

The main purpose of this investigation was to assess the coals in terms of their petrographic properties 
(rank and organic composition). 

3 BACKGROUND AND INFORMATION 

A brief summary of the basic aspects of coal petrology 
Coals are complex combustible sedimentary rocks formed from consolidated plant remains. 
They can be ranked as lignite, sub-bituminous coal, bituminous coal or anthracite according to their 
degree of maturation in the continuous evolution towards a pure carbon structure. 

Coal petrology involves the microscopic examination of coals together with the interpretation of the 
analytical data and can provide valuable information regarding organic composition, maturity and 
the associations of the organic matter and minerals that the coals contain. 

Petrographic data should be used, together with chemical and physical parameters, for the full 
characterization of coals necessary to gain insight into their behaviour in technological processes. 

3.1 Classification 

Coals can be classified according to three major fundamental and independent parameters: 

> Organic composition: 

This relates to the microscopically discernable organic components of coal that are termed 
"macerals" and which are analogous to minerals in inorganic rocks. 

Three maceral groups are recognized - vitrinite, liptinite and inertinite. 

These are distinguished from one another under the petrographic microscope by differences in 
reflectance, morphology, colour, shape, size, polishing hardness and fluorescence. 

Their optical, physical, chemical and technological characteristics alter as the coal matures. 

> Rank: 
This refers to the degree of maturation, i.e., the stage in the evolution or coalification of the plant 
remains. 

> Grade: 

This relates to the impurities present, conveniently represented by the ash yield (incombustibles 
remaining after burning). 

The organic composition (i.e., the relative proportions of the macerals), the rank and the grade of a 
coal, together with the process conditions applied, are ail influential factors governing the 
technological performance of the coal. 
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3.2 Reactivity to heating 

When bituminous rank coai is heated to temperatures above approximately 350°C, vitrinites, liptinites 
and some inertinites start to soften, become plastic and expand. The rest of the inertinites and most of 
the minerals remain largely unchanged. The degree of expansion is influenced by the heating rate 
and the final temperature applied. As the volatiles are released, vesicles may be formed in the 
reactive coal macerals. 

Reactives-rich components in bituminous coal increase in volume on heating to form cellular 
structures producing porous coke/char. These products then provide greatly increased surface areas 
for reactions to occur. 

Most inertinites however, and particularly fusinites, do not soften, degasify or develop into porous 
structures, but form quite dense chars. 

4 EXPERIMENTAL 

A petrographic block of each sample was prepared by ACT, Pretoria, in accordance with the ISO 
Standard 7404 - 2, 1985 and then examined under the microscope at Petrographies SA. 

Maceral analysis (to determine the petrographic composition of the coals) and reflectance 
measurements (to determine the rank) were carried out. 

The group maceral analysis was carried out in accordance with the ISO Standard 7404 - 3, 1994. 

The reactive inertinite macerals were identified according to Smith, Roux and Steyn for South African 
coals (reference: Smith, WH, Roux, HJ and Steyn, JGH (1983): The classification of coal macerals and 
their relation to certain chemical and physical parameters of coal. Special publication of the 
Geological Society of South Africa, 7:111-115). 

Vitrinite random reflectance measurements to determine coal rank were carried out in accordance 
with the ISO Standard 7404 - 5, 1994. 

The mean random reflectance values and the standard deviations of the distributions were 
calculated as detailed in ISO 7404 - 5. The percentages of the vitrinite in each step were plotted as a 
histogram for each sample. 

Chemical and physical tests were carried out by Advanced Coal Technology, Pretoria. Details of the 
analytical methods used are provided in the ACT test report. 

5 PRESENTATION OF RESULTS 

The results of the analyses are shown as follows: 

Mean random reflectance values Table 1 

Maceral analyses 1 

Vitrinite random reflectance data 2 

An explanation of terms 3 

Summary of major characteristics 4 

Point-count analysis - repeatability limit 5 

APPENDIX 

Vitrinite reflectance histograms 
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6 SUMMARY OF MAJOR PETROGRAPHIC CHARACTERISTICS 

The major microscopic properties of the samples are presented in Table 4. 

6.1 REFLECTANCE PROPERTIES - see Tables 1 and 2 and the reflectance histograms 

> The mean Rr% random reflectance values were: 

COAL B 0.67% Rank: Medium Rank C 

COAL C 0.63% Medium Rank C 

COAL A 0.80% Medium Rank C 

> The random reflectance measurements showed that, according to the ISO 11760 - 2005 Coal 
Classification, these 3 samples are characterized as Bituminous, Medium Rank C coals. 

The reflectance distributions of the COAL B and COAL C coals showed standard deviations of < 
0.1, typical of single seam, non-blend coals (terminology of the ECE-LIN ' International Codification 
System for Medium and High Rank coals). 

The COAL A coal exhibited an extended vitrinite-class distribution probably indicative of thermal 
effects in situ. 

1 Economic Commission for Europe of the United Nations 

6.1.1 REFLECTANCE MEASUREMENTS - PRECISION (Reference: ISO 7404 - 5, 1994) 

Repeatability 

The repeatability of the determination of the mean maximum or mean random reflectance is that 
value of the difference between two single determinations each based on the same number of 
measurements carried out by the same operator on the same block using the same apparatus, below 
which 95% of such differences are expected to lie. 

The repeatability depends on: 

a) Accuracy in calibration 

b) Drift in calibration 

c) The number of measurements made and the range of reflectance 

The combined effect of these factors can be expressed as a standard deviation of the mean 
reflectance of up to 0.02% for a single seam coal. 

This corresponds to a repeatability of up to 0.06%. 

Reproducibility 

The reproducibility of the determination of the mean maximum or mean random reflectance is that 
value of the difference between two single determinations each based on the same number of 
measurements carried out by two different operators on two different sub-samples taken from the 
same sample, using different equipment, below which 95% of such differences are expected to lie. 

Provided that operators are adequately trained in the identification of vitrinite or the appropriate 
submacerals and that the reflectances of the standards used are reliably known, determinations of 
the mean reflectance by different operators in different laboratories show standard deviations in the 
order of 0.03%. 

The reproducibility is thus in the order of 0.08%. 
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6.2 ORGANIC COMPOSITION- see Table 1 

These 3 coals displayed a wide variation in organic composition (percentage by volume, mineral 
matter-free basis). 

> COAL B Total vitrinite content: moderately high at 68% 

COAL C medium at 42% 

COAL A low at 10% 

Pseudovitrinite, a primary oxidation product displaying curved slit-like desiccation cracks, 
accounted for only 1% in each case. 

> The liptinites, mainly sporinite with some cutinite, accounted for 9% in the COAL B coal, and 
appreciably less at 4% in the COAL A sample. Alginite was not seen. 

The hydrogen-rich liptinite macerals produce the highest volatile matter yields on heating in 
comparison to the associated vitrinites and inertinites in such bituminous coals. 

> For the purposes of the current investigation, reactivity is defined as the propensity of the organic 
constituents of the coal to react to heating. 

It is generally accepted that vitrinites and liptinites of bituminous coals are the reactive organic 
components (macerals). Furthermore, proportions of certain inertinite group macerals are known 
to behave in a similar manner to vitrinites. Such reactive inertinites are quantified as reactive 
semifusinites and reactive inertodetrinites. 

In these samples, the reactive maceral contents were: 

COAL B 80% made up of 68% vitrinite, 9% of liptinite and 3% of reactive inertinite 

COAL C 62% made up of 42% vitrinite, 5% of liptinite and 15% of reactive inertinite 

COAL A 47% made up of 10% vitrinite, 4% of liptinite and 33% of reactive inertinite 

6.2.1 MACERAL ANALYSIS - REPEATABILITY (Reference: ISO Standard 7404 - 3, 1994) 

The theoretical standard deviation and repeatability limit of the percentage of a component, based 
on counts of 500 points, are shown in Table 5. 

6.3 GENERAL CONDITION 

> The samples were generally of a "fresh" appearance. 

> Some of the coal particles examined displayed cracking and fissuration. However, some cracking 
probably occurred during handling and preparation due to the somewhat brittle nature of coal at 
this level of maturity. 

> The pyrite present exhibited a "fresh" bright yellow colour throughout the set. 

The petrographic properties, together with the chemical and physical data, can give insight into the 
expected technological performance only. They do not take into account the specific conditions to 
which the coal may be subjected, nor do they consider the possible kinetics and chemical reactions 
that may occur in a particular process. 

It is therefore critical that the influences of the operating conditions be taken into consideration in the 
prediction of coal reactivity, behaviour and technological performance. 
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THESE RESULTS RELATE ONLY TO THE SAMPLES ANALYSED 

Vivien M du Cann 

Specialist, Coal and Organic Petrology 

Date: 05-05-2008 

Accredited Full Member of the International Committee for Coal and Organic Petrology (ICCP) 
ICCP Accreditation Certificate Number: ICCP/SCAP-001/AB (Expiry date: 31/12/2008) 

CONDITIONS OF TEST 

While every endeavour has been made to ensure that the results quoted above are accurate, neither 
Petrographies SA nor its staff members shall be liable for any error or omission occurring therein nor for 
any damage or loss whatsoever that may arise from the issue of this report. 

This report relates only to the specific sample(s) tested as identified herein. It does not imply 
Petrographies SA approval of the quality and/or performance of the item(s) in question and the test 
results do not apply to any similar item that has not been tested. 

This report may not be reproduced in part or in full without written permission from Petrographies SA. 



TABLE 3 

EXPLANATION OF ABBREVIATIONS AND TERMS 

MACERAL ANALYSIS (% by volume, mineral matter-free basis) - see Table 1 

VIT 
PV 
TV 
S/R/C 
ALG 
TOTL 
RSF 
ISF 
F/SEC 
MIC 
R INT 
I INT 
TOT I 

Vitrinite 
Pseudovitrinite 
Total vitrinite 
Sporinite/resinite/cutinite 
Alginite 
Total liptinite (formerly referred to as exinite) 
Reactive semifusinite 
Inert semifusinite 
Fusinite/secretinite 
Micrinite 
Reactive inertodetrinite 
Inert inertodetrinite 
Total inertinite 

Reactive Macerals : Vitrinite + liptinite + RSF + reactive inertodetrinite 

REFLECTANCE MEASUREMENTS - see Tables 1 and 2 

Rr% 
a 

Random reflectance of vitrinite, oil immersion 
Standard deviation 



TABLE 5 

Point-count analysis 

Theoretical standard deviation and repeatability limit of the percentage of a 
component, based on counts of 500 points 

Volume % Standard 
Deviation 

Coefficient of 
Variation 

Repeatability 
limit 

5 1.0 20 2.8 

20 1.8 9 5.1 

50 2.2 4.4 6.3 

80 1.8 2.3 5.1 

95 1.0 1.1 2.8 

For example, if the volume percentage of vitrinite in a sample is 80%, then the analyst can expect to 
obtain two results differing by less than 5.1 percentage points (e.g. 78% and 83%) in 19 cases out of 20. 

Reference: ISO 7404 - 3,1994 



APPENDIX 

VITRINITE RANDOM REFLECTANCE HISTOGRAMS 
(3) 
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TABLE 1 

PETROGRAPHICS SA 
COAL AND ORGANIC PETROLOGY 

PETROGRAPHICS SA CONTRACT NO.: PSA 2008-009 DATE: 02-05-2008 
COMPANY NAME : SCHOOL OF CHEMICAL AND MINERALS ENGINEERING. NW UNIVERSITY, PRIVATE BAG X 6001, POTCH 2520 ATTN : MS. FRANSIE DE WAAL 
AUTHORIZATION : SANET VAN DEVENTER SAMPLES RECEIVED : 16-04-2008 

SAMPLE CODES 

MACERAL ANALYSIS (PERCENT BY VOLUME, MINERAL MATTER FREE BASIS) 

RANK 
REFLECTANCE 

SAMPLE CODES 
VITRINITE LIPTINITE INERTINITE 

HEAT 
ALTERED 

% 

OTHER 

% 

TOTAL 

REACTIVES 

% 

RANK 
REFLECTANCE 

ACT 

N O . 

C O M P A N Y N O . PSA N O . 

2008 

VIT 

% 

PV 

% 

TV 

% 

S/R/C 

% 

ALG 

% 

TOTL 

% 

RSF 

% 

ISF 

% 

F/ 
SEC 

% 

MIC 

% 

R 
INT 

% 

1 
INT 

% 

TOTI 

% 

HEAT 
ALTERED 

% 

OTHER 

% 

TOTAL 

REACTIVES 

% 
Rr 

% 
a 

1 COALB 80 67 1 68 9 0 9 2 7 4 1 1 8 23 0 0 80 0.67 0.062 

2 COAL C 81 41 1 42 5 0 5 8 16 4 2 7 16 53 0 0 62 0.63 0.060 

3 COAL A 82 9 1 10 4 0 4 17 18 2 2 16 31 86 0 0 47 0.80 0.122 

. 
THESE RESULTS RELATE ONLY TO THE SAMPLES ANALYSED 

Total Reactives = Vitrinite + Liptinite + Reactive Semifusinite + Reactive Inertodetrinite 



Figure 4.12: Coal Type B bubbling at 500°C 62 

Figure 4.13: Coal Type B after pyrolization at 450°C 63 
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Figure 4.26: Coal Type C after pyrolization at 800°C 77 

Figure 4.27: Coal Type C after pyrolization at 900°C 78 
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xiii 



LIST OF TABLES 

Table 2.1: Comparison of different agglomerating coals (rough reference) 31 

Table 2.2: Determining the dilatometer stabilization temperature 32 

Table 3.1: Standard procedures followed for proximate, ultimate, FSI, 

Roga, plastometry and dilatometry analyses 43 

Table 3.2: Standard procedures followed for proximate and Gieseler 

plastometry analyses 44 

Table 4.1: Petrographic analysis and average reflectance results of Coal 

Type A 59 

Table 4.2: Proximate analysis and FSI test results of Coal Type A 60 

Table 4.3: Petrographic analysis and average reflectance results of Coal 

TypeB 73 

Table 4.4: Proximate analysis and FSI test results of Coal Type B 73 

Table 4.5: Petrographic analysis and average reflectance results of Coal 

TypeC 81 

Table 4.6: Proximate analysis and FSI test results of Coal Type C 81 

Table 4.7: Break test results for Coal Type B-standard procedure 83 

Table 4.8: Break test results for Coal Type A - rough method 85 

Table 4.9: Break test results for Coal Type B-rough method 85 

Table 4.10: Break test results for Coal Type C-rough method 86 

xiv 



NOMENCLATURE 

Aad - the ash content (air-dried basis) 

b - weight of the resulting coke button after the first rotation 

BS - British Standard 

c - weight of the resulting coke button after the second rotation 

cm - centimeters 

cm3 - cubic centimeters 

C - Carbon 

Cfix.ad - fixed carbon content 

CH4 - Methane 

CO - Carbon monoxide 

C02 - Carbon dioxide 

°C - degrees Celsius 

d - weight of the resulting button after the third rotations 

dd/min. - dial divisions per minute 

FSI - Free swelling index 

g - grams 

G - Caking index 

Gi - Primary gas 

G2 - Secondary gas 

G' - similar to a roga index, but accounting for a pressure increase 

H2 - Hydrogen 

XV 



H20-Water 

IP - Intellectual Property 

kg - kilograms 

ki, k2, k3 - reaction velocity constants 

m - meters 

m - total mass of crucible coke after carbonization 

mm - millimeters 

rri! - mass of coke remaining on sieve after first drum test 

m2 - mass of coke remaining on sieve after second drum test 

M - Metaplast 

Mad - the moisture content (air-dried basis) 

MPa - megapascals 

N - Newtons 

0 2 - Oxygen 

P - Coking coal 

rev/min. - revolutions per minute 

R - Semi-coke 

Rl - Roga index 

Rr% - Mean random reflectance 

S - Coke 

Tm - Temperature of maximum fluidity 

Tr - Resolidification temperature 

Tr - Ts - the plastic range 
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Ts - Softening temperature 

Vad - the volatile matter content (air-dried basis) 

VIT% - vitrinite content 

w - weight of the resulting coke button 
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