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Synopsis 

Coal is to South Africa what oil is to the Middle East. South Africa’s economy is heavily 

dependent on this resource for export revenue and energy generation. Coal will remain a 

dominant player in South Africa’s foreseeable energy future as alternative energy sources are 

currently considered unviable by the South African government. The coal industry will thus still 

play a huge role in the development of South Africa socially and economically.  

However, the question arises as to how sustainable coal’s contribution will be to this 

development? Coal mine dust is a major factor in answering this question, as the generation 

of coal dust and the subsequent dispersion of coal dust to nearby areas has significant social, 

economic and environmental impacts. Coal dust is the root cause of many severe and 

debilitating lung disorders, namely the various forms of pneumoconiosis and Chronic 

Obstructive Pulmonary Disease (COPD). 

Effective management of coal dust is essential. This first requires the detailed characterization 

of coal dust in order to provide the necessary information for management strategies. 

Characterization will enable health workers, mine management, policy makers, mine workers 

and the public to fully understand the health effects, environmental effects and particle 

behaviour of coal dust. In addition, it is necessary to standardize the classification system as 

the size classifications of coal dust and coal process streams are currently inconsistent. 

There were thus two primary objectives of this investigation. The first was to establish a more 

meaningful particle size classification system for coal processing streams that takes into 

account the particles in the dust size range. The second primary objective was to characterize 

the mineral matter in the different size ranges within a Witbank fine coal waste sample using 

the analytical techniques Quantitative Evaluation of Minerals by Scanning electron 

microscopy (QEMSCAN) and Transmission Electron Microscopy (TEM).  

The investigation developed and proposed a naming and classification system which serves 

as a recommendation for industry and government to implement such a standardized 

classification system. Using QEMSCAN, a full list of the minerals in the Witbank sample was 

determined and the grain size distribution of pyrite, quartz and kaolinite was extracted. This 

data corresponded closely to literature findings and the grain size for these minerals fell 

predominantly in range of 10 to 45 µm, 20 to 75 µm and <20 µm for pyrite, quartz and kaolinite 

respectively. These mineral ranges pose health implications as all three minerals show grain 

sizes in the thoraicic size region (<30 µm). The TEM results showed various dust particles of 

different shapes and density in the nano scale size range, which can pass through personal 

protection gear and penetrate deep into the lungs.  

Recommendations were made for further research into the characterisation of coal dust. 

These recommendations included determining the wettability of the minerals in coal dust as a 

function of particle size and investigating the nano particles present. Technical 

recommendations made were to programme QEMSCAN to read organic matter and to obtain 

more pyrite data entries. It was also recommended to also report on only attached and 

liberated mineral grain due to their higher health implications than agglomerated grains.  

 

In the light of further multi-disciplinary work it was recommended that dustiness indices were 

determined for coal dust and for collaboration with health scientists to determine more 

accurate health implications for coal dust. 
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Glossary  

Classifying cyclone:    a method of separation using centrifugal force to separate heavy 

    and light particles 

Crushing and screening: a method of separation by means of crushing particles and 

    feeding them through a screen aperture size, leaving particles 

    larger than the aperture size behind 

d50:    size at which there is 50% cumulative percent passing through 

    an aperture 

Cumulative pass percentage: the cumulative percentage of material to have passed through 

    the specified aperture size 

Environmental legislation: a collection of laws and regulations to protect the environment 

    from damage and harm 

Flotation:   a method of separation selectively separating hydrophobic and 

    hydrophilic materials 

Head sample:   sample of coal dust which has not been divided into size  

    fractions through sieving 

Inorganic matter:  not consisting of or deriving from living matter 

Landfill :   a piece of land used for dumping waste and discards 

Liberated:   a particle not connected or attached to other pieces of material 

    or particles 

Macerals:   an organic component, organic in origin, of coal or oil shale 

Minerals:   a solid, naturally occurring inorganic substance 

Organic matter:  consisting of or derived from living matter 

Particulate matter:  sum of all solid and liquid particles suspended in air 

Qualitative:   measured by the quality and not its quantity 

Quantitative:   measured by the quantity and not its quality 

Slurry:    a mixture of fine solids and water 

Tailings:   a discard stream, not used as a product 

Tailings dam   a piece of land or body of water used to dispose of the tailings 

    stream 

Wettability   the interaction between fluid and solid phases 
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Nomenclature: 

BAI   Bioavailable iron 

BMA   Bulk Mineral Analysis 

BSE   Back-Scattered Electron 

CEN   European Standards Organization 

COPD   Chronic Obstructive Pulmonary Disease   

CPS   Coarse coal process stream 

CWP   Coal workers’ pneumoconiosis 

EDS   Energy Dispersive Spectra Signals 

FPS   Fine Process Stream  

HIV/AIDS Human Immunodeficiency Virus/Acquired Immunodeficiency 

Syndrome  

IPS   Intermediate Coal Process Stream 

ISO   International Organization for Standardization 

PM   Particulate Matter  

PMA   Particle Mineral Analysis 

PPE   Personal Protective Equipment 

QEMSCAN  Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

ROM   Run of the Mine Coal 

ROS   Reactive oxygen species  

RPE   Respiratory Protective Equipment 

SEM   Scanning Electron Microscopy 

SIP   Species Identification protocol 

TAS   Tactical Air Sampler 

TB   Tuberculosis  

TEM   Transmission Electron Microscopy 

UPS   Ultrafine Coal Process 

WHO   World Health Organisation 

Symbols: 

µm   Micrometre  

nm   Nanometre 

mm   Millimetre 
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 Introduction  

1.1. Background  

Coal is globally the most prolifically used source of primary energy and its use is expected to 

increase by 60% over the next 20 years (Aneja, Isherwood and Morgan, 2012). Coal accounts 

for approximately 36% of the world’s non-renewable energy source and 77% of South Africa’s 

electricity is generated by coal combustion (South Africa, 2016). It is unlikely that South Africa 

will decrease its dependency on coal as alternative energy sources are currently considered 

unsuitable (South Africa, 2016). Coal is therefore a permanent and rather prominent player in 

South Africa’s foreseeable energy future. 

Coal mining, like the mining industry as a whole, brings development both to the mining area 

itself and to the country in general. However the economic, social and environmental 

sustainability of coal mining is under major scrutiny. Among the many impacts coal mining 

has, coal dust is of particular concern. It can be generated from several sources including the 

extraction of coal, coal processing and waste disposal. 

 Coal dust can be transported many kilometers away from the mine by the wind and 

mechanical transportation (trucks and trains), thus posing serious health risks to any 

residential and environmental areas in the vicinity of a coal mine (Goswami, 2013). Coal dust 

affects the environment through deposition into flora, water bodies and soils. Fauna which 

inhabits the coal mine surroundings makes use of the local soil, water and flora and is indirectly 

affected by coal dust fallout. Coal dust can cause debilitating and often fatal lung diseases 

and conditions, namely silicosis, coal workers pneumoconiosis (CWP) and tuberculosis (TB) 

(Liu et al., 2005). Coal dust is also responsible for various eye, skin and internal organ 

conditions. Financial compensation for mine dust related deaths and medical care of affected 

citizens and workers is expensive for the government and mining companies. Coal dust is thus 

a factor that makes current coal mining practices ultimately unsustainable. 

 Effective dust management, which should include amendments to industrial and 

environmental legislation, is necessary and requires both private and public sector 

cooperation. Effective management of coal dust includes remediation, preventative measures 

and monitoring systems. 

Currently, dust formation and dispersion is often monitored using buckets which determine 

dust “fall-out” (Gupta, 2006). Thus the formation and dispersion of finer dust particles, which 

remain airborne, is not quantified. Also, the chemical composition of dust “fall-out”, as well as 

finer dust particles, is not routinely determined. In particular, process streams of particles of 

less than 150 µm (ultrafine process streams) are treated as bulk “ultra-fine“ waste streams 

with no consideration given to the different composition, properties and risks associated with 

the finer particle sizes found within this process stream (Loans, 2007). As discussed later, it 

is these types of particles that pose the greatest health risks.  

 Therefore, in order to effectively manage and mitigate the risks associated with coal dust, a 

comprehensive understanding of dust characteristics is required. The characterization of coal 

dust would include: 

 

 Determining the size classes of dust    
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 Determining the composition and concentration of minerals/elements in each coal dust 

particle size class 

 Characterizing the physical behavior of coal dust particle classes 

 Determining the health effects of the coal dust particle classes present 

1.2. Problem statement 

Coal dust is poorly characterized in terms of size, chemical composition and physical 

properties. Furthermore the presence of particles in the dust-forming size ranges within coal 

process streams is largely ignored. This has a wide range of implications for the environment 

and society, including serious health effects.  

1.3. Aim and approach of this study 
 

The overall aim of this study is to propose an improved dust classification system to support 

the development of more effective dust management strategies.  

 

This is achieved by first reviewing current classification systems for coal dust and developing 

an improved classification system on the basis of the review. The improved classification 

system is then applied to a sample of coal dust from the ultrafine process stream of a Witbank 

colliery in order to assess its usefulness and explore practical laboratory techniques for 

characterisation. The findings on the particle size distribution and mineral composition of the 

sample are interpreted in terms of health risks. On the basis of this information, 

recommendations are made to extend the particle size classification system.  

 

1.4. Scope of the report 
 

This report investigates coal from a single sample from the Witbank area. Thus, the findings 

in this report are inapplicable to other collieries and rather can serve as a guide. The coal 

sample under investigation originates from the tailings stream of a colliery. Coarse and 

intermediate process streams are unlikely to be a source of dust and dust-related health 

issues.  

 

From the concentration of minerals and associated health risks in the coal sample, Kaolinite, 

Pyrite and Quartz were investigated exclusively. No organic matter was involved in the 

characterisation of the samples due to technology limitations.  
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2. Literature review 

The literature was reviewed to gain a better understanding of the properties of coal dust, how 

it acts on the human respiratory system, the consequent health related issues, and how coal 

dust particles can be categorised and analysed. The purpose of the literature review was to 

develop a standardised system for classifying the particle size distribution of coal processing 

streams, with specific emphasis on the dust-forming size range, and to inform the methodology 

for the analysis of the coal sample. The purpose of the literature review was also to highlight 

the consequent health effects coal dust poses on the people who it comes into contact with. 

The literature review, in conjunction with the laboratory results would allow for reasonable 

conclusions and recommendations to be drawn. 

2.1. The nature of coal and coal processing 
 

Coal is chiefly composed of carbonised plant matter, made of a complex network of inorganic 

and organic material (Reddick, 2006). The organic material in coal is derived from living 

matter, chiefly that of decomposed plants. Elements in coal such as iron and zinc, for example, 

are an essential ingredient to the healthy growth of plant matter, and are thus fused into the 

decomposing matter over time. Over millions of years, inorganic matter is combined through 

compression as well as heat with organic peat (the mixture of decomposing organic matter) to 

form coal  (Schweinfurth, 2013). This product is an incredibly complex network of minerals 

and macerals. Along with combustible matter, there are varying amounts of incombustible 

matter. This incombustible matter is what develops into ash after the coal has been 

combusted. The ore must be less than 50 percent ash containing in order to be considered 

coal (Schweinfurth, 2013). That is, more than 50 percent of the ore must be able to completely 

combust and produce usable energy.  

 

During the formation of coal, certain elements produce specific minerals such as pyrite, quartz, 

kaolinite and calcite. More than 120 different minerals have been identified in coal samples: 

33 of these are present in the majority of coal. Out of these, there are 8 groups which are 

present in high concentration, and can be classified as generalised major elements in all coal 

as seen in Table 1 (Schweinfurth, 2000). South African coal has a unique composition, rank 

and behaviour. This means that although there is an abundance of knowledge about coal in 

general, it is still important to characterise specific coals.  South African coal is discussed 

further in comparing ranks and classification.  
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Table 1: Major minerals found in coal and their elemental compositions in order of concentration 

(Schweinfurth, 2000) 

Mineral Composition 

Quartz SiO2 

Kaolinite Al2Si2O5(OH)4 

Illite KAl4(AlSi7O20) (OH)4 

Montmorillonite (1/2 Ca,Na)0.7 (Al,Mg,Fe)4 [(Si,Al)4 O10 ]2  

(OH)4
. nH2O 

Chlorite (Mg,Al,Fe)12[(Si,Al)8 O20] (OH)16 

Pyrite FeS2 

Calcite CaCO3 

Siderite FeCO3 

 

Organic matter, which is considered the combustible element of coal, comprises mainly of 

carbon, nitrogen, oxygen, sulphur and nitrogen (SGS Minerals Services, 2013). There is 

another range of elements found in coal in very low concentrations such as galena, apatite, 

zircon and tourmaline. Although there are not many elements which make up the organic part 

of coal, the compounds formed are extremely complicated, and knowledge on these 

compounds is somewhat limited. When the particle size of coal changes, especially to lower 

than 100 µm, even less is known (Schweinfurth, 2013). This is due to the constant change in 

composition and concentrations present in coal as particle size reduces below a certain point. 

This is due to the different minerals and macerals present, which tend to break down differently 

when pulverised (Gupta, 2006). This is the basis of the characterisation study of ultrafine coal 

streams.  

 

2.1.1. Minerals  
 

As mentioned above, coal contains a number of minerals. The minerals most abundant in coal 

are illite clay, pyryite, quartz, kaolinite and calcite. These minerals often occur as groups or 

individual crystal structures which lie mixed with organic matter in the coal (Reddick, 2006) 

Using analytical techniques, viewing and analysing this is possible which is discussed in detail 

in the section on Analytical Techniques. Quantitative Evaluation of Minerals by Scaning 

Electron Microscopy (QEMSCAN) is able to show us all non-organic matter, whereas it is not 

possible to identify the coal due to its low back scatter electron (BSE). It is, however, possible 

to deduce the amount of coal in a sample, from analysing the inorganics and weighing the ash 

sample before and after combustion. The structure and composition of these crystals change 

with coal grain size, and are not found to stay uniform from particle to particle, even if they 

come from the same source (Anon., n.d.). This is especially true for smaller particles less than 
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100 µm in diameter. Although the minerals in coal themselves are well identified and known, 

the characterisation of them within coal samples as well as their abundance and composition 

is not. This is often the problem in smaller particles, as the strong crystal lattice of the minerals 

is different for each mineral. Each mineral usually has a typical size where it is not easily 

broken down any further, and thus in pulverized coal there exists size ranges where minerals 

are more highly concentrated in certain size fractions than others.  

 

2.1.2. Macerals 
 

The remaining decayed plant matter formed within coal is known as macerals. There are three 

main categories of macerals, which include vitrinite, liptinite and inertinite. Vitritnite is often 

considered ‘pure coal’ and is formed from the coalification of amorphous, structureless plant 

remains (Schweinfurth, 2013). Liptinite contains a subdivision, based on the original plant 

matter it was derived from, such as sporinite, alginite and resinite. Liptinite macerals contain 

high hydrogen content, as well as having a highly rich oil composition, due to its formation 

being primarily from waxy and oily plants. These macerals are highly valuable, and are mined 

intensively. Inertinite forms the group of macerals containing fusinite (mineral charcoal) as a 

majority.  

 

Coal, depending on its origin, can therefore change in composition from anything between 

being vitrinite rich to fusinite rich. Vitrinite coals are predominantly black and shiny, whereas 

fusinite-rich coals are dull black. The difference in coal rank and the trends observed with 

South African coal are described below under the section Coal Rank. 

 

2.1.3. Coal rank  
 

The coal rank is a term which helps to classify the quality of the coal. In industry, higher quality 

coal has a higher calorific value per weighted coal (Schweinfurth, 2013) .The coal rank is 

important as it is often associated with the types of minerals and macerals in the makeup of 

the coal. It is also important to be able to classify and characterise the coal correctly, in order 

to know whether a certain calorific value is being achieved from a coal sample. 

 

The rank of a coal is determined based on the coalification process. The lowest ranked coal 

is lignite, followed by subbituminous coal, bituminous coal and anthracite. This is determined 

based on the amount of fixed carbon present, moisture content, calorific value and volatile 

matter (Schweinfurth, 2013).  The deeper coal is buried beneath the surface, the more the 

coal is exposed to pressure as well as heat, and thus generally the better the rank of the coal. 

This can also be associated with the age of the coal. 

 

Coal rank is an important classification for industrial and health reasons. Toxicity studies have 

shown that different coal dusts pose different health risks (Belle and Phillips, 2003).  The 

implication of this is that different mines produce coal dust of varying mineral composition and 

concentration and thus of varying pathogenic levels. The amount of dust created in mines is 

also dependent on the coal type (Belle and Phillips, 2003)  
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2.1.4. ROM coal processing 
 

Figure 1 below gives a general overview of the processing Run of the Mill coal goes through 

after being mined. Special attention is given to the areas of main concern which fall within the 

scope of this investigation. 

 

 
Figure 1: Diagram of ROM Processing 

In the beneficiation of coal the product process streams are named coarse, intermediate, fine 

and ultrafine. The size ranges of these process streams often depend on the separation 

methods used and will inevitably vary from colliery to colliery. However, the typical size ranges 

can be determined from literature.  

 

The coarse coal process stream (CPS) typically consists of coal with a diameter larger than 

25 mm (25 000µm) and the intermediate coal process stream (IPS), also known as small coal, 

typically consists of coal with a diameter between 1 and 25 mm (1000 and 25 000 µm) 

(Reddick, 2006). The fine and ultrafine coal process stream (FPS and UPS) are of more 

significance to this research project/paper due to the higher probability or concentration of 

airborne coal dust particles. Accurate and relevant size classifications and definitions are 

therefore more pressing for this process. 

 

The upper size limit for a coal particle in the fine coal process stream (FPS) varies between 

500 µm (Horsfall et al., 1986; De Korte and Mangena, 2004) and 1000 µm (Reddick, 2006). 

The upper limit will depend on what processing unit is used in the IPS. Sapko et al. (2007) 

showed that in U.S. mines the average mine dust particle size is around 150 µm.  
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The upper size limit on the ultra-fine coal process stream (UPS) varies between 150 (Reddick, 

2006; Horsfall et al., 1986) and 100 µm (De Korte et al., 2004). The UPS is ultimately the most 

significant of all the process streams due to its high concentration of dust particles which are 

within the respiratory system size fractions (see section below).  It is also of significance due 

to the observed accelerated physical and chemical changes which coal dust particles undergo 

the smaller they go, especially particles less than 50 µm in diameter (Jing et al., 2010). 

 

Coal from the mine is transported from the mine itself to the first phase of separation, which 

includes crushing and screening. This separation process determines the first three particular 

process streams, namely ‘Coarse’, ‘Intermediate’ and ‘Fines’. Conventional sizing of primary 

process streams are defined at a later stage but the coarse process stream typically contains 

particles larger than 12 mm in diameter, whereas the intermediate process stream contains 

anything from 12-1 mm in diameter. The Fines stream contains anything smaller than 1mm in 

diameter, and is the process stream of concern in this study. 

 

The Fines process stream is sent to classifying cyclones, which further separates the particles 

into an ultrafine and fine stream. The fines usually have a minimum diameter of 150 µm, 

whereas the ultrafine stream ranges from 150 µm-0 µm (Gupta, 2006). 

 

The ultrafine process stream uses flotation to gather the last product. However, most of this 

process stream is discarded into a slurry along with the flotation tailings, and this stream is the 

sample from Witbank which this study is based on. It is this stream which causes extended 

environmental and health issues in and around the mining area. These particles all fall into 

the bracket of airborne particles, where wind and transportation allows for easy dispersion. 

Once airborne these particles are able to travel great distances and pose the threat of human 

and animal inhalation. The slurry is often discarded in landfills, which cause potential acid 

mine drainage problems. It has been observed that these slurries dry up in landfills, leaving a 

large quantity of ultrafine particulate matter which easily gets dispersed by wind and deposited 

in nearby communities and on plant matter.  

 

Furthermore, run of the mill (ROM) coal is processed and used as the highest ranked coal 

product. The ultrafine process stream, is highest in impurities (non-organic matter) in relation 

to combustible matter.  This is due to the ultrafine stream being the final stage of separation, 

salvaging the remaining coal product from the stream. This ultrafine process stream has a 

wide range of elements and organic compounds in small particle size fractions. This is 

because trace elements are very difficult to separate via cleaning processes. 

 

These organically bound impurities, could be removed at trace concentrations via burning, or 

deep chemical leaching (Schweinfurth , 2000). This however is very uneconomical and not 

viable for such small amounts of coal product, resulting in a large stream of ultrafine coal, high 

in impurities and ash discards, leaving the process as a waste slurry.    
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2.2. Health effects associated with coal dust  
 

The mining of coal, and mining in general, is associated with a large amount of dust. This dust 

is formed and dispersed in a number of various ways. The first association with dust and 

human health is in the mines themselves, during the mining process. All workers in the mines 

are subjected to mine dust exposure which has serious health implications. Other than the 

general health implications dust has on the respiratory system, coal itself is made up of many 

highly toxic chemicals which add to the dangers and precautions needed when dealing with 

coal dust.  

 

As spoken about in the section on the classification of coal dust, there is a range of 

aerodynamic particle diameters that are of concern. Airborne particles are identified as 

particles smaller than 100 µm, and are thus able to be inhaled by people (Bickis, 1998). These 

particles however, are not necessarily able to enter the respiratory system as explained below. 

The respiratory system and the effects of coal dust are explained in more detail below. 

 

2.2.1. The human respiratory system 

 
Figure 2: Human respiratory system (Anon1, 2016) 

Figure 2 above displays the human respiratory system and shows where dust particles are 

able to enter from, deposit, as well as be absorbed into the blood stream. This includes the 

three major areas, the nasopharyngeal region (where dust enters the system), the 

tracheobronchial region (where dust travels to the lungs) as well as the alveolar region (inside 

the lungs) (World Health Organisation, 1999). 

The respiratory system is the system in charge of the exchange of oxygen from the air into the 

blood stream. This happens within the lungs, by means of inhalation of air through either the 

nose or mouth. Oxygen and carbon dioxide molecules are exchanged within the lungs by 

diffusion. This occurs in the smallest part of the respiratory system, the alveoli (Maton, 2010). 
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2.2.2. Distinctions between inhalable, thoracic and respirable particles 
 

According to the American Conference of Governmental Industrial Hygienists (ACGIH), the 

International Organization for Standardization (ISO), and the European Standards 

Organization (CEN), there exists a standardised size definition system of airborne particles 

which are deposited within the human respiratory system. These are defined based on dust’s 

deposition capabilities in the respiratory system, the region in which deposition can occur as 

well as the particle’s diameter (World Health Organisation, 1999). 

 

The largest size fraction of airborne particles which can enter the respiratory system through 

the nose and mouth are classified as inhalable particles. These are particles which are able 

to be inhaled into the nose and mouth region. Any dust particles that are airborne have the 

potential to be inhaled, but do not necessarily pass further into the respiratory system 

(Goldstein & Webster, 1990). 

 

Thoracic particles are defined as particles which, too, are inhalable, but may also pass into 

the head airways, as well as pass the larynx which leads to the airways of the lung. These are 

more problematic than the inhalable fraction, as the head region and airways to the lungs may 

become lined in particulate matter. Passing through the thoracic region also adds an extra 

element of particles being able to diffuse through the sensitive skin in these airways (Goldstein 

& Webster, 1990).  

 

The smallest particles are able to enter the lungs and penetrate to the alveoli. These particles 

are defined as respirable particles, and can enter the gas-exchange region of the lungs stream 

(World Health Organisation, 1999). This is the area of greatest concern, as particles with 

harmful substances are able to diffuse straight into the blood, and can lead to serious health 

effects quicker than those that get trapped in previous regions (Maton, Hopkins, Johnson, 

McLaughlin, Warner, & LaHart Wright, 2010). 

 

2.2.3. Factors determining whether particles are inhaled, deposited or 

respired 
 

Particles which are smaller than 100µm in aerodynamic diameter are considered to be 

airborne, which means they are inhalable through the nose and mouth when breathing 

(Jiménez, van Tongeren, & Aitken, 2012). Breathing rate, air flow in the current environment 

and the size of the particle (more importantly, the aerodynamic diameter) are factors which 

affect the probability of inhalation (Bickis, 1998) (Maton, et al., 2010). The smaller the particle, 

and the more intensive the breathing, the greater the rate of dust inhalation will be. 

 

According to ISO there are five mechanisms which govern the deposition of airborne particles 

in the lungs, which are sedimentation, inertial impaction, diffusion, interception and 

electrostatic deposition. However, particles within the airborne range are subjected to a 

number of factors before being deposited in the lungs. In fact, there is no guarantee that they 

will be deposited as they may be exhaled before settling (Maton, Hopkins, Johnson, 

McLaughlin, Warner, & LaHart Wright, 2010). Thus, all definitions below are based on 50% of 

particles by mass passing that classification’s boundary. 
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Most airborne particles do not make it past the larynx in the throat. Particles below 100 µm 

and above 10 µm are likely to get stuck in the nose and throat airways regions (World Health 

Organisation, 1999). If breathing occurs through the nose, there is more chance of particles 

not making it to the lung due to the nasal hairs and impaction with changing direction in air 

flow. Mucus helps retain the particles when deposited on airway walls (World Health 

Organisation, 1999). The increase in physical activity, often experienced while miners are 

working, makes one more inclined to use breathing through the mouth, thus increasing the 

rate of breathing and chance of particles being inhaled into the lungs (Regan, 2007). 

 

Particles that are not trapped by the body’s defence mechanisms may pass the larynx 

(thoracic region) and travel into the lungs where they have the possibility of entering the body 

via diffusion and dissolution (Maton, Hopkins, Johnson, McLaughlin, Warner, & LaHart Wright, 

2010).  Particles smaller than 30µm are able to pass the thoracic region. Whereas they may 

not be small enough to reach to alveoli region, they are still extremely dangerous as they can 

line the tracheobronchial airway region, as well as deposit in the lung. These particles may 

still enter the body through dissolution if soluble (Regan, 2007). 

 

Even smaller particles, generally smaller than 5µm (with 10µm being the upper limit), are able 

to reach the alveolar region, where gas can be absorbed into the blood stream (Regan, 2007). 

According to the World Health Organisation, only 1% of particles smaller than 10 µm pass into 

the alveolar region. The size characterisation for respirable particles is given as 2.5 µm, which 

is where 50% of particles are to be respired. For particles smaller than less, and especially 

smaller than 1 µm it is common for the particle to be completely suspended and exhaled 

without any contact with lungs or airways (World Health Organisation, 1999). 

 

 

2.2.4. Preventing coal dust inhalation  
 

As coal mining-related lung diseases are due to exposure to mine dusts, prevention depends 

on managing exposure.  

 

The primary preventative measure of dust control is through spraying techniques (Dr. 

Goswami, 2013). The effectiveness of wetting techniques is highly dependent on the 

wettability of the coal particles which, in turn, is a function of the physical and chemical 

properties of the particles. With decreasing particle size from 100 µm it is seen that the 

wettability of dust particles decreases. 

 

Personal Protective Equipment for miners is essential, and the use of respiratory protective 

equipment (RPE) is highly effective. However, workers are known to get irritated with the use 

of both but particularly RPE, as they are uncomfortable in hot and claustrophobic conditions 

(Bickis, 1998). The nano particles in coal dust are small enough to pass through both PPE 

and RPE which is of huge concern. Having to constantly clean, repair and replace RPE makes 

them inefficient.  

 

Precise characterisation of coal dust, as well as understanding the behaviour of these particles 

in the lungs, will allow for more efficient and precise research into preventative methods. The 

investigation and solutions behind effective wettability of coal dust is a promising area for 
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investigation. Educating mine workers about mine dust related diseases is part of community-

based social responsibility programmes which would help protect miners, as well as 

surrounding communities, from these ailments. 

 

2.2.5. Lung disease associated with coal dust  
 

Coal mining-related respiratory diseases are very common amongst mine workers and 

communities that live in near proximity to tailings dams and mine dumps. Coal mining-related 

lung diseases are often debilitating or even terminal. 

 

Coal contains many toxic compounds such as pyrite, silica, quartz and others mentioned in 

Table 1. The lung tissues that respires oxygen and exchanges carbon dioxide are affected by 

interaction with coal dust (World Health Organisation, 1999). The air passages themselves 

also build up a thin lining of dust, leading to the narrowing of airways.  

 

There are a number of diseases specific to coal mining. This project focusses on the role that 

pyrite, quartz and kaolinite play in the development of pneumoconiosis and chronic obstructive 

pulmonary disease (COPD). Often these diseases take a number of years to progress, as the 

inhaled minerals thicken in the lungs and harmful substances build in concentration. Silicosis 

is known to rapidly progress in short periods of intensive exposure (Goldstein & Webster, 

1990). Death, lung failure and disability are often caused when the diseases, in particular 

silicosis and CWP, become severe.  

 

2.2.5.1. Pneumoconiosis  
 

This is a scarring (fibrotic) disease of the lung, more specifically the tissue which makes up 

the lung. Pneumoconiosis is caused by dust particles being inhaled and respired in the 

alveolar region of the lung (Goldstein & Webster, 1990). There are many types of 

pneumoconiosis which are seen in the mining industry and in communities in close proximity 

to mines.  

 

2.2.5.1.1. Coal Workers’ Pneumoconiosis (CWP) and Pyrite 

Coal workers pneumoconiosis (CWP) is commonly known as black lung, and it is caused by 

the inhalation of respirable coal dust fractions. Shadows or opacities in the lungs can be seen 

via X-ray, and these opacities can progress into the most severe type of CWP with progressive 

massive fibrosis (Bickis, 1998).  

Crystalline silica was often regarded as playing a large role in the development of CWP. 

However, pyrite has recently been linked to the development of CWP (Huang et al., 2005; 

Zhang et al., 2002).  In light of the new findings, quartz is no longer considered to play a role 

in the development of CWP (Howard, 2011).  The role of pyrite in CWP is attributed to two 

separate chemical properties: the production of reactive oxygen species (ROS) such as 

hydrogen peroxide and hydroxyl, and the bioavailable iron (BAI) present (Howard, 2011; 

Huang et al., 2005; Zhang et al., 2002; Harrington et al., 2012).  Hydrogen peroxide and 

hydroxyl form as a by-product in the spontaneous oxidative dissolution of pyrite in water 

(Harrington et al., 2012).  
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2.2.5.1.2. Silicosis  

Silicosis is a type of pneumoconiosis which is caused by the inhalation of silica dust or 

crystalline silica. The three most common forms of silica found in industry are quartz, tridymite 

and critobalite (Coal Services Limited, 2008). Quartz is the most prolific form and is found in 

the form SiO2, not chemically bound to anything. Thus it is able to form free silica which is the 

compound responsible for silicosis.  

Mpumalanga, Free State and Limpopo coal has a quartz content of around 2% while Kwazulu-

Natal coal has a quartz content of about 3% (Belle and Phillips, 2003). The quartz content of 

coal dust is often higher than that of the coal body yet still relatively low compared to 

metalliferous mines (Ramani et al., 1987; Belle and Phillips, 2003).  

 

2.2.5.1.3. Pneumoconiosis and kaolinite  

 

Kaolin (China Clay) consists of various minerals - predominately kaolinite as well as smaller 

fractions of quartz, mica, feldspar, illite and montmorillonite (Adamis, Fodor and Williams, 

2005).  Kaolin has been linked to the development of pneumoconiosis (Sheers, 1964; 

Vallyathan et al., 1982; Levin et al., 1996). It is however not clear whether pneumoconiosis is 

caused by both the kaolinite and quartz present, or if only the quartz is responsible (Sundius 

et al., 1936). As has been mentioned earlier quartz is well known for causing silicosis and for 

a long time was thought to be the cause of CWP. However. it has been seen in the literature 

that kaolinite - both with and without the presence of quartz - has been linked to 

pneumoconiosis, suggesting that kaolinite is in fact a mineral which causes this lung condition 

(Hale et al., 1956, Sepulveda et al., 1983; Altekruse et al., 1984; Wagner et al., 1986).  

 

2.2.5.2. Chronic Obstructive Pulmonary Disease (COPD) 

COPD is a disease which slowly progresses through constant exposure to dust (Goldstein & 

Webster, 1990). Dust gradually builds up along airways and air passages, and lines the inside 

of the lungs. Most dust is caught on mucus and is coughed up. However, with constant 

exposure, the body’s ability to efficiently get rid of the dust decreases. Over time this limits the 

amount of air the body is able to process. This can lead to diseases such as chronic bronchitis 

and emphysema (World Health Organisation, 1999). 

2.2.6. Coal rank and associated health risks 
 

High rank coal dust is associated with a greater health hazard due to the relatively large 

amounts of mineral matter (Belle and Phillips, 2003). Various studies have shown that mine 

workers in collieries with higher coal ranks have a higher chance of developing CWP and will 

develop CWP in a shorter amount of time (Hicks et al., 1961). High rank coal has a higher 

percentage of fixed carbon than low rank coal and has a lower percentage of volatile matter 

than low rank coal. Coal dust produced in high rank coal mines generally has lower ash content 

but higher quartz content than lower rank coal mines (Douglas, 1986). Belle and Phillips (2003) 

state that high rank coal also produces dust with a higher percentage in the finer size range, 

which can account for the higher pathogenic effect of higher rank coal. Laboratory studies 

confirm that higher coal ranks produce a higher percentage of respirable sized particles 

(Srikanth et al., 1995; Moore and Bise, 1984).  However, Organiscak et al. (1992) seemingly 
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contradict previous literature with their findings of lower rank coal producing a higher mass 

percentage of airborne dust than higher rank coal.  

2.3. Classifying of coal particles from the ultrafine process stream  
 

The various size range classifications all play specific roles in defining coal particles with 

regards to size, such as identifying the process stream that certain coal is in and the health 

risks certain particles pose. There also exists a potential sub-size classification based on 

significant mineralogical composition changes. This is discussed in more detail below. 

 

2.3.1. Dust Fall Out 
 

Dust fall-out is dust that deposits and precipitates out of the air and is defined as any 

particulate matter that has an aerodynamic diameter between 10 and 100 µm (Loans, 2007).  

These particles are also known as total suspended particles (TSP). This particulate matter is 

normally measured using buckets which collect the dust as it naturally settles from the air due 

to the particles weight being greater than the force of suspension in air. This dust is collected 

in the buckets over a set period of time, and a total estimation of airborne dust can be drawn. 

This dust in analysed and characterised in a similar method to the experiments of this 

investigation. This method, however, does not manage to collect the dust which remains 

airborne as there are no large scale methods of analysing the airborne dust around mines 

(Loans, 2007).    

 

This is becoming an increasing problem as the knowledge of airborne dust particles becomes 

more substantial, proving that these are in fact the most harmful particles to the environment 

and human health as discussed in 2.2.  As mentioned above, particles smaller than 10 µm do 

not settle out of the air naturally. These particles are airborne particles, which less knowledge 

on health and characterisation is available 

 

2.3.2. Airborne Dust 
 

Airborne dust is defined as micro particulate matter which is able to remain suspended in air 

for a prolonged amount of time. It is important to note that all ‘fall out’ dust is also airborne 

dust, however, not all airborne dust settles out of the atmosphere (Gupta, 2006). Airborne dust 

particles are typically smaller than 100 µm in diameter. However, the size, weight and shape 

of the particle will determine its settling behaviour. Airborne dust which does not fall out of the 

atmosphere is not usually monitored and/or analysed. This non settling dust, which usually 

lies in the range smaller than 10 µm is the most likely to be respired when coming into close 

contact with humans. In line with this investigation, the specific characterisation of particulate 

matter in this range is largely incomplete.  Thus the characterisation of dust is insufficient 

without considering the fraction of coal dust which outside of the dust fallout range.  

 

2.3.3. The micro size range of coal particles  
 

The micro range is coal particles with a diameter of less than 1 mm (1000 µm). This 

predominately is applicable to pulverized coal dust and fly ash particles, as well as particles 
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from the ultrafine process stream. Micros are predominately categorized using the terms 

coarse, fine and ultra-fine.  

 

The other important size classification which applies to the micro range is based on the ability 

of different sized dust particles to enter and/or deposit in different regions of the respiratory 

system. The respiratory systems’ three regions of interest are the nasopharyngeal (extra-

thoracic), tracheobronchial and alveolar regions (Bickis, 1998). The size ranges which 

correspond to these respiratory regions are termed inhalable, thoracic and respirable particles 

respectively.  

 

The literature shows that there is no uniform size definition for the classifications of either 

coarse, fine or ultrafine or inhalable, thoracic and respirable particles. The Tables below shows 

the various uses of these size definitions.  

 
Table 2: Summary of different definitions for coarse, fine and ultra-fine dust 

 Coarse (µm) Fine (µm)  Ultra-fine (µm) 

Juda-Rezler and 

Kowalczyk, 2012 

PM2.5-10 PM2.5  

linak et al., 2007 > 5 * 

>2.5 ** 

 

0.5 and 5 * 

>0.5 and <2.5 ** 

< 0.5 * 

<0.5 ** 

Kan et al., 2007 PM10-2.5 PM2.5 (< 2.5) 

 

< 0.1  

*Pulverised coal fly-ash 

**Fly ash emissions  
 

Table 3: Table summarising the different definitions of inhalable, thoracic and respirable 

 Inhalable (µm) Thoracic (µm) Respirable (µm) 

Kan et al., 2007 PM10  (< 10)   

(Anon., 2016) 100 10  2.5  

Kollipara et al., 2014   

 

<10  

Aneja et al., 2012   PM-10 i.e. PM10 

Jing et al., 2010   < 5  

Kan et al., 2007 

 

≤100  < 30 <10 

Coal Services PTY 

LTD (2008) 

≤100  < 5 

 

Table 2 emphasises discrepancies in the general use of categorising terms such as ‘coarse’, 

‘fine’ and ‘ultrafine’, whereas Table 3 emphasises discrepancies in the medical terms such as 

‘inhalable’, ‘thoracic’, and ‘respirable’. Both tables show the inconsistency in size definitions 

with some authors using PM and others using µm. Within the group of authors who use PM, 

some use it to describe a size range i.e. P.M.2.5-10 while others use it as a less-than sign.  
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The World Health Organisation (WHO) reports that 50% of particles with a diameter of 100 

µm are inhalable, 50 % of particles with a dimeter of 10 µm are thoracic and 50% of particles 

with a diameter of 4 µm are respirable (Bickis, 1998). In tables 4-II, 4-III and 4-IV from The 

World health Organisation it is reported that 2% of particles with a diameter of 25 µm are 

thoracic and 1% of particles with a diameter of 10 µm are respirable. The respiratory system 

size classifications are complicated as the health implications depend on the deposition rate 

of particles, which fluctuates with size.  

 

2.3.4. Mineral ranges in coal dust 
 

Another factor to consider when thinking about size classifications is the prominent minerals 

which are present in certain size ranges. Coal particles with diameters up to 63-75µm are 

seemingly richer in mineral inclusions (Juda-Rezler and Kowalczyk, 2012; Liu et al., 2005; 

Cloke et al., 2002). Coal particles with diameters from 200 µm downwards are associated with 

an increasing ash content as the particle size decreases (Liu et al., 2005). This makes sense 

as the mineral content and ash content are directly proportional to each other. The distribution 

of minerals in size ranges is found in the works of Liu et al. (2005) where: 

 

 clay minerals are found to be concentrated in the fractions below 20 µm;  

 more quartz and carbonates are found in the size fractions between 20 and 75 µm; 

and 

 Pyrite is concentrated in the fractions between 10 and 45 µm. (Liu et al., 2005). 

2.4. Analytical Techniques 
 

The characterisation of ultrafine mine dust has become more possible over recent years due 

to increasingly sophisticated technology. Electron Microscopy, which uses beams of electrons 

and the way they deviate after contact with a sample, is used as a method to gain more precise 

and easily accessible analysis of ultrafine particles.  

 

Similarly to a normal microscope, Electron Microscopy is the magnification of a specimen. 

However, it uses a beam of electrons to produce an image of high magnification in fine detail. 

The electron microscope is able to use light, with wavelengths of up to 100.000 times shorter 

than a visible light spectrum, which increases resolving power, enabling a much stronger 

magnification than an ordinary microscope (Inghui, et al., 2001). This is done by using 

electrostatic and electromagnetic lenses, which are able to direct and focus the beam of 

electrons, as well as vary their strength, on a specific specimen. The data projected back is 

captured in these electrostatic lenses, which formulate a highly magnified image.  

 

There are two main types of Electron Microscopy, namely Transmission Electron Microscopy 

(TEM) and Scanning Electron Microscopy (SEM) (Inghui, et al., 2001). These two methods 

are used in this study to investigate and characterise the coal dust tailings and, due to the 

ultrafine nature of the samples, will play a pivotal role in the way we gain knowledge about the 

samples. This, along with the interpretation of results, will broaden our knowledge on the 

behaviours and effect on human health and the environment of ultrafine dust. 
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The use of these techniques in industry to analyse, characterise and understand more about 

the minology of coal related particles has become more common globally. Due to this new 

technology, developing new research, and more explicity characterising ultrafine particles is 

becoming easier and more accesable due to the use of electron microscopy. French (2009) 

describes in his paper ‘The Application of Advanced Minerological Teqniques to Coal 

Combustion Product Characterisation’ the many ways QEMSCAN can be utilised to discover 

more about microscopic coal particles then previous technology allowed. This research 

focuses on combutison products rather than mine products, however, minerals such as Quarts 

and Pyrite are analysed in depth, made possible by QEMSCAN’s unique quantitative x-ray 

diffraction abilities. Results including bulk mineralogy and the determination of liberated 

particle density was made possible due to the analytical techniques abilities (French, 2009).  

 

2.4.1. Scanning Electron Microscopy (SEM)  
 

Scanning Electron Microscopy (SEM) is able to produce a highly resolved image at high 

magnification by scanning a rectangular cross section of the sample. As the beam comes into 

contact with the sample, some of the energy is converted to heat, low energy second electrons 

and high energy back scattered electrons, light emission or X-ray emission (Inghui, et al., 

2001). All of these emissions hold information about the sample characteristics, such as 

composition and topography.  

 

An advantage of SEM, is the ability to produce good three dimensional representations of the 

given sample, as well as providing a high quality of depth analysis within the sample. This is 

due to the fact that SEM relies on surface processes whereas TEM relies on transmission 

(Danilatos, 1996). SEM, however, is often an order of magnitude less resolved than that of 

TEM.  

 

2.4.2. QEMSCAN (Quantitative Evaluation of Materials by Scanning Electron 

Microscopy)  
 

QEMSCAN is a type of SEM microscopy which is able to process imaging systems of 

mineralogical variables (SGS Minerals Services, 2013). QEMSCAN, which stands for 

Quantitative Evaluation of Materials by Scanning Electron Microscopy, is able to use Energy 

Dispersive Spectra Signals (EDS) and Back-Scattered Electron (BSE) intensities at each 

measurement point (SGS Minerals Services, 2013). The EDS spectrum and the BSE enable 

a mineral to be identified according to a database of species identification (SGS Minerals 

Services, 2013).  

 

There are two main methods of measurement to determine the Bulk Mineralogy of a sample, 

namely Bulk Mineral Analysis (BMA) and Particle Mineral Analysis (PMA) (Inghui, et al., 2001). 

BMA is done by using what is called a linear intercept method, whereas PMA is a two-

dimensional mapping analysis (SGS Minerals Services, 2013).  BMA only gives bulk 

mineralogy, as can be seen in Figure 3 below. 

 

QEMSCAN uses a mineral library system called SIP (Species Identification protocol). The SIP 

determines how the elemental information measured by the SEM scanning a sample is 
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classified into a mineralogical composition or species. The SIP consists of a list of entries (SIP 

definitions), each with a set of user-specified criteria to match the X-ray spectra and BSE 

(Back Scatter Electron) data from a measurement point to a mineral species.  

As each point on a sample is scanned, its spectrum is converted to element information which 

is compared to the entries in the SIP list until one is found with parameters matching the 

scanned material.  

If the elemental information does not match any of the SIP definitions, the pixels are grouped 

into the “unclassified” SIP definition at the bottom of the list.  

Figure 3 below shows an example of a bulk mineral analysis measurement taken from SGS 

Mineral Services. 

 
Figure 3: BMA Measurement  

PMA, by way of contrast, gives detailed particle mineralogy, particle sizes, liberation and 

association. It is focused on resolving the spatial, locking and physical presence of the 

compounds within a sample. An example of a PMA image is shown below in Figure 4. 
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Figure 4: PMA Measurements (SGS Minerals Services, 2013) 

2.4.3. Transmission Electron Microscopy (TEM)  
 

Transmission Electron Microscopy (TEM) is the original form of electron microscopy. There 

are a number of differences in TEM and SEM, mainly that TEM is based on transmitted 

electrons whereas SEM is based on scattered electrons. As mentioned earlier, SEM focuses 

on the sample surfaces, where the beam of electrons is reflected into a detector. TEM on the 

other hand allows the beam of electrons to transmit through a sample and into a detector.  

 

TEM involves a high intensity electron been being emitted by a cathode through a very thin 

sample. When the beam penetrates the sample and emerges through the other side, it 

contains data about the structure of the sample. It is very useful to use this technology in 

conjunction with a SEM method, as the QEMSCAN is able to provide information about the 

composition, grain size, shape, mineral liberation and association,  whereas the TEM can give 

details of fine particles less than 10 microns such as morphology, crystallisation and internal 

composition. Unfortunately the TEM at the University of Cape Town is unable to do this as it 

does not yet have a detector, so only pictures of the dust particles were taken.  

 

TEM is also very useful for particles <1 μm in diameter whereas the SEM methods struggle to 

resolve these images accurately. Using the two technologies together allows for a detailed 

characterisation of a sample. This is very beneficial in this study, as ultrafine mine dust will be 

able to be characterized into material composition, composition structure, particle size and 

elemental concentration. Using this data, it will be possible to more accurately determine the 

behaviour of these particles as well as the mechanisms of release when interacting with water, 

the human body via ingestion, absorption and inhalation, as well as local flora and fauna. 
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3. Key Literature Outputs 

3.1. Proposed Sizing conventions and definitions 
 

Table 4 below shows the proposed process stream size ranges which have been adopted 

from Reddick (2006).  

 
Table 4: Proposed process stream size ranges 

 Minimum size range (mm) Maximum size range (mm) 

Coarse process stream 

(CPS) 

12  

Intermediate process stream 

(IPS) 

1 12 

Fine process stream (FPS) 0.1-0.5 1 

Ultra-fine process stream 

(UPS) 

 0.1-0.15 

 

Table 5 below shows the proposed micro size ranges for micro coal particles.  
 

Table 5: Proposed micro size ranges  

 Size range (µm) 

Coarse particles  >200 

Fine particles 100-200 

Ultra-fine particles ≤ 100 

 

The size ranges for ultra-fine particles is defined as those particles with a diameter equal to or 

less than 100 µm. This is proposed because it corresponds to the size range in which coal 

dust particles are airborne, as well as begin to be inhalable. The size range for fine particles 

is defined as those particles with a diameter of between 100 and 200 µm. This is proposed 

because, from a diameter of 200 µm downwards, an increase in mineral, and thus ash, 

concentration can be observed.  

 

A new standardized naming convention is proposed in which a coal dust particle is defined 

with regard to both the process stream and its particle size. The proposed convention uses 

two letters to define the particles where the first letter describes the process stream and the 

second letter describes the size range. For example, a 600 µm particle in the ultrafine process 

stream will be categorized as UC, and a 50 µm particle in the intermediate process stream will 

be categorized as IU. 

 

Table 6, Table 7 and Table 8 show the proposed conventions for keeping consistency between 

process stream names, respiratory ranges, as well as common naturally occurring mineral 

grain size fractions in certain minerals respectively. 
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Table 6: Proposed standard naming convention 

 Process stream size range 

(1st letter) (mm) 

Micro Size range (2nd letter) 

(µm) 

Coarse (C) <12 200-1000  

Intermediate (I) 1-12  

Fine (F) 0.15-1 100-200  

Ultra-fine (U)   ≤ 0.15  ≤ 100  

 

Table 7: Proposed standardised respiratory system particle range 

 Size range (µm) 

Inhalable (I) 10-100 

Thoracic (T) 4-10  

Respirable (R) ≤ 4 

 
Table 8: Common naturally occurring mineral grain size fractions 

 Size range (µm) 

Quartz and carbonates (Q) 20-75 

Pyrite (P) 10-45  

Clay (C) ≤ 20  
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4. Objectives, Hypothesis and Key Questions 

4.1.         Objectives 
 

This investigation has major objectives, followed by a number of subcategorized objectives. 

The primary objectives of this investigation are, first, to introduce an efficient classification 

system for the different particle size classes occurring in the fine and ultrafine process streams 

of coal mining. The second primary objective is to characterize a dust sample from the ultrafine 

process stream of a Witbank colliery, using analytical in-house techniques such as QEMSCAN 

and TEM, in order to determine the usefulness of these techniques. These methods of electron 

microscopy are aimed at analysing the sample on a micro and nano scale to provide a more 

accurate and in-depth analysis of the characteristics of the coal sample.  

 

Subcategorized objectives include: 

 Clearly define terms to minimize or avoid contradictions and ranges of uncertainty in 

the naming and classifying of coal dust. 

 Produce overall, and compound specific, particle size distributions by analysis of 

QEMSCAN data. 

 Produce a complete mineral list of the compounds occurring in the sample by analyzing 

the QEMSCAN data. 

 Within the classification of coal dust, outline the most important size fractions, as well 

as those most detrimental to human health and the environment. 

 Identify the ranges in which health-affecting compounds occur in the sample, and their 

likely subsequent health effects. 

 Analyze results from TEM and interpret factors such as shape and size. 

 Provide recommendations to further remediate and prevent the detrimental effects of 

coal dust. 

4.2.         Hypothesis and key research questions 

The first part of the study is not empirical and is therefore not based on a hypothesis. The 

research question for this part of the study is: 

  Can the current size characterizations and classification within ultrafine process 

streams be standardized? 

The hypothesis for the second, empirical part of the study is that the coal sample analyzed 

from the ultrafine sample stream of a Witbank colliery contains harmful mineral grains which 

occur in the respirable size fraction, posing considerable health risks. These harmful minerals 

are expected to be clays, carbonates, quartz and pyrite minerals as, according to Table 8, 

these typcially occur in coal at these size ranges.  

The key research questions to test this hypothesis are: 
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 Are QEMSCAN and TEM suitable analytical techniques for characterizing coal dust 

particles? 

 Do different minerals have unique behaviour and characteristics in different size 

ranges? 
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5.  Methodology 
 

The experimental approach made use of in-house analytical techniques such as QEMSCAN 

and TEM to help answer the research questions successfully. Each of these analytical 

techniques was used to produce quantitative and qualitative data which would help 

characterise the coal sample.  

 

The coal sample which is tested in the study originates as the tailings stream of a Witbank 

(South Africa) colliery.* The raw sample from the colliery was used as is, to maximize the 

accuracy of the results. This sample from the Witbank colliery is used as it enables the 

complete testing of the research questions, which require an ultrafine stream from a coal mine, 

containing dust and ultrafine particulates.  

 

The QEMSCAN and TEM processes were automated, with given parameters and default 

operating conditions fixed, whereas the analyses of the data were not automated.† To 

characterise the coal, grain size trends, particle size distribution, grain spacing as well as 

orientation, the processed data was analysed manually. QEMSCAN produced data sets which 

allowed the calculation of particles’ size distribution, and grain size distribution in various 

sampled sieve sizes. This facilitated the formation of trends corresponding to each important 

health affecting compound within the coal sample. The TEM produced nano-scale images 

which were manually analysed. Special attention was paid to the orientation, morphology and 

size of health affecting particles in characterising and determining possible health associated 

prospects. 

5.1. Raw Sample Preparation 
 

The raw sample used requires a number of preparation procedures in order to make use of 

effective analytical techniques, as well as an accurate Particle Size Distribution. These raw 

sample preparation methods and procedures can be followed in Appendix D.1: Raw Sample 

Preparation and Description 

 

5.2. QEMSCAN Sample Preparation 
 

The following method was adapted from the CMR QEMSCAN sample preparation procedure 

which can be found in 10.4Appendix D: Sample Preparation. 

 Dry samples were screened/sieved into respective size fractions and split into 1g 

aliquots. Splitting was done using a rotary splitter. One block for each size fraction was 

made for QEMSCAN. 

 No graphite was added due to the sample being coal. The aim was to get a mono-layer 

of resin into the sample. This was done to avoid segregation which would not have 

been possible using the conventional method of graphite addition. 

                                                
* The sample origin is to be kept confidential, as the results present uncertified results. 
† It must be noted that due to the unforeseen academic conditions at UCT of the duration of the research and report writing, 

experimental work was limited. Sample preparation was done by the supervisors, as the students were not allowed to partake in 

physical lab work. No hands-on work with the TEM was obtained (brief analyses of the TEM images was conducted). 
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 Resin was added and carefully mixed. The sample was placed into a vacuum to 

remove trapped bubbles.  Moulds were cured by placing them in the pressure pot 

overnight. Further resin was added to the back of the mould and allowed to cure in the 

oven until dry. 

 Once curing was complete, the blocks were polished in a series of grinding and 

polishing until a 1 µm polish was achieved. The particles were lightly soaped and rinsed 

in between each polish. 

 A final clean was performed in an ultrasonic bath before cleaning with ethanol.  

 The samples were carbon-coated using the Emitch carbon evaporator.  

 

5.3. TEM Sample Preparation 
 

A 1 mm size fraction of Witbank coal was used to generate coal dust in the 10 µm and 2.5 µm 

size fractions. The coal was screened and split using a Riffle sample splitter. The sample was 

then combined before repeating the procedure throughout a period of 90 minutes to ensure 

adequate dust generation. A MiniVol Tactical Air Sampler (TAS) (Supplied by AirMetrics) was 

used for the collection of coal dust particulates at appropriate size fractions through the use of 

a 10 µm impactor and 2.5 µm impactor based on the assemblages as seen in Figure 5. 

 
Figure 5: a) 2.5 µm Impactor/Filter Holder Assembly; (b) 2.5 µm Impactor/Filter Holder Assembly 

(MiniVol Tactical Air Sampler- Operation Manual Rev. 1.2) 

 

Whatmans filter paper was used to collect dust residue generated from the MiniVol TAS. 

Carbon Coated copper grids in triplicate, were attached to the filter paper through the use of 

tape and it was ensured that no damage occurred to these grids prior to sample loading within 

the MiniVol filter holder assembly. A control was conducted prior to both size fraction 

collections to ensure background dust was minimal. Both experiments were conducted for a 

period of 90 minutes, following which the loaded filter papers with grids were stored in sealed 

petri dishes prior to Transmission Electron Microscopy (TEM). The samples for TEM were 

performed using an FEI Tecnai FEG instrument operated at an accelerating voltage of 200 

kV. 

(a) (b) 
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6. Results and Discussion  

6.1. Head Sample 

 
The coal sample received was from the tailings of a Witbank colliery’s ultrafine process stream. 

The first data analysis was conducted by screening the sample into various sieve size 

fractions. The sieve sizes can be seen in Table 9; 12 sieves with decreasing aperture sizes, 

800 μm, 425 μm, 355 μm, 300 μm, 212 μm,180 μm, 150 μm, 106 μm, 75 μm, 53 μm, 38 μm 

and 25 μm. This gave a clear indication of the particle size distribution of the head sample.  

 

6.1.1. Particle Size Distribution (PSD) of the Head Sample 
 

Table 9 below displays the percentage of the sample retained with each sieve aperture size. 

This data is collected by weighing the mass retained in each sieve size.  Figure 6 illustrates 

the Witbank colliery’s sample particle size distribution curve. 

 
Table 9: Mass % of Witbank sample passing through each sieve 

Aperture Size (μm) % Retained 

800 0% 

425 32% 

355 3% 

300 4% 

212 9% 

180 8% 

150 4% 

106 6% 

75 9% 

53 9% 

38 6% 

25 7% 

0 4% 
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Figure 6: Particle Size Distribution (PSD)  

Figure 6 above graphically demonstrates the data provided in Table 9. This graph shows the 

particle size distribution of the head sample, however it must be noted that using this data to 

define the particle size distribution of the sample is problematic. As can be seen in Table 9 

there are no additional sieve sizes between 425-800 µm and so it is unknown what the particle 

size distribution is in this large range of data (425 µm). Therefore more screens should have 

been used in this coarse size range as this represented 32% of the sample. 

 

Taking into consideration that 40% of the sample is smaller than 142 µm substantial 

environmental and health concerns are raised. The tailing streams in industry are discarded 

as wet slurry into landfills. By nature of being wet, the slurry stream is not immediately 

susceptible to dust formation and dispersion, however, water can evaporate out of these 

slurries over time, resulting in dust which is easily dispersed by wind once dry. This dust can 

travel great distances and settle amongst local communities when dispersed by wind, causing 

a range of environmental and health effects over a period of prolonged exposure. Having a 

large portion (40%) of sample less than 142µm, which is below the limit for airborne and 

inhalable particles, means that the possibility of these particles becoming airborne via the 

assistance of wind is very high. 

 

Although the product from the ultrafine process stream is not discarded into landfills, it is 

transported via truck through local communities and over great distances. This ultrafine 

process stream product is not of identical composition to the tailings, however it can be 

assumed that the particle size distribution and characterisation can be modelled by the tailings 

sample. The ultrafine process stream product differs mainly in the amount of combustible 

organic matter, and not in health and environment effecting minerals. It must be noted that the 

characterisation of the ultrafine process stream discard does not equate exactly to that of the 

dust mine workers are exposed to in the mines, although the composition and characteristics 

are very similar. 
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6.1.2. Cumulative Frequency 
 

It is seen from the selected percentage pass particle size data in  Table 10 that the d50 of the 

sample is 200 µm in diameter, meaning that 50% of the sample is smaller than 200 µm which 

corresponds to the proposed definition of ‘fine’ particles. 40% of the sample is smaller than 

142 µm which is below the ‘general’ upper limit for airborne particles. It is referred to as the 

‘general’ limit because the airborne diameter varies with regards to specific gravity. This is 

considerably large, quantifying that 40% of the tailings slurry entering a tailings dam has the 

may become airborne and be dispersed to the nearby regions. Furthermore, 10% of the 

sample is smaller than 33 microns in diameter. This is again problematic as 10% of the tailings 

are able to enter the thoracic region of the respiratory system if inhaled.  

 
 Table 10: Cumulative Frequency Percentile Data 

Percentage (%) Size Fraction 

d50 200 

d40 142 

d30 86 

d20 58 

d10 33 

 

Figure 7 below represents the cumulative percentage of sample passing through each 

aperture size, with the important information portrayed in  Table 10.  

 

 
 Figure 7: Cumulative Frequency of Witbank head sample Particle Size Distribution 
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6.1.3. Mineral List and Composition  
 

Using QEMSCANs iDiscover programme it is possible to identify a mineral list of the dust 

sample comparing the minerals BSE, elemental composition and density to the softwares 

database. Various important, as well as major components are listed in the table, with other 

minor components and other minor sulphides expanded separately. This allows for 

identification of the mineral mass percentages, which quantifies the makeup of the sample. 

The results are displayed in Table 11 below and it is seen that the major minerals are kaolinite 

(63%), quartz (19%) and pyrite (2%). It is necessary to note that these percentages are the 

not absolute values, as it is only the concentration of non-organic matter (i.e. the minerals) 

and not the organic matter (i.e. carbon). Thus the actual concentration percentages will be 

much less, depending on what fraction of the sample is organic matter. The conditions at 

which QEMSCAN was run did not allow the programme to automatically register the organic 

matter, namely carbon. The results are therefore not purely quantitative, but do however 

provide invaluable information for the characterisation of coal dust such as concerning levels 

of certain minerals. The large amount of quartz (18.6 %) is immediately concerning as quartz 

is responsible for the development of silicosis and the presence of pyrite (2.5 %) too raises 

concern, as it is now linked to the development of CWP. Kaolinite is present in large amounts 

(62.6 %) and is too linked with the development of pneumoconiosis. 

 

Table 11 below describes the bulk mineralogy list obtained by QEMSCAN after running the 

head sample. The fractions of ‘Other Minerals’ and ‘Other Sulphides’ are expanded in Table 

12 and Table 13 below. 

 
Table 11: Witbank Sample Mineral List 

Mineral Mineral Mass (%) 

Pyrite 2.46 

Chalcopyrite 0.98 

Jarosite 0.02 

Gypsum 0.19 

Fe-Mg silicates 0.29 

Kaolinite 62.60 

Mica/Illite 2.77 

K-feldspar 3.94 

Quartz 18.61 

Dolomite 0.48 

Calcite 0.01 

Siderite 0.00 

Fe-oxyhydroxide 3.15 

Rutile 2.82 

Other Sulphides Total 0.56 

Other Minerals 1.13 

Total 100.00 
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Table 12 represents the other sulphides fraction, where their composition makeup of other 

sulphides is given, along with their overall mass fraction. 

 
Table 12: Other Sulphides Expanded Mineral List 

Other Sulphides  
Mineral Mass (%) of 'Other 

Sulphides' 
Mass (%) of 'Total' 

Pyrrhotite  96.42 0.539 

Sphalerite 1.08 0.006 

Galena 1.55 0.009 

Bornite  0.44 0.002 

Molybdenite 0.24 0.001 

Other 0.27 0.001 

Total 100.00 0.56 

 

Table 13 represents the ‘Other Minerals’ fraction, where their composition makeup of other 

minerals is given, along with their overall mass fraction.  

 
Table 13: Other Minerals Expanded 

Other Minerals Mineral Mass of 'Other Minerals'(%) Mass (%) of 'Total' 

Apatite 33.50 0.377 

Zircon 6.62 0.075 

Tourmaline 57.85 0.652 

Other 2.04 0.023 

Total 100.00 1.13 
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6.2. Important Health Affecting Minerals  

 

As seen in Table 11 three of the most prolific and toxic minerals in the Witbank colliery sample 

are pyrite, quartz and kaolinite and correspond to the lung disorders CWP, silicosis and 

pneumoconiosis respectively. It is thus important to investigate the grain size trends of these 

three compounds specifically.  

 

The series of graphs below layers grain size distribution’s (GSDs) for each sieve size on a 

single graph, resulting in the discovery of trends. The sample was sieved into various size 

fractions, and then each size fraction was analysed using QEMSCAN. This data was layered 

on top of one another to produce the various GSD for each size class. The GSDs are to be 

used in conjunction with the corresponding cumulative frequency plot. 

 

It is worth noting that all 3 GSDs show significantly different trends emphasising that all 3 

compounds have unique trends of natural occurrence within coal. This emphasises the 

complexity of coal and the resulting coal dust. The results displayed above demonstrate the 

inconsistent nature of coal dust composition with regards to size and minerology. Knowing 

that dust particulates vary in composition and behaviour allows for easier targeting, 

remediation and understanding of the problems it causes.   

 

6.2.1. Pyrite 
 

The GSD graphs for pyrite shows much weaker trends than those shown in Figure 15 and 

Figure 19 for quartz and kaolinite respectively. This is due to the low number of pyrite particles 

present in the sample, which means that the amount of data entries for pyrite was not sufficient 

and does not allow for clear trends to be established. The low number of pyrite data points 

also means that the results for pyrite are of lower accuracy than those for quartz and kaolinite. 

A higher number of data entries results in higher confidence in the results. 

 

The health hazard associated with dust from a mineral is dependent on both the toxicity of the 

mineral and the concentration in which it is deposited within the lungs. Thus, the relatively low 

concentration of pyrite particles raises the query as to magnitude of the health hazard that 

pyrite poses.   

 

Quartz is in higher concentration than pyrite as can be seen in Table 11. The high 

concentration of quartz is significant due to its role in the development silicosis. However there 

are many cases of coal miners with CWP whereas silicosis is seen more in gold mining, with 

no literature referring to coal miners developing silicosis. These findings do not deem the 

hazard of quartz or pyrite negligible; rather it serves to illustrate the severe health effects that 

certain minerals cause even in low concentration. 

 

Figure 8Error! Reference source not found. below clearly displays the decrease in mass 

percentage as the grain size increases. This indicates that the majority of the grains occur in 

smaller diameter ranges; a worrying result with regards to health effects. Figure 9 is a 

simplified version which includes only three sieve sizes. This was done in order to uncover 

trends which exist in the data. 
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Figure 9: Simplified GSD of Pyrite 

Figure 9 shows that pyrite grains exist in high concentration in the range between 20 and 60 

µm. It is also observed that three different sieve sizes; +425, +180 and +53, all correspond to 

peaks at around 25 µm and 50 µm.  These results are consistent with literature in which it 

stated that pyrite particles were found in the highest concentration in the range of 45 to 10 

µm.    
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Figure 10 shows the cumulative % passing of pyrite and each curve represents the same sieve 

sizes as the previous GSDs. It can be seen that there are three bands in the data. The d50 for 

each of the three bands can be determined from Figure 10 by following the d50 line into the 

middle of each band of cumulative % passing curves. 

 

The three bands that appear in Figure 10 suggest that pyrite grains exist loosely within three 

size ranges. The d50 of each of these bands was determined to be around 9 µm, 18 µm and 

27 µm. The third band, counting from left to right, consists of the largest sieve sizes and had 

a relatively small d50. The third band is also the predominant one, and shows a higher 

concentration of curves in the band. This is a good indication that even in the larger size 

ranges of ultrafine dust a large proportion of the pyrite grains are less than 50 µm. 30 µm is 

considered to be the upper limit for thoracic particles and so a large proportion of pyrite grains 

are able to penetrate far into the respiratory system, posing serious health effects. These three 

bands indicate the complex nature of ultrafine particles, in which ultrafine particles behave in 

specific ways, often very different to larger particles.  

 

 is a QEMSCAN image of a +212 µm screened sample block. It shows measurements of a 

coal particle with grains of pyrite attached on the edge of the particle. The pyrite grains are 

highlighted with a red circle, whereas a particle of coal is highlighted with a white circle. This 

image clearly shows the two small grains of pyrite attached to the edge of the coal particle, 

susceptible to breaking or chipping off when knocked against other grains or particles. The 

one pyrite grain is 50 µm in diameter whereas the other grain is roughly 30 µm in diameter. 

These sizes agree with the commonly found pyrite particle sizes stated in literature. Once 

liberated, these pyrite grains can have serious health implications. 
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An issue observed in the three QEMSCAN images provided, is that minute liberated particles 

far smaller than the given screening grain size can be seen. This could be related to the 

screening technique, or equipment available.  

 

The iDiscover software used by QEMSCAN was not automated to differentiate between 

liberated and non-liberated grains. Thus the data received gives grain sizes of both 

agglomerated and attached grains. It therefore must be noted that some of the grains in the 

data set are agglomerated and will therefore not pose a health threat. 

 

Figure 12 below shows a similar representation to the figure above, however it highlights much 

smaller pyrite grains. Within the red circles are pyrite grains, all being smaller than 3 µm. Two 

of the pyrite grains are attached to a coal particle, with the potential to become liberated. The 

third pyrite grain is suspended in the resin. These liberated grains are susceptible to becoming 

airborne, and potentially respired. The white circle highlights a coal particle, displaying the 

manner in which various minerals surround the organic matter. This image is a good 

representation of how minerals and coal (organic matter) are situated within a coal dust 

particle. 

 

 

 

 

 

 

 

 

 

Figure 11: +212µm Coal is within particles: One particle has a 50um pyrite grain 
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Figure 12: -106+75 µm Coal is within a Particle. There are ~2 µm grains of pyrite 
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6.2.2. Quartz  
 

Figure 14 and Figure 15 show the GSD graphs for quartz. It is can be seen from Figure 14 

that quartz grains occur at 4 clear size ranges, it too can be seen that quartz grains tends to 

be concentrated below 60 µm. Figure 15 is a simplified version which allows for the trends to 

be seen more clearly, uncovering before unseen trends. It can be seen that the trends are 

more convincing than that of pyrite which may be as a result of more data points for quartz. 

 

  

Figure 14 shows that there are four clear bands of Quartz occurrence.  These grains all occur 

in the respirable region, which is cause for concern with regard to lung diseases. This trend is 

clearly different to that of pyrite, where the general frequency decreased as the grain size 

increased. Quartz is seen to have more definite trends in the form of spikes than seen in pyrite. 

The GSD of kaolinite in Figure 18 is also different from that seen for quartz. Figure 18 doesn’t 

display spikes rather a general concentration of particles sizes less than 80 µm. This suggests 

that quartz is commonly found at certain sizes, rather than decreasing systematically over a 

range. These findings allow scientists and medical researchers to have a clear indication of 

the specific regions in which to identify quartz. 

 

Literature reported that quartz is found predominantly in the size range of 20 to 75 µm. 

Literature stated that quartz particles are commonly found up until a diameter of 75 µm, 

however it can be seen from Figure 15 that there are no quartz particles much greater than 

55 µm. This can be explained due to the fact that literature included carbonates in this size 

range definition, therefore carbonates could account for grains in the range 55 to 75 µm.  
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Figure 15: Simplified/modified GSD of quartz  

Figure 15 is a simplified GSD where certain sieve sizes were removed to uncover trends.  The 

simplified GSD shows more peaks with more convincing trends. The sieve sizes plotted in 

Figure 15 are the higher sizes yet they display peaks in low grain diameter range. These 

results, in particular the large peak at a diameter of 8 µm has serious health impacts.  

 

Figure 16 shows the cumulative % passing curves for each of the sieve sizes. The percentage 

pass grain size is able to be determined from the graph and complements the findings in 

Figure 15. 
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From Figure 16 it can be seen that the -25 and +25 curves are outliers which can be expected 

due to the small size of the sieve. The rest of the sieve sizes are all loosely grouped together 

in a big band. Taking readings from the middle of the big band the percentage pass particle 

size, or cumulative percentage point of diameter, can be determined. The d50 for the large 

band is less than 30 µm which falls within the thoracic range. The d20 correlates to a grain 

diameter of around 15 µm. These results show that a significant portion of quartz dust is in the 

thoracic and respirable grain range. The d50 values for quartz are generally smaller than for 

pyrite, whereas the majority of kaolinite grains, as seen in Figure 18 and Figure 17, are found 

in smaller grain size ranges. 
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Figure 17 shows a number of different minerals within the coal dust, with corresponding labels. 

These minerals were identified by QEMSCAN through the use of the back scatter electrons 

(BSE), and the corresponding mineral data base. From this image, Pyrite, Quartz and Zircon 

have been identified as an example. This image, similar to the other QEMSCAN generated 

images, shows how mineral grains vary from agglomerated within a particle, being attached 

to a particle, as well as being liberated from a particle. In the same way as discussed above, 

there are liberated particles far smaller than +212 µm present in the image, which suggests 

that the method and success of the sample screening is to be questioned. 

 

6.2.3. Kaolinite 
Figure 18 and Figure 19 show the GSD graphs for kaolinite. It is can be seen from Figure 18 

that kaolinite is concentrated at a grain size of less than 80 µm, with the highest concentration 

of grains less than 20 µm. Figure 19 is a simplified version which allows for the trends to be 

seen more clearly. It can be seen that the trends are different to those seen for pyrite and 

quartz, with less clear peaks but a clear increase in concentration in the lower diameter sizes. 

Pyrite 

Quartz Zircon 
Pyrite 

Figure 17: QEMSCAN +212 µm Identifying Range of Minerals 
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Figure 19: Simplified/modified GSD of kaolinite 
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Figure 20 is shows a high concentration of mass for kaolinite grains with a diameter less than 

35 µm. Literature stated that clay particles are found in highest concentrations at a diameter 

less than 20 µm. Clay comprises of many minerals, however kaolinite is a major component 

of clay and thus the results and literature support each other. These results indicate that the 

majority of kaolinite grains are in the lower limit of the thoracic range and the higher limit of 

the respirable range. Almost the entire sample of kaolinite grains are within the upper limit of 

the inhalable and airborne range. These results suggest that kaolinite grains naturally occur 

in high concentration in particle sizes which pose serious health concerns for lung diseases, 

such as the development of pneumoconiosis.  

 

Figure 20 shows a similar trend to the quartz cumulative % passing graph with the +25 and -

25 sieve size graphs existing as outliers and the rest of the sieve sizes grouping together. The 

d50’s for kaolinite are significantly smaller than pyrite and quartz which supports literature 

findings. The high occurrence of respirable and thoracic grain sizes raises concern. Kaolinite 

is also the most prolific mineral in the Witbank coal sample and thus poses a larger health risk 

with respect to concentration and rate of deposition. If kaolinite does in fact have a role in the 

development of pneumoconiosis then it certainly is a mineral to examine more closely with 

respect to coal dust management. The d30 is in the respirable range and for a mineral which 

makes up 60% of the mineral mass of a sample, serious health risks are posed. 
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6.4.  

 

 

 

 

0

20

40

60

80

100

120

1 10 100

C
u

m
u

la
ti
v
e

 F
re

q
u

e
n

c
y
 (

%
)

Grain Size (µm)

Cumulative % Passing - Kaolinite

+425 +350 +180

+150 +106 +75

+53 +38 +25

-25

Figure 20: cumulative % passing graph of kaolinite 



41 | P a g e  
 

6.1. Transmission Electron Microscopy 

 

Mining processes are a significant contributor to ultrafine atmospheric particulates generated 

at various stages along the circuit. The ultrafine particle size of these dusts have significant 

health implications with the effectiveness of current management of these dusts through water 

suppression still up to much conjecture. In the present study, TEM analysis of coal dust 

particulates (Witbank) was conducted at two size fractions; 10 µm and 2.5 µm in order to 

identify the various occurrences of coal and other mineral matter at these size ranges.  

 

The results below show the presence of coal dusts as well as mineral particulates at these 

size ranges. It was however, unable to properly investigate and determine the exact 

mineralogical makeup of each particle, due to failure of the TEM in analysing the particles.  

The densities of various particles, as well as their size and morphology was, however, able to 

be determined by the images generated. 

 

Figure 21 below shows three TEM images generated at a 2.5 µm sample size. 

 

Figure 21: Selected TEM images of 2.5 µm particulates 

The middle image of Figure 21 it can be clearly notified that there are dense and non-dense 

areas of the particle. On the third image of Figure 21 it is clearly visible that the edges are 

sharp protruded. All three of the images above contain particles that are well below the 

inhalable size fraction. This means that these sharp and relatively dense particles are able to 

enter straight into ones lungs and bloodstream easily. This raises concerns relating to health 

effects. 
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Figure 22 below shows three TEM images generated at a 10 µm sample size. 

In a similar fashion to Figure 21, Figure 22 demonstrates three separate TEM images, where 

it is noticeable that the edges of the particles are sharp and protruded from the particle. The 

particles also vary in density and concentration. These particles are also well below the 

respirable fraction, and are very susceptible to entering the lungs and respired into the blood 

stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Selected TEM images of PM10 particulates 
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6.2. Error and Reproducibility 
 

The QEMSCAN +150 and +75 sized samples were run for a second time to test the 

experimental error and the accuracy of the results compared to the first run. The second and 

fourth column show the original +150 and +75 size fraction results which were produced by 

QEMSCAN, indicating specific mineral mass percentages. The two samples were run again 

under the same conditions and their readings were recorded and are displayed in the third 

and fifth columns. 

 

As seen in Table 14 below, the values are extremely similar. The standard deviation was 

measured, and it was concluded that the results are more than 98% accurate. This indicates 

that the results generated from QEMSCAN are accurate and reliably produce consistent 

results. 
 

Table 14: QEMSCAN Mineral Mass % Original and Re-run Data 

 Mass (%) 

Mineral +150  Original  +150 repeat +75 Original +75 Repeat 

Pyrite 0.06 0.06 0.22 0.20 

Chalcopyrite 0.03 0.03 0.09 0.10 

Other Sulphides 0.03 0.03 0.09 0.10 

Jarosite 0.00 0.00 0.00 0.00 

Gypsum 0.00 0.01 0.02 0.02 

Fe-Mg silicates 0.00 0.00 0.01 0.01 

Kaolinite 1.88 1.89 6.17 6.03 

Mica/Illite 0.09 0.09 0.34 0.37 

K-feldspar 0.11 0.11 0.41 0.39 

Quartz 0.57 0.57 1.89 1.99 

Dolomite 0.01 0.01 0.03 0.04 

Calcite 0.00 0.00 0.00 0.00 

Siderite 0.00 0.00 0.00 0.00 

Fe-oxyhydroxide 0.10 0.09 0.34 0.36 

Rutile 0.07 0.08 0.27 0.29 

Other 0.03 0.03 0.11 0.10 
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7. Conclusion 

Managing mine dust plays an important part in mitigating the social and environmental impacts 

of mines. Coal dust has until recently been poorly characterised due to the lack of information 

of the size ranges, chemical composition and physical properties of mine dust. Poor 

characterisaton has offered little insight into how mine dust should be effectively managed. 

 A second problem regarding mine dust management is that process streams of particles of 

less than 150 µm are treated as bulk “ultrafine“ waste streams with no consideration given to 

the different composition, properties and risks associated with the finer particle sizes found 

within this process stream. These streams are sent to the tailings dams as slurries. Over time, 

dust from these dams can become airborne and be distributed by wind to the surrounds.  

The first main objective of this investigation was to introduce an efficient classification system 

for the different particle size classes occurring in the fine and ultrafine process streams of coal 

mining. The literature review conducted by this study showed that there is a clear discrepancy 

in the current classification and defining of particle sizes. The problem of poor characterisation 

is worsened by inconsistent classification systems. 

 

The study addressed the first research question - Can the current size characterizations and 

classification within ultrafine process streams be standardized? – by developing an example 

of a standardised particle size and process stream size classification system on the basis of 

the literature review. This was applied in the empirical component of the study, as summarised 

below. 

 

This proposed system acts as a recommendation to implement a standardized classification 

system to enable efficient mine dust management. Standardised size definitions for the 

respiratory system and for mineral (pyrite, clay and quartz) ranges were proposed as well, so 

as to extend the current classification system. 

The second main objective of the study was to characterize a dust sample from the ultrafine 

process stream of a Witbank colliery, using the analytical in-house techniques of QEMSCAN 

and TEM, in order to determine the usefulness of these techniques.  

 

The coal sample received was from the tailings of a Witbank colliery’s ultrafine process stream. 

The first data analysis was conducted by screening the sample into various sieve size 

fractions. The sieve sizes were: un-sized, 800, 425, 355, 300, 212,180, 150, 106, 75, 53, 38 

and 25 µm. Each sample was run through QEMSCAN and the data for a grain size distribution 

curve was extracted.  From a literature search it was decided that the three minerals which 

would be focussed on due to their prevalence and potential health related abilities were pyrite, 

quartz and kaolinite. A mineral list of the coal dust sample was also created using QEMSCAN 

software.  

 

The trends for each mineral were found by overlapping the grain size distribution (GSD) curve 

for each sieve size on top of each other. The same was done with the minerals cumulative 

percent passing curves. The GSD graphs showed that the occurrence of the minerals (pyrite, 

kaolinite and quartz) from the Witbank colliery samples fell into the range suggested by the 

literature.  



45 | P a g e  
 

 

The cumulative percent passing graphs also showed that many of the grains of the respective 

minerals fell into the thoracic and respirable regions, size regions which are associated with 

health implications. Kaolinite showed the most severe implications with 40 % of the kaolinite 

grains existing below 10 µm.  

 

The pictures from QEMSCAN showed that the grains reported on were in one of three 

situations; liberated, attached or agglomerated. Agglomerated grains have a lower probability 

of health implications. However, from the pictures it was seen that there were many attached 

and liberated grains which have a higher probability of depositing in the respirable region of 

the lungs.  

 

TEM showed results of grains and particles in the Nano-scale which can deposit deep into the 

respirable region of the lungs and even pass through into the blood stream. These have severe 

health implications due to their size, as well as their density and shape. Many of the particles 

have spikes and serrated edges which are associated with health impacts.  

 

The study therefore confirmed the hypothesis that the coal sample analyzed from the ultrafine 

sample stream of a Witbank colliery contained harmful mineral grains which occur in the 

respirable size fraction, posing considerable health risks. It was also shown, as expected, that 

the sample had a wide range of minerals, including pyrite, quartz and kaolinite. These minerals 

have grains that occur in the thoracic and respirable size region, as well as unknown particles 

existing in the nanoscale region. The study answered the research question - Do different 

minerals have unique characteristics in different size ranges? – by showing that their 

characteristics changed nonuniformly with changing  particle size, emphasising the complexity 

of coal dust and. 

By drawing these conclusions, the study was able to answer the last research question - Are 

QEMSCAN and TEM suitable analytical techniques for characterizing coal dust particles? – 

by showing that these techniques yielded useful results that could be applied to the proposed 

classification system. 

Finally, through the development of a proposed coal dust characterisation system, and 

applying this to the analysis of a sample from an ultrafine waste process stream, this project 

has achieved its overall aim of supporting the first step in the development of more effective 

dust management strategies. The project has shown why the management of ultrafine process 

streams needs to be changed so as mitigate the health implications associated with dust 

particles from coal mines. New management approaches to the control of this dust need to be 

adopted as these streams contain dust particles with pathological minerals which exist from 

the inhalable size fraction all the way down the Nano-scale.  
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8. Recommendations 
 

The recommendations are broken into two sections; firstly recommendations for further 

characterization of coal dust and secondly recommendations for future multi-disciplinary work. 

8.1. Wettability experiments  
Wetting of dust is one of the major techniques used for dust suppression. Studying the 

wettability of dust particles enables one to know how well wetting as a suppression technique 

will work. Wettability investigations must take into consideration the particle size and the 

chemical composition, and is a necessary next step in characterising coal dust. 

8.2. QEMSCAN’s liberation option 
The results obtained from QEMSCAN reflected the grain sizes of the different mineral 

particles. Grains can occur in one of three situations; agglomerated, attached and liberated. 

Agglomerated grains have a lower possibility of depositing in the respirable region of the lungs. 

It is recommended to programme QEMSCAN to report only on attached and liberated grains. 

Thus the health implications can be better quantified. 

8.3. Investigate nano particles 
This report has not mentioned the behaviour of nano particles and their health and 

environmental effects. Nano particles can be extremely dangerous as they are small enough 

to pass through personal protective equipment as well as penetrate deep into the lungs. Nano 

particles can even travel through the body’s natural defence mechanisms and straight into the 

blood stream. The TEM showed that the sample had many Nano particles. 

8.4. Obtain more pyrite data 
Relative to quartz and kaolinite, pyrite has much fewer particles present in each QEMSCAN 

resin sample. This means that the surety of pyrite grain trends is less due to fewer data entries, 

and the data results have higher noise. In order to have higher confidence in the trends for 

pyrite grains and have smoother curves for pyrite grains, more pyrite entries are needed. 

8.5. Programme QEMSCAN to read organic matter  
The conditions at which QEMSCAN was run did not allow the programme to automatically 

register the organic matter, namely carbon. The consequence of this is that the mineral 

concentration percentages reported do not account for the carbon present, and are thus 

inflated. The results are therefore not purely quantitative, but do however provide invaluable 

information for the characterisation of coal dust. It must therefore be noted that percentages 

and results presented in this report are only of mineral matter. 

8.6. Dustiness Index 
For effective dust management it is necessary to know what stage of the ROM coal processing 

generates dust as well as knowing the distance that dust can travel. Different minerals within 

coal dust will travel different distances and will interact with air moisture differently. Thus a 

dustiness indices are needed which has relative ratings on how different minerals in dust 

behave and the distance they can travel in the wind. 

 

The dustiness index has mechanical (process machinery), gravitational (dropping of coal dust) 

and dispersion (wind currents) ratings. It is recommended to do this for all dust generating 
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stages in the process and to do this for each compound present.  

8.7. Collaboration with Health Scientists 
The health implications discussed in this report are of qualitative nature as the true behaviour 

of the different particles and their interaction with the lungs are unknown. The health risk is a 

function of the toxicity of the mineral and the concentration of the particles deposited in the 

lungs. It is therefore recommended to work with health scientists to determine the true 

behaviour of the particles in the lungs and thus the true health effects. 
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10. Appendices 

10.1. Appendix A: Research Ethics Evaluation  

The aim of this project is to develop an efficient and effective classification system for coal 

dust. This includes determining size classes, chemical and physical properties, trends and 

natural tendencies as well as the prediction of the associated health risks.  

 

With regard to the following ethical considerations:  

1. The research poses a risk to society or has the potential to disrupt communities.  

2. The research makes use of animals  

3. The research makes use of vulnerable groups.  

4. The research makes use of minors or people with diminished capacity.  

5. Clinical tests are performed in the research.  

6. The researcher gathers private and personal information or compromising information, but 

shows no care for the privacy, confidentiality, anonymity, safety or security of those who have 

provided the information.  

7. The researcher does not advise participants in the research of their risks and rights and/or 

withholds information from participants that is necessary for participants to consider whether 

to involve themselves in the research. 

8. There are conflicts of interest in the research that compromise the outcome of the research.  

 

The scope and objectives of this project do not fulfil any of the aforementioned considerations, 

and as such mitigation of any ethical issues is not required for this project. 
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Figure 23: Scanned copy of the signed Ethics Application Form 
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10.2. Appendix B: Supervisor and Student meetings 
  

Supervisor Meeting #1, Introduction to Project 2 

Date: September 6th 2016 

Present: 

 Prof. Jennifer Broadhurst (Supervisor) 

 Dr Rahul Ram (Supervisor) 

 James de Beer (Student) 

 David Viljoen (Student) 

Start Time 09:00 

Summary of meeting 

In this meeting the students were introduced to their supervisors and topic and discussed the 

background of the project. It was seen that coal dust is not properly characterised and hence 

its management has been inadequate.  Coal dust contains pyrite which has been linked to the 

development of coal workers pneumoconiosis (CWP).  Upcoming deadlines were discussed. 

They are as follows, 

 Individual literature review 

o Due date:  

 CHE4045Z Project Proposal 

o Due Date:  

End Time: 11:00 

 

Supervisor Meeting #2, Outcomes of literature review and discussion re project proposal 

Date: September 14th 2016 

Present: 

 Professor Jennifer Broadhurst (Supervisor) 

 Dr Rahul Ram (Supervisor) 

 James de Beer (Student) 

 David Viljoen (Student) 

Start time: 12:00 

Summary of meeting 

Both students passed their literature reviews. It was mentioned that the writing needs to 

become more academic. The project proposal was then discussed. Prof Broadhurst 

introduced the students to the proposal format which should be followed. The content was 

also discussed with the most important areas being the literature review, the experimental 

procedure which is to be proposed and the aims and objectives.  The student protests were 

also discussed which were beginning to rear up. 

End time: 14:00 

 

Supervisor Meeting # 3, Outcome of the project proposal and the change of scope due to the 

student protests 

Date: September 20th 2016 

Present: 

 Professor Jennifer Broadhurst (Supervisor) 

 Dr Rahul Ram (Supervisor) 
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 James de Beer (Student) 

 David Viljoen (Student) 

Start time: 14:00 

Summary of meeting 

The students project proposal was of poor quality. The students acknowledged this and also 

explained that James was incredibly sick in the week preceding the hand-in. Both students 

were also taking emotional strain due to the student protests.  

Lots of project time was lost due to the protests and it was clear that the project scope was to 

be changed. The wettability of coal dust was removed as well was the focus on the 

environmental impact of coal dust. The experimental work was also to be altered. The students 

would no longer do wettability experiments and may lose further lab time due to the situation 

on campus. 

End time: 16:00 

 

Supervisor meeting # 4, General Supervisor Meeting 

Date: October 17th 2016 (After UCT Class Suspension) 

Present: 

 Dr Megan Becker (Supervisor) 

 Professor Jennifer Broadhurst (Supervisor) 

 Dr Rahul Ram (Supervisor) 

 Gaynor Yorath (Supervisor) 

 James de Beer (Student) 

 David Viljoen (Student) 

Start Time: 11:00 

Summary of meeting 

The entire team of supervisors met with the students for the last meeting before hand-in. The 

students presented their plan for displaying their results. The team was happy that the results 

were positive and showed obvious trends.  

End time: 13:00 

 

 

QEMSCAN Meeting #1, Introduction to QEMSCAN 

Date: October 20th 2016 

Present: 

 Gaynor Yorath (Supervisor) 

 James de Beer (Student) 

 David Viljoen (Student) 

Start Time: 12:00 

Summary of meeting 

In this meeting the students were introduced to the QEMSCAN equipment and the theory 

behind the workings of the equipment. The students were introduced to the QEMSCAN 

computer programme which included the creation of mineral lists, size ranges of the data and 

taking pictures of the particles and grains of interest.  

End Time: 16:00 

QEMSCAN Meeting #2, Discussion about QEMSCAN Data 
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Date: 

Present: 

 Gaynor Yorath (Supervisor) 

 James de Beer (Student) 

 David Viljoen (Student) 

Start Time: 14:00 

Summary of meeting 

The students went through the raw data with Gaynor. Gaynor showed the students how to 

import the necessary data onto Excel and what the data implied. This included the grain size 

distribution of relevant minerals and the mineral list of the coal dust sample. The students 

explained to Gaynor what were the minerals of interest and why.  

End Time: 16:00 
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10.3. Appendix C 

 
Table 15: Major minerals found in coal and their elemental compositions in general order of concentration 

(Schweinfurth, 2000) 

Minor Mineral Constituents 

Analcime NaAlSi2O6
. H2O  

Apatite Ca5(PO4)3 (OH,F,Cl)  

Barite BaSO4  

Chalcopyrite CuFeS2  

Clausthalite PbS  

Crandallite Group   

Crandallite CaAl3(PO4)2 (OH)5 . H2O  

Florencite CeAl3(PO4)2(OH)6  

Gorceixite BaAl3(PO4)2 (OH)5 . H2O  

Goyazite SrAl3(PO4)2 (OH)5 . H2O  

Dolomite CaMg(CO3)2  

Feldspars (Ca,K,Na)AlSi3O8  

Galena PbS  

Marcasite FeS2 May contain same elements as pyrite. 

Monazite (Ce,La,Y,Th,Nd)PO4  

Rutile/Anatase TiO2  

Sphalerite ZnS May contain Cd. 

Xenotime YPO4  

Zircon Zr[SiO4]  
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Table 16: Trace mineral constituents found in coal and their elemental compositions in general order of 

concentration (Schweinfurth, 2000)  

Trace Mineral Constituents 

Chromite FeCr2O4 

Gibbsite Al(OH)3 

Gold Au 

Gypsum CaSO4 . 2H2O 

Halite NaCl 

Magnetite Fe3O4 

Muscovite KAl2(AlSi3O10)(OH)2 
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10.4. Appendix D: Sample Preparation 

10.4.1. Appendix D.1: Raw Sample Preparation and Description 
 

The Witbank sample provided was initially split into various size fractions. In order to do so, 

10 kg of the bulk sample obtained was dry sieved using a 12.5 mm screen. The resulting 

sample was then quartered and combined three times to ensure homogeneity. The sample 

was split into two fractions with one fraction used for subsequent splitting.  

The 5kg split sample was further split into 10 fractions using a rotary fitter. This was repeated 

3 times. Split 1 and 10 were combined and dry sieved using a 1mm screen and used for 

subsequent size fraction analysis using dry sieving techniques. This was necceaary to obtain 

particle size distributions 

The resultant dust generated throughout this splitting process was collected using a MiniVol 

air volume analyser at the pm10 and pm2.5 ranges, for characterization using TEM. 

 

10.4.2. Appendix D.2: QEMSCAN Sample Preparation  and Operating 

Conditions 

 

CMR QEMSCAN sample preparation procedure (Abridged) 

 

By: Lorraine Nkemba, Gaynor Yorath and Megan Becker 

April 2014 modified for Student Coal project Jan 2017 

 

Samples were dry screened to required size fractions. Samples were split (using a rotary 

slitter) into 0.25g aliquots (Coal) for QEMSCAN blocks (typically 3 x blocks per fraction), 

however only 1 block was used for the 2016 CHE4054Z project.   
 

No graphite was added in the Coal blocks. Label and lubricate moulds. Add the carefully mixed 

sample into the moulds.  

Add the desired mass of Canuba Wax per mould and carefully mix it into the sample in a figure 

of eight pattern. Place the sample moulds into a vacuum chamber for 10 + 5 minutes (breaking 

the vacuum in between to release trapped air bubbles). 

 

Remove moulds from the Citovac and place in the pressure pot overnight to cure.  

Once the moulds have cured, add a printed label and a further resin to the back of the mould. 

Allow this to cure in the oven (50º C) until dry.  

Once completely cured remove the blocks from the moulds for polishing. 

 

Polishing is done in a series of grinding and polishing steps until a 1 µm polish. Carefully rinse 

and lightly soap the samples between each grinding and polishing step. 

 

After all of the polishing steps are complete and the samples have been rinsed and soaped 

place them in the ultrasonic bath for approximately 10 minutes. Clean them once more with a 

generous squirt of ethanol being very careful not to scratch the surface. 
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Allow the samples to dry in the oven (50º C) for a minimum of 1 hr. Check the quality of the 

final polish using an optical microscope ensuring that there are no plucked grains, large 

differences in relief, cracked / or grungy looking grains on the sample surface.  

Carbon coat the samples using the Quorum Q150T E carbon coater. The carbon coat is 

needed to diffuse electrons off the surface of the sample when they are in the QEMSCAN.  

 

QEMSCAN Operating Conditions with Witbank Coal Sample 

 

FEG QEMSCAN   650 F (Field Emission Gun) 

 Two Bruker XFlash 6130 detectors  

 25 kV 

 Carbon coated Canuba wax blocks in a Quorum coater to disperse the electron charge. 

 Beam Current is optimised at 10 nA on the Faraday Cup 
 Chamber Vacuum <1x10-4 

 Backscatter Detector calibration (BSE values) are related to each other at  Z height 

=13.0 mm  

 

Gold Standard at BSE 232 

Quartz Standard at BSE 42 

Copper Standard at BSE 130 

PMA Particle Mineral analysis measurements (Size classes) : 

 -3000+0  (+450); -2000+0  (+350)   -1500+0  (+300) 

 -1000+0  (+212)   -750 +0  (+180)  -600+0  (+150) 

 -500 +0  (+106)    -400 +0  (+75)    -300 + 0  (+53) 

 -150 + 0  (+38)    -106 + 0  (+25)    -75 + 0  (-25) 

Wide range of size class down to zero as there are agglomerations and finer particles than 

the size class screened. 

 FEG Steps of: 5 microns for all the coarse fractions, 4, 3, 2, 1 micron steps. 

 

Coal has a BSE of 12-17 so the 25 kV 10nA did not read the coal particles. 
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10.5. Appendix E: Further QEMSCAN images used for analysis 
 

 

Figure 24: +75 Coal within Particle bright 100µm with measurements 

 

 
Figure 25: +150 Coal within Particle bright Pyrite 
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Figure 26: +212 Pyrite on the edge of particle 

 

Figure 27: Coal within Particle 500um pyrite 50µm 
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10.6. Appendix F: CHE4054Z Project Resubmission Amendment Report 
 

 

This report records the changes made to original CHE4054Z submission for the re-

submission, due 20th January 2017.  

 

Cover page 

The heading was modified; date added; course code added; presentation neatened. 

 

Acknowledgements 

An acknowledgements page was included to acknowledge and thank all the academics and 

supervisors who assisted in our project one way or another.  

 

Synopsis 

The objectives where shortened in order to make the synopsis more concise and to create 

space for a lengthened results section and the inclusion of recommendations. This was redone 

and tried to tie up the document as a whole better. 

 

Introduction 

The second paragraph of background was changed to include a short sentence on how dust 

can be generated. The end of the second paragraph was reworded to put across two important 

concepts: what effective management includes and what characterization of coal dust will 

enable those interested to do. The three bullet points concerned with the standardization of a 

particle size was removed. 

The problem statement was reworded and improved: 

The scope of the report, section 1.3, was moved to after aims and objectives. Aims and 

objectives were reworded to be more concise. 

The key questions were removed from introduction.  

 

Literature review 

An introduction was written for the literature review in which the scope of the project is 

summarized through literature. The introduction explains the thought process involved in 

unravelling the project into its many aspects, and what literature, knowledge and practical work 

is needed in order to achieve the goal, and answer the hypothesis. .  The order of the sections 

was changed so that Health effects associated with Coal Dust comes before Coal Dust. This 

was done so that context is provided for the size ranges of particles and the health implications 

coal particles pose ; with regard to size and chemical composition. Dust fallout and airborne 

dust definitions and importance was included 

 

Additional information on QEMSCAN operating conditions and reasons for use added. 

The entire section was reread and edited to improve the writing style and language. It is 

acknowledged that the writing style and language was weak, however the circumstances 

unfortunately did not allow for a fundamental change in this regard.  

 

Examples of the useage of analytical technques in the characterization of coal in industry were 

included. 
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Objectives, Hypothesis and Key Questions 

The hypothesis section was completely redone. It was decided that this project is more 

descriptive than hypothesis driven. However, there two clear hypothesizes which came 

through.  

As a result the hypothesis section was shortened significantly to a more concise form. 

The key questions section was shortened and combined with objectives and only the most 

relevant and appropriate key questions were retained. 

 

Recommendations  

The order of the recommendations were swapped and the section was shortened to create a 

more concise and relevant section. Although some of the later recommendations seem to fit 

outside the scope of this project, it is important to note that this project realizes the importance 

of a multi-disciplined approach to mine and coal dust. Hence some of the recommendations 

are aimed at researchers and academics continuing a study like this in a multi-disciplinary 

realm. 

 

Methodology: 

 

Intro to methodology included. 

Three main subsections: Raw Sample Preparation, QEMSCAN Sample Preparation and TEM 
Sample Preparation elaborated on and increased in depth and content depth. 

Sample preparation: added to the appendix,  

Qemscan Operating conditions: added to the appendix, reference made to appendix 

Addition to appendix 

 

References: 

Reference list made to match and include all in text references.  

 

Plagiarim declaration: 

Signed Plagiarism declaration form included 

 

Ethics form: 

A completed and signed ethics for signed and attached. 

 

Health, Safety, Environment and Hazzard Assesment 

A brief SHE and Hazzard Assesment included 

 

Error: 

Error analysis over QEMSCAN operating consistency inculded 

 

Extras  

 Referencing to appendices in body of report 

 Page numbers added and corrected 
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 General grammar and writing style changed, as well as linking and collaborating the 

report better. 

 Graphs and tables edited to increase consistency and presentation quality 

 Particle size changed to correct term in contect (grain size) 

 

 

  

  

  

  

  


