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ABSTRACT 
 
Characterisation of Atmospheric Particulate Matter from Opencast Coal Mining 

Activities and Adjacent Communities 

 
Fugitive coal dust emissions are a cause of concern from a government and public 

perspective, particularly so in communities living in proximity of the coal mines. Atmospheric 

dust contains various constituents and coal dust is only one of the constituents. However, 

the general perceptions or views have always been that a significant proportion of dust 

consists of fugitive coal dust which is respirable. Compounding these perceptions is that 

currently, there is a relative level of difficulty in presenting dust analysis information in a 

manner which identifies and characterises the coal component of dust.  

 

The aim of this study is the characterisation of atmospheric PM from opencast coal mines 

and adjacent communities through the application of various microscopic, spectroscopic, 

thermogravimetric and thermal optical techniques to distinguish the carbon component 

originating from coal mining and from other sources such as biological and combustion 

sources in coal mining regions.  

 

Atmospheric particulate matter (PM) of 10 micrometers (µm) or smaller collected from three 

opencast coal mines and adjacent communities in the Mpumalanga and Limpopo Provinces 

in South Africa using both active and passive sampling were used as a case study. The 

analytical techniques include Scanning Electron Microscopy (SEM) with Energy Dispersive 

X-ray Spectroscopy (EDS), reflectance microscopy (reflectance), optical microscopy, X-Ray 

Photoelectron Spectroscopy (XPS), Raman Spectroscopy (Raman), Thermogravimetric 

Analysis (TGA), Isotope Ratio Mass Spectrometry (IRMS) and thermal optical analysis.  

 

Atmospheric PM sampled through passive samplers was analysed through SEM-EDS and 

optical microscopy, while the atmospheric PM samples from active monitoring (filtration) 

were analysed using Raman, reflectance, TGA, XPS, IRMS and thermal optical techniques  

Optical microscopy on the passive samples did enable the quantification of PM10-2.5 

concentrations for PM from the opencast coal mines and adjacent communities. At the 

magnifications used, accurate quantification of PM2.5 is not possible. Useful information on 

the morphology and chemical composition of individual particles was obtained, but this was 
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not adequate for source apportionment, as the mineral composition in mines and in adjacent 

residential areas is often similar. 

 

For the active monitoring campaign, PM10 daily average concentrations ranged from 59 

µg/m³ to 90 ug/m³. The PM10 daily NAAQS was only exceeded at one of the residential 

stations viz. Clewer.  

 

The differentiation between elemental carbon (EC) and brown/ organic carbon (OC) of the 

individual particles could not be achieved through SEM-EDS, nor through XPS, Raman, 

TGA, reflectance microscopy of bulk samples.  

 

Thermal optical analysis allowed the quantification of the EC/OC fraction on actively 

collected bulk samples and indicated a clear distinction between the EC and OC contents 

as well as the OC/EC ratio from the mine and residential samples. The analysis of the stable 

carbon (C) and nitrogen (N) isotope ratios (δ13C/δ12C) and (δ15N/δ14N) of bulk samples 

showed that the values obtained for both ratios and the relationship between them could 

also distinguish between samples from the mines and the adjacent residential areas. Further 

development to refine the source apportionment based on a combination of these 

techniques is proposed, which will require further sampling and detailed analysis of potential 

carbonaceous sources.  
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1 INTRODUCTION 

 
Air pollution, the presence of contaminants or pollutants in the atmosphere, is not a modern 

phenomenon and historical evidence attests to this (Akatsu, 2015; Hanlon, 2016). Air 

pollution and its negative impacts on health and the environment have been documented 

over the years, with more frequent references dating as far back as the Industrial Revolution 

(Bloss, 2014). Atmospheric PM has been a dominant factor in historical air pollution 

episodes, including the London smogs of the 1950s and the Donora Valley (Pennsylvania) 

and Meuse Valley (Belgium) episodes (Bloss, 2014).  

 

Depending on their concentration, physical and chemical properties, air pollutants can result 

in injurious or negative impacts on human or animal health and the environment (Kantova 

et al., 2017). Once emitted into the atmosphere, air pollutants contribute to air quality 

degradation and depending on their atmospheric residence times, can continue to degrade 

air quality for long periods (Mishra et al., 2013). The long-term impacts of air pollutants due 

to long atmospheric residence times, high concentrations and transboundary movement, is 

evident in greenhouse gases and their contribution to global climate change over long 

periods (Kantova et al., 2017).  

 

The residence times of air pollutants in the atmosphere is also highly dependent on their 

sizes (Jia & Jia, 2014). Gravitational effects result in the rapid removal of coarse particles 

from the atmosphere by sedimentation (residence time between minutes and hours). 

Pollutants or particles in the accumulation mode exhibit the highest residence time in the 

atmosphere (weeks) and these particles can be easily transported by wind for distances of 

up to thousands of kilometres from their sources (Perrino, 2010). 

 

Globally, a significant number of regions face environmental crises due to severe air 

pollution and its negative impacts on health and the environment. There are various causes 

of air pollution and these include population growth, rapid urbanisation and migration, 

industrial developments and economic growth, transport related emissions due to 

unprecedented levels of vehicle numbers and other modes of transport and the increase in 

energy demand, production and consumption (Laskin et al., 2012). The global population is 

currently estimated to be over 6 billion and is forecasted to increase to over 7 billion by 2020 
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and approximately 9 billion by 2050. The implications of population growth include increased 

demand for goods and services, pressure on natural resources, increase in energy demand, 

production and consumption (Laskin et al., 2012). This scenario will most likely occur in 

developing countries, where it is estimated that 90% of future growth will occur. This growth 

will be concentrated in urban areas (Popescu & Ionel, 2010). These developments have 

culminated in the increase of anthropogenic air pollution emissions of unprecedented 

severity and extent (Mishra et al., 2013).  

 

South Africa is no exception where air quality degradation due to high air pollution levels in 

some regions is concerned. This is evidenced by the declaration of certain regions as air 

quality management priority areas. The declaration of these priority areas is largely 

dependent on whether ambient air quality standards are being exceeded or could be 

potentially exceeded in the area (Department of Environmental Affairs (DEA), 2011). The 

existence of any potential air quality threats is one of the criteria used in the declaration of 

priority areas. Three priority areas have declared in South Africa so far and these are the 

Highveld Priority Area, Waterberg-Bojanala Priority Area and the Vaal Triangle Priority Area 

(DEA, 2018). Anthropogenic sources of air pollution in these areas include industrial 

facilities, power generation, transport, agricultural activities and coal mining (DEA, 2011). 

 
Coal mining activities, particularly open cast mining, result in fugitive coal dust emissions. 

Fugitive coal dust and its associated negative impacts on health and the environment, has 

been an issue of concern in many parts of the world, particularly in communities that live 

close to coal mining operations (Ghose, 2002). Various perceptions and views exist on coal 

dust and impacts among various stakeholders. These perceptions and views include that 

coal dust is the only constituent of dust, significant proportions of dust are due to coal mining 

and that all black dust particulates are inhalable and respiratory coal dust, which will 

eventually culminate in adverse health effects (Warren et al., 2015). However, there are 

different constituents of black dust and these include black soils, mould, soot and rubber 

from tyres (Hatch et al., 2008). 

 

There are often challenges related to proving or disproving these perceptions or views. 

However, comprehensive analyses of collected dust samples can be undertaken for the 

identification, characterisation and quantification of the coal dust constituent. It is through 

such analyses that some of the perceptions about coal dust can be dispelled or 
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authenticated, resulting in common understanding and acceptance among stakeholders 

(Hartmann, 2016). The positive outcomes of the analyses will be that where air pollution 

impacts due to coal dust have been identified and authenticated, credible implementation of 

effective mitigation measures to reduce the impacts can be initiated (Cohen et al., 2010). 

 

Atmospheric composition studies have been undertaken in various parts of the world, with 

the main purposes including the identification, characterisation and quantification of ambient 

particulate matter. There are various reasons why such studies are undertaken and some 

of the underlying reasons include the fact that atmospheric PM may contribute to significant 

environmental and/ or air quality degradation, negative health impacts and transboundary 

pollution problems (Cohen et al., 2010). The mitigation of these impacts often requires 

comprehensive identification, characterisation and quantification studies to identify the 

sources of the particulate emissions or air pollutants (Ferreira et al., 2013). 

 

Particulates can either be derived or emitted from various sources which are normally 

differentiated as biogenic (natural) or anthropogenic (human) sources (Ferreira et al., 2013). 

However, anthropogenic activities contribute significantly to atmospheric pollution compared 

to the biogenic sources (Schwarz et al., 2008). The biogenic sources of particulate 

emissions include volcanoes, wildfires, sea salt sprayed into the atmosphere and windblown 

dust while the anthropogenic sources include agricultural activities, power generation and 

other fossil fuel combustion activities, transport-related emissions, construction activities, 

biomass burning, solid waste and industrial processes (Aneja et al., 2012; Seinfield et 

al.,1998).  

 

The components of atmospheric PM may include a significant amount of carbonaceous 

material generally differentiated between organic carbon (OC) and elemental carbon (EC) 

(Li et al., 2013) accounting for between 10% to 50% of atmospheric PM mass (Schwarz et 

al., 2008). Elemental carbon is generated predominantly from incomplete combustion while 

organic carbon consists of carbonaceous material emitted in particulate form and secondary 

organic carbon which is generated by atmospheric chemical and physical reactions 

(Seinfield et al., 1998). 

 

Mining is one of the anthropogenic sources of particulate matter emissions. Although the 

generation of particulate matter is associated with all types of mining activities, coal mining 
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has been identified as one of the contributors to ambient particulate matter emissions, 

particularly open pit coal mining (Gautam et al., 2012) through activities such as excavation, 

drilling and blasting, materials handling, wind erosion of stockpiles and open areas, vehicle 

entrainment of dust, processing plants, spontaneous combustion, crushing and screening 

(Chaulya, 2004). 

 

Fugitive coal dust emissions are a cause of concern from a government and public 

perspective, particularly so in communities living in proximity of the coal mines (Warren et 

al, 2015). Atmospheric dust contains various constituents and coal dust is only one of the 

constituents (Kunzli & Tager, 2000). However, the general perceptions or views have always 

been that a significant proportion of dust consists of fugitive coal dust which is respirable 

(Hartmann et al., 2016). Compounding these perceptions is that currently there is a relative 

level of difficulty in presenting dust analysis information in a manner which identifies and 

characterises the coal component of dust (Warren et al., 2015). 

 

Atmospheric PM of 10 μm or less (>2.5 μm) is also referred to as inhalable particulates and 

is of significant relevance with regards to human health effects (Albers et al., 2015; 

Kesavachandran et al., 2015; Kunzli & Tager, 2000). This inhalable particulate fraction of 

dust consists of particulates that can be breathed in and deposited into the nose or mouth 

(World Health Organisation (WHO), 2004). Atmospheric PM can also be defined as 

respirable (less than 2.5μm) and thoracic (below 10 μm) (Kim et al., 2015; Lipsky et al., 

2002). Respirable particulate matter is the fraction of inhaled atmospheric particulates which 

can penetrate further than the bronchioles into the gas exchange section of the lungs 

(Hartmann et al., 2016; WHO, 2004).  

 

 PROJECT RATIONALE 
 
Research studies have indicated that atmospheric PM concentrations are increasing in the 

atmosphere, particularly carbonaceous aerosols derived from anthropogenic activities which 

include industrial and chemical processes, power generation plants, mining and biomass 

burning. Given the negative health and environmental impacts associated with atmospheric 

PM, its characterisation has increasingly become critical. Attention has been directed over 

the years to carbonaceous aerosols which constitute a significant proportion of atmospheric 

PM and exhibit complex formation processes, atmospheric chemical and physical 
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transformation, various sizes and negative impacts on health and environment (Gieré & 

Querol, 2010). In addition, challenges associated with air pollution and general 

environmental degradation are increasingly intertwined with sustainability considerations 

and affect livelihoods and social well-being of the impacted communities.  

 

In South Africa, different sources of atmospheric PM exist, particularly in highly industrialised 

areas such as the Highveld Priority Area, parts of the Waterberg -Bojanala Priority Area and 

the Vaal-Triangle Airshed Priority Area (VTAPA). Sources of atmospheric PM in these 

priority areas include anthropogenic activities such as power generation, industrial 

processes, vehicle emissions and biomass burning (DEA, 2011). The characterisation of 

atmospheric PM and the identification of the different anthropogenic sources of atmospheric 

PM in such areas is crucial. This is especially the case given that exceedances of the 

National Ambient Air Quality Standard for PM10 have been recorded in these priority areas. 

Given that atmospheric PM contains a significant fraction of carbonaceous species, it is 

important to characterise and differentiate between the different forms of carbon in 

atmospheric PM samples for the purposes of source identification, source apportionment 

and application of mitigation measures and environmental and health management.  

 

Given that coal mining has been identified as one of the contributors to atmospheric PM in 

South Africa, particularly in the Highveld region of Mpumalanga, it is important that air quality 

management measures take into consideration research information based on the 

characterisation of coal dust and other carbonaceous particulates, especially in communities 

located adjacent to coal mining operations. This is critical for the determination of its 

concentration (particulate mass), chemical composition, sources of emissions, compliance 

and health risks assessments and effective mitigation measures.  

 PROJECT AIM AND OBJECTIVES 

The aim of the research study is the characterisation of atmospheric PM from opencast coal 

mines and adjacent communities through the application of various microscopic, 

spectroscopic, thermogravimetric and thermal optical techniques with the following 

objectives;  
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 To distinguish carbon from coal mining and carbon from other sources such as 

biological and combustion sources in coal mining regions, i.e characterisation of the 

carbonaceous component (EC and OC) of atmospheric PM; 

 Contribution to knowledge on the characteristics of the carbonaceous component of 

atmospheric PM from coal mining regions and adjacent communities, including the 

identification of coal dust and non-coal dust particulates. 

 

 Knowledge Gap and Problem Statement 
 
It is envisaged that the study will bridge some of the knowledge gaps associated with the 

origin of atmospheric PM found in communities located adjacent to coal mining operations. 

Currently, in coal mining regions, there are open discussions on the origin of atmospheric 

particulates found in these regions. However, there is no factual evidence that these 

particulates originate from coal mining activities since their composition is similar to that of 

particles emanating from other human activities within these regions. 

 

 Hypothesis 
 

The hypothesis is that the properties of the carbon content of the particulates, along with 

their morphological characteristics, such as size and shape, will segregate atmospheric 

particulates from opencast coal mining and adjacent communities.  

 

 CONTRIBUTION TO SCIENCE 

 
The research study investigated the application of eight different locally available techniques 

for the characterisation of atmospheric PM. Some of these had not previously been applied 

for the characterisation of the carbonaceous component of atmospheric PM samples, or to 

individual atmospheric particles, the collection of which was made possible by the 

application of passive monitoring techniques not previously applied in this sector. It 

concludes that no single technique is available to unambiguously identify particulates arising 

from coal mining and other human activities, but that a combination of thermal optical 

methods and IRMS, with corroboration from some of the other techniques such as SEM-

EDS, will enable the identification and determination of the origin of atmospheric particulate 

PM found in coal mining regions. The application of these techniques enables the 
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contribution of coal mining activities to the atmospheric particulate load in coal mining areas 

to be quantified. 
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2 LITERATURE REVIEW 

 Introduction 

 
In South Africa, coal is a significant source of primary energy and plays a pivotal role in 

powering the country’s economy, including job creation. It is seen as one of the means of 

meeting the goals of the National Development Plan-2030 (Department of Energy (DoE), 

2015), which include the elimination of poverty and reduction of inequality by 2030 (National 

Planning Commission (NPC), 2010) which require rapid economic growth.  

 

Coal mining and other industrial activities such as power generation, primary metal 

production, petrochemical facilities and smelters contribute to air pollution and pose a threat 

to the environment (DEA, 2011). Environmental degradation poses health risks to 

communities adjacent to these industrial activities and negatively impacts on efforts to 

achieve sustainability and sustainable livelihoods. To deal with environmental degradation 

caused by industrial activities, South Africa has developed the National Environmental 

Management Act (NEMA) (Act 14 of 2009), which is the overarching and framework for 

various pieces of legislation that address the management of critical resources such as air 

quality, water and biodiversity (DEA, 2011). 

 

Despite the development and implementation of this legislation, environmental pollution is 

still a huge challenge in the country, with growing public concern in regions were industrial 

activities are concentrated. Coal mining has been identified as one of the contributors to air 

pollution in regions that are dominated by this activity. These include the Highveld Priority 

Area, where there are growing concerns on the health and environmental impacts 

associated with air pollution due to coal mining and other industries. (DEA, 2011). As far as 

the problem of air pollution and coal mining is concerned, the public concerns have been 

guided by perceptions, facts and conflicts. Compounding the problem, has been the lack of 

detailed information on particulate matter, including coal dust. To date, few research studies 

have been conducted on the characterisation of coal dust and atmospheric PM in general.   

 

This research study therefore focuses on the characterisation of atmospheric PM and coal 

dust, particularly PM10, from coal mines and adjacent communities given that it is one of the 

most significant pollutants emitted from coal mining regions and has direct effects on human 
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health and the environment. This information could be of great interest to the public in 

general, communities adjacent to coal mining activities, health practitioners, government 

authorities, atmospheric chemists and the coal industry. The coal mining industry could 

further apply information on particulates and coal dust for the purposes of air quality 

management planning, occupational health and community health. 

 

 Atmospheric Particulate Matter 

 
Atmospheric PM is a mixture of fine and coarse aerosols in solid and/or liquid form. The 

solid component of aerosols is often referred to as airborne particulates or dust (Chatterton 

et al., 2002; Gautam, 2012; Perrino, 2010;). Although reference is often made to solid 

particles being PM, atmospheric aerosols are very complex mixtures of particles from 

diverse natural and anthropogenic (human) sources, with considerable variations in size and 

physico-chemical properties (Laskin et al., 2012). This is particularly evident in urban 

aerosols and is due to the diverse and numerous emission sources, photochemical 

reactions, high concentrations, transboundary pollution and regional impacts (Roy & Singh, 

2014). Characteristic aerodynamic diameters or sizes of atmospheric PM can range from 

nanometers to tens of micrometres (µm) and these include fine atmospheric PM with 

aerodynamic diameters of 2.5 or less (PM2.5), coarse atmospheric PM with aerodynamic 

diameters of 10 µm or less (PM10) (Gautam et al., 2012). Atmospheric PM between 10-

30 μm and above are known as total suspended particulate matter (TSP) (Roy & Singh, 

2014). 

 

Various physico-chemical factors influence the dispersion of PM in the atmosphere. These 

include the nature of particles, their size, shape and density (Kantova et al., 2017). 

Atmospheric meteorological conditions such as wind speed, wind direction and atmospheric 

stability, also influence the dispersion of PM in the atmosphere (Gautam et al., 2012). Fine 

atmospheric PM can be suspended in the atmosphere for longer periods of time and can be 

transported for long distances, which may result in transboundary air pollution (Menon et al., 

2008). 

 

Atmospheric PM is a significant air pollutant which is also a central component of the 

atmosphere, biological systems and biogeochemical cycles (Baltensperger, 2007; Bloss, 

2014). Due to the critical role that atmospheric PM plays in air quality degradation, various 



 

12 
 

studies have been undertaken in different fields, including environmental and health 

sciences, on the physico-chemical properties of atmospheric PM, gas-particle chemical 

atmospheric reactions, environment-atmosphere interactions and the impact on human 

health and climate change (George & Abbat, 2010). In summary, atmospheric PM can be 

classified based on its source, size, mode of formation and effects (Figure 1) (Gautam et al., 

2016).  

 

 

Figure 1: Classification of atmospheric PM (Gautam et al., 2016). 
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 SOURCES OF ATMOSPHERIC PARTICULATE MATTER 

 
Sources of atmospheric PM are generally classified as natural and anthropogenic. Natural 

sources include volcanic emissions, wildfires, sea spray, wind erosion of open areas, while 

anthropogenic sources include industrial processes, fossil fuel burning, biomass burning, 

vehicle or transport related emissions (D'Almeida et al., 1991). The direct emissions of 

particulates into the atmosphere results in primary particulates, while secondary particulates 

are formed due to the oxidation of gas-phase primary pollutants or from the condensation of 

semi-volatile species (Anderson et al., 2012). The contribution of natural sources to 

particulate emissions is not overly significant and is not of major concern as they are part of 

the natural environment equilibrium (Popescu & Ionel, 2010). On the other hand, 

anthropogenic emissions contribute significantly to atmospheric pollution and are of major 

concern due to the increase in the number of anthropogenic sources of emissions and 

associated pollutant concentrations in the atmosphere, which are mainly driven by an 

increasing global population and energy demand (Bray et al., 2017). 

 

Fine particulate matter (PM2.5) is mainly generated by combustion processes such as fossil 

fuel combustion for power generation purposes, vehicle or transport emissions and industrial 

processes such the smelting of ore and metals (D'Almeida et al., 1991). It is also generated 

by sources such as biomass burning, open burning of waste, vehicle emissions and 

domestic fuel burning (Andrade et al., 1993). Domestic fuel burning of coal in South Africa 

is largely undertaken in Mpumalanga due to the abundance of coal and its relatively low 

price (Balmer, 2007; Naidoo et al., 2015). Coal is used for cooking and space heating, 

particularly in the winter months (Makonese et al., 2016). In the Limpopo Province, wood is 

the main domestic fuel used for space heating and cooking, although coal is used in areas 

where it is abundant. The combustion of these fuels is carried out using simple devices or 

coal stoves and imbawula (brazier) which are inefficient as they do not result in full 

combustion of the fuel (Makonese et al., 2016). This incomplete combustion results in the 

release of a mixture of pollutants such as fine and coarse atmospheric PM, gaseous 

chemical species such as SO2 and PAHs (Balmer, 2007; Naidoo et al., 2015). 

 

Coarse particulates are derived from various sources such as mining, construction, 

agricultural activities, soil dust and unpaved roads (Andrade et al., 1993; Chow et al., 1992). 

Atmospheric PM contains significant amounts of carbonaceous components in the form of 
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brown /organic carbon (OC) and elemental carbon (EC) (D'Almeida et al., 1991). 

Carbonaceous atmospheric PM is generally divided into three categories i.e OC, EC and 

carbonate carbon (CC) (Zhang et al., 2017). Carbonate carbon is much less common in the 

atmosphere and is usually attributed only to local sources (Karanasiou, 2015). Primary 

organic carbon consists of carbon that is directly released to the atmosphere as particulates 

(Klejnowski et al., 2017). Organic carbon can also be formed through the photolysis of gas-

phase material, resulting in the formation of secondary organic aerosols (Karanasiou, 2015; 

Klejnowski et al., 2017). Elemental carbon is derived from incomplete combustion and its 

sources are predominantly anthropogenic (Contini et al., 2018; Karanasiou, 2015). However, 

there are challenges associated with techniques that are commonly applied for the purposes 

of determining OC and EC, which can only provide information on operationally defined 

quantities of BO or EC (Karanasiou, 2015). 

 

Natural sources also contribute to fine PM emissions and these sources include volcanic 

emissions, biomass burning and windblown dust (Cohen, 2002). The sources of windblown 

dust include local and regional sources which contribute to atmospheric particulate loading 

(Al Ameri et al., 2019; Kohfeld & Harrison, 2001). Various regional sources and 

transportation mechanisms occur. Wind-blown dust in the form of atmospheric dust storms, 

is transported from various regions (Engelstaedter et al., 2006; Goudie & Middleton, 1992). 

Atmospheric dust storms are visible from space and images of dust storms clearly indicate 

evidence of their contribution to atmospheric dust loading (Kohfeld & Harrison, 2001; Tegen 

et al., 2002). Large quantities of atmospheric dust originate from sparsely vegetated regions 

such as deserts (arid and semi-arid) (Figure 2) (Tegen et al., 2002). Deserts located in 

northern Africa such as the Sahara and deserts located in the Middle East produce most of 

the dust with a contribution of 70% to global annual dust emissions (Al Ameri et al., 2019; 

Engelstaedter et al., 2006). Other dust generating regions include Australia and Asia (Tegen 

et al., 2002). Dust plays a critical role in the climate system, a role which is evident in its 

effects on cloud formation and atmospheric energy balance through absorption and 

scattering of solar energy (Goudie & Middleton, 1992; Kohfeld & Tegen, 2007). Atmospheric 

chemical transformation of dust occurs when dust particulate surfaces become coated with 

soluble nitrate and sulphate species (Albarakat & Lakshmi, 2019; Tegen et al., 2002). The 

extent or degree to which natural and anthropogenic soil dust influences the climate system 

and the distribution of dust storms from a global perspective have been continuous subjects 

of research. However, very few studies exist on the global distribution of dust storms (Tegen 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Albarakat%20R%5BAuthor%5D&cauthor=true&cauthor_uid=31450642
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lakshmi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=31450642
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et al., 2002). One such study was undertaken by Engelstaedter et al (2006) and the study 

focused on the use of climatological average of annual dust storm frequency (Figure 3). 

Simulated dust concentrations in South Africa range from 3 to 80 µg/m-³, with high 

concentrations in the north, north western and north eastern parts of the country. The 

Limpopo and Mpumalanga Provinces are within the areas of the country whose particulate 

loading is impacted by dust storms. 

 

 

Figure 2: Sahara dust storm satellite images (March 2004) (a) Sahara dust storm across 
Mauritiana and Mali (morning) (b) Sahara dust storm across Mauritiana and Mali 
(afternoon) (Tegen et al., 2002). Images acquired by the Moderate Resolution 
Imaging Spectroradiometer (MODIS) (NASA Visible Earth Observatory, 2006). 
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Figure 3: Frequency of annual dust storms (days per year) averaged from 1971- 1996 
(Engelstaedter, et al., 2006) (Tegen et al., 2002). 

 

 Modes of Atmospheric Particulate Matter Formation 
 
Atmospheric PM can be chemically transformed through complex and diverse reactions in 

the atmosphere (Cohen, 2010). The continuous evolvement of particulates in the 

atmosphere due to physical and chemical transformations results in ‘atmospheric aging’ 

(Gieré & Querol, 2010). The tropospheric and stratospheric chemical reactions are complex 

as photochemical reactions can occur (Tsiouri, et al., 2014), with the potential to produce 

radicals which have a high affinity to further react with other pollutants (Lagzi et al., 2014).  

The generation process of atmospheric PM has a great influence on particle sizes. There 

are three different modes of particle formation (Tsiouri, et al., 2014). These include the 
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nucleation mode or ultrafine particle mode, accumulation mode and the coarse mode (Figure 

4) (Gieré & Querol, 2010; Perrino, 2010). This trimodal size distribution is mainly observed 

in the lower atmosphere (Bloss, 2014). Particles generated through the nucleation mode 

have aerodynamic diameters of below 0.1 microns (μm) and are mainly formed by 

combustion processes and homogenous nucleation of precursor gases on the surface of 

pre-existing particles (John, 2001; Tsiouri, et al., 2014). Particles formed though the 

accumulation mode are in the range of 0.1- 1 μm and are formed due to the coagulation of 

particles in the nucleation mode and the condensation of gaseous species on the surface of 

pre-existing particles (Lagzi et al., 2014). Mechanically generated primary particles are 

emitted in the coarse mode, are emitted from sources such as mining and erosion and have 

aerodynamic diameter of more than 1 µm (Kohfeld & Tegen, 2007; Perrino, 2010). 

 

A comparison of the composition and sources of fine and coarse atmospheric PM is shown 

in Table 1 below. 

 

Table 1: Composition and sources of fine and coarse atmospheric PM (Perrino, 2010). 
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Figure 4: (A)Typical size distributions of the number (nN, magenta line) and the volume (nV, 
purple line) of atmospheric particles per cm³ of air (Gieré & Querol, 2010). Particles 
sources shown in grey ellipses; particle formation processes shown in white rectangles 
and associated arrows in A; particle removal processes in B. C shows respiratory tract 
areas where inhaled particulate matter is preferentially deposited. 
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 Atmospheric Particulate Matter Shape and Form 
 
Atmospheric PM is also characterised by different shapes which can be viewed 

microscopically (Gieré & Querol, 2010). The physical properties of atmospheric PM are key 

in their characterisation, identification of their sources, potential health risks and mitigation 

measures (Aneja et al., 2012). With regards to the health risks, the shape and diameter of 

PM can be pivotal in determining issues related to inhalation, respiration and deposition of 

the PM in the respiratory system (Gieré & Querol, 2010). Information on the shapes and 

diameters of PM can be obtained through microscopic analysis of particulate samples with 

an electron microscope (Cavalli et al., 2016); examples are shown in Figure 5 below. The 

microscopy information can then be applied for the identification of potential sources and 

exposure estimation (Ebert et al., 2004; Ličbinský et al., 2010). 

 

 

Figure 5: Scanning electron microscopy photomicrographs of various particulates (Gieré and 
Querol, 2010). (A) Soot particles (B) Calcium sulphate crystals derived from combustion 
(C) Plagioclase and magnetite spheres derived from combustion (D) Clay and calcite (E) 
Diatoms (F) Illite (G) Pollen (H) Spores (I) Brochosomes  
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 Atmospheric Residence Time of Particulate Matter  
 

The residence time of atmospheric aerosols is dependent on their physico-chemical 

properties and on altitude (Figure 6) (Jaenicke, 1980; Perrino, 2010). Smaller particles have 

very short atmospheric residence times (minutes to a day) due to efficient removal through 

coagulation with other particles (Lipsky et al., 2002). Sedimentation, the rapid removal of 

particles from the atmosphere through gravitational effects, results in short residence times 

for coarse or large particles (Gatari et al., 2006). Longest residence times are associated 

with particles in the accumulation mode (average of 1 week to 10 days) (Pokorná, et al., 

2012). This is because sedimentation (and Brownian diffusion to a lesser extent) are the 

methods of removal of these particles (Jaenicke, 1980). Instead, wet deposition is the 

predominant mechanism of removal of coarse particles in the atmosphere (John, 2001; 

Lagzi et al., 2014). The number, surface or volume of particles generally define their 

distribution in the atmosphere (Lagzi et al., 2014).  

 

Fine particles are associated with residence times of days to weeks and this can result in 

local air pollution issues, which in turn, have the capability of being transformed to regional 

or global issues (Figure 7) (Cohen et al., 2004; Tegen & Kohfeld, 2006). This is because 

these particles can potentially result in transboundary air pollution in other regions or 

countries and have global climate change implications (Gatari et al., 2006). 
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Figure 6: Number, surface and volume distributions of aerosol particles) (Lagzi et al., 2014). 
(The areas below the curves correspond to the total aerosol number, surface and 
volume, respectively). 
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Figure 7: Atmospheric lifetime of different particle sizes at different levels of the atmosphere 
(Jaenicke, 1980). 

 

 Atmospheric Particulate Matter Health Impacts 
 
Atmospheric PM is increasingly becoming a critical issue due to its impacts on human health, 

the environment and its associated financial and socio-economic burdens (Anderson et al., 

2012; Panyacosit et al., 2000; Smith, 1993). Atmospheric PM of 10 μm or less is also 

referred to as inhalable particulate and is of significant relevance with regards to human 

health effects (Albers et al., 2015; Kesavachandran et al., 2015; Kunzli & Tager, 2000). 

Particulate matter can also be classified as respirable (less than 2.5μm) and thoracic (below 

10μm) (Kim et al., 2015; Lipsky et al., 2002). The typical curves that define inhalable, 
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thoracic and respirable PM are shown in Figure 8 (United Kingdom (UK) Department of the 

Environment ,1993). 

 

 

Figure 8: Typical curves for inhalable, thoracic and respirable particulate matter (The U.K. 
Department of the Environment ,1993). 

 

The effects of atmospheric PM on health is dependent on particulate size, chemical 

composition and shape (Barraza, 2018). Particulate size is a determinant of the deposition 

areas of atmospheric PM in the respiratory system upon inhalation (Anderson et al., 2012). 

In the lungs, PM10 can penetrate the bronchi while PM2.5 can enter the circulatory system 

(Dockery & Stone, 2007). In addition, there is significant evidence that indicates that fine PM 

of 2.5 μm or less, contributes significantly in the observed health impacts (Jimoda, 2012). 

This is due to the deposition of these particulates in the lower respiratory system, i.e bronchi 

walls, while the coarse particles are effectively removed from the respiratory system via the 

muco-ciliary elevator mechanism (Dockery & Stone, 2007; Kim et al., 2015). For particulates 

smaller than 0.1 μm, Brownian motion is the main mode of movement and deposition occurs 

in the bronchi (Spengler et al., 1990). Particulates of between 0.1 -1 μm are too large for 

Brownian motion and are not trapped in the trachea because of their size (Kesavachandran 

et al., 2015). Hence, deposition in the lungs is their final fate (Kim et al., 2015).  
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Penetration of the respiratory tract by these particles reaches as far as the alveoli, which are 

located deep within the lungs (Figure 9) (Barraza, 2018; Stern et al., 1984). The penetration 

process is dependent on the particle diameter size (Table 2) (Spengler et al., 1990; Stern et 

al., 1984). Particulate deposition in various parts of the respiratory system is also dependent 

on size (Roy & Singh, 2014; Nagar et al., 2014; Panyacosit, 2000). 

 

 

Figure 9: Respiratory tract and PM size classification (Barraza, 2018). 

 

Table 2: Respiratory system penetration vs. particle size (Spengler et al., 1990). 
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Multiple epidemiological studies with varying populations, methodologies and regions have 

demonstrated a dose-dependent relationship between PM concentrations and observed 

human health impacts (Stern et al., 1984; Johnston, 2000). Atmospheric PM contributes 

significantly to increase in the risk of respiratory diseases, cardiovascular diseases and 

mortality, especially in vulnerable groups such as newborns, the elderly, children and 

pregnant women (Anderson et al., 2012; Dockery et al., 1994; Kim et al., 2015; Li et al., 

2015; Nagar et al., 2014; Panyacosit et al., 2000; WHO, 2006). In addition, epidemiological 

studies indicate that the removal of people exposed to a PM rich environment to one that is 

not, reduces the prevalence of respiratory and cardiovascular diseases (Kunzli & Tager, 

2000; Panyacosit et al., 2000). 

 

Epidemiological studies also indicate that atmospheric PM continues to be the constituent 

of air pollution that is most reliably associated with health impacts (Kim et al., 2015; 

Anderson et al., 2012). In addition, there is adequate and consistent data that demonstrates 

the effect of PM on the cardiovascular system (Nagar et al., 2014; Ward & Sua´rez-Ruiz, 

2008). It has also been demonstrated that populations that are subjected to long term 

exposure to PM emissions tend to exhibit significantly higher cardiovascular incident and 

mortality rate. The United States Environmental Protection Agency (USEPA) has developed 

a list of short and long-term impacts of PM based on various epidemiological studies 

undertaken in the United States (Table 3) (USEPA, 2009).  

 

Atmospheric particulate matter characteristics are not the only factors that determine the 

nature and severity of human health impacts (Mannucci & Franchin, 2017). The human and 

environment components are also critical as they dictate the frequency and type of the 

observed health impacts (Smith, 1993). The physical characteristics of the person exposed 

to atmospheric PM pollution, breathing mode, rates and volume are among the determinants 

of health impacts (Lim et al., 2012). The local conditions such as weather, topography, 

seasons, particulate sources, particulate concentrations are also important determinants of 

health impacts (WHO, 2016). These components determine exposure rate and 

effectiveness, i.e particulate matter concentration that is breathed in and the received 

dosage (Dockery et al., 1994; Smith, 1993).  

 

According to a Global Burden of Disease Study 2010 study findings by Lim et al., (2012), 

ambient PM pollution accounted for an average of 3.1 million deaths and 3.1% of global 
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disability-adjusted life years (DALYs) and household air pollution for 3·5 million deaths and 

4·5% of global DALYs in 2010 The global proportion of ischaemic heart disease disability-

adjusted life-years attributable to ambient particulate matter is 22% and 18% for household 

air pollution from solid fuels (Table 4). 

 

The burdens associated with atmospheric PM i.e, human, environmental and socio-

economic, are largely felt in the developing countries, particularly in low income areas 

(Mannucci & Franchin, 2017; WHO, 2016). According to the WHO, more than 80% of urban 

dwellers are exposed to air quality levels which exceed the WHO 24 hour (daily) and annual 

limits (Table 5, Table 6 and Figure 10). The decline in urban air quality has resulted in 

increases of chronic and acute respiratory diseases, cardiovascular diseases, lung cancer 

and risk of stroke (WHO, 2016). 
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Table 3: Consequences, deposition and sources of PM10 and PM2.5 inhalation (USEPA, 2009). 
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Table 4: Proportion of ischaemic heart disease disability-adjusted life-years attributable to 
individual risk factors, worldwide, 2010 (Lim et al., 2012). 

 

 

 

 

 

 

 

 



 

29 
 

Table 5: WHO Air Quality Guidelines and Interim Targets for Particulate Matter (24 hour 
Mean Concentrations) (WHO, 2006). 

 
 

Table 6: WHO Air Quality Guidelines and Interim Targets for Particulate Matter (Annual 
Mean Concentrations) (WHO, 2006). 
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Figure 10: PM10 levels by region (WHO, 2016) (AFR: Africa; AMR: America; EMR: Eastern 

Mediterranean; EUR: Europe; SEAR: South‐East Asia; WPR: Western Pacific; LMCI: 
Low‐ and middle‐income countries; HIC: High‐income countries. 

 
Given, this background and the fact that PM10 levels in most African countries exceed the 

WHO PM10 daily or 24-hour mean guideline of 50 μg/m3, intensified air quality management 

measures, research studies on PM10 and PM2.5 health and environmental impacts should be 

undertaken (WHO, 2016). However, the assessment of the potential environmental and 

health effects of atmospheric PM in ambient air requires detailed chemical, physical and 

morphological characterisation of the particulates, which is the purpose of this research 

study. 

 

 Other Impacts of Atmospheric Particulate Matter 
 

Atmospheric particulate matter influences climate through the absorption and scattering of 

solar radiation (Cohen, 2010; Lipsky et al., 2002). Particulates can also act as condensation 

nuclei in the atmosphere and therefore play an important role in cloud formation processes 
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(Perrino, 2010). They also play an important role in atmospheric chemistry by enabling the 

occurrence of heterogenous reactions (Capes et al., 2009). This influence on solar radiation 

has significant consequences on the radiation budget and climate. Fossil fuel soot, biomass 

burning, sulphate aerosols and black carbon contribute to particulate radiative forcing 

properties (Penner et al., 1993).  

 

The US National Aeronautics and Space Administration (NASA) indicated that about 8000 

kilotonnes of black carbon are emitted globally per annum and that developing countries are 

responsible for 77% of these emissions through sources such as open burning of waste, 

biomass burning, diesel engines which are old and domestic cookstoves (Figure 11) (NASA, 

2013). This data is based on long simulation campaigns by NASA’s Goddard Earth 

Observing System Model, Version 5 (GEOS-5), a system of models which uses aerosol 

processes’ data obtained from Goddard Global Ozone Chemistry Aerosol Radiation and 

Transport (GOCART) model (Colarco et al., 2010; Putman & da Silva, 2013). Aerosol 

processes modelled by the GOCART models include tropospheric mixing, emissions, 

deposition and chemistry of key aerosols such as black carbon, dust and sulphates found in 

the troposphere (NASA, 2013; Forster, 2007). Given the complexities associated with black 

carbon and atmospheric interactions, models improve the ability of understanding black 

carbon, atmospheric processes, climate change and the possible mitigation measures and 

strategies (Colarco et al., 2010; Forster, 2007).  

 

The atmospheric oxidation of air pollutants such as sulphur dioxide (SO2), carbon dioxide 

(CO2) and nitrogen oxides (NOx) results in the formation of sulphates, carbonates and 

nitrates, respectively (Adams et al., 1999). These substances can be removed from the 

atmosphere through wet and dry deposition, leading to the formation of acids which can 

impact soils and vegetation through acidification and eutrophication (Lipsky et al., 2002; 

Szmigielski, 2012). Buildings and other man-made surfaces can also be impacted by 

acidification, resulting in financial impacts related to repairing and restoring infrastructure 

(Hamilton & Mansfield, 1993). Eutrophication is a global concern, as nutrient enriched water 

bodies promote the growth of aquatic plants, resulting in deoxygenation of water and oxygen 

deficiency which kills aquatic organisms (Adams et al., 1999). 

 

Other impacts of atmospheric PM include reduction in visibility due absorption and scattering 

of light in the atmosphere (Capes et al., 2009). 
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(a) 

 

(b) 

Figure 11: Black carbon aerosol optical thickness and aerosol optical thickness of dust 
(NASA, 2013) (a) Black carbon aerosol optical thickness (b) Aerosol optical thickness 
of dust (red-orange), black and organic carbon (green), sea salt (blue) and sulphates 
(white), from a 10 km resolution GEOS-5 "nature run" using the GOCART model. 
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 COAL MINING  

 Coal Mining and Energy Supply 
 
Globally, coal mining has been identified as one of the anthropogenic sources of 

atmospheric PM (Patra et al., 2016). Concerns about air pollution from coal mining, 

particularly coal dust, have been traced as far back as the Industrial Revolution which took 

place from the 18th to 19th century (Hanlon, 2016). These concerns still exist in the modern 

era and the dilemma is that large amounts of coal are currently being mined globally to meet 

the ever- growing demand for energy (Ghose & Majee, 2007; Lei et al., 2014). This growing 

demand for energy is in turn fueled by other factors such as economic growth and population 

growth (Gautam et al., 2016). This scenario has led to on-going debates about the ever 

contesting environmental and economic development issues (Ward & Sua´rez-Ruiz, 2008). 

 

Coal is a fossil fuel that has historically been used for a variety of domestic and industrial 

purposes (Ghose & Majee, 2007). The versatility of coal has also been evident in its 

essential role in the global energy mix as one of the main fuels for power generation 

purposes (Ward & Sua´rez-Ruiz, 2008). In some parts of the world, particularly in developing 

countries such as China, India and South Africa, coal use continues to increase as coal is 

considered as a critical element in powering these economies (Lei et al., 2014; International 

Energy Agency, 2016). This is because energy is an enabler of development and 

accessibility to a reliable and affordable source of energy is critical in today’s modern world 

(World Coal Association, 2018). 

 

For billions of people around the world, coal continues to be a major source of energy and 

it is the second‐largest source of primary energy, providing more than 27% of total energy 

demand, while petroleum which is rated first, provides 33% of the total energy demand 

(International Energy Agency, 2017; Kim et al., 2015). 21% of the total energy demand is 

supplied by natural gas. In total, fossil fuels supply 81% of the world’s primary energy 

demand. The energy supply from other sources include 10% from biomass, 6% from nuclear 

and 2% from hydro. Renewable energy supplies less than 2% of global energy requirements 

(International Energy Agency, 2017). 

It is envisaged that with the current levels of development, affluence, population growth and 

urbanisation, future energy demand will exceed supply and that fossil fuels will continue to 

be the dominant source of energy for some economies in the coming decades (Kim et al., 
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2015; World Coal Association, 2018). A comparison of prices of fossil fuels indicates that 

coal is generally cheaper, more abundant and the most competitive economically, compared 

to oil and natural gas (International Energy Agency, 2016). This low-cost advantage of coal 

has resulted in both developed and developed countries using coal for the large-scale 

provision of cheaper electricity (Ward & Sua´rez-Ruiz, 2008). From an infrastructure point 

of view, coal’s uses include cement manufacturing and steel production (metallurgical coal). 

Steel is used in many applications and is one of the most important industrial construction 

materials for i.e. bridges, buildings and pipelines (International Energy Agency, 2016). Coal 

can be converted into liquid fuels while several by-products can be produced from coal. 

These include solvents, dyes and plastics (World Coal Association, 2018). 

The total world coal production and consumption figures from 1971 to 2016 are shown in 

Figure 12 and Figure 13 respectively. According to the International Energy Agency, 

historically there has been a steady increase in coal production, with a decline only from 

2014 to 458 megatonnes (Mt) in 2016. This decline was attributed to factors which include 

quotas for mine operating timeframes in China due to the high air pollution levels, especially 

for particulate matter, in that country (International Energy Agency, 2016). Environmental 

and health concerns and changes in the political climate have also resulted in a negative 

reputational image for the coal industry (Ward & Sua´rez-Ruiz, 2008). The contribution of 

the coal sector to climate change as a result of direct and indirect greenhouse gas 

emissions, mainly from power generation, has resulted in further scrutiny of the industry 

(Ward & Sua´rez-Ruiz, 2008). In 2007, the International Energy Agency stated that in 2004, 

among the fossil fuels, coal became the most significant source of anthropogenic carbon 

dioxide (CO2) emissions, overtaking oil and natural gas emissions sources (International 

Energy Agency, 2007).  

 

The expected energy demand forecast to 2050 in South Arica is shown in Figure 14. The 

Department of Energy is forecasting an increase in energy demand going forward and this 

has implications in terms of the country’s energy mix (Department of Energy, 2019). 
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Figure 12: World Total Coal Production from 1971 to 2016 (International Energy Agency, 
2017). 

 

 

Figure 13: World Coal Consumption from 1971 to 2016 (International Energy Agency, 2017). 
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Figure 14: Expected electricity demand forecast for South Africa to the year 2050 
(Department of Energy, 2019)  

 

Climate change is one of the most significant global threats to sustainability and humanity 

(Edwards, 2003; United Nations Environment Programme (UNEP), 2018; WHO, 2003; 

WorldWatch Institute, 2018). Climate change has potential impacts for water security, 

energy security, agricultural productivity, biodiversity, infrastructure, financial flows and 

economies, rising temperatures, droughts, floods, changing migration patterns, global 

security and health (Durant et al., 2011; Muenstermann, 2012; WorldWatch Institute, 2018).) 

The climate change pathways and impacts on health are shown in Figure 15 (WHO, 2003). 

Climate change will also undermine global efforts of achieving the United Nations 

Sustainability Goals (SDGs) and efforts to reduce poverty (United Nations Environment 

Programme, (UNEP) 2018).  
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Figure 15: Climate change pathways and effects on human health (WHO, 2003). 

 

Global efforts have been directed towards mitigation, adaptation to ensure resilience to the 

negative impacts of climate change, and transitions to low carbon economies (Wei et al., 

2016). The mitigation measures include decarbonisation of economies through reviews of 

the energy mix, implementation of sustainable energy policies, market incentives, renewable 

energy programmes and market-based cap and trade systems for carbon emissions (Durant 

et al., 2011).  

 

Energy efficiency is widely recognised as a key mitigation option for the reduction of 

greenhouse gas emissions and for the transition of countries to low carbon economies (Wei 

et al., 2016). Although there has been a significant uptake of renewable energy technologies 

such as wind and solar photovoltaic energy (PV), there has been slow uptake of key 

technologies for energy and carbon emission savings such as carbon capture and storage 

(CCS) (International Energy Agency, 2017). 

 

However, the entry into force of the Paris Agreement in 2016, was a huge international 

milestone for global efforts to tackle climate change and the deployment of renewable 

energy technologies (Weis et al., 2016). The Paris Agreement is an agreement within the 

United Nations Framework Convention on Climate Change (UNFCCC) which addresses 

climate change mitigation, adaptation and finance (UNEP, 2018). One of the main objectives 

of the agreement is to keep global warming levels well below 2 degrees Celsius (2°C), 

https://en.wikipedia.org/wiki/United_Nations_Framework_Convention_on_Climate_Change
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preferably limiting the warming to 1.5 degrees Celsius(1.5°C). Individual countries are 

expected to table mitigation measures or nationally determined contributions (NDCs) which 

will be reviewed at least every five years (United Nations, 2015).  

 

South Africa is a party to the Paris Agreement and the SA government, through the national 

Department of Environmental Affairs, has initiated various policies and instruments aimed 

at climate change mitigation and adaptation (DEA, 2018). The policies and instruments 

aimed at greenhouse gas emitting industries and other stakeholders, include carbon 

budgets, carbon tax, greenhouse gas reporting, Pollution Prevention Plans for greenhouse 

gas emissions, carbon offsets and the draft National Climate Change Bill (DEA, 2018). 

 

However, the impacts of the various global climate policies have been widely debated with 

views that economic development in developing countries will be highly impacted by these 

policies as most of these countries are dependent on fossil fuels such as coal to power their 

economies and social development (Ahuja & Tatsutani, 2009; Shukla, 2019). It is further 

argued that these countries do not have the financial and technological means to transition 

to low carbon technologies and economies (Smit & Pilifosova, 2003). The rate of 

technological transfer and financial assistance by developed countries to the developing 

countries for the purposed of climate change mitigation and adaptation has been deemed 

to be very low (International Energy Agency, 2016). 

 

Climate change also presents different risks and opportunities to many industries, 

particularly fossil fuel-based industries such as coal mining (Task Force on Climate Related 

Financial Disclosures (TCFD) 2017a, 2017b; Forster, 2007; Shukla, 2019). The TCFD was 

formed by the Financial Stability Board (FSB) in December 2015 to address climate change 

impacts on businesses and the global financial system through disclosure (TCFD, 2017a). 

The risks to businesses which have been documented by the TCFD include the following; 

 

 Reputational risks associated with the failure to deliver on the expectations of 

investors and other key stakeholders; 

 Physical risks such as flooding and other extreme weather events which can 

potentially destroy infrastructure, disrupt operations and supply chains, negative 

impacts on workforce health and well-being; 
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 Financial risks associated with the disruption of operations, physical damage of 

infrastructure and high insurance costs; 

 Regulatory risk due to increasingly stringent climate policies and regulations; 

 Market risk due to a shift in consumer behaviour, decline in product demand due to 

product preference shifts (Figure 16) (TCFD, 2017a,b; Tyagi, 2018). 

 

However, there are also opportunities for organisations or industries that can be potentially 

impacted by climate change. These opportunities include new markets for new products and 

technologies, resource efficiency and new energy sources (TCFD, 2017a). 

 

 

Figure 16: Organisational climate related risks and opportunities. 

 
Whether coal will remain a fuel of choice in future will depend on the design and 

implementation of policy measures that are meant to drive low carbon emissions energy 

technologies, energy efficiency, the use or deployment of more efficient coal combustion 

technologies and key technologies such as carbon capture and storage (Lei et al, 2014; 

International Energy Agency, 2016). The International Energy Agency modelled various 

scenarios in their World Energy Outlook (WEO) series (Figure 17). These scenarios take 

into consideration current climate policies, new policies and the 450 Scenario which adopts 

a target setting approach or a specified outcome to spur action for the achievement of targets 

in the energy sector (International Energy Agency, 2016). This is considered key for the 
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limitation of long-term global temperature increases to 2°C. This scenario also provides key 

steps for the energy sector to achieve its goals or targets (TCFD, 2017a). 

 

 

Figure 17: International Energy Agency World Energy Outlook Scenarios to 2040 
(International Energy Agency, 2016). 

 

In the South African context, the 2019 Integrated Resource Plan (IRP) includes modelling 

and analysis of various scenarios and their potential impacts on the energy mix of the 

country going forward (Department of Energy, 2019). The scenario analysis process was 

undertaken in line with minimising impacts on the environment, minimising cost of supply 

and ensuring security of supply (Department of Energy, 2019). The results indicate the 

reduction of coal as the major source of energy going forward and this is a clear indication 

of South Africa’s intent to transition to a low carbon economy through the energy sector 

(Figure 18 to 20 below) (Department of Energy, 2019). 

 

However, the positive outcomes thus far include increased research and development on 

clean coal technologies, implementation of these technologies and a renewed interest to 

keep the coal industry on a sustainable path (Ward and Sua´rez-Ruiz, 2008). 
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Figure 18: Scenario analysis outputs for the period ending 2030 (Department of Energy, 
2019). 

 

 

Figure 19: Scenario analysis outputs for the period 2031-2040 (Department of Energy, 2019). 
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Figure 20: Scenario analysis outputs for the period 2041-2050 (Department of Energy, 2019). 

 

 Coal Mining in South Africa 

In South Africa, coal is largely used for power generation in the energy supply sector 

(Eskom, 2018). About 77% of South Africa’s primary energy needs are provided by coal 

(Eskom, 2018). This scenario is unlikely to change significantly over the next decade due to 

lack of suitable alternatives or insufficient power generated from other sources such as 

renewables (Department of Energy, 2019; Eskom, 2018). 

An average of 224 million tonnes of marketable coal is produced annually in South Africa 

(Minerals Council of South Africa, 2018). This results in South Africa being the 5th largest 

coal producing country in the world (Department of Energy, 2019; Minerals Council of South 

Africa, 2018). South Africa is also the third largest coal exporting country globally as 25% of 

coal production is exported internationally. The primary export port in South Africa is the 

Richards Bay Coal Terminal (RBCT) (Minerals Council South Africa, 2018). The remainder 

of South Africa's coal production is used for electricity generation, the production of liquid 
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fuels, metallurgical and other industrial production, and domestic use. The country’s coal 

reserves are estimated at 53 billion tonnes (Minerals Council South Africa, 2018). Given the 

current production rates, estimates indicate that there could potentially be approximately 

200 years of coal supply (Department of Energy, 2018). In South Africa, it is likely that coal 

will remain the significant energy source in the foreseeable future, despite forecasts which 

indicate that renewables, natural gas and nuclear energy will increasingly contribute to the 

primary energy supply. This is attributed to the abundance of coal at low cost (Jeffrey, 2005). 

 

In South Africa, coal is found in 19 coalfields located mainly in Mpumalanga, Limpopo, 

KwaZulu-Natal and the Free State (Figure 21 below) (Prevost, 2004). The main coal mining 

areas in Mpumalanga are presently in Emalahleni (previously known as Witbank), 

Middelburg, Ermelo and Standerton-Secunda (Jeffrey, 2005). In the Free State, the main 

coal mining areas are around Sasolburg-Vereeniging. In the Limpopo Province, large 

collieries are found near Lephalale (Jeffrey, 2005). The location of coal mines which are 

currently operational and in closure in South Africa are shown in Figure 22 (Minerals Council 

South Africa, 2018. Coal production is shifting gradually from the Emalahleni coal field due 

to end of life of mine (LOM) of some of the coal mines (Ngwenyama et al, 2017; Jeffrey, 

2005; Minerals Council South Africa, 2018). Significant exploration work geared toward the 

development of the Waterberg coal field and other areas in the Limpopo Province is currently 

underway (Minerals Council South Africa, 2018). 
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Figure 21: Coalfields in South Africa (Prevost, 2004). 
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Figure 22: Major coal mines in South Africa (Minerals Council South Africa, 2018). 

 

 Coal Mining Methods 
 

Although coal is normally associated with socio-economic progress and powering of 

economies, there has been increasing concern globally on the contribution of the coal mining 

industry to air pollution, climate change and health impacts (Huertas et al., 2012; Ward & 

Sua´rez-Ruiz, 2008). Coal mining is associated with emissions of criteria pollutants such as 

PM, SO2, nitrous oxides (NOx), and GHG emissions in the form of CO2 and CH4 (Trivedi et 

al., 2010). In addition, coal dust emissions contain various sizes of atmospheric PM i.e 

coarse and fine PM. Coal mining is associated with the emission of coarse PM due to the 

mechanical nature of mining processes (Kantova et al., 2017). 

 

The extraction of coal is usually undertaken using the opencast or surface coal mining 

methodology, underground mining or a combination of both (Dougall & Mmola, 2015; 
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Speight, 2012). The mining methodology is based on the geology and depth of the coal 

seam, with opencast mining being deployed when the coal seam is close to the surface and 

underground mining for deeper coal seams (Ghose, 2002; Speight, 2015). The advantages 

of opencast coal mining include the economic removal of coal as a high proportion of in-situ 

coal (up to 90%) is recovered for use (Dougall & Mmola, 2015; Huertas et al., 2012). This 

includes the recovery of coal from seams that present challenges related to thickness which 

would not normally be recovered during underground mining (Ramani & Evans, 2017). 

Opencast mining methods generally provide coal at lower overall costs compared to 

underground mining and avoid potential safety hazards associated with underground mining 

(Huertas et al., 2012). These safety hazards include coal dust explosions, gas outbursts due 

to methane and other gases and roof falls (National Research Council (NRC), 2007; Ward 

& Sua´rez-Ruiz, 2008). 

 

Underground coal mining in South Africa generally deploys the room and pillar method or 

pillar support method which involves the extraction of coal around vertical pillars which are 

left intact for roof support (Figure 23) (Lloyd, 2002; Speight, 2012). After the cessation of 

mining activities, these pillars might collapse, resulting in subsidence (United States Energy 

Information Administration (EIA, 1978). Long wall mining is not commonly used in South 

Africa. This method involves the extraction of all coal in the seam, with the roof permitted to 

collapse behind the mined-out area (Lloyd, 2002). 
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Figure 23: Room and pillar underground mining (United States Energy Information 
Administration (EIA, 1978). 

 

 Coal Mining and Atmospheric Particulate Emissions 
 
The contribution of opencast coal mining to air pollution and environmental degradation is 

higher than that of underground mining (Munnik et al., 2010; Banerjee, 2006). This is 

because opencast mining includes a significant number of mining related activities that are 

primary sources of fugitive dust emissions (Patra et al., 2016; Sahu et al., 2018). These 

activities include excavation, overburden removal; drilling and blasting, crushing and 

screening, vehicle entrainment on unpaved roads, materials handling and stockpiling, 

loading and hauling, transportation of material, wind erosion of open areas and storage piles 

(Kumar et al., 2016; Lal & Tripathy, 2012) (Figure 24). In most of the opencast and 

underground coal mines, the removal of impurities from the mined material or run of mine 

(ROM) is undertaken through the beneficiation process for the provision of coal of a 

consistent quality to customers (Sahu et al., 2018; Speight, 2015). This process can also 

contribute to atmospheric PM emissions through materials handling (Huertas, 2002). 
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Figure 24: Opencast and underground mining related activities. 

 
A significant number of opencast mining related activities are mechanical in nature and 

result in the formation of coarse mode particles which are emitted as part of fugitive dust 

(Banerjee, 2006). In the South African context, dust emissions from unpaved haul roads in 

mining areas are normally identified as significant sources of fugitive dust emissions (DEA, 

2011). One air quality study that was undertaken in an coal opencast mine by Amponsah-

Dacosta (1997), reported that over 93% of total mine emissions were due to dust generated 

from unpaved mine haul roads (Figure 25). 
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Figure 25: Source contribution to total dust emissions from a typical South African open pit 
mine (Visser and Thompson, 2003). 

 
However, the dust emissions from unpaved roads may vary due to factors such as the 

amount of vehicle traffic and silt loading on the unpaved road surface (Cowherd and 

Englehart, 1985). Vehicle traffic on unpaved haul roads of mechanised opencast mines can 

contribute up to 80% to fugitive dust emissions (Cowherd & Englehart, 1985). However, 

other mining related activities also contribute to gaseous pollutant and particulate emissions 

(Chaulya, 2005; Trivedi et al., 2010). These activities include vehicle emissions which result 

in the generation of SO2, NOx, diesel particulate matter, CO2 and carbon monoxide (CO), 

volatile organic compounds (VOCs) and ozone (O3) (Trivedi et al., 2010; USEPA, 2002).  

 

Spontaneous combustion and its associated risks are well known in the coal mining industry 

and have been a source of major concern from all aspects, including environmental aspects 

(Denis et al., 2007; Pone et al., 2007). Factors such as increased production rates and very 

high stripping ratios will result in the increase of volumes of discard material (Genc & Cook, 

2015). Spontaneous combustion in coal mines contributes to atmospheric PM emissions 

(Denis et al., 2007; Pone et al., 2007; Singh, 2013). Other air pollutants emitted due to 

spontaneous combustion include greenhouse gases (GHGs) such as CO2, CH4 and criteria 

pollutants such as SO2, NOx, CO, polyaromatic hydrocarbon (PAHs) and VOCs (Carras et 
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al., 2005; Ozdogan et al., 2018). The Intergovernmental Panel on Climate Change (IPCC), 

has identified spontaneous combustion as a potential significant source of GHG emissions 

(Denis et al., 2007; Myhre et al., 2013). However, the lack of a globally acceptable method 

for estimating greenhouse gas emissions has been a barrier in the inclusion of spontaneous 

combustion in GHG emission inventories (Carras et al., 2005). 

 

 Atmospheric PM in coal-mining areas in South Africa.  
 
In various parts of the country, high concentrations of atmospheric PM still occur, especially 

in highly industrialised areas and residential areas where domestic fuel burning also 

contributes to high atmospheric PM concentrations (DEA, 2011). Exceedances of the PM 

National Ambient Air Quality Standards (NAAQS) (Table 7) which were promulgated under 

the National Environmental Management: Air Quality Act (NEMAQA) of 2004, occur in 

priority areas and elsewhere (DEA, 2011).  

 

Air quality management priority areas are declared in South Africa based on exceedances 

or potential to exceed the NAAQS for various criteria pollutants such as PM10, PM2.5, SO2, 

NOx and O3 (DEA, 2011). Three priority areas have been declared in South Africa by the 

Department of Environmental Affairs and these are the Highveld Priority Area (HPA), 

declared in 2007, Vaal Triangle Airshed Priority Area (VTAPA), declared in 2006 and 

Waterberg-Bojanala Priority Areas (WBPA), declared in 2012 (Figure 26) (DEA, 2018b). 

 

Table 7: South African National Ambient Air Quality Standards for PM10 and PM2.5 (DEA, 
2011) 

Averaging period Concentration Frequency of 

Exceedance 

Compliance Date 

PM10 

24 hours 75 4 Current 

1 year 40  Current 

PM2.5 

24 hours 40 4 1 Jan 2016 to Dec 2029 

1 year 20  1 Jan 2016 to Dec 2029 

PM2.5 

24 hours 25 4 1 Jan 2030 

1 year 15  1 Jan 2030 
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Figure 26: Air Quality Management Priority Areas in South Africa (DEA, 2018b). 

 
Atmospheric PM emissions have been a source of concern in South Africa, particularly in 

the Highveld Priority Area (HPA) in the Mpumalanga Province, where elevated PM10 “hot 

spots” have been identified (Figure 27 and Figure 28) (DEA, 2011; DEA, 2017). Opencast 

mining contributes to PM emissions and the contribution of mining to annual atmospheric 

PM concentrations in the HPA due to unpaved haul roads is shown in Figure 29 (DEA, 2011). 

This contribution is evident in the local municipalities of Emalahleni and Steve Tshwete, 

where opencast coal mining is highly prevalent and concentrated (DEA 2011). However, 

other potentially significant mining sources of fugitive dust such as discard dumps were 

excluded during the emissions inventorying and dispersion modelling phases of the HPA air 

quality management study. The criticism against this approach has been centred on the 

under-estimation of coal mining particulate emissions in the HPA and the potential negative 

impacts for emission reduction initiatives and air quality management in the region. 
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Figure 27: Modelled frequency of exceedance of daily (24 hours) PM10 standards in ‘Hot 
Spot’ areas in the Highveld Priority Area (DEA, 2011). 

 

 

Figure 28: Particulate matter concentrations recorded from the five DEA monitoring stations 
in the HPA (DEA, 2016b). 
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Figure 29: Contribution of opencast coal mining to annual PM10 concentrations in the HPA 
(DEA, 2011). 

 
In the WBPA, potential exceedances and current exceedances of the NAAQS for 

atmospheric PM and other criteria air pollutants, have also been a cause of concern (Figure 

30). The sources of emissions include industrial activities, coal mining, brickworks, power 

generation and domestic fuel burning (DEA, 2018a).  

 

 Coal Mining Atmospheric Particulate Emissions and Health Impacts 
 

The impacts of coal mining on human health and the environment have long been a source 

of concern, with some researchers indicating that these concerns may date as far back as 

3,000 years ago, in an era when coal was first used as a fuel in China, and the Industrial 

Revolution in the 17th century (Mamureklit, 2010; Rai, 2015). The impacts of air pollution 

from mining activities are not only restricted to the mining area boundary or premises, but 

also to the surrounding communities or sensitive receptor areas (Pless-Mulloli et al., 2000; 

Reddy & Ruj, 2003). 
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Figure 30: Particulate matter concentrations recorded from the three DEA monitoring 
stations in the WBPA (DEA, 2018a). 

 
In South Africa, as in other countries, opencast coal mining activities are generally located 

close to communities (Munnik et al., 2010; Pretty & Odeku, 2017). Many communities in the 

HPA are located close to opencast mines and this has resulted in major concerns regarding 

the existing and potential health impacts of mining to these communities (DEA, 2011). 

 

Atmospheric PM generated during coal mining activities is emitted to the atmosphere and 

surrounding areas and air quality degradation due to mining is a problem experienced 

globally (Pandey et al., 2014). Several air quality studies have reported increased levels of 

atmospheric PM in proximity to opencast mines (Appleton et al., 2006; Patra et al., 2006). 

In some cases, despite the application of mitigation measures such as wet and chemical 

suppression and adherence to legislation for the reduction of coal dust or atmospheric 
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particulate emissions, coal dust continues to be a problem in some communities located in 

proximity to the mining operations (Jones et al., 2002; Merefield et al., 1995). 

 

Atmospheric PM from coal mining includes coarse and fine particles (Kumar et al., 2011). A 

significant number of studies are available on particle size analysis of atmospheric PM 

emitted from coal mining operations (Dockery & Pope, 1994). These studies report that 

atmospheric PM from coal mines is a mixture of particle sizes (Greeley & Iversen, 1985; 

Panyacosit, 2000). Particles between 10-30 μm and above are known as total suspended 

particulate matter (TSP) and generally settle gravitationally close to the source of emission 

(Greeley & Iversen, 1985; Mannucci & Franchini, 2017; Singh, 1998; Tsiouri et al., 2015). 

Total suspended PM is not of major concern from a health point of view as these particles 

become trapped in the nostrils or are swallowed (Makua & Odeku, 2017). Inhalable particles 

include particle sizes of 10 μm or less, while respirable particles (2.5 μm) can penetrate 

deeper into the lungs, resulting in negative health impacts (Huertas, et al., 2012; Kumar et 

al., 2011; Munawer, 2018). It is for this reason that PM10 from coal mining activities which 

includes PM2.5 and PM1, is generally associated with negative impacts on human health 

(Munawer, 2018). 

 

It has been shown that atmospheric PM results in short and long-term impacts on human 

health (Rai, 2015; Munawer, 2018), specifically with regards to respiratory effects, 

cardiovascular diseases and mortality (Panyacosit, 2000; USEPA, 2009). Specifically, the 

human body has been shown to be unable to remove coal dust which has been deposited 

progressively over the years. This results in fibrosis, inflammation and necrosis (Davis & 

Mundalamo, 2010). 

 

In South Africa, a health risk study undertaken on behalf of the Fund for Research into 

Industrial Development, Growth and Equity (FRIDGE), reported that Emalahleni in the 

Mpumalanga Province, was one of the areas with a large population potentially at risk from 

ambient concentrations of PM10 and SO2 (DEA, 2011). During the study, inference on health 

risk and exposure of populations in the HPA was made based on the location of hot spots 

relative to human populations (Figure 31) (DEA, 2011). In the Mpumalanga Highveld, 

hospital admissions were reported to be over 8 600 cases annually (Scorgie et al., 2002). It 

is likely that some of the admissions were related to respiratory diseases associated with 

atmospheric air pollution (Scorgie et al., 2002).  
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Figure 31: Location of PM10 ‘Hot Spots’ relative to human population (DEA, 2011). 

 

A study undertaken by Norman et al (2007) indicated that in South African urban areas, 

3.7% of total mortality from cardiopulmonary disease in adults aged 30 years and older was 

caused by air pollution. The study also indicated that 5.1% of mortality due to tracheal 

cancers, bronchus and lung in adults was due to air pollution. With regards to acute 

respiratory infections in children under 5 years of age, air pollution caused 1.1% of mortality 

(Table 8) (Norman et al., 2007). 

 

Table 8: Burden of disease relating to mortality outcomes from outdoor air pollution 
(Norman et al., 2007). 
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The burden of disease is normally higher in developing countries and this is also the case 

with air quality deterioration (Mannucci & Franchini, 2017; Rai, 2015). However, the debate 

on the ever-contested issues of environmental degradation versus economic and social 

development is a complicated and on-going one (Kaygusuz, 2012). This is particularly the 

case in developing countries, where economic development through industrial growth, job 

creation (due to high unemployment rates) and poverty alleviation are critical focus areas 

for most governments (Rai, 2015). The challenge is that this creates an imbalance in 

addressing environmental, health and economic growth issues, which are individually 

delicate issues (Panyacosit, 2000). However, the application of sustainability principles, 

which foster the consideration of economic, social and environmental issues might provide 

a win-win situation for all. 

 

 Coal Dust 
 

Coal dust is generally emitted by various sources in a coal mine and is part of atmospheric 

PM emissions (Ghose, 2002). Sources of coal dust include crushing and screening, coal 

stockpiles, drilling and blasting of coal, materials handling and coal transportation by trucks 

and trains (Ghose & Majee, 2000, Queensland Rail Management, 2008). Coal dust may 

contain heavy metals such as selenium, mercury, cadmium, antimony, lead, nickel and 

arsenic, whose toxicity levels vary (Finkelman et al., 2002).  

 

Coal dust emissions have historically been a source of concern, mainly due to occupational 

health impacts for mine workers (silicosis and coal worker’s pneumocosis), health impacts 

on surrounding communities and environmental impacts (Petavratzi et al., 2005; Sellaro et 

al., 2015). Coal dust also presents other potential hazards such as coal dust explosions 

(Petavratzi et al., 2005).  

 

In addition to carbonaceous material, of coal mining dust is composed of minerals such as 

quartz (silicone dioxide- SiO2), dolomite (CaMg)(CO3)2 which is a carbonate material, 

kaolinite (Al2Si2O5(OH)4) which is a silicate, illite (K, H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 

and calcite (CaCO3) which is a carbonate mineral (Jones et al, 2000; Potgieter-Vermaak et 

al., 2011). Many of the impurities present in dust, particularly coal dust, are due to the afore-

mentioned minerals (Potgieter-Vermaak et al., 2011). Therefore, the amount of carbon in 

coal and not its mineral composition generally determines its purity (Jones et al., 2002). 
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Generally, opencast coal mines are associated with a large proportion of impurities during 

the early stages of mining compared to underground coal mines (Huertas et al., 2000; Jones 

et al., 2000). This is due to topsoil and overburden which are initially removed for access to 

the coal seam (Pokorna, 2016). This results in a large proportion of non-coal particles in 

dust from opencast mines. However, as mining progresses and the coal seam is reached, 

coal dust which has a high proportion of carbon is produced and this contains less mineral 

matter (Jones et al., 2000). 

 

When coal is pulverised, its mineral components maybe liberated from the coal particulates, 

producing relatively pure mineral particles. The mineral grains in pulverised coal can be 

described as “included” or “excluded” (Liu et al., 2007). Included mineral grains are 

associated with or contained within a carbonaceous particle. Excluded mineral grains do not 

have any carbonaceous material associated with them (Liu et al., 2007).  

 

Given the negative impacts of coal dust on health and the environment, the identification, 

characterisation and quantification of coal dust PM becomes critical for the full 

comprehension of all potential health impacts, mitigation of environmental impacts and 

reduction of health impacts among coal workers and the public in general, particularly 

communities living adjacent to coal mines (Ferreira et al., 2013). However, very little 

literature exists on the characterisation of coal dust and information on particle size 

distribution and classification of coal dust particles as inhalable or respirable is inadequate 

for the full comprehension of coal dust and its associated health and environmental impacts 

(Wallace et al., 1990). In addition, it is always assumed that the morphological, physical and 

chemical characteristics of dust from different coal mines are similar in the assessment of 

exposure to dust. This is a major shortcoming in most research studies (Wentzel, 2015).  

 

Air quality management techniques such as emissions inventorying and dispersion 

modelling are generally used for the quantification of atmospheric PM emissions and 

prediction of coal mining impacts to adjacent communities. However, these techniques also 

do not involve the analysis of coal dust PM for the purposes of identifying and characterising 

atmospheric PM from coal mining activities (USEPA, 2018). 
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 ATMOSPHERIC PARTICULATE MATTER CHARACTERISATION 

 
Recently, there have been major advances with regards to instrumentation and analysis 

techniques for the purposes of identifying, characterising and quantifying coal dust or 

atmospheric PM (Baeten & Dardenne, 2002). These analysis techniques include microscopy 

and spectroscopic techniques such as SEM, EDS, transmission electron microscopy (TEM), 

reflectance microscopy, XPS, Raman and image analysis techniques, TGA, IRMS and 

thermal optical analysis (Adams, 1994; Cacuccio et al., 2002; Li et al., 2005).  

 

Spectroscopy is an important field of science which is used for the characterisation of matter. 

It involves the study of the interaction of electromagnetic radiation with matter (Helmenstine, 

2018; Smith, 2016; Ahmed et al., 2017). Spectroscopic techniques or methods can be 

differentiated based on phenomena such as absorption, scattering, emission and 

fluorescence samples (Bumbrah & Sharma, 2016). There are a multitude of current and 

potential uses of spectroscopy (Olson, 2018; Smith, 2016). Modifications of spectroscopic 

techniques have been undertaken since their inception, with modifications mainly 

undertaken for improvement of analytical performance and adaptation to different and new 

applications (Baeten & Dardenne, 2002).  

 

Recent advancements in numerous fields of study, particularly in the biology, material 

science, environmental science, drugs, chemistry, health science and nanotechnology fields 

have spurred continuous development in spectroscopic techniques (Olson, 2018). For 

example, researchers have developed micro infrared sensors (2 cm2 chips) for the detection 

of material concentrations using spectroscopic technology, eradicating the need for 

benchtop analysis (Smith, 2016). The global increasing demand for food has led to research 

on the use of spectroscopy to increase or optimise plant productivity (Baeten & Dardenne, 

2002). The argument of these researchers is that spectroscopy can be adopted for the 

analysis of plants and soil mineral content.  

 

 Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM-
EDS) 

 
SEM-EDS has been applied in atmospheric research studies for the characterisation of 

atmospheric PM for a number of years (Genga et al., 2013; Singh et al., 2014). It has been 

applied to the determination of the morphological characteristics of particles and the 
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simultaneous analysis of physical and chemical composition (elemental composition) of 

atmospheric PM (Adams, 1994; Casuccio et al., 2004; Grassi et al., 2004). This type of 

analysis is critical in extracting all available information in samples, especially for 

atmospheric PM analysis, where morphological information is inadequate without chemical 

characterisation for the determination of elemental composition (Ličbinský et al., 2010). 

 

The SEM technique has several advantages over conventional light microscopes. These 

include high resolution which ranges from 1-20 nanometres (nm) (Swapp, 2018), three 

dimensional images which can be assessed for morphological, compositional and 

topographical information, wide range of magnification, greater depth of field and high 

resolving power (in the submicron level) which enables better analysis of atmospheric PM, 

particularly PM10 (Adams, 1994; Ergeton, 2005). The SEM technique involves the use of a 

focused electron beam over a surface to create an image (Goldstein et al., 2003). The 

electrons in the beam interact with the sample, producing secondary electrons, X-rays, 

backscattered electrons and various signals that can be used to obtain information about 

the surface topography and composition (Egerton, 2005; Reimer, 1998; Sellaro et al., 2015). 

The whole process results in the production of images which are in turn displayed on a 

computer screen which is part of the SEM equipment (Figure 32) (Nanoscience.com, 2018). 

 

 

Figure 32: Scanning electron microscopy (Nanoscience.com, 2018). 
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Different scanning electron microscopy micrographs images of coal dust particulates are 

shown in Figures 33 to 36 below. 

 

 

Figure 33: Coal dust particulates before combustion (a, b, c) and after combustion (d, e, f) 
(Rajasegar & Kyritsis, 2015). 
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Figure 34: Coal atmospheric PM (Mujuru et al., 2009). 

 

 

Figure 35: Coal atmospheric PM (Aneja, 2012). 
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Figure 36: The morphology of coal tailings before activation, activated carbon and Fe-
intercalated graphite. (a) before activation, (b) after activation at 500°C, (c) 1% Fe 
T 800°C, (d) 1% Fe T 900°C, (e) 2% Fe T at 800°C, (f) 2% Fe T 900°C (Gustian et al., 
2015). 

 

Elemental composition identification can be undertaken using EDS integrated or combined 

with SEM (Kgabi, 2010). The powerful feature of EDS is the submicron identification of 

elemental composition of a sample which is investigated on the SEM (Ferreira, 2013; Grassi 

et al., 2004). Generally, the elemental analysis of atmospheric PM samples presents 

analysis challenges due to the usually small sample sizes (Ramirez-Leal et al., 2009). These 

minute samples contain a wide range of information on elements and sometimes 

compounds, at different concentration levels (Casuccio et al., 2002; Genga et al., 2013). 

 

EDS is widely applied for the investigation of materials, particularly morphological and 

textural properties, interactions between particles, growth of crystals and the formation of 

alloys (Reddy et al., 2000). EDS includes the plotting of X-ray frequencies for each energy 

level of an atom in the sample (Adams, 1994). The plotted peaks in EDS represent highest 

frequencies of X-rays at corresponding energy levels (Genga et al., 2013). The peaks 

depicted in the spectrum are unique for each element present in the sample and are directly 

related to the elemental concentration in the sample (Adams, 1994). 

 

However, the powerful combination of SEM-EDS for atmospheric PM characterisation also 

has its limitations (Reddy et al., 2000). These include the fact that only solid samples can 
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be analysed through SEM-EDS and only sample sizes that fit into the microscope chamber 

can be assessed (Swapp, 2018). The horizontal dimensions of samples are usually limited 

to the order of 10cm while vertical dimensions have more limitations and sample sizes 

generally cannot exceed 40 mm (Ramirez-Leal et al., 2009). In addition, the high vacuum 

operating conditions of most instruments require sample stability at 10-5-10-6 torr (Clarke, 

2002). However, some samples outgas at low pressures, particularly organic materials and 

wet samples, and require usage of low vacuum SEMs (Clarke, 2002). Many SEMs are 

operated using solid state EDS detectors (Ramirez-Leal et al., 2009). Despite these 

detectors being fast and user friendly, poor or low energy resolution and low sensitivity to 

elements which are found in small concentrations in the sample are some of the 

shortcomings, especially when compared to wavelength dispersive X-ray detectors (Kgabi, 

2010). In addition, for high vacuum analysis of samples, the application of electrically 

conductive coating must be undertaken to samples that are electrically insulating to ensure 

high resolution images (Swapp, 2018). Another shortcoming is that EDS analysis on small 

atmospheric particulates can be subject to interference from the sample background, i.e 

complete penetration of primary electrons through the sample occurs (Sellaro et al., 2015). 

 

 Reflectance Microscopy (Reflectance) 
 
Coal exhibits optical properties which become evident after preparation of coal samples 

(Speight, 2015) so that coal can be examined by optical microscopy techniques such as 

reflectance microscopy (Xie, 2015). Recently, reflected light microscopy has been combined 

with other techniques such as image analysis for the analysis of samples for the identification 

and differentiation of coal from other particulates in the sample (Warren et al., 2015). 

 

The reflectance of coal is generally determined by the degree of reflection of a beam of 

polarised or incident light from a polished coal surface (Averitt,1975). The procedure of 

making the polished block of coal includes crushing the coal sample and screening it to 

remove fine particulates (Speight, 2015; Xie, 2015). A binder is used to form a briquette, 

which is polished successively using fine abrasives, with the objective of producing a smooth 

surface which can be examined under an optical microscope for the determination of 

reflectance using polarised light which is directed vertically at the sample (Xie, 2015). 
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For reflectance microscopy purposes, the brightness of the polished surface is critical. 

Different coals have different reflective capacities. The reflectivity, R, of coal is calculated as 

follows:  

 

 

where Ir is the reflected light intensity and Ii is the incident light intensity. Reflectivity is an 

important property of opaque minerals and is also an important indicator of the coalification 

degree (Figure 37) (Averitt, 1975; Kie, 2015;). Reflectance values obtained through air being 

higher than those obtained using oil as a medium (Prusty, 2015) (Figure 38 and Figure 39). 

 

 

Figure 37: Coalification curves and reflectance values for coal (Averitt, 1975). 

 
The reflectance is largely determined by coal macerals (Davis, 1978). Macerals are the 

microscopically identifiable organic constituents of coal, while the inorganic fraction is mainly 

mineral matter, known as ash after combustion (Davis et al., 1991). There are three coal 

maceral groups, vitrinite, liptinite and inertinite. Vitrinite is the most abundant coal maceral 

and is formed from woody parts of plants, cellulose and lignin (Chaudhuri, 2016). The stems  
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Figure 38: Coal reflectance data for air and oil mediums (Stach et al., 1982). 

 

 

Figure 39: Reflectance values of coal macerals at different rank levels (Stach et al., 1982). 

 
and roots of these plants are reinforced with wood and the outer layer of these plants is 

generally covered by bark (Chaudhuri, 2016). Liptinite is formed from pollen, spores, resins 
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and other material and is associated with the emission of volatiles and methane (Unsworth 

& Gough, 1989). Inertinite is the third maceral and is formed from plant trunks, cell walls and 

has a high carbon content (Figures 40 to 42) (Prusty, 2015; Spackman, 1958). The 

reflectance of vitrinite is commonly determined in most studies because it is the predominant 

maceral in many coals with a homogenous appearance under the microscope and large 

particles that enable easy measurement (Davis, 1978; Prusty ,2015). 

 
Automated image analysis can be used to measure reflectance distribution of different 

macerals within a coal sample (Unsworth & Gough, 1989; Vleeskens et al.,1985). The main 

advantage of this approach is that it eliminates subjective interpretation, which mostly occurs 

when reflectance measurements are done manually (Davis, 1978). The automated image 

analysis approach, however, requires the eradication of reflectance measurements due to 

the mounting medium as this can coincide with that of coal components which exhibit low 

reflectance (Unsworth & Gough, 1989).  

 

A literature review on techniques that are applied for the characterisation and quantification 

of coal dust indicates that currently, no standard technique exists for these purposes. The 

non-existence of such a technique is not limited to the characterisation of coal dust, but also 

includes the lack of sample preparation techniques which will enable comprehensive 

characterisation. As stated by the Coal Terminal Action Group in 2013, the problem is further 

compounded by the lack of petrographers who can undertake coal dust/particulate 

characterisation on a commercial basis. 
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Figure 40: Coal genesis and characterisation- vitrinite (Prusty, 2015). 

 
 



 

69 
 

 

 

 

Figure 41: Coal genesis and characterisation- inertinite (Prusty, 2015). 
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Figure 42: Coal genesis and characterisation- liptinite (Prusty, 2015). 
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Research studies have however been undertaken to fill this gap. One such study was 

undertaken by the Commonwealth Scientific and Industrial Research Organisation (CSIRO), 

an Australian research body. CSIRO initially developed a Coal Grain Analysis (CGA) 

system, which is a semi-automated imaging technique which collects and mosaics multiple 

images at high resolution to provide detail on urban dust particles (Warren et al., 2015). This 

process is undertaken using reflected light optical microscopy (air lens) to provide visual, 

qualitative and quantitative data on the size and composition detail of particles greater than 

1 μm in a dust sample (O’Brien et al., 2017). Reflected light microscopy then provides colour 

images at high resolution and these images are processed by the CGA image processing 

software to create fingerprints or reflectance histograms of the individual particles in the 

mosaic image of the sample (Figure 43) (O’Brien et al., 2017). CSIRO then developed a 

semi-automated Optical Dust Marker (ODM) software (a supervised learning algorithm 

based on approximately 40 different types of particulate found in urban dust samples, with 

the reflectance fingerprint for each type acting as a reference) which utilises each individual 

particle’s property, i.e colour reflectance fingerprint, for the classification of that particle 

(Figure 44) (O’Brien et al., 2017; Warren et al., 2015). Currently, Optical Dust Marker can 

be used for the differentiation between coal and non-coal particles and can be used for the 

identification of coal, quartz, iron, particulates from organic sources, dark minerals, 

combustion chars and pyrite/ bright materials (O’Brien et al., 2017; Warren et al., 2015).  

 

Given the recent developments in the field of microscopy and techniques for dust analysis, 

it is envisaged that more analytic techniques that provide comprehensive information on 

dust particulates will be developed and will result in information that is acceptable to all 

stakeholders.  
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Figure 43: Stereomicroscope and optical photomicrographs of various dust particulates in 
the CSIRO’s reference library (O’brien et al., 2017). 
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Figure 44: Fingerprints or reflectograms for various types of urban dust material (O’Brien et 
al., 2017). 

 

 Optical (Light) Microscope 
 
Optical or light microscopy is suitable for the analysis of particles in the size range of 0.8 µm 

to 150 µm, with a resolution of around 0.2 µm dependent on the wavelength of the light 

source (Allen, 2003). The formula for the theoretical limit of resolution of an optical 

microscope is expressed by the fundamental formula:  

 

ⅆ𝐿 =
𝑓𝜆

𝑁𝐴
 

where dL is the limit of resolution, whereby particulates in closer proximity than this appear 

as a single particle, λ is the wavelength of the illuminant, the numerical aperture of the 

objective NA= µsinθ where µ is the refractive index of the immersion medium, θ is the 

angular aperture of the objective and ꬵ is a factor of about 0.6 to allow for the inefficiency 

of the system (Allen, 2003). 
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For particles which are smaller than the resolution limit, their appearance is changed to 

diffuse circles followed by the broadening of the image, resulting in oversizing 

(Weisenburger & Sandoghdar, 2015). Image broadening observed during the analysis of the 

atmospheric particulates results in the distortion of some of the particulate sizes (Allen, 

2003). 

 

 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS is a powerful analysis technique for the determination of elemental composition and 

chemical state information from the surface of a solid sample (Materials Evaluation and 

Engineering, 2018; Song & Peng, 2009). It has been widely used for the analysis of the 

surface composition, chemical composition and state of atmospheric PM (Hutton & Williams, 

2000; Lazzeri et al., 2003). The technique uses a monochromatic energy source to release 

incident X-rays on the sample (Figure 45) (Coetsee-Hugo, 2016; Song & Peng, 2009). Upon 

X-ray interaction with the sample, core level electrons are released from the sample’s atoms 

(Briggs & Seah, 1990). The core electrons release photoenergy and this energy is a function 

of the atom’s binding energy and is characteristic of the element from which it was emitted 

(Materials Evaluation and Engineering, 2018). The primary data for XPS is energy emitted 

by the photoelectrons. An electron energy analyser is used for the detection of 

photoelectrons emitted from the sample and the result is a spectrum which shows the 

surface composition of the sample (Adams, 1994). XPS is a non-destructive technique which 

can detect most elements except hydrogen (H) and helium (He). It provides chemical 

bonding information and has elemental sensitivity in the parts per 1000 range, (Andrade, 

1985b; Hutton and Williams, 2000; Siegbahn, 1982). However, XPS has its shortcomings. 

These include the following; 

 Low resolution which is in the range of approximately 0.1-1 eV; 

 Slow- at least half an hour to 8 hours sometimes required per sample; 

 Sample charging; 

 High vacuum which is in the range of 10-8 to 10- 11 torr; 

 Energy referencing can be a problem (Andrade, 1985b). 
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Figure 45: X-ray Photoelectron Spectroscopy: System Geometry (Coetsee-Hugo, 2016). 
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 Raman Spectroscopy (Raman) 
 

Raman spectroscopy is a technique which is applied to acquire information on the vibrations 

of molecules and crystal structures (Agarwal & Atalla, 1995; Nanophoton, 2018). The 

technique is based on the inelastic scattering of monochromatic light, which is generally 

derived from a laser source and is used to irradiate the sample (Bumbrah & Sharma, 2016). 

Upon interaction with the sample, the photons in the monochromatic light are absorbed and 

re-emitted with a change in their frequency (Lord, 1965; Princeton Instruments, 2018). The 

frequency of the re-emitted photons can be higher or lower than the frequency of the original 

monochromatic frequency and this change is referred to as the Raman effect or shift 

(Bumbrah & Sharma, 2016). This provides useful information on stress of molecules, 

molecular vibration, crystallinity, molecular rotation, orientation and other transitions in 

molecules which occur under low frequencies (Nanophoton, 2018). It must however be 

noted that Raman scattering is a very small percentage of scattering and is extremely weak 

(only one in 106-108 photons scatters (Le Pevelen & Tranter, 2017). The scattering of light 

by matter is largely an elastic process which is known as Rayleigh scattering and this 

process does not result in photon energy changes (Figure 46) (Bumbrah & Sharma, 2016; 

Le Pevelen & Tranter, 2017; Nanophoton, 2018). Raman spectroscopy is a powerful 

technique for structural investigation of carbon-based materials due to its sensitivity to the 

crystalline structures and molecular structures in amorphous matter (Le Pevelen & Tranter, 

2017). The D and G peaks are the main features in Raman spectra of polyaromatic 

carbonaceous materials as highlighted in the work of Tuinstra & Koenig in 1970 (Buzgar et 

al., 2009; Ferralis, 2010). The bond stretching of all pairs of sp2 sites in hexagonal aromatic 

rings corresponds to the G peak. The D peak corresponds to the breathing modes of sp2 

sites in rings and defects lead to the activation of the D peak (Le Pevelen & Tranter, 2017). 

There is a significant amount of experimental data which is available in literature with regards 

to the Raman spectra of carbonaceous materials. However, the focus of most of these 

research studies is on the Raman peak shapes and relative intensities and not on absolute 

intensities (Bumbrah & Sharma, 2016; Ferralis, 2010). 

Some of the advantages of Raman spectroscopy include; 

 High sensitivity to molecular vibration frequencies and chemical bonds 

 Can be used for quantitative and qualitative analysis; 

 Non-destructive technique; 

https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
https://www.sciencedirect.com/science/article/pii/B9780124095472121614#!
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 Requires no sample preparation; 

 Analysis and measurement of organic and inorganic substances; 

 Image analysis can be undertaken using a laser beam or scanning motorized stage;  

 Fast analysis of samples (typically between 10 milliseconds to 1 second sample 

exposure) (Buzgar et al., 2009; Bumbrah & Sharma, 2016). 

 Raman is the only technique than can identify the purity and physical state of 

elements such as carbon and sulphur (Lindon et al., 2016). 

 

 

Figure 46: Scattering of light by molecules and the Rayleigh and Raman Scattering 
processes (Nanophoton, 2018). 

 

However, the limitations of Raman Spectroscopy include the following; 

 The Raman shift or effect is generally weak and this affects the detection limits of the 

technique. Highly sensitive and optimised instruments should therefore be used. 

 Alloys or metals cannot be analysed using Raman Spectroscopy; 

 Impurities that have fluoresced from the sample can interfere or cover the Raman 

spectrum (Princeton Instruments, 2018). 
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Raman Spectroscopy has been utilised for the characterisation of carbonaceous material, 

particularly coal and coal derived products in many studies (Potgieter-Vermaak et al., 2011). 

In most of these studies, the Raman spectrum of the graphite (G band- 1580- 1600 cm-1) 

and defect bands (D band- 1340-1380 cm-1) are used for the determination of coal structure, 

ranks and crystalline size of graphite (Manoj & Kunjomana, 2010 and Guedes et al., 2010).  

 

 Thermogravimetric Analysis (TGA) 
 

Thermogravimetric analysis is a thermal analysis technique utilised in the measurement of 

the amount and rate of change in a material’s weight as a function of temperature or time in 

a controlled environment or atmosphere (Wróblewski & Ceran, 2016). The controlled 

environment can be oxidizing, where oxygen is used during the analysis, or can be neutral 

where nitrogen or an inert gas such as argon is used (Johnson, 2010). The resultant mass 

variation is due to the chemical and physical changes in the sample that are driven by 

temperature and the controlled environment (ACTTR Technology, 2015). The change in 

sample weight is generally plotted as a function of time on a thermogram and interpretation 

of this information results in the understanding of chemical changes of the heated sample 

(Coats & Redfern, 1963; TA instruments, 2006). 

 

In some samples, different degradation mechanisms may exist in the inert and oxidative 

environments (Johnson, 2010). Thus, the number of degradation steps and the 

temperatures at which the steps occur can be studied in different environments (Wróblewski 

& Ceran, 2016). The TGA measurements are mainly used for determining material 

composition and the prediction of thermal stability (Li, et al., 2005). It can be used as a 

complementary technique to microscopy for the identification of material or substances 

(Kwon & Vastola, 1995). The identification and measurement of vapours generated by the 

heating process can be undertaken through the coupling of TGA and mass spectroscopy 

(TGA-MS), TGA and Infrared Spectrometry (TG-IR) during TGA-TG-IR analysis and TGA 

with Gas Chromatography and Mass Spectrometry (TGA-GC/MS) (ACTTR Technology, 

2015; Mohomed, 2016). In the latter, the gases are transferred to the GC for the purposes 

of material separation and peak identification using MS (Johnson, 2010). The TGA-GC/MS 

is a powerful combination due to its ability to detect very low levels of materials in complex 

mixtures (Johnson, 2010). 
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In the context of coal, TGA has been used for analysing coal and coal systems and to 

conduct proximate analysis for the determination of ash content (mineral fraction of coal or 

non-combustible portion of coal) (Li et al., 2005). TGA has also been used for the purposes 

of rank classification of coal samples (Wróblewski & Ceran, 2016). The combustion of coal 

generally involves the combination of two significant processes i.e devolatilisation or 

pyrolysis due to thermal stress and heterogenous combustion of char according to carbon-

oxygen reactions (Li et al., 2005; Silva Filho & Milioli, 2008). The ignition rate is a critical 

factor during coal combustion, with high heating rates resulting in the evolution and ignition 

of volatiles while devolatilisation will occur prior to ignition and combustion during low 

heating rates (Kwon & Vastola, 1995). Different types of coal can be distinguished through 

their burning profiles (Silva Filho & Milioli, 2008). 

 

Investigations on the application of TGA in the analysis of coal dust samples have been 

undertaken during various research studies, especially on respirable coal dust samples 

(Ceran, 2018; Scaggs et al., 2015). This is due to the association of respirable coal dust with 

occupational lung diseases such as coal workers’ pneumoconiosis and silicosis (Scaggs et 

al., 2015). During the analysis of coal dust samples, the coal constituents are assumed to 

be totally degradable and oxidisable (Figure 47) (Mayoral et al., 2001; Scaggs et al., 2015). 

It is also assumed that the mineral constituents will not degrade or react (except inorganic 

sulphur which is converted to SO2) and that the residue at the end of the TGA analysis is 

the total mineral mass. TGA of dust samples can be treated as analogous to proximate 

analysis of bulk coal samples (Scaggs et al., 2015).  

 

The advantages of TGA include the following: 

 Various materials can be analysed using TGA and these include composite material, 

glasses, polymers and metals. The temperature ranges from 25°C to 1200°C 

(Anderson Materials Evaluation, 2018). 

 Relatively small samples of 2 to 50milligrammes (mg) can be assessed using TGA; 

 Variation in the value of kinetic parameters become evident as a single sample can 

be analysed over a whole range of temperatures; 

 It is a relatively simple, precise and speedy method for analysing materials (Johnson, 

2010). 
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Figure 47: Hypothetical thermograms for (a) direct-on-filter, where total decomposition of 
the filter prior to coal oxidation is assumed and (b) dust only TGA of a respirable 
coal mine dust sample (Scaggs et al., 2015). 

 

However, the limitations of TGA include the fact that substances or gases evolved during a 

specific weight loss event cannot be identified using this technique only (Scaggs et al., 

2015). The identification process can only be undertaken when TGA is coupled with other 

techniques mentioned in the previous paragraph.   

 

 Isotope Ratio Mass Spectrometry (IRMS) 
 
Isotope ratio mass spectrometry (IRMS) is a branch of mass spectrometry which involves 

the measurement of the abundance ratios of stable isotopes of elements (Dass, 2007). It is 

increasingly applied for the determination of information regarding the origin (geographic, 

biological and chemical) of substances in environmental science, forensics, agricultural 

science, geology, chemistry and planetary science based on the abundance of isotopes of 

elements found in the substance (Dass, 2007; Carter & Barwick, 2011; Savard et al., 2017; 

Muccio & Jackson, 2009). The technique enables the measurement of differences or 

variations (ratios) in the abundance of isotopes of light elements such as carbon (C) 

(13C/12C), hydrogen (H) (2H/1H), nitrogen (N) (15N/14N), sulphur (S) (34S/32S) and oxygen 

(18O/16O) (Dass, 2007; Marimon et al., 2012). Carbon isotope analysis is a powerful tool for 
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source apportionment of organic substances (Walters et al., 2015). This is attributed to 

specific isotopic signatures linked to different anthropogenic and natural sources which 

include fossil fuels, marine sources and continental sources such as terrestrial plants 

(Ceburnis et al., 2016). The isotopic composition of substances can vary due to biological, 

chemical and physical processes such as thermodynamic, equilibrium isotope and kinetic 

effects, which result in isotopic fractionation (de Groot, 2004; Muccio & Jackson, 2009). 

Isotope ratios are generally measured relative to an isotopic standard for the purposes of 

eliminating systematic errors and bias in the measurements (Muccio & Jackson, 2009). 

These standards include the National Institute of Standards and Technology (NIST- 

Washington DC, United States of America (USA) and the International Atomic Energy 

Agency (IAEA- Vienna, Austria), which supply various natural abundance standards (Berto 

et al., 2019). Isotope ratios of substances are generally measured relative to universal 

standards and are reported in the delta notation (δ) (Berto et al., 2019; Muccio & Jackson, 

2009). 

 

δ=1000(Rsample-Rstandard)/Rstandard) 

 

The Rsample value is the abundance ratio of the minor, heavier isotope of the element to the 

major, lighter isotope (Berto et al., 2019). Samples which establish the Rstandard values are 

usually selected because they represent a stable material which is highly enriched in the 

heavy (minor) isotopes (McSween et al., 2003; Muccio and Jackson, 2009). Most analysed 

substances are depleted in the heavy-isotope relative to the standard and will therefore have 

negative δ values (Muccio & Jackson, 2009). A typical IRMS instrument consists of a system 

for sample introduction, electron ionisation source, collector detector array (mostly Faraday 

cup detection system), magnetic analyser and a data acquisition system which is computer 

controlled (Carter & Barwick, 2011; McSween et al., 2003; Muccio & Jackson, 2009). The 

instrument configurations commonly applied for gas source IRMS include continuous flow 

IRMS (CF-IRMS) and dual inlet IRMS (DI-IRMS) (Pratt et al., 2011). Sample introduction 

into the IRMS is generally undertaken through the application of techniques such as gas 

chromatograph (GC) (GC-IRMS) and elemental analysers (EA) (EA-IRMS) (Figure 48) 

(Muccio & Jackson, 2009; Pratt et al., 2011). 
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2.5.7.1 Elemental Analysers (EA-IRMS) 

Elemental analysers are commonly used for continuous flow systems and no prior 

separation of sample constituents is undertaken (Major et al., 2017). The bulk sample (liquid 

or solid) is normally weighed and placed in a silver or tin capsule which is introduced into a 

combustion furnace with high temperatures to form different oxides (Major et al., 2017; Pratt 

et al., 2011). The analysis of C and N will typically include sample combustion in an O2 

atmosphere resulting in the formation of CO2 and NOx (Berto et al., 2019; Major et al., 2017). 

Water is removed from the analyte through a chemical trap (de Groot et al., 2004). The 

analyte is transported by a helium (He) gas stream into a reduction chamber where NOx is 

converted into N2 and the removal of excess O2 is undertaken (de Groot et al., 2004). The 

N2 and CO2 are then separated in the gas chromatograph and the effluent from the EA is 

transferred to the IRMS (Figure 48) (de Groot et al., 2004; Muccio and Jackson, 2009). The 

next step is the introduction of evolved gases into the electron ionisation source which 

results in the formation of ionisation gas molecules (Pratt et al., 2012). This process is 

followed by separation and ion detection in the mass spectrometer and finally by the 

evaluation of the raw data (Figure 49) (Muccio & Jackson, 2009). 

 

 

Figure 48: Schematic on the three most common techniques for sample introduction for 
carbon isotope measurements (LC- liquid chromatography, EA- elemental 
analyser and GC- gas chromatography (Muccio and Jackson, 2009). 
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Figure 49: Simplified schematic process flow for the determination of δ13C and δ15N (Muccio 
and Jackson, 2009). 

 
2.5.7.2 Application of IRMS in Air Pollution Studies 
 
Atmospheric PM contains carbonaceous aerosols originating from diverse sources, 

particularly in highly industrialised regions such as the Highveld Priority Area in South Africa. 

IRMS can be used for carbon source apportionment. Carbon isotope fingerprint analysis is 

applied in the identification of fossil fuel sources which include diesel emissions from 

vehicles and coal (Zhang et al., 2007). Carbon isotope ratios (δ13C) range from -19‰ to -

35‰, indicating that the origin of fossil fuels can be identified, although some overlaps occur 

(Brodie et al., 2018; Cao et al., 2007; Dai et al., 2015; Kunwar et al., 2016; Masalaite et al., 

2012). Vehicle emissions are in the range of -25‰ to -28‰ (Dai et al., 2015; Kunwar et al., 

2016; Masalaite et al., 2012). Other sources of carbonaceous aerosols include biomass 

burning. Recent studies have indicated significant differences in the δ13C of fossil and non-

fossil fuel burning atmospheric PM with the values recorded as 24.5‰ for coal and 28‰ for 

liquid fossil fuel (Garbaras et al., 2015; Górka et al., 2009). These differences enable the 

identification and differentiation of specific atmospheric PM sources. Fossil fuel combustion 

and other anthropogenic activities are also sources of nitrogen compounds such as NOx. 

Stable isotope nitrogen ratios can be used to differentiate these sources (14N and 15N) 

(Pavuluri et al., 2011; Walters et al., 2015). 
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 Thermal Optical Techniques for Differentiating Brown/Organic Carbon and 
Elemental Carbon 

 

The differentiation between OC and EC can also be achieved through other techniques 

which include modern light absorbing techniques (Figure 50) (Poschl, 2003). These 

techniques involve the use of a laser beam of a specific wavelength, through a particulate 

matter sample (Liousse et al., 1993). This can be undertaken on filter substrate or in air. 

Observations are made on the quantity of light absorbed by the particulates (Andreae & 

Gelencer, 2006). Generally, EC is measured over the green to infrared wavelengths 

because this type of carbon shows stronger absorption there (Andreae & Gelencer, 2006; 

Liousse et al., 1993). 

 

 

Figure 50: Classification and molecular structure of carbonaceous aerosol components 
(Poschl, 2003). 

 

The absorption of light by EC is attributed to electrons within the graphite structure. Brown 

carbon or OC absorbs light closer to the UV range (Poschl, 2003). However, for the 

differentiation of OC and EC, instruments which measure light absorption by carbonaceous 

material over a range of the UV or visible spectrum are advisable (Liousse et al., 1993). The 

light absorption measurements for each category, i.e, EC or OC, can be converted to mass 

concentration through the application of conversion factors or mass absorption coefficients 

(Schimd et al., 2001). Estimates by Liousse et al (1993) indicate that the mass absorption 

efficiency of elemental carbon ranges from 2 to 20 m2/g. Incident light wavelength has a 

major influence on particle light absorption (Liousse et al., 1993). 
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Other techniques, as described by Andreae & Gelencer (2006) also include thermal-optical 

techniques which distinguish between refractory and non-refractory carbonaceous 

components of atmospheric PM as EC and BC/OC (Figure 51) (Hemby et al., 2012).  

 

Figure 51: Measurement of the carbonaceous components of particles (Hemby et al., 2012). 

 

Thermal optical techniques include the direct measurement of EC and OC through the 

application of thermal evolution methods (thermal/optical transmission (TOT) and/or 

thermal/optical reflectance (TOR) (Hemby et al., 2012; Schmid et al., 2001). These 

techniques employ different temperatures and atmospheric conditions during analysis for 

the evaporation, pyrolysis and combustion of carbon-containing material or compounds on 

a filter paper (usually quartz) (Chow et al., 1993; Desert Research Institute, 2019). They 

also enable the monitoring of the conversion of OC to EC and the quantification of the 

amount of carbon that is released from the filter at varying or different temperatures (Currie 

et al., 2002; Watson et al., 2005). A number of these methods employ two different 

temperatures which define the carbon evolved below 580°C as OC and that which is evolved 

at temperatures above 650°C to 1100°C as EC (Birch & Cary, 1996; Turpin et al., 1990; 

Watson et al., 2005). In some of the methods, higher OC temperatures are applied in an 

atmosphere that is non-oxidizing, after which OC is assumed to have been removed from 

the sample (Chow et al., 1993; Watson et al., 2005). Other techniques employ lower OC 
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temperatures in an oxidising atmosphere, with the assumption that the combustion rate of 

EC is lower under these conditions (Currie et al., 2002; Watson et al., 2005). The CO2 

evolved from the process is then detected directly or reduced to CH4 for sensitive detection 

(Desert Research Institute, 2019). The partitioning of EC and OC, therefore, occurs with the 

assumptions that the evolution of charred OC occurs before EC that was originally in the 

sample and that attenuation and transmittance is equal for charred OC and original OC (Yu 

et al., 2002). 

The most commonly applied thermal optical techniques for measuring OC and EC in 

atmospheric PM include those of the National Institute for Occupational Safety and Health 

(NIOSH) in the US (Chow et al., 1993), the US Interagency Monitoring of Protected Visual 

Environments (IMPROVE) (Birch & Cary, 1996) and the European Supersites for 

Atmospheric Aerosol Research (EUSAAR) (Cavalli et al., 2010). Although these protocols 

show good agreement in total carbon (TC) concentrations, they indicate differences in the 

concentrations of OC and EC and do not fully address or characterise interferences by 

carbonate (Cavalli et al., 2016). 

For the NIOSH protocol, the thermal part of the process involves temperature increases from 

ambient to 580°C in a non-oxidising Helium (He) atmosphere (Desert Research Institute, 

2019). The volatilisation of organic compounds (charring) from the filter occurs and EC 

remains unoxidized (Chow et al., 1993; Desert Research Institute, 2019). The addition of 

oxygen to helium at temperatures higher than 580°C results in the combustion of EC and 

the evolved gases enter the sample stream, where they pass through a bed of heated 

manganese dioxide (MnO2), resulting in their oxidation to CO2 (Currie et al., 2002). The 

evolved gases then pass through a heated nickel (Ni) catalyst, resulting in the reduction of 

CO2 to CH4 (Desert Research Institute, 2019). The quantification of methane is undertaken 

through a flame ionisation detector (FID) while the monitoring of reflected laser light is done 

continuously during the analysis cycle (Desert Research Institute, 2019). The degree of 

pyrolytic conversion from OC to EC is accounted for by the negative change in reflectance 

which takes place during OC analysis (Desert Research Institute, 2019). The introduction of 

O2 results in an increase in reflectance due to the burning of light absorbing carbon off the 

filter (Currie et al., 2002). Therefore, EC is classified as carbon which attains the reflectance 

value it had at the beginning of the analysis cycle (Turpin et al., 1990; Watson et al., 2005). 
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This pyrolysis adjustment process is critical and can be as high as 25% of EC or OC (Chow 

et al., 1993; Desert Research Institute, 2019). A typical thermogram for thermal optical 

analysis of carbonaceous material is shown in Figure 52 below. 

 

Figure 52: Thermogram for carbonaceous material (rock dust consisting of carbonate) and 
diesel exhaust (Birch & Cary, 1996). 

 
There are critical factors which determine the successful application of thermal-optical 

techniques. For example, the rate of material evaporation is dependent on filter handling 

and storage between the sampling campaign and analysis (Hemby et al., 2012). Quartz fibre 

filters are generally used for thermal-optical carbon analysis and present a problem as they 

absorb some of the organic vapours (Poschl, 2003). In some cases, the misinterpretation of 

these gas vapours as OC or EC (if the organic carbon is charred) often occurs. For the 

prevention of the misinterpretation of charred organic substances as elemental carbon, laser 

correction measurements are employed (Chen et al., 2004; Poschl, 2003). Many of the 

thermal-optical methods that have been applied for the purposes of estimating EC, OC and 

total carbon (TC), result in different concentrations for OC and EC. These concentrations 

are defined by the method rather than by an absolute standard (Watson et al., 2005). The 

methods differ with respect to factors such as catalysts employed for the oxidation and 

reduction processes, charring correction, analysis atmospheres, temperature ramping up 
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rates, methodologies for the detection of evolved carbon, carrier gas flow, optical pyrolysis 

monitoring, etc., (Chen et al., 2004).  

 

Complexities during the thermal optical characterisation of atmospheric PM may arise due 

to different compositions and structures of carbonaceous material from different sources 

(Chow & Watson, 2002). In addition, although CC is generally found in low quantities in 

some atmospheric PM samples, it is rarely compared to the EC content (Cao et al., 2004; 

Chow & Watson, 2002; Watson et al., 2005). Some components of OC may also absorb 

light in the visible spectrum and therefore can be classified as EC (Chow & Watson, 2002).  

There may be differences in the absorption and scattering properties of atmospheric PM 

particulates on the filter and atmosphere (Horvath, 1993), or changes in collected particles 

during extraction from the atmosphere onto the quartz filter (Watson et al., 2005). In addition, 

the rate of evaporation of the material is dependent on filter handling and storage between 

sampling and analysis (Horvath, 1993). Quartz fibre filters tend to absorb organic vapours 

which are then interpreted as OC or a portion of EC, depending on whether the OC has 

undergone charring or not (Watson et al., 2005). 

 

 ATMOSPHERIC PARTICULATE MATTER MONITORING 

 
Given the health and environmental impacts of atmospheric PM, monitoring becomes crucial 

(Garland et al., 2017; Wu et al., 2017). Monitoring of atmospheric PM provides information 

which is useful for the determination of concentration levels (Wichmann, 2017). Most 

research studies on atmospheric PM have demonstrated the importance of separately 

monitoring the components of PM based on size i.e fine and coarse particulates (Wu et al., 

2017). This is evident in studies undertaken in the fields of epidemiology, environment, 

chemistry and toxicology (Assael et al., 2010). Two methods are currently used for the 

measurement of atmospheric PM concentration and these are passive and active monitoring 

(Huertas et al., 2012).  

 

 Active Sampling  
 

Active methods are the most common method of atmospheric PM monitoring due to 

reliability of the results and low uncertainty (Assael et al., 2010). The principle of active 

atmospheric PM monitoring is based on drawing a volume of air into the monitor using a 
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pump or suction and the measurement of atmospheric PM entrained in this volume of air 

(Snyder, 2013; Stern et al., 1994, Turpin et al., 1994). Other active methods of monitoring 

include beta attenuation monitoring (BAM), gravimetric, oscillating element and light 

scattering methods (Snyder, 2013; Stern et al., 1994; USEPA, 2009). 

 

In South Africa, active ambient monitoring stations are largely owned by the Department of 

Environmental Affairs and most of these stations are in air quality management priority areas 

(Figure 53) (DEA, 2011; DEA, 2017; Garland et al., 2017).  

 

 

Figure 53: National Ambient Air Quality Monitoring Network (DEA, 2017). 

 

The data obtained from these stations is useful for compliance and health risks 

assessments. The main problem is the limited number of ambient monitoring stations, 

especially for atmospheric PM, for the overall representation of the air quality problems 

across various parts of the country (Wichmann, 2017). This is a common occurrence in 
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developing countries due to various reasons. The reasons include more pressing socio-

economic factors and lack of resources to purchase expensive active monitors used for real 

time detection of air pollutant mass concentrations (Engel-Cox et al., 2013; Huertas et al., 

2012; Panyacosit, 2000). This is exacerbated by the fact that developing countries are 

currently experiencing high levels of air pollution due to developmental and economic 

pressures and are in dire need of ambient air quality monitoring to inform health risk 

assessments and environmental management decision making processes (Garland et al., 

2017; Laskin et al., 2012). In addition, a limited number of samplers may not provide 

adequate exposure information for outlying regions (Liu et al., 1995). A sizeable number of 

samplers are normally required for the investigation of the relationship between outdoor and 

indoor pollution (Suh et al., 1992). If active monitors are used for such campaigns, then the 

costs will be exorbitant (Assael et al., 2009). 

 

 Passive Sampling  
 

Passive samplers have been used for the purposes of air quality monitoring for long periods 

of years and this is due to lower costs associated with these samplers compared to active 

monitors (Brown, 1993; Brown et al., 1996). Various passive samplers have been designed 

over the years and these include a small passive sampler for particulate or aerosol sampling 

(Figure 54) (Wagner & Leith, 2001a). The passive sampler is exposed to the environment 

for periods ranging from hours to weeks, for the purposes of monitoring ambient aerosols, 

indoor air quality and occupational pollutants (Brown, 1993). 

 

The sampler is easy to operate and after sampling has been completed, samples can be 

assessed using techniques such as SEM and automated image analysis (Wagner & Leith, 

2001b). It is made either from aluminum or carbon, with the former being commonly used 

for size distribution analysis due to the high conductivity of aluminum (Brown et al., 1996). 

If the objective is to undertake an elemental analysis, then carbon-based samplers are the 

preferable option as they cause less interference with the elemental spectra if SEM-EDS is 

used (Figure 54) (Wagner & Leith, 2001b). Mesh caps or covers are put on the sampler 

during sampling and can be removed afterwards for sample analysis (Wagner & Leith, 

2001b). The mesh cover restricts the deposition of large particles on the sampler’s collection 

surface, but also restricts the collection of smaller particles which may diffuse or be 

intercepted (Wagner & Leith, 2001c) and must therefore be compensated for in calculating 
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concentration from the number of particles collected. The mesh used by these authors has 

holes of conical cross section and dimensions of a top diameter of 160 µm and a bottom 

diameter of 225 µm. The collection region of the sampler is 1.2 mm in depth and has a 

diameter of 6.8 mm and the mesh is 127 µm thick (Wagner & Leith, 2001b). Thin aluminum 

tape is placed at the base of the collection region of the sampler to minimise microscopic 

imperfections and interference. The deposition mechanisms for the particles into the 

sampler include gravitational settling, convective diffusion and inertia (Figure 55) (Wagner 

& Leith, 2001b). 

 

 

Figure 54: Passive sampler design (Wagner & Leith, 2001b). 

 

 

Figure 55: Schematic of deposition into passive sampler (with horizontal mean wind 
velocity, u) (Wagner & Leith, 2001b). 
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Locally developed (South Africa) passive samplers were manufactured by Mukota & 

Kornelius (2017) using a locally produced mesh with untapered holes with a diameter of 

200 µm (Figure 56), and this was used in the present study. 

 

 

Figure 56: UNC passive sampler and locally developed SA sampler (Wagner & Leith, 2001; 
Mukota & Kornelius, 2017). 
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3 METHODOLOGY 

 Introduction 

 
Particulate size and concentration are characteristics that have long been used for the 

characterisation of atmospheric PM. This has enabled the description of its multimodal 

nature i.e. coarse, fine and ultrafine particulates, which are emitted by various anthropogenic 

sources and natural sources (Ramirez-Leal et al., 2014). Developments in electron 

microscopy and other technical fields have enabled the comprehensive characterisation of 

individual particles. The electron microscopy and spectroscopic techniques that have been 

pivotal in the identification and characterisation of atmospheric PM include SEM-EDS, 

reflectance, optical microscopy, Raman, XPS and IRMS. Non-microscopic and non-

spectroscopic techniques which have been applied for the characterisation of atmospheric 

PM include TGA and thermal optical analysis. These have also been employed in this study 

for the characterisation of atmospheric PM from opencast coal mines and adjacent 

communities.  

 

 Selection of Study Areas 
 
The research study includes randomly selected PM ‘hotspots areas’ characterised by coal 

mining activities in the Highveld Priority Area and Waterberg-Bojanala Priority Area. 3 

opencast coal mines and 3 community areas located adjacent to these mines were selected 

for the study. The residential areas selected in the Mpumalanga Province include Clewer 

near Emalahleni and Delpark in Delmas, both in proximity to coal mines. In Limpopo 

Province, the mining area near Lephalale and the adjacent residential area of Marapong 

were selected for the study (Figure 57). The selected areas in the Mpumalanga Province 

have a high concentration of coal mining activities, particularly in Emalahleni. During the 

selection of the study areas, existing and potential sources of emissions were considered 

as these would have an impact on the type, size and nature of atmospheric PM that will be 

sampled during the research study. The identified sources of emissions in both the 

Mpumalanga and Limpopo study areas include power generation activities and other 

industrial sources of emissions, domestic fuel burning and clay brick manufacturing. Other 

considerations for the study areas included security of monitoring equipment, accessibility 

and prevailing wind direction. 
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Figure 57: Location of Emalahleni, Delmas and Lephalale within the HPA and WBPA (DEA, 2017). 
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Meteorological data for the assessment of site dispersion potential and generation of wind 

roses was obtained from Windfinder for the South Africa Weather Services Stations located 

in Emalahleni and Lephalale for the period 2011- 2018. Meteorological data for 2011-2018 

for Delmas was obtained from the Fifth-Generation Penn State/NCAR Mesoscale Model 

(MM5), a regional mesoscale model used for creating weather forecasts and climate 

projections, due to the lack of a weather station in the area during the time of study. The 

locations of some of the study areas and meteorological stations are shown in Table 9 below. 

 

Table 9: GPS locations for the selected study areas 

Study Area 

GPS Coordinate of Study Area 

Latitude Longitude 

Delpark (Delmas) 26° 8'28.84"S 28°41'36.75"E 

Clewer (Emalahleni) 25°54'25.47"S 29° 8'10.56"E 

Marapong (Lephalale) 23°39'23.03"S 27°37'44.34"E 

Emalahleni Weather Services Station 25°49'59.45"S 29°11'25.50"E 

Lephalale Weather Services Station 23°40'35.81"S 27°42'15.53"E 

Delmas MM5 Data Point 26° 8'38.95"S 28°40'29.44"E 

 

 Study Area Description: Delmas 
 

Delmas is a small town located in the Mpumalanga Province, South Africa. The town is well 

known for agricultural activities, particularly maize farming. Delmas is considered a PM ‘hot 

spot’ area due to poor ambient air quality and general exceedances of ambient PM10 

NAAQS. Sources of emissions in Delmas include industries, agriculture, domestic fuel 

burning, coal mining activities, vehicle emissions and open burning of waste (Figure 58) 

(DEA, 2011). Sensitive receptor areas in the town of Delmas include Delpark residential 

area, which is located approximately 1.5 km to the north east of Delmas. Atmospheric PM 

monitoring was undertaken in this residential area.  

 

The site dispersion potential of an area is generally governed by meteorological 

characteristics or mechanisms (Shenfield, 1970; Tyson & Preston-Whyte, 2002). These 

characteristics determine pollutant dispersion, atmospheric transformation and atmospheric 
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removal of pollutants. In addition, the wind field largely determines the vertical dispersion of 

pollutants. The dilution of pollutants, pollutant dispersion and mechanical turbulence are 

largely determined by wind speed in area (Shenfield, 1970). The wind field in Delmas for the 

period 2011 to 2018 is largely characterised by north, north westerly and easterly winds 

(Figure 58). The dispersion of the pollution plume is expected to occur in the westerly, south 

westerly and southerly direction. Opencast Coal Mine 2 in Mpumalanga is located 

approximately 6 km to the south east of the MM5 meteorological data point in Delmas, while 

the community of Delpark is located approximately 2 km north east of the MM5 data point. 
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Figure 58: Location of Delpark relative to opencast coal mining activities in Delmas, Mpumalanga (Google Earth, 2018). 
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 Study Area Description: Emalahleni 
 
Emalahleni is a town located in the Highveld region of the Mpumalanga Province. The town 

is well known as the centre of coal mining, power generation and other industrial activities 

in South Africa (Figure 59). Air pollution problems have long plagued the town and the 

Highveld region, resulting in growing public concern. Emalahleni is considered an 

atmospheric PM hotspot area due to exceedances of National Ambient Air Quality 

Standards (NAAQS) for various criteria pollutants including atmospheric PM. Sources of 

emissions include domestic fuel burning, industrial sources such as primary and secondary 

metallurgical processes, power generation, coal mining, vehicle emissions and agricultural 

activities (DEA, 2011). The residential area of Clewer is located approximately 10 km to the 

south west of Emalahleni and is located adjacent to coal mining operations, a rail siding, 

agricultural activities and provincial roads (Figure 60). 

The wind rose for Emalahleni for the period December 2011 to September 2018, based on 

Windfinder data for the Emalahleni Weather Station is shown in Figure 60. The community 

of Clewer is located approximately 10 km to the south west of the Emalahleni weather station 

while Opencast Coal Mine 3 in Mpumalanga is located approximately 8 km north east of the 

weather station. Predominant winds during this period were from the north, north west and 

west directions. Predominant winds generally determine the site dispersion potential and 

pollutant transportation to sensitive receptors and other areas. It is expected that the 

pollution plumes will travel towards the south, south easterly and easterly directions in the 

area. 
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Figure 59: Location of Clewer relative to opencast coal mining activities in Emalahleni, Mpumalanga (Google Earth, 2018). 

 
 
 



 

100 
 

 
 

 

Figure 60: Location of opencast coal mines, coal siding and power station in relation to Clewer, Mpumalanga (Google Earth, 2018). 
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 Study Area Description: Lephalale 
 

Lephalale is a coal mining town located in the Limpopo Province and is located within the 

Waterberg-Bojanala Priority Area (Figure 61). The Waterberg Coalfield is the source of this 

coal, with reserve estimations at 55 gigatonnes (Gt), with a potential resource of 121 Gt 

(Snyman and Botha, 1993). Sources of air pollution in Lephalale include coal mining, power 

generation, brickworks, domestic fuel burning, vehicle emissions and agriculture. 

Exceedances of the NAAQS for criteria pollutants, including PM, have been recorded in the 

area. Marapong is a low-income residential area located approximately 12 km to the west 

of Lephalale (Figure 61). Passive monitoring of atmospheric PM was undertaken at this 

sensitive receptor area. The period wind rose for Lephalale for December 2011 to 

September 2018, obtained from Windfinder, is based on real observations from the 

Lephalale Weather Station (Figure 61). Marapong is located approximately 8 km north west 

of the weather station while Opencast Coal Mine 1 is located approximately 15 km to the 

north west of the weather station. North easterly winds are predominant in the region and 

the wind direction will result in pollution plumes to the south west of the sources.  
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Figure 61: Location of Marapong and Lephalale in Limpopo (Google Earth, 2018) and period wind rose for Lephalale (Windfinder, 2018). 
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 SAMPLING 
 
Sampling technique selection is determined by the intended analysis method (Sielicki et al., 

2011). For example, for the purposes of sample analysis using TEM, a decontaminated, 

smooth, very thin (approximately 100 nm) and flat sample is required (Winey et al., 2014). 

Sample thickness is not critical in SEM as samples do not have to be thin, smooth and flat. 

This because the SEM has greater depth of focus hence image depth compared to TEM 

(Sielicki et al., 2011). 

 

 Passive Sampling 
 
Atmospheric PM sampling was performed during the months of May 2018 for 24 hours at 

each study area or location (3 different opencast coal mines and 3 communities). The 

sampling locations were selected following two criteria, i.e PM10 ‘hot spot’ areas and the 

presence of opencast coal mining activities and adjacent residential areas.  

 
For the purposes of this research, locally produced outdoor passive samplers were deployed 

to the study areas, i.e, 3 opencast coal mines and 3 residential areas during the period of 

sampling. Four passive samplers were deployed per monitoring location to ensure the 

availability of adequate samples for analysis purposes. The passive samplers deployed for 

the research study were locally developed by Kornelius & Mukota (2017) based on the 

Wagner & Leith (2001) passive sampler design (Figure 56 and Figure 62). The calibration 

of this locally developed passive sampler was previously undertaken against the University 

of North Carolina passive aerosol sampler (UNC sampler) and active monitors, namely the 

Tapered Element Oscillating Microbalances (TEOMs) and Beta Attenuation Monitors 

(BAMs) (Mukota 2019). Sample imaging was carried out using an optical microscope and 

the collected images were analysed using Zeiss Axiovision® (proprietary software) and 

Image J (open-source software).  

 

An outdoor shelter was used to protect the passive samplers from weather elements such 

as rain, as this would introduce experimental errors in the sampling and potentially impact 

on the accuracy of the study results. The exposure time for the passive samplers was limited 

to a period of 24 hours to avoid particulate loading and cluster formation due to over-

exposure of passive samplers. In addition, for morphological and chemical analyses of 

particles using SEM-EDS, the best results are obtained when particles are separated from 
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each other (Genga et al., 2013). After the 24-hour sampling period, the passive samplers 

were collected from the monitoring sites and placed in well labelled glass vials and 

transported to the laboratory for analysis (Figure 62). At the laboratory, the cover slips with 

the collected samples were carefully removed from the passive samplers using clean 

tweezers and were transferred onto clean, well labelled glass slides. The procedure involved 

taping each cover slip onto the glass slide with the exposure side facing the glass slide. The 

slides were then placed in containers to prevent contamination before optical and SEM-EDS 

analysis were undertaken. 

 

 

Figure 62: Passive diffusive samplers (Kornelius & Mukota, 2017). 

 

 Active Sampling 
 

3.2.2.1 Monitoring: Teflon Filters 
 
The active sampling campaign for the research study was undertaken in December 2015 

and May 2018. The campaign included the use of calibrated low volume MiniVol sampling 

pumps with automatic flow correction, fitted with impactors having a cut diameter of 10 µm 

(Airmetrics, Springfield, Oregon). No PM2.5 was monitored during this campaign. The same 

opencast coal mines and residential areas selected for the passive sampling campaign were 

included in the active monitoring campaign.  
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Pre-weighed 47 mm diameter polytetrafluoroethylene (PTFE) filters transported in clean 

marked polystyrene Petri dishes were used for monitoring purposes and for assessment 

through the application of XPS, Raman, TGA and reflectance microscopy. Teflon filters were 

employed because filter mass changes are stated to be not significant for Teflon filters. A 

MiniVol sampler was placed at each of the selected opencast mines and residential areas 

(Figure 63).  

 

 

Figure 63: MiniVol samplers used for PM10 monitoring at opencast coal mines and 
community areas. 

 

The MiniVol samplers were set to 5 litres per minute (5l/min) at local conditions and 

programmed for a period of 24 hours at each monitoring site.  Detail of the active sampling 

campaigns undertaken during the study is shown in Table 10. After completion of each 24-

hour sampling period, each filter holder assembly unit was removed from the MiniVol 

sampler and placed in a well labelled, clean container with a lid for post sampling weighing. 

A second filter holder assembly unit with a clean filter was then inserted into the MiniVol for 

the purposes of collecting the next sample.  



 

106 
 

The start and end times of monitoring were recorded for the purposes of ensuring filter 

collection at exactly 24 hours. 

 

In the laboratory, each Teflon filter was carefully removed from the filter holder assembly 

unit using clean tweezers and weighed using a calibrated 5 decimal electronic balance at 

room temperature for the determination of sample weight and PM10 concentration. Each 

weighed filter was then placed in a well labelled clean Petri dish using tweezers, in 

preparation for particulate matter sample analysis using XPS, Raman and TGA. Previously 

weighed blank Teflon filter papers were also re-weighed. Atmospheric PM concentration in 

the ambient air was calculated using the total mass of collected particulates in the PM10 

range (adjusted for the change in blank mass), divided by the total volume of sampled air. 

The total volume of sampled air was determined from the sampling time (24 hours) and the 

volumetric flow. The PM10 concentrations of the samples were expressed in (µg/m3). 

Average PM10 concentrations were calculated for each site based on the concentration 

results of the two filters from each site. 

 

3.2.2.2 Monitoring: Quartz Fibre Filters 
 

Atmospheric PM for stable carbon and nitrogen isotope analysis and thermal optical 

techniques for TC, EC and OC were collected through MiniVol samplers as described above 

in the selected opencast coal mines and adjacent communities’ study areas, but using 

quartz fibre filters due to their suitability in OC/EC or thermal desorption analysis and stable 

carbon and nitrogen isotope analysis. Sampling numbers and dates are given in Table 10. 

 

 SAMPLE ANALYSIS 

 
The type and date of monitoring for the active and passive sampling campaigns for the study 

are shown in Table 10 below. 
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Table 10: Active and passive diffusive sampling parameters 

Location 

 
Type and Date of Sampling 

Active 
Sampling 
(Preliminary 
Active 
Sampling 
for XPS, 
TGA and 
Raman) 

Date of 
Sampling 

Passive 
Sampling  

Date of 
sampling 

Active 
Sampling 
Campaigns 

Date of 
sampling 

Active 
Sampling 
(Quartz 
Filters) 

Date of 
sampling 

Opencast Coal Mine 1 (Limpopo) 2 04/12/2015 4 11/05/2018 3 11/05/2018 3 14/06/2019 

Opencast Coal Mine 2 (Mpumalanga) 2 08/12/2015 4 19/05/2018 3 19/05/2018 3 18/06/2019 

Opencast Coal Mine 3 (Mpumalanga) 2 12/12/2015 4 21/05/2018 3 21/05/2018 3 23/06/2019 

Delpark  2 08/12/2015 4 19/05/2018 2 19/05/2018 2 18/06/2019 

Clewer  2 12/12/2015 4 21/05/2018 2 21/05/2018 2 23/06/2019 

Marapong  2 04/12/2015 4 16/05/2018 2 16/05/2018 2 14/06/2019 
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 Optical Microscopy 
 
Particle size is an important determinant of physical, chemical and formation properties of 

particulates and has profound implications for particulate transport, transformation and, 

removal in the atmosphere (Vallius, 2005). Microscopy, particularly electron microscopy, is 

used for obtaining information on the morphology and size distribution of particulates. The 

importance of morphology as a potential contributor to toxicity can be related to the influence 

of morphology on both surface composition and particle transport properties (Mamani-Paco 

& Helble, 2007). For each mine and adjacent community, 2 glass slides with atmospheric 

PM samples were analysed using optical microscopy. A blank glass slide was also analysed 

for experimental control purpose. The samples were viewed through a light microscope, 

Zeiss Imager- A1m Microscope set up with Kohler Illumination and equipped with a digital 

camera AxioCam MRc5 (Carl Zeiss, Germany). The samples were viewed at 200X 

magnification with a ~6mm exposure diameter. Background subtraction and shading 

correction were undertaken on the optical microscope before sample analysis, with shading 

correction applied to correct for stray light and non-uniformity in the illumination system. 

Background subtraction and shading correction enable the quantification of intensities and 

improvement in image quality.  

 

Photographs of the samples were taken using a specific Cartesian plane pattern enabling 

the capture of the entire surface. The light intensity, hue, saturation and background were 

kept constant for all photos by setting the measurement parameters, so enabling a uniform 

histogram. Digital images were saved and stored in a tiff format in corresponding folders 

using the AxioVision SE64 software (Carl Zeiss, Germany). 

 

Quantification of the atmospheric PM concentrations was undertaken through imaging of 

each glass cover slip over an area of approximately 6mm in diameter. Particle sizing and 

counting was undertaken using the AxioVision SE64 software. All the images were taken at 

a constant or fixed hue saturation and light intensity. The images’ threshold was then set to 

a value that avoids bias by either erosion or dilation after having converted it to a binary 

image. Automated counting using a custom macro followed. The macro output consisted of 

a list of projected area, image coordinates, and circularity for each particle detected in the 

images. Image edge effects were neglected because the area of the image was very large 

compared to the size of the particles of interest and because the imaging minimises double 
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capturing of any particles due to the pattern used. During atmospheric particulate analysis 

(using the Axio Vision software), parameters such as particle diameter (µm), particle area 

(µm) and perimeter (µm) were recorded for each particle. Results from the AxioVision 

particle analysis software were exported to an Excel spread sheet for further analysis. This 

data was used for atmospheric PM concentration calculations (µg/m3).  

 

To obtain the atmospheric particulate concentrations, the methods applied by Mukota (2019) 

were used. 

 

 Scanning Electron Microscopy Analysis and Energy Dispersive 
Spectroscopy (SEM-EDS) 

 
The glass slides from the optical microscopy analysis were also used for SEM-EDS analysis 

as described in Section 3.3.1. Each glass slide was removed from its container with clean 

tweezers for the purposes of carbon coating. Carbon coating was undertaken to minimise 

specimen charging. The energy dispersive spectrometer used in this study has a 

background subtraction function for coating material to ensure that the EDS results do not 

include carbon used during the carbon coating process. After carbon coating, the samples 

were analysed under the SEM. Various magnifications of up to 30,000X were applied during 

the analysis given the different particulate sizes. For the purposes of SEM analysis, 

magnifications of 1,000X to 20,000X are generally set. 

 

SEM and EDS analysis were not undertaken simultaneously due to the poor image quality 

obtained from EDS when used in conjunction with SEM. Poor image resolution presents a 

challenge during particle morphological analysis. Therefore, the applied procedure involved 

particle analysis and the capturing of high-resolution images using SEM, followed by 

elemental composition analysis using EDS for various individual and bulk particles. 

 

A Zeiss Ultra PLUS FEG scanning electron microscope equipped with an Oxford X Max 

EDS (spectroscope) was used for sample analysis. In conjunction with the SEM-EDS 

hardware, an Oxford Instruments Aztec 3.0 SP1 image analysis software provided imaging 

and graphical spectra results. The Zeiss Ultra PLUS FEG SEM was operated under vacuum 

at an accelerating voltage of 15kV for the primary electrons, with an ideal resolution and a 

working distance of approximately 4 mm, which was observed to be optimal for this research 

study. A secondary detector was employed for the detection of secondary electrons from 
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the samples due to its capability of yielding a good quality image and depth of focus resulting 

in an image with a three-dimensional perspective (Casuccio et al., 2002; Casuccio et al., 

2004). 

 

The determination of the optimal primary electron accelerating voltage for the study was 

based on the consideration that in theory, the highest image resolution, is obtained through 

a highly energetic electron beam (Sellaro et al., 2002; Willis et al., 2002). The implications 

for employing higher energy to the sample is that the generation of secondary electrons, 

which form the particle image, occurs over a much larger volume of the sample due to the 

high depth of penetration of the primary electron beam (Casuccio et al., 2002; Galvez et al., 

2013). Consequently, lowering the energy of the primary electron beam results in surface 

detection of secondary electrons on the sample, leading to the enhancement of surface 

detail in the SEM image (Willis et al., 2002). 

 

Electron micrographs of individual and bulk atmospheric PM in the samples were taken at 

different magnifications depending on the sizes of the individual and bulk particulates. The 

same approach was followed for EDS, where elemental analyses of individual particles and 

bulk atmospheric particulate analysis was undertaken using spot and area analysis. The 

EDS system employed in the research study has a capability of detecting elements with an 

atomic number 6 (carbon) and greater. The analysis of the particulates using EDS was 

narrowed down to individual atmospheric particulates due to the highly variable chemical 

composition of bulk particulates. The percentage weight of each element present in the 

spectrum was identified for the individual particles. The individual atmospheric particulates, 

including coal dust particulates, were classified based on their EDS spectra, provides 

graphical representation of the elements associated with each particle. During the 

characterisation of the atmospheric particulates, observations were also made on the 

relationships between peak heights in the different spectra, to obtain information and 

indications of the elemental composition and other relevant information.  

 

 X-ray Photoelectron Spectroscopy (XPS) 
 

XPS was employed in an attempt to determine the surface chemical compositions of the 

samples to differentiate between OC and EC from coal mining and other activities such as 

combustion related activities. 
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A total of 3 samples, 1 from an opencast coal mine, 1 from an adjacent community and a 

reference sample (blank filter cut) were analysed. One set (before and after sputtering) of 

XPS measurements was done for each sample. Small sections of Teflon filter samples of 

6mm x 3mm were cut from each of the filters (Figure 64). The cut sections from each filter 

were taken from the filter area judged to have the highest deposit of atmospheric PM. The 

cut filters were placed on a sampler holder using clean tweezers and the sample holder was 

placed in the PHI 5000 Scanning ESCA Microprobe X-ray photoelectron spectrometer 

sample chamber (Figure 64). The surface compositions and the chemical states of elements 

in the filter samples were then determined. Carbon was the critical element in the analysis 

given the objective of differentiating between EC and OC.  

 

 

Figure 64: XPS sample analysis using the PHI 5000 Scanning ESCA Microprobe (University 
of Free State). 
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For the identification of the chemical state of the atomic species in the samples, high 

resolution spectra were collected. Survey spectra (binding energy peaks) of the atmospheric 

particulates were collected through a 100 μm diameter monochromatic Al Kα x-ray beam 

(hν = 1486.6eV) generated by a 25W, 15kV electron beam, 187eV Pass energy, 1 eV/step 

100ms/step and UHV Base Pressure 2.8E-9 Torr. High resolution spectra for the 

atmospheric particulates were also collected through a 100μm diameter monochromatic Al 

Kα x-ray beam (hν= 1486.6eV) generated by a 25W, 15kV electron beam, at an energy 

resolution of 0.5eV. Sputter for the analysis was done using an Argon (Ar) ion gun at 2kV 

2uA 1x1mm Raster and a sputter rate of about 4.5nm/min (see Table 11 below). Data 

relating to the assessed peaks, repeats and cycles is shown in Table 12 below.  

 

Table 11: Parameters employed for XPS analysis 

 

Table 12: Cycles and repeats for XPS analysis 

No. of samples 

analysed Peak 
Pass Energy 

(eV) 
Cycles 

Energy step 

(eV) 

Time/ Step 

(ms) 

3 C1S 23.5 10 0.1 100 

3 O1S 23.5 10 0.1 100 

 

The X-ray energy dispersion eliminates the Kα3,4, Kα5,6, and Kβ X-ray lines and the Al 

Bremsstrahlung radiation background and narrows the Al Kα1,2 line to approximately 0.26 

eV Full Width at Half Maximum (FWHM). FWHM is a full width of a spectroscopic peak 

measured at a half of its maximum height. This narrow line allows core and valence band 

spectra to be acquired with high energy resolution of the photoemission peaks and without 

X-ray satellite-induced photoemission peak overlaps. The removal of X-ray and 

Characterisation Al X-Ray Beam 
Ar Ion 

Gun 
Description 

Survey 100µm 25W 15kW  
187eV Pass energy, 1eV/ step 100ms/ step 

UHV Base Pressure 2.8E-9Torr 

High Resolution 100µm 25W 15kW  0.5eV 

Sputter  2kV 2uA 
1x1mm Raster 

Sputter rate of about 4.5nm/min 
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Bremsstrahlung satellite radiation coupled with a narrow principle excitation line width 

results in significantly higher signal-to-background ratio data. The narrower X-ray line width 

also allows an electron energy analyzer to be observed with higher transmission, thereby 

reducing the observed damage rate in monochromator excited XPS spectra of X-ray 

sensitive sample. With the proper geometry configuration of X-ray source, crystal substrate 

and analysis target, the reflection beam yields a highly focused, monochromatic source of 

X-rays. Multipack Version 9 software can be utilised to analyse the spectra to identify the 

chemical compounds and their electronic states using Gaussian–Lorentz fits. A low energy 

Ar+ ion gun and low energy neutralizer electron gun is used to minimize charging on the 

surface. 

 

 Raman Spectroscopy (Raman) 
 
Raman was attempted for the differentiation of EC and OC in the atmospheric PM samples.  

Raman analysis of a blank Teflon filter, 2 residential/community and 5 coal mining 

atmospheric PM samples (on Teflon Filters) were recorded using a T64000 Series II Triple 

Spectrometer system from HORIBA Scientific, Jobin Yvon Technology. The 514.3 nm laser 

line of a coherent Innova® 70C series Ar+ laser (spot size ~ 2 µm) with a resolution of 2 cm-

1 in the range of 1200 cm-1–1800 cm-1 was used. This is because the spectral region 

between 1000 cm-1 and 1800 cm-1 contains the most detail on the structural information for 

carbonaceous materials. The objective of the Raman instrument focused on three spots of 

each sample. The area which showed the most intense peaks or bands was utilised in the 

study. 

 

The undeconvoluted Raman spectra for all the opencast coal mines and communities’ 

samples were obtained in a backscattering configuration with an Olympus microscope 

attached to the instrument (using an LD 50x objective). The laser power was set at 1.7 mW. 

An integrated triple spectrometer was used in the double subtractive mode to reject Rayleigh 

scattering and dispersed the light onto a liquid nitrogen cooled Symphony CCD detector.  

 

 Thermogravimetric Analysis (TGA) 
 
A Hitachi STA7300 TGA-DTA equipped with alumina crucibles was used for the 

thermogravimetric analysis of 7 filter samples (5 from the opencast coal mines and 2 from 

the communities) for differentiating EC and OC in the atmospheric particulate samples.  
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A section of the filter paper or disc was cut to the height of the crucible (5 mm) and coiled 

inside the crucible. The cut section was taken from the filter area judged to have the most 

deposit. All filter samples were run once under instrument air (obtained from Afrox). Nitrogen 

runs were also undertaken once for each sample for the determination of any existing 

differences in the burn kinetics of the atmospheric PM samples with air or nitrogen. The 

samples were ramped from 30°C to 1000°C at a rate of 10°C/min under air flowing at a rate 

of 200 mL/min. Once the samples reached 1000°C, they were kept isothermal for 20 minutes 

before being cooled down.  

 

Nominally, different carbon types (amorphous, glassy, graphitic) as well as the particle sizes 

of those carbon types can be distinguished by the differences in their burn kinetics in an air 

environment. Ideally, 10% O2 in 90% N2 should be used. However, for the purposes of this 

research, instrument air of 29% O2 was used as the 10% mixture was not locally available.  

 

“Ashing” of the entire sample filter was undertaken in the TGA instrument to understand the 

filter media behaviour during heating and to observe any potential interactions between the 

filter and the sample matrix. For TGA analysis using the direct-on-filter method, it is ideal for 

the decomposition of the filter media to occur at a different temperature range from the 

sample.  

 

 Reflectance Microscopy (Reflectance) 
 
For the purposes of characterising the coal dust of atmospheric dust samples, sample 

preparation for reflectance microscopy involved the extraction of particulates obtained from 

randomly selected filters (Teflon filters) from the active sampling campaign. 3 opencast 

mining filters (one from each opencast coal mine) and 3 community filters (one from each of 

the adjacent communities) were used during sample preparation. Extraction of atmospheric 

PM from the filters was performed using alcohol (ethanol). The filters with the atmospheric 

particulate samples were submerged in two different containers with alcohol. The alcohol 

was then evaporated using a hand blow dryer for the purposes of collection of the 

atmospheric particulates that were dislodged from the Teflon filters. The collected 

atmospheric particulates were afterwards set in two polyester resin blocks, one for the coal 

mine samples and one for the community samples. The resin blocks had been previously 
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prepared using methods adapted from the South African National Standards for Coal 

Petrography SANS 7404-2:2009. 

 

To ensure total transfer of the atmospheric particulates to the polyester resin block, the 

particulates were mixed with a small amount of polyester resin which was poured into a 

blank hole of a block (one block for the opencast coal mining samples and one for the 

community samples). These were cured for 24 hours to allow the resin to reach its gelation 

stage and to settle. To obtain smooth surfaces, the cured resin blocks were polished up to 

5 times using a Saphir 550 polishing machine. A Zeiss AxioImager M2M reflected light 

microscope with oil immersion lenses of X50 and X100 was used to identify the particulates 

on the resin blocks. Images were taken using the Hilgers Diskus Fossil system attached to 

the microscope. 

 

 Isotope Ratio Mass Spectrometry (IRMS) 
 

For stable isotope analysis (δ13C and δ15N), quartz filters collected from the field during the 

active monitoring campaign were analysed. A total of 10 atmospheric PM samples from the 

opencast coal mines and adjacent communities were analysed (7 samples from the 

opencast coal mines and 3 from adjacent communities). Each sample was analysed once 

and the δ13C and δ15N ratios were recorded. The samples were combusted at 1020°C using 

an elemental analyser (EA) (Flash EA 1112 Series) coupled to a Delta V Plus stable light 

isotope ratio mass spectrometer (IRMS) via a ConFlo IV system (all equipment supplied by 

Thermo Fischer, Bremen, Germany), housed at the UP Stable Isotope Laboratory, Mammal 

Research Institute, University of Pretoria.  

 

Two laboratory running standards (Merck Gel: δ13C = -20.26‰, δ15N= 7.89‰, C%= 41.28, 

N%= 15.29) & (DL-Valine: δ13C = -10.57‰, δ15N = -6.15‰, C%= 55.50, N%= 11.86) and a 

blank sample were run after every 11 unknown samples. 

 

Data corrections were done using the values obtained for the Merck Gel during each run. 

The standard deviations of the nitrogen and carbon values for the DL-Valine standard 

provided the ± error for δ15N and δ13C values for the samples. 
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The carbon and nitrogen ratios for all secondary (NIST) and lab running (Merck & DL-Valine) 

standards were all calibrated using the following primary standards; 

 IAEA-CH-3 (Cellulose),  

 IAEA-CH-6 (Sucrose),  

 IAEA-CH-7 (Polyethylene foil),  

 IAEA N-1 & IAEA N-2 (Ammonium sulphate),  

 IAEA NO-3 (Potassium nitrate). 

 

All the results were referenced to Vienna Pee-Dee Belemnite for carbon isotope values and 

to air for nitrogen isotope values. Results were expressed in delta notation using a per mille 

scale using the standard equation: 

 

δX (‰) = [(Rsample-Rstandard)/Rstandard-1] 

 

where X= 15N or 13C and R represents 15N/14N or 13C/12C respectively. 

 

 Thermal Optical Characterisation of Brown/Organic Carbon and Elemental 
Carbon 

 

The quartz filters collected from the field during the active monitoring campaign were 

analysed using a thermal/optical carbon analyser (Sunset Laboratory Inc’s Lab OC-EC 

Aerosol Analyser). A total of 10 samples from the opencast coal mines and communities 

were analysed (7 atmospheric PM samples from the opencast coal mines and 3 atmospheric 

PM samples from adjacent communities). Each sample was analysed once as this is 

standard procedure when performing OC/EC analysis. 

 

The filters were pre-fired in air (700°C for one hour) for the removal of residual carbon 

contaminants and to take advantage of the low detection limits of the technique. The 

instrument and analysis process followed during this investigation is shown in Figure 65. 

Punch aliquots of 1.5cm² of the filter deposits were used for the analysis. Each aliquot was 

heated in a sample oven in four increasing temperatures of 140°C (OC1), 280°C (OC2), 

480°C (OC3) and 580°C (OC4) in a non-oxidizing helium (He) atmosphere for the removal 

of all organic carbon (OC) on the filter. 
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Figure 65: Schematic of thermal-optical instrumentation (Birch & Cary, 1996). 

 
The first phase is defined by the pyrolytic conversion of some OC to elemental carbon (EC). 

The carbon that evaporated at each temperature was catalytically oxidized by MnO2 into 

CO2 in the oxidiser oven. The CO2 entrained in the He gas flow, was converted to CH4 in 

the methanator oven. The detection and quantification of methane was undertaken through 

a flame ionisation detector while the pyrolitic conversion was continuously monitored by 

measuring the transmission of a He-Ne laser through the quartz filter. The darkness of the 

filter was also continuously monitored throughout all stages of the analysis. Ramping up to 

the next temperature or atmosphere was undertaken when the flame ionization detector’s 

response returned to baseline or a constant value (subject to the condition of the time spent 

in any segment (OC1, OC2, etc).  

 

The sample oven was then cooled to 525°C and the pure helium eluent was switched to a 

2% O2/98% He mixture. Peaks were integrated at 580°C (EC1), 740°C (EC2), and 840°C 

(EC3). The sample oven temperature was then stepped up to 850°C (EC4). During this 

phase, both the original EC and EC produced through the pyrolysis of OC during the first 

phase were oxidized to CO2 due to the presence of oxygen in the eluent. The CO2 was then 

converted to CH4 and detected by the flame ionisation detector. The darkness of the filter 

was also continuously monitored throughout all stages of the analysis by reflectance of 633 
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nm of light from a He-Ne laser. During this phase, original and pyrolized black carbon were 

combusted and the increases in the reflectance were observed. The amount of carbon that 

was measured after the addition of oxygen until the reflectance achieved its original value 

was reported as optically detected pyrolized carbon (PC). 

 

After the oxidation of all the carbon from each sample, a known volume and concentration 

of methane was injected into the sample oven, resulting in each sample being calibrated to 

a known quantity of carbon. Based on the FID response and laser transmission data, the 

quantities of OC and EC were calculated for each sample and thermograms were displayed 

graphically. The concentration of OC and EC on each filter punch aliquot was calculated by 

multiplying reported values by the sample deposit area. The concentrations were reported 

in µg/cm² of deposit area. This approach assumed a homogenous filter deposit. The 

precision of this technique (Sunset Laboratory method of OC/EC analysis), measured as a 

relative standard deviation, typically falls into the 4-6% range for samples that are in the 

afore-mentioned OC and EC concentration ranges. This relative standard deviation range 

is applicable to the OC/EC speciation values as well as to the TC. 
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4 RESULTS 

 INTRODUCTION 

 
The results from the application of microscopic, spectroscopic, TGA and thermal optical 

techniques for the characterisation of atmospheric PM are presented in this section.  

 

 Characterisation of Atmospheric Particulate Matter Through SEM-EDS 
 

SEM-EDS analysis was employed for the characterisation and semi-quantitative analysis 

(EDS) of atmospheric PM samples from opencast coal mining operations and adjacent 

communities. The morphological, dimensional and elemental composition of bulk and 

individual atmospheric particulates are analysed in this section.  

 

 Opencast Coal Mining Atmospheric Particulate Matter Samples: SEM 
 

Sample electron micrographs of bulk atmospheric particulates collected from the opencast 

coal mines in Limpopo and Mpumalanga are shown in Figures 66 to 69, while the individual 

atmospheric particulates are shown in Figures 70 to 72. These can mostly be identified from 

their morphology. Particle dimensions range from 1 μm to 50 μm, with the larger dimensions 

being attributed to solid irregular and linear atmospheric particulates (coarse particulates). 

Particle sizes of the coal particulates vary from 2.5-30 µm, being differentiated by their 

characteristic sharp, serrated edges, layered appearance (Figure 70 and Figure 71) and the 

lack of smooth spherical shapes which are characteristic of combustion-derived particulates 

(Figure 73). Particulates with smaller dimensions (>1 μm to 2.5 μm) are also observed in all 

the atmospheric particulate samples. These atmospheric particulates include fine chain 

agglomerates which consist of spherical particles of much less than 1 µm in dimension. 

These atmospheric particulates are identified as diesel particulate matter (DPM associated) 

with vehicle emissions (Figure 69 and Figure 73) due to the large-scale usage of heavy 

vehicles, machinery and other internal combustion-driven mining equipment which is 

intrinsic to opencast coal mining (Section 2.4.4). The detection of DPM in the mining samples 

is a result of the placement of passive samplers close to unpaved and paved roads 

(roadside) and open pit mining areas during the study sampling campaign.  

 



 

120 
 

Unaggregated and non-spherical PM with particle sizes of 2.5 µm or less are also observed 

(Figure 72). These atmospheric particulates are identified as mineral material re-suspended 

material from the coal mine roads (unpaved and paved). Fly ash particulates are also 

identified due to their typical cenosphere morphology (Figure 73) given the existence of 

power stations to the opencast coal mines selected for the study in both Mpumalanga and 

Limpopo. However, the percentage of identified fly ash particulates was less than 5% for all 

the opencast atmospheric PM samples.  
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Geological material 

 

 

Coal dust- elemental carbon and geological material 

Figure 66: Electron micrographs for bulk atmospheric PM samples (geological material and coal dust) from opencast coal mines (Limpopo 
and Mpumalanga). 
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Coal dust- elemental carbon and geological material 

 

 

Coal dust- elemental carbon and geological material 

Figure 67: Electron micrographs for bulk atmospheric PM samples (coal dust and geological material) from opencast coal mines (Limpopo 
and Mpumalanga). 
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Coal dust  

 

 

Coal dust  

Figure 68: Electron micrographs for bulk atmospheric PM (coal dust) from opencast coal mines (Limpopo and Mpumalanga). 
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DPM- organic carbon and fly ash  

 

 

Combustion particulates- organic carbon and fly ash 

Figure 69: Electron micrographs for bulk atmospheric PM (DPM and fly ash) from opencast coal mines (Limpopo and Mpumalanga). 
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Coal dust 

 

 

Coal dust 

Figure 70: Electron micrographs for individual atmospheric PM (coal dust) from opencast coal mines (Limpopo and Mpumalanga). 
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Coal dust 

 

 

Coal dust 

Figure 71: Electron micrographs for individual atmospheric PM (coal dust) from opencast coal mines (Limpopo and Mpumalanga).  
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Aluminosilicates 

 

 

Biological material- organic carbon 

Figure 72: Electron micrographs for individual atmospheric PM (aluminosilicates and biological matter) from opencast coal mines 
(Limpopo and Mpumalanga). 
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Combustion elemental carbon (DPM) 

 

 

Combustion elemental carbon (fly ash) 

Figure 73: Electron micrographs for individual atmospheric PM (combustion spherical particulates) from opencast coal mines (Limpopo 
and Mpumalanga Province). 
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 Opencast Coal Mining Atmospheric Particulate Matter Samples: EDS 
 

Elemental mapping of selected atmospheric particles from the opencast coal mine samples 

are shown in Figures 74 to 81. This shows the presence of elements such as C, Mg, Si, O, 

Cl, Al, S, K and trace amounts of Zn, Fe, Ti and calcium (Ca). The detection of these 

elements indicates the presence of minerals associated with coal dust. These minerals 

generally include dolomite (Ca(CaMg)(CO3)2, quartz in the form of SiO2, aluminosilicates 

such as kaolinite (AlSi2O5(OH)2), carbonates such as calcites (CaCO3) and illite (KH3O) (Al, 

Mg, Fe)2(Si, Al)4O10[(OH)2,(H2O). Due to the inability of EDS to detect hydrogen, lithium and 

helium, these are not shown on the spectra.  

 

The analyses show the heterogeneity of the coal dust particulate. This is influenced by local 

geology i.e different coal seams which influence coal quality. The opencast coal mines 

included in this study currently exploit coal from the Highveld and Witbank coalfields 

(Mpumalanga) and the Waterberg coalfields (Limpopo). The Mpumalanga Coalfields have 

been exploited to the extent that in some areas, low-quality coal indicated by the low carbon 

content is mined. Most of the particles therefore include some gangue (inorganic mineral) 

particles with the carbon (Figures 74 to 78), although the varying ratio of Al to Si indicates 

variation in the composition of the inorganic component. Sodium (Na) and chlorine (Cl) in 

some of the particles, but not always in stoichiometric ratio corresponding to NaCl, indicates 

that not all of these elements originate from sea spray. The S content is always less than 

1%, indicating a low contribution from secondary atmospheric particulate, as the sulphur 

content of the coal itself is of the order of 1%. 

 

The spectra of the chain aggregates (Figure 77) indicate a high carbon content. This, as well 

as the characteristic morphology and the small particle dimensions makes it likely that this 

is DPM. Particles with a high carbon other than DPM may be of biological origin (Figure 81). 

 

In summary, the EDS results indicate that the atmospheric PM samples captured in coal 

mine are characterised by carbonaceous and non-carbonaceous material. However, the 

coupling of chemical composition information obtained from EDS with morphological and 

particulate dimension information obtained from SEM, does not enable the fingerprinting of 

the carbon as to its origin.  
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Figure 74: EDS spectrum for individual atmospheric particulate (coal) from opencast coal mining (Mpumalanga). 

 

 

Figure 75: EDS spectrum for individual particulate (coal) from opencast coal mining (Mpumalanga). 
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Figure 76: EDS spectrum for individual particulate (coal/gangue) from opencast coal mining (Limpopo). 

 

 

Figure 77: EDS spectrum for individual particulates (combustion particle-DPM) from opencast coal mining (Limpopo). 
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Figure 78: EDS spectrum for individual particulate (coal/gangue) from opencast coal mining (Mpumalanga). 
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Figure 79: EDS spectrum for individual atmospheric particulate (coal) from opencast coal mining (Limpopo). 
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Figure 80: EDS spectrum for individual particulate (gangue) from opencast coal mine (Limpopo). 

 

 

Figure 81: EDS spectrum for individual atmospheric particulate (biological material- carbon) from opencast coal mines (Mpumalanga). 
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 Community Atmospheric Particulate Matter Samples: SEM 
 

Electron micrographs for community atmospheric PM samples (Limpopo and Mpumalanga) 

are shown for bulk atmospheric particulates in Figures 82 to 85 and individual atmospheric 

particulates in Figures 86 to 88. Particulate morphology is heterogenous and contains 

spherical, conical, solid irregular, chain aggregates and linear particulates. Particle 

dimensions vary from >1 µm to 50 µm indicating the presence of fine and coarse particles.  

 

Coal dust particles are observed in the atmospheric PM samples of the communities of 

Delpark, Clewer and Marapong (Figure 82). These particles are characterised by serrated 

edges, a layered appearance and particle dimensions of 5-10 µm, indicating the influence 

of the mechanical processes associated with opencast coal mining in their formation. 

However, the percentage of coal dust particulates in the community atmospheric was 

relatively small: Delpark 15%, Marapong 9% and Clewer 36% and this is due to various coal 

mining related activities adjacent to this community. 

 

Small quantities of fly ash are detected in two of the community atmospheric PM samples 

(5% in Clewer and 3% in Marapong) (Figure 83). These are identified by their spherical 

morphology. The chain agglomerates of <1 µm observed in all the community particulate 

but particularly at Clewer samples (Figure 84) are identified as DPM emitted from vehicles 

and other diesel equipment due to their high carbon content. Geological and biological 

particulates are identified in all the community samples (Figure 87 and Figure 88). The 

sources of geological material are identified as coal mining activities located adjacent to 

these communities, as well as unpaved roads and open grounds within the communities. 
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Coal and geological material 

 

 

Coal dust  

Figure 82: Electron micrographs of community bulk atmospheric PM (Limpopo and Mpumalanga). 
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Combustion particulate and fly ash 

 

 

Combustion particulate 

Figure 83: Electron micrographs of community bulk atmospheric PM (combustion particulates and fly ash) (Limpopo and Mpumalanga). 
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Crystalline geological material 

 

 

Diesel particulate matter (DPM) 

Figure 84: Electron micrographs for community bulk atmospheric PM (crystalline geological material and DPM) (Limpopo and 
Mpumalanga). 

 
 
 
 



 

139 
 

 

 

 

 

 

Geological material 

 

 

Geological material 

Figure 85: Electron micrographs for community bulk atmospheric PM (geological material) (Limpopo and Mpumalanga). 

 
 
* 
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Coal dust  

 

 

Crystalline material 

Figure 86: Electron micrographs for community individual atmospheric PM (coal dust and crystalline material) (Limpopo and Mpumalanga). 
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Biological material-organic carbon 

 

 

Coal dust 

Figure 87: Electron micrographs for community individual atmospheric PM (biological material and coal dust) (Limpopo and Mpumalanga). 
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Biological material-organic carbon (also see fig 90) 

 

 

Geological material 

Figure 88: Electron micrographs for community individual atmospheric PM (biological and geological material) in Limpopo and 
Mpumalanga Province. 
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 Community Atmospheric Particulate Matter Samples: EDS 
 
EDS spectra for community atmospheric particulates are shown in Figures 90 to 96. These 

show the presence of C, Si, O2, Cl, S and trace amounts of Zn, Fe, Ti and Ca. However, a 

comparison of the number of particulates with a carbon signature indicates a decrease of 

67% from that of the opencast coal mine atmospheric PM samples.  

 

The sulphur content of the coal dust particulates in the community samples is generally 

higher than that of the opencast coal mine samples (Figure 92 and Figure 94). This could 

possibly be attributed to combustion related activities such as domestic fuel burning, 

informal waste incineration (see Figure 89 below), power generation and spontaneous 

combustion of coal, which may lead to high and localised levels of SO2 and secondary 

sulphates. The elemental spectra for the chain aggregates observed during SEM analysis 

of the community atmospheric PM samples indicate a high carbon content (99% in some 

cases). The presence of these carbonaceous chain agglomerates signals the presence of 

DPM from vehicle emissions. Biological material was also observed in the community 

samples. The carbon content of the biological material varied from 95-99% (Figure 90 and 

Figure 91). 

 

 

Figure 89: Domestic fuel burning (Delpark and Clewer) and open burning of waste 
(Lephalale). 
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Semi-carbonaceous particulate (Figure 94) may indicate that coal mining operations do 

impact adjacent communities. In coal mining operations, the pulverisation of coal results in 

the liberation of pure mineral components or mineral grains that have an association with 

carbonaceous particulates. The presence of salt crystals with Na and Cl in approximately 

the stoichiometric ratio of sea salt (Figure 95) may indicate an oceanic origin.  
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Figure 90: EDS spectrum for community individual atmospheric particulate (biological material- organic carbon) (Limpopo). 

 

Figure 91: EDS spectrum for community individual atmospheric particulate (biological material- organic carbon) (Mpumalanga). 
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Figure 92: EDS spectrum for community individual atmospheric particulate (coal dust) (Mpumalanga). 

 

 

Figure 93: EDS spectrum for individual atmospheric particulate (geological material or soil) (Limpopo). 
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Figure 94: EDS spectrum for community individual atmospheric particulates (geological material-semi-carbonaceous) (Mpumalanga). 

 

 

Figure 95: EDS spectrum for community individual atmospheric particulate (salt crystals) (Limpopo). 
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Figure 96: EDS spectrum for community individual atmospheric particulate (coal dust- organic carbon) (Limpopo). 
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 Characterisation of Atmospheric Particulate Matter Through Reflectance 
Microscopy  

 

 Reflectance Microscopy  
 
The analysis of the resin blocks with embedded atmospheric particles obtained from 

opencast coal mines bulk samples indicates particle diameters of 1 µm to 80 µm (Figure 

97). The black particles observed in the reflectance microscope images indicate the 

presence of coal dust (Figure 97). However, the identification and characterisation of coal 

dust and non-coal dust particulates using reflectance microscopy is not possible in this 

research study due to the inability to observe reflectance from the small particles using the 

available microscope. Consequently, the microscopic analysis of the resin block with the 

community atmospheric PM samples was not pursued.  

 

 

Figure 97: Electron micrographs for coal dust particulates from opencast coal mine 
atmospheric PM samples. 
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 Characterisation of Particulate Matter Through X-Ray Photoelectron Microscopy 
 

 XPS on Opencast Coal Mining Atmospheric Particulate Samples 
 
High resolution XPS survey spectra were collected for the different opencast mine 

particulate samples. The survey spectrum of one of the opencast coal mines’ atmospheric 

PM samples is shown in Figure 98. The elements which dominate the surface of the 

atmospheric PM samples (after sputtering) are O2 (59%), Si (21%) and C (18%), with 2% 

Na. The variation in the oxygen/ carbon ratio (O/C) ratio is attributed to significant emissions 

of oxygen-containing compounds such as CO2. The presence of Si indicates the presence 

of oxides such as SiO2 which is found in geological material and fly ash. The low carbon 

percentage in the particulate sample is an indicator of the presence of carbonaceous 

atmospheric PM.  

 

 

Figure 98: XPS high resolution spectra before (Red) and after (Blue) 2-minute sputter for a 
coal mine atmospheric PM sample. 

 

The carbon signal or binding energy, after sputtering, varies from 284.5eV (1 peak fit), 

284.2eV to 285.6eV (2 peak fit) and 284.1eV to 286.4eV (3 peak fit) (Figure 99). The 

principal hydrocarbon (CxHy) peak is assumed to be at 284.6eV. The extension of the 

carbon signal up to a binding energy of 287.6eV is an indication that carbon is not entirely 

found in its pure state on the surface of the samples but is bonded to electronegative atoms 
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such as H and O in chemical compounds. However, H cannot directly be observed in XPS 

spectra. The relatively low variations observed in the carbon signals or binding energies is 

an indication that the chemical compounds formed due to the involvement of H with 

carbonaceous systems exhibit similarities in chemistry. Ultimately, XPS indicates marginal 

differences between the effects of carbon to carbon (C-C), hydrocarbons (CxHy) and carbon 

to hydrogen (C-H) bonds. The presence of C is an indication of the presence of 

carbonaceous and semi-carbonaceous atmospheric particulates.  

 

 

Figure 99: XPS peak fits for carbon binding energy- high resolution spectra before (Red) 
and after (Blue) 2-minute sputter for an opencast coal mine atmospheric PM 
sample. 
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 XPS on Community Atmospheric Particulate Samples 
 

High resolution XPS survey spectra, after sputtering, for an atmospheric PM sample from 

one of the communities is shown in Figure 100. The dominant elements on the surfaces of 

the atmospheric particulates (after sputtering) are Si (27%), C (14%) and O2 (58%).The 

atomic percentage of O2 is much higher than that of C, Si and Na. Similar to the opencast 

mine samples, the variation in the oxygen/ carbon ratio (O/C) ratio is attributed to significant 

emissions of oxygen or oxygen-containing compounds by different sources. These sources 

include vegetation, coal mining and other industrial activities, CO2 from spontaneous 

combustion, incomplete combustion and SiO2 from overburden and topsoil, power 

generation (CO2 and SiO2-fly ash). Domestic fuel combustion and open burning of waste 

identified in the different communities are also sources of CO2 and CO emissions. The total 

relative weight percentages of Si and O2 on the sample are in the region of 85%. This is an 

indication of the presence of geological material and fly ash (SiO2) in the atmospheric PM 

samples. Although Na is observed in the sample, it occurs in a lower percentage (<1%) 

(Figure 100). 

 

The presence of carbon is an indication of the presence of carbonaceous material in this 

community atmospheric PM sample. The chemical states of carbon in the community 

sample is identified from high resolution spectra. The carbon signal or binding energy, after 

sputtering, varies from 284.6eV (1 peak fit), 284eV to 285eV (2 peak fit) and 283.9eV to 

287.6eV (3 peak fit) (Figure 101). This extension of the carbon signal up to a binding energy 

of 287.6eV is an indication that carbon is not entirely found in its pure state on the surface 

of the atmospheric PM sample and is bonded to atoms such as O and H. The chemical 

compounds formed from this association indicate the presence of carbonaceous or semi-

carbonaceous material. Although different binding energies of carbon are observed, this 

information is inadequate for the purposes of apportioning the carbon content, as the 

differences observed in the XPS results are due to chemical bonding of carbon to other 

elements and not differences associated to different chemical states of carbon itself. 
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Figure 100: XPS high resolution spectra before (Red) and after (Blue) 2-minute sputter for a 
community atmospheric PM sample. 
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Figure 101: XPS peak fits for carbon binding energy- high resolution spectra before (Red) 
and after (Blue) 2-minute sputter for a community particulate sample.  
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 Optical Microscopy: Characterisation of Atmospheric Particulate Matter  
 

 Opencast Coal Mining Atmospheric Particulate Matter 
 

Optical microscopy images of atmospheric PM obtained by passive sampling from opencast 

coal mining operations in Mpumalanga and Limpopo are shown in Figure 102 and Figure 

103 respectively. These images lack detail due to limitations of the optical microscope 

(diffraction limit, poor resolution and small depth of focus). However, the morphological 

characteristics of the particulates may be observed and vary from linear, spherical, solid 

irregular to chain agglomerates. Particle dimensions vary from 2 to over 100 µm. 

 

A comparison of the atmospheric PM morphological characteristics observed during SEM 

analysis and optical microscopy indicates that less detail is observed on the optical 

microscopy results. However, the presence of solid irregular atmospheric particulates 

(coarse particles) is attributed to opencast mining mechanical activities such as excavation, 

drilling and blasting, crushing and screening, exposed areas or ground, material handling 

and stockpiles. The sources of observed spherical particulates and chain agglomerates are 

probably attributable to combustion related activities such as spontaneous combustion of 

coal, products of combustion from industrial activities, power generation and vehicle 

emissions. 

 

The limitations associated with the optical microscope mean that this technique cannot be 

used for apportionment between the mine-related and the community-related sources. 

Some information that can be obtained from this technique is provided in the following 

sections. Tables 13 to 15 provide the particle size analysis of the passively collected 

samples from the opencast coal mines. The similarity in particle size distribution between 

the different mines indicates that opencast coal mining activities and their mechanical nature 

are generally similar and result in the emission of a significant number of coarse particles. 

An example of further statistical analysis is given in Table 16. The relatively high standard 

deviation is due to limitations in the method, particularly limitations associated with the 

particulate recognition feature of Axio-Imager, the software adopted for optical microscopy 

analysis. 
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Table 13: Atmospheric PM size distribution (Mpumalanga Opencast Coal Mine 1). 

Class >= < Absolute 

number of 

particles 

Number (%) Number sum 

2-5 2 5 555 58 555 

5-7 5 7 191 20 746 

7-10 7 10 101 11 847 

10-15 10 15 59 6 906 

15-30 15 30 44 5 950 

 

Table 14: Atmospheric PM size distribution (Mpumalanga Opencast Coal Mine 2). 

Class >= < Absolute 

number of 

particles 

Number (%) Number sum 

2-5 2 5 583 58 583 

5-7 5 7 197 20 780 

7-10 7 10 115 11 895 

10-15 10 15 64 6 959 

15-30 15 30 49 5 1008 

 

Table 15: Atmospheric PM size distribution (Limpopo Opencast Coal Mine). 

Class >= < Absolute 

number of 

particles 

Number (%) Number sum 

2-5 2 5 527 49 527 

5-7 5 7 229 21 756 

7-10 7 10 162 15 918 

10-15 10 15 104 10 1022 

15-30 15 30 59 5 1081 
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Table 16: Statistical analysis for atmospheric PM sample (Mpumalanga Opencast Coal Mine 1). 

Parameter Feret maximum (µm) 

Minimum 2.24 

Maximum 177.38 

Mean 7.09 

Count 963.00 

Sum 6827.60 

Standard Deviation 28.60 

Range 175.14 

Sum Square 835102.03 

Variance 817.77 

25-Quartile 3.44 

50-Quartile (Median) 4.38 

75-Quartile 6.72 

10-Percentile 2.72 

90-Percentile 11.31 

1-Percentile 2.24 

99-Percentile 32.49 

Kurtosis 894.28 

Skewness 29.38 
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Figure 102: Opencast coal mine atmospheric PM morphologies and particle dimensions (Mpumalanga Mine 1 and Mine 2). 
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Figure 103: Opencast coal mine atmospheric PM morphologies and particle dimensions (Limpopo Mine).
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For example, particulates located adjacently are interpreted as one large particle by the 

software, resulting in distortions of particulate characteristics. The physical limitation 

regarding the recognition and counting of particles smaller than 2.5 µm (and hence the 

accuracy of the particle size distribution) imposed by optical microscopy are further 

discussed in the following section. 

 
4.5.1.1 Atmospheric PM Concentrations for Opencast Coal Mines: 

Passive Sampling 
 
At the maximum magnification for practical use on the optical microscope (200X, particles 

smaller than 2.5 µm are not individually distinguishable and the concentrations calculated 

from this technique are more correctly indicated as PM10-2.5. The calculated average daily 

PM10-2.5 concentrations for the opencast coal mines’ atmospheric PM samples range from 

82 (79-85)  µg/m³ to 111 (108-113) ug/m³ in Mpumalanga and from 91 µg/m³ to 103 ug/m³ 

in Limpopo (Figure 104).  

 

 

Figure 104: Average PM10-2.5 concentrations for the opencast coal mines (passive sampling). 

 

A comparison of the calculated average daily PM10-2.5 concentrations to the PM10 daily (24 

hour) standard or NAAQS of 75 ug/m³ indicates exceedances for all the opencast coal mine 

atmospheric PM samples. The note made earlier regarding the accuracy of the technique 

for small particles used here should be observed. It should also be noted that passive 
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sampling was not undertaken at the opencast mines’ fence-lines or boundaries, but in the 

vicinity of fugitive dust sources, and the NAAQS are not applicable there.  

 

4.5.1.2 Atmospheric PM concentrations for Opencast Coal Mines: Active Sampling 
 

Average daily PM10 concentrations for the opencast coal mining operations range from 

93 µg/m³ to 136 ug/m³ (Figure 105). PM10 daily concentrations range from 108 µg/m³ to 

121 ug/m³ for the opencast coal mine located in the Limpopo Province. The PM10 daily 

concentrations for the Mpumalanga opencast coal mines range from 87 µg/m³ to 98 µg/m³ 

for Coal Mine 1 and 125 µg/m³ to 146 µg/m³ for Coal Mine 2. These concentrations exceed 

the PM10 daily NAAQS, but again the NAAQS are not applicable at the sampling locations, 

which were specifically selected to be representative of fugitive dust emission from mining 

sources.  

 

 

Figure 105: Average PM10 concentrations for the opencast coal mines (active sampling). 

 
A comparison of the PM10 daily concentrations from the passive sampling and active 

sampling, indicates higher active monitoring concentrations by margins ranging from 12-

22%. These differences are not an indication of passive sampler limitations only, but may 

also be due to source specific characteristics, different micro-site dispersion potentials in 

various areas of the opencast coal mines and passive sampler placement in different areas 
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or sources within the opencast coal mines, as active and passive samplers were not co-

located.  

 

 Atmospheric Particulate Matter from Communities 
 
The morphological characteristics and particulate dimensions for atmospheric PM sampled 

from communities located adjacent to opencast coal mines in Mpumalanga and Limpopo 

are shown in Figures 106 to 108. Tables 17 to 19 provide the particle size distribution. The 

morphological characteristics of the atmospheric particulates range from solid irregular, 

linear, spherical and agglomerates. The same method limitations as for the mining samples 

apply here. Again, one example of further statistical analysis of the images is provided in 

Table 20. Generally, the particles for the community samples are smaller than those for the 

mine samples; this can be attributed to the difference in sources, which for the community 

samples may include power generation and other combustion related industrial activities, 

domestic fuel burning and open burning of waste.  

 

4.5.2.1 Atmospheric PM Concentrations for Communities: Passive Sampling  
 

The PM10-2.5 daily concentrations for Marapong range from 54 µg/m³ to 68 µg/m³; for 

Delpark, from 35 µg/m³ to 58 ug/m³ and for Clewer 63 µg/m³ to 82 µg/m³ (Figure 109). The 

average daily concentrations results indicate no exceedances of the PM10 daily NAAQS of 

75 µg/m³ in any of the communities. The results presented above are for a short term 24-

hour monitoring campaign and not a continuous, long-term campaign. The concentrations 

are therefore not a true reflection of long-term concentrations in the communities. 
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Figure 106: Atmospheric PM size distribution (Clewer, Mpumalanga). 
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Figure 107: Atmospheric PM size distribution (Delpark, Mpumalanga). 
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Figure 108: Atmospheric PM size distribution (Marapong, Limpopo). 
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Table 17: Atmospheric PM size distribution (Clewer, Mpumalanga). 

Class >= < Absolute number of particles Number (%) Number sum 

2-5 2 5 696 59 696 

5-7 5 7 213 18 909 

7-10 7 10 153 13 1062 

10-15 10 15 66 6 1128 

15-30 15 30 46 4 1174 

 

Table 18: Atmospheric PM size distribution (Delpark, Mpumalanga). 

Class >= < Absolute number of particles Number (%) Number sum 

2-5 2 5 597 57 795 

5-7 5 7 198 19 993 

7-10 7 10 162 15 1155 

10-15 10 15 58 5 1213 

15-30 15 30 41 4 1254 

 

Table 19: Atmospheric PM size distribution (Marapong, Mpumalanga). 

Class >= < Absolute number of particles Number (%) Number sum 

2-5 2 5 434 59 434 

5-7 5 7 132 18 566 

7-10 7 10 84 11 650 

10-15 10 15 50 7 700 

15-30 15 30 39 5 739 
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Table 20: Statistical analysis for atmospheric PM sample (Clewer, Mpumalanga). 

 

Parameter 

 

Feret maximum (µm) 

Minimum 2.24 

Maximum 95.02 

Mean 6.00 

Count 1183.00 

Sum 7103.35 

Standard Deviation 5.96 

Range 92.77 

Sum Square 84693.98 

Variance 35.57 

25-Quartile 3.17 

50-Quartile (Median) 4.24 

75-Quartile 6.63 

10-Percentile 2.72 

90-Percentile 10.02 

1-Percentile 2.31 

99-Percentile 28.57 

Kurtosis 78.13 

Skewness 6.98 
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Figure 109: Average PM10-2.5 concentrations at the communities of Clewer, Delpark and 
Marapong. 

 
4.5.2.2 Atmospheric PM Concentrations for Communities: Active Sampling  

 
The calculated PM10 daily average concentrations range from 59 µg/m³ to 90 ug/m³ (Figure 

110). PM10 daily concentrations for Marapong range from 63 µg/m³ to 71 µg/m³. For Delpark, 

PM10 daily concentrations range from 56 µg/m³ to 62 ug/m³ and 76 µg/m³ to 103 µg/m³ for 

Clewer (Figure 110). The PM10 daily NAAQS is exceeded at the community area of Clewer 

by a margin of 17%. A comparison of the PM10 concentrations from the passive sampling 

and active sampling campaigns indicates that higher concentrations are recorded for the 

active monitoring campaigns (differences of between 9- 20%). As is the case with the 

opencast coal mine samples, the differences are not only due to passive sampler limitations, 

but also different source characteristics, differences in micro-site dispersion potentials and 

different passive sampler placement within the opencast mines.  
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Figure 110: Average PM10 concentrations at the communities of Clewer, Delpark and 
Marapong. 

 

 Raman Spectroscopy 

 
Raman spectroscopy is undertaken to attempt to differentiate between EC and OC in the 

atmospheric PM samples. Due to their sensitivity to modifications, it was envisaged that the 

D and G wavelength bands which are characteristic to carbonaceous material and are easily 

identified during Raman spectroscopy, might be instrumental in this differentiation.  

 

The undeconvoluted Raman spectra and normalised intensities for the atmospheric PM 

samples from opencast coal mines and adjacent communities are shown in Figure 111 and 

Figure 112. The graphitic band, G, which occurs at approximately 1600 cm-1, is observed in 

the spectra for all opencast coal mines and communities’ particulate samples. This is an 

indication that some of the carbon in the atmospheric PM samples is highly ordered and 

exhibits a high degree of crystallinity. The G band generally corresponds to a more ordered 

graphitic structure, whereas the D bands are normally associated with defects i.e chemical 

and structural defects in the crystal lattice.  
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The D band wavelength is also observed, particularly in the opencast coal mining samples, 

at approximately 1360 cm-1 (Figure 111). The D band is generally associated with disordered 

and amorphous carbons ie. structural and chemical defects in the carbon crystal lattice and 

carbon bonding with other non-carbon atoms such as H and O. The presence of these non-

carbon atoms in atmospheric PM samples is observed in the XPS results section of the 

research study (Section 4.4.1 and Section 4.4.2).  

 

 

Figure 111: Undeconvoluted Raman spectra for coal mining atmospheric PM filter samples. 

 
The Raman spectra for the community atmospheric PM samples indicates an extra band of 

approximately 1720 cm-1 (Figure 112). The origin of this band could be a shifted G band due 

to the presence of impurities in the graphitic structure and a change in electronic states in 

some planes. Slight differences are also observed in the intensities of the Raman signals.  

 
Blank Teflon filters indicate 5 bands at 294 cm-1, 386 cm-1, 737 cm-1, 1216 cm-1, 1301 cm-1 

and 1379 cm-1. These bands do not occur in the spectra shown above and it is inferred that 

the high concentration of atmospheric PM on the Teflon filter masks the contribution of the 

Teflon.  
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-  

Figure 112: Undeconvoluted Raman spectra for two community atmospheric PM filter 
samples. 

 
The observed Raman spectra for atmospheric PM from opencast coal mines and adjacent 

communities indicates the presence of carbonaceous material, but do not show sufficient 

differences to enable source apportionment based on the carbon content. 

 

 Thermogravimetric Analysis 

 
The thermogravimetry analysis (TGA) and differentiated thermogravimetry (DTG) results for 

the atmospheric PM samples for the opencast coal mines and communities are shown in 

Figures 113 to 120. The observed DTG results for the air and N2 runs indicate different 

stages of mass loss in these atmospheric PM samples. 

 

The observed stages of mass loss include the following; 

 Below 200°C- this stage involves the loss of water and other substances which 

evaporate between ambient temperatures and 200°C, as well as the release of gases 

from the sample.  
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 Devolatilisation or evolution of organic content at temperatures of between 200°C- 

600°C. The peaks observed at approximately 300°C and 310°C, particularly in the 

opencast coal mining atmospheric PM samples, are OC peaks which correspond to 

the volatilisation of organics with lower molecular weights. The peaks observed at 

approximately 475°C correspond to the initial decomposition and volatilisation of 

species with high molecular weights. Furthermore, this range is characterised by 

rapid increases and decreases in the DTG%/ minute which is attributed to 

devolatisation and other chemical reactions.  

 Above 600°C- this stage involves the evolution of less volatile components such as 

graphite which burns at temperatures higher than 600°C. This is an indication of the 

presence of EC from incomplete combustion. However, OC and EC can still be 

components of the volatilised material at this stage as both may contain graphite. 

 

Differences in the DTG results for the air runs and N2 runs are also observed, with more 

gradual peaks being observed in the N2 runs. This is attributed to little or no interference 

with the atmospheric PM samples during thermal treatment as N2 is an inert gas. On the 

other hand, the use of air for purging may expose the sample to oxidative conditions which 

may influence or impact chemical reactions. This impact can potentially result in 

endothermic and exothermic reactions which affect temperature and rate of mass loss. 

 

The thermogravimetry percentage (TG%) for most of the samples varies from 1-4% for both 

the air and N2 runs. The mass loss of the particulates is also observed to occur within less 

than a minute. Typically, the smaller the carbon particles, the earlier and the faster they 

burn.  

 

There is an indication that the differentiation of EC and OC in the atmospheric PM samples 

is achieved, albeit qualitatively, through TGA/DTG. However, the difference between 

samples from the different mines and the difference between different communities makes 

the use of this technique as a generally applicable carbon apportionment tool problematical. 
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Figure 113: Thermogravimetric analysis (air run) of opencast coal 
mining atmospheric PM filter sample (Mpumalanga 
Province). 

 
 
 
 

 
 
 
 

 

Figure 114: Thermogravimetric analysis (nitrogen run) of 
opencast coal mining atmospheric PM filter sample 
(Mpumalanga Province). 
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Figure 115: Thermogravimetric analysis (air run) of opencast coal 
mining atmospheric PM filter sample (Mpumalanga 
Province). 

 
 
 
 
 

 
 
 
 

 

Figure 116: Thermogravimetric analysis (nitrogen run) of 
opencast coal mining atmospheric PM filter sample 
(Mpumalanga Province). 
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Figure 117: Thermogravimetric analysis (air run) of community 
atmospheric PM filter sample (Mpumalanga Province). 

 
 
 
 
 
 

 
 
 
 

 

Figure 118: Thermogravimetric analysis (nitrogen run) of 
community atmospheric PM filter sample (Mpumalanga 
Province). 
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Figure 119: Thermogravimetric analysis (air run) of community 
atmospheric PM filter sample (Limpopo Province). 

 
 
 
 
 
 

 
 
 
 

 

Figure 120: Thermogravimetric analysis (nitrogen run) of 
community atmospheric PM filter sample (Limpopo 
Province). 
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 Isotope Ratio Mass Spectrometry 

 Opencast Coal Mining and Community Atmospheric PM Samples 
 
The carbon and nitrogen isotope fingerprints from the atmospheric PM samples collected 

on the quartz filters from opencast coal mines and adjacent communities are presented in 

Table 21 and illustrated in Figure 121. For the atmospheric PM samples collected from the 

opencast coal mines, the carbon isotope fingerprint of δ13C ranges from -25.28‰ to -

21.48‰. The carbon isotope fingerprint of the community atmospheric PM samples ranges 

from -27.63‰ to -23.55‰. Higher δ13C values are observed for the opencast coal mines’ 

atmospheric PM samples compared to the community samples.   

 

Once the samples containing mainly overburden (soil) particulate are removed (samples 

A309 and A313), the mine and residential area samples have distinct characteristic 

fingerprints, with the community samples having higher δ15N values than the coal samples. 

The high δ15N values for the residential areas of Marapong (average annual precipitation 

437 mm), Clewer (average annual precipitation 693 mm) and Delpark (average annual 

precipitation 1230 mm) are unexpected. Amundsen et al (2003) indicate the South African 

average for soils to be 6.2 to 7.6‰, while they found values to decrease with increased 

annual precipitation. Savard et al (2017) give a value of 3.4 to 6.1‰ for coal-fired power 

station emissions, while Moroeng et al (2018) give a value of 2.66‰ for Witbank no 4 seam 

coal, which is the predominant coal at Opencast Coal Mines 2 and 3. This suggests a 

contribution by biomass-related particulates for the residential samples as would be 

expected and confirmed by the δ13C value (see below) for the more rural area around 

Marapong, but not for Clewer and Delpark where biomass is less readily available; the δ15N 

for C3 and C4 biomass-related PM10 is given as 13.7 ± 2.2‰ by Mkoma et al (2013), while 

for C4 biomass-related particulate Bikkina et al (2016) give a value of 11.5±2.1‰. The δ15N 

isotope ratios for the opencast coal atmospheric PM samples are lower than those for the 

residential samples, but higher than that given for South African coals by Moroeng et al 

(2018) at 2.66‰. This may be due to the extensive use of liquid fuels (diesoline) in opencast 

coal mining, for which the δ15N is given as between 3.9 and 5.4±0.5‰ by Widory (2007), or 

to the presence of mineral dust in the mine samples. 

 

The carbon isotope fingerprint ratios for the opencast coal mines’ atmospheric PM samples 

were within the δ13C ranges measured for coal in various parts of the world (-27.4‰ to –
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23.7‰) (Suto & Kawashima, 2016; Garbarienė et al., 2016). For the coal mined at mines 2 

and 3, Moroeng et al (2018) give a value of -23.27‰. The impact of coal combustion 

products cannot be distinguished from coal dust itself, values for atmospheric particulates 

related to coal combustion are given as -23.5±1.3 (Andersson 2015; Fang & Andersson 

2017) and -24.5±0.5‰ (Garbarienė et al., 2016, Engelbrecht et al., 2002). The lower carbon 

isotope values for the residential area, especially for the rural area (sample A310) can be 

attributed to the use of biomass (mainly wood) or the contribution of traffic-derived 

particulate. The δ13C values for wood is given by Garbarienė et al (2016) as -26 to -27‰, 

with little fractionation with combustion, while Bikkina et al give a value of -25.8±0.5‰ for C4 

plant-related combustion particulate. For traffic-related particulate, Engelbrecht et al (2002) 

provide a δ13C value of -28 to -29‰. 

 

Table 21: Isotope ratio mass spectroscopy results for atmospheric PM samples 

 

 Statistical Analysis for IRMS Results 
 
The standard deviation results are shown in Table 22 (Merck Standard) and Table 23 (DL-

Valine Standard). The standard deviation for the Merck Standard is 0.06 for the nitrogen 

peak and 0.05 for the carbon peak. For the DL-Valine Standard, the standard deviation for 

Sample ID Weight δ15N (‰) %N δ13C (‰) %C C/N ratio 

A301 Opencast Coal Mine 1  

Sample 1  
10,1 7,8 0,13 -23,5 1,21 10,8 

A302 Delpark Community 12,4 17,5 0,24 -23,6 2,89 14,3 

A304 Clewer Community 17,6 10,5 0,03 -23,6 0,53 18,4 

A306 Opencast Coal Mine 1 Sample 2 (plant 

area) 
10,7 4,1 0,06 -23,4 1,80 34,8 

A307 Opencast Coal Mine 2 Sample 1 

(overloaded) 
2,8 2,8 1,37 -21,6 56,55 48,1 

A309 Opencast Coal Mine 1 (overburden area) 13,0 14,4 0,08 -24,2 1,08 16,5 

A310 Marapong Community 14,6 15,4 0,07 -27,6 0,83 14,7 

A311 Opencast Coal Mine 3 Sample 1 10,0 7,1 0,23 -22,8 5,27 27,1 

A312 Opencast Coal Mine 2 Sample 2 12,9 5,8 0,39 -21,5 12,87 38,9 

A313 Opencast Coal Mine 3 Sample 2 

(overburden area)  
16,4 16,1 0,04 -25,3 0,33 9,7 

Opencast Coal Mine 2 Additional Sample 2  2,8 1,5 1,02 -22,6 33,58 38,5 

Opencast Coal Mine 3 Additional Sample  9,8 5,95 0,46 -21,6 16,32 41,2 



 

179 
 

the nitrogen peak is 0.04 and 0.08 for the carbon peak. The standard deviation results for 

both standards indicate that the peak values for carbon and nitrogen differ by a small margin 

from the mean peak values. The small standard deviations are an indication of the high 

accuracy of the analysis technique.  

 

Table 22: Standard deviation (Merck Standard)  

 Sample ID Standard  Weight N peak δ15N (‰) C peak δ13C (‰) 

A301 Opencast Coal Mine 1 Sample 1  Merck  0,23 25,52 7,96 28,54 -20,35 

A302 Delpark Community Merck  0,43 49,14 7,78 55,41 -20,20 

A304 Clewer Community Merck  0,60 70,65 7,95 79,36 -20,18 

A306 Opencast Coal Mine 1 Sample 2 Merck  0,20 23,99 7,84 26,27 -20,29 

A307 Opencast Coal Mine 2 Sample 1 Merck  0,62 73,44 7,85 82,38 -20,27 

A309 Opencast Coal Mine 1 Sample 3 Merck  0,45 53,96 7,92 59,22 -20,25 

A310 Marapong Community Merck  0,45 52,97 7,89 59,49 -20,28 

Opencast Coal Mine 2 Additional Sample Merck  0,22 26,38 7,93 28,88 -20,26 

 Mean      7,89  -20,26 

 Standard deviation      0,06  0,05 

Merck Standard deviation not calculated for the following samples; 
A311 (Opencast Coal Mine 3- Sample 1), A312 (Opencast Coal Mine 2- Sample 2), A313 (Opencast Coal Mine 3 
Sample 2) and Additional Opencast Coal Mine 3 Sample due to high filter particulate loading. 

 

Table 23: Standard deviation (DL-Valine Standard)  

 Sample ID Standard  Weight N peak δ15N (‰) C peak δ13C (‰) 

A301 Opencast Coal Mine 1 Sample 1  DL-Valine 0,22 20,34 -6,13 35,29 -10,57 

A302 Delpark Community DL-Valine 0,41 37,16 -6,19 64,51 -10,54 

A304 Clewer Community DL-Valine 0,63 56,57 -6,13 99,86 -10,64 

A306 Opencast Coal Mine 1 Sample 2 DL-Valine 0,24 21,95 -6,16 37,11 -10,65 

A307 Opencast Coal Mine 2 Sample 1 DL-Valine 0,61 56,56 -6,17 98,54 -10,47 

A309 Opencast Coal Mine 1 Sample 3 DL-Valine 0,44 39,79 -6,11 68,66 -10,45 

A310 Marapong Community DL-Valine 0,42 38,39 -6,11 66,53 -10,65 

Opencast Coal Mine 2 Additional Sample DL-Valine 0,24 21,77 -6,20 37,49 -10,60 

 Mean    -6,15  -10,57 

 Standard deviation      0,04  0,08 

DL-Valine Standard deviation not calculated for the following samples; 
A311 (Opencast Coal Mine 3- Sample 1), A312 (Opencast Coal Mine 2- Sample 2), A313 (Opencast Coal Mine 3 
Sample 2) and Additional Opencast Coal Mine 3 Sample due to high filter particulate loading. 
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Figure 121: Isotope ratio mass spectroscopy results for opencast coal mines and adjacent communities 
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 Thermal Optical Characterisation of Brown/Organic Carbon and Elemental 

Carbon 

 
The OC, EC and TC concentrations (µg/cm-²) obtained from the thermal optical analysis of 

the opencast coal mines and adjacent communities’ atmospheric PM samples are shown in 

Table 24 below. 

 

Table 24: Organic, elemental and total carbon concentrations for the opencast coal mines 
and adjacent communities atmospheric PM samples 

Sample ID 
OC (ug/sq 

cm) 

EC (ug/sq 

cm) 

TC (ug/sq 

cm) 
OC/EC Ratio 

A301 Opencast Coal Mine 1 Sample 1 24 16 39 1.53 

A302 Delpark Community 112 25 136 4.50 

A304 Clewer Community 21 4 25 6.03 

A306 Opencast Coal Mine 1 Sample 2 30 19 48 1.60 

A307 Opencast Coal Mine 2 Sample 1 (filter overloaded) 4,7E+09 5,1E+09 9,9E+09 0.92 

A309 Opencast Coal Mine 1 Sample 3 (overburden area) 33 7 40 5.01 

A310 Marapong Community 24 3 27 8.13 

A311 Opencast Coal Mine 3 Sample 1 91 58 150 1.56 

A312 Opencast Coal Mine 2 Sample 2 285 310 596 0.92 

A313 Opencast Coal Mine 3 Sample 2 (overburden area) 16 3 19 5.61 

*Opencast coal mines samples collected close to overburden areas and hence the low carbon content 
  Opencast Coal Mine 2 Additional Sample 2 and Opencast Coal Mine 3 Additional Sample not analysed during thermal 
optical analysis 

 

 Opencast Coal Mining Atmospheric PM Samples 
 
Thermograms for the atmospheric PM samples are shown in Figures 122 to 124. The four 

traces correspond to flame ionisation detector 1 (FD1), flame ionisation detector 2 (FD2), 

temperature and laser (filter transmittance). The peaks correspond to pyrolytic carbon, OC) 

and EC. The methane calibration peak is the final peak for all the samples. The split between 

OC and EC is evident in all the thermograms, with EC being the carbon that is volatilized 

after the split. The occurrence of the OC and EC split is different for all the atmospheric PM 

samples due to differences in the concentrations of OC and EC in each sample, which in 
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turn depend on the sources of carbon in the sampling area. The OC, EC and TC 

concentrations (µg/cm-²) and the OC/EC ratio obtained from the thermal optical analysis of 

the opencast coal mines and adjacent communities’ atmospheric PM samples are shown in 

Table 24 above. The concentrations of OC in the opencast coal mines’ atmospheric PM 

samples range from 24-285 µg/cm-², with the highest concentrations reported for the 

Mpumalanga opencast mines. The EC concentrations range from 3-310 µg/cm-². Not taking 

samples that represent mainly overburden (A309 and A313) into account, OC/EC ratios 

confirm the observations of the IRMS analysis. Mine samples have a low ratio, 

commensurate with the ratio between volatile matter and fixed carbon in the coal before 

combustion. The filters for the samples from Mine 2 were both overloaded, and the results 

are accordingly less accurate. The best range for the deposit concentration is 5-400 µg/cm-

² for OC and 1-15 µg/cm-² for EC. Concentrations of OC that are greater than this range 

may result in exceedances of the detection limits of the OC/EC instrument and interference 

with the EC measurements, particularly when low concentrations of EC are found in the 

sample (Desert Research Institute, 2019).  

 

 

Figure 122: Thermogram for atmospheric PM samples (Opencast Coal Mine 1). 
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Figure 123: Thermogram for atmospheric PM samples (Opencast 
Coal Mine 2) 

 
 
 
 
 

 
 
 
 

 

Figure 124: Thermogram for atmospheric PM samples (Opencast 
Mine 3). 
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 Community Atmospheric PM Samples 
 
The thermograms for the community samples are shown in Figures 125 to 127. The 

concentrations of OC for the adjacent communities’ atmospheric PM samples range from 

21-112 µg/cm-², with the highest concentrations reported for communities located in 

Mpumalanga (Table 24). The EC concentrations range from 3-25 µg/cm-². The recorded 

concentrations for EC are lower for the community of Marapong compared to Clewer and 

Delpark. The recorded OC/EC ratios for the communities’ atmospheric PM samples range 

from 4 to 8, which clearly distinguishes them from the samples taken in or near the opencast 

coal mines. Samples from the residential communities have higher values, but source 

contributions cannot be determined from this ratio only. Sources that may contribute are 

coal combustion at OC/EC of 7.0, liquid fuel combustion at 9.7 (Engelbrecht et al., 2002), 

C3 biomass at 16±5 and C4 biomass (grasses) at 18±4 (Salma et al., 2017). The higher ratio 

for Marapong would suggest a higher contribution by the latter two sources.  

 

 

Figure 125: Thermogram for community atmospheric PM samples (Marapong, Limpopo). 
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Figure 126: Thermogram for atmospheric PM samples from 
Delpark, Mpumalanga. 

 
 
 
 
 

 
 
 
 

 

Figure 127: Thermogram for atmospheric PM samples from 
Clewer, Mpumalanga. 
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It is evident that thermal optical analysis of the carbon in atmospheric samples in 

combination with IRMS in principle allows the source of the carbon to be determined. 
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5 DISCUSSION 

 

  Introduction 
 
Various sources of carbonaceous aerosols exist in the Highveld Priority Area and the 

Waterberg Bojanala Priority Area. These include biological, geological and combustion 

related sources such as power generation, chemical industries, smelters, biomass burning, 

domestic fuel burning and open burning of waste. The main objective of the study was to 

distinguish between carbon from coal mining and carbon from other sources in coal mining 

regions through the characterisation of the carbonaceous component of atmospheric PM.  

Various microscopic, spectroscopic, thermogravimetric and thermal optical techniques were 

applied. This section discusses the results obtained.  

 

 Characterisation of Atmospheric Particulate Matter Samples: SEM-EDS 

 
The application of SEM-EDS for the analysis of atmospheric PM from opencast coal mines 

and adjacent communities in Mpumalanga and Limpopo culminated in the determination of 

the chemical composition, morphological and dimensional characteristics of individual 

atmospheric PM. This enabled the identification and grouping of atmospheric particles from 

the opencast coal mines and communities under the following categories; 

 Coal dust particulates (carbonaceous), semi-carbonaceous and non-coal dust 

particulates. The categorisation of coal dust particles was based on morphological, 

particle dimensions and elemental composition characteristics obtained from SEM-

EDS. The coal dust particulates had characteristic sharp serrated edges, and a 

layered appearance which is characteristic of sedimentary rocks (coal is an organic 

sedimentary rock). The morphology and size of coal dust particulates is obviously 

influenced by the mechanical processes employed during opencast coal mining 

activities which result in the emission of coarse coal dust particulates and other forms 

of dust. 

 Aluminosilicate particles which generally contain Ca, Si or Al and are characterised 

by rough angular and polyhedral shapes. The sources of these particulates were 

identified as crustal, soils and road dust. Other identified elements which can be 

found in smaller concentrations within the aluminosilicates included Mg, Na and Mn.  

 Biological particles which were characterised by high levels of C and O and had 

different shapes i.e., spherical and angular. 
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 Diesel particulate matter or DPM containing high levels of carbon. The fine 

agglomerates of carbonaceous material observed in the opencast coal mines and 

communities’ atmospheric particulate samples were identified as DPM. This is in line 

with findings from other SEM-EDS studies which indicate that the contents of DPM 

generally include very fine carbonaceous matter (1 µm or less) which agglomerates 

in chains. Sources of these particulates were identified as domestic fuel burning and 

vehicle emissions. DPM is a good indicator or tracer for vehicle emissions.  

 Metal oxides which were characterised by the presence of Zn, Fe, Cu, Ti and are 

generally of crustal and anthropogenic origin. The anthropogenic sources of these 

aerosols can be identified as industrial activities, power generation, vehicle 

emissions, etc. In highly industrialised regions such as the Highveld Priority Area, 

various industrial sources contribute significantly to emissions of metal oxides.  

 Salt particles which consist mainly of NaCl and are characterised by linear and 

angular shapes. The source of these particles was identified as marine aerosols. 

 

The atmospheric particulates constitute a complex mixture in chemical composition, 

dimensions and morphology depending on their sources. This complexity has been alluded 

to in most SEM-EDS studies. 

 

Coal dust particulates were identified from the community atmospheric PM samples, 

particularly in the case of Clewer. This community is located adjacent to coal mines and a 

coal rail siding and the presence of coal dust particulates in the atmospheric PM samples 

derived from this community is an indication that fugitive emissions from coal mining and 

associated activities contribute to atmospheric PM levels in this community.  

 

The identified non-coal dust particulates and semi-carbonaceous material in the opencast 

coal mining samples was an indication that some of the mining related activities such as 

overburden and topsoil removal contributed significantly to particulate emissions, including 

fine particulate (2.5 µm or less). The sources of this fine particulate matter in opencast coal 

mining include re-suspended particulates within the mining operations, primary and 

secondary anthropogenic combustion remnants, products of vehicle emissions and 

spontaneous combustion. Previous studies have identified resuspension of particulates as 

a significant source of fine atmospheric PM in coal mines and this contributes to high levels 

of dust from the mine roads (both paved and unpaved). The removal of material which can 
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be resuspended on the roads through mechanical sweeping will reduce emissions and 

prevent further resuspension of material.  

 

The sources of the particulate from the communities’ samples were identified as industrial 

activities, coal mining, power generation, domestic fuel combustion and open burning of 

waste. This was an indication that various sources contributed to atmospheric PM levels, 

particularly in communities located in the Highveld Priority Area in Mpumalanga (Clewer and 

Delpark).  

 

Given the contribution of various sources to atmospheric PM in these communities, it is 

important that ambient air quality management takes into consideration site dispersion 

potential. Pollution plumes from opencast coal mines and other sources of emissions may 

travel in the direction of the communities, particularly in Clewer with predominant easterly 

and south easterly winds, and in Delpark with easterly winds, blowing from mine sites 

towards residential areas. The differentiation between particulates arising from mines and 

from other sources could however, not be achieved through the application of SEM-EDS 

only, although qualitative differentiation could in some instances be achieved for the 

particles resulting from vehicle emissions, power generation, industrial activities, open 

burning of waste and biomass burning. As an example, atmospheric particulates which 

exhibited morphological characteristics such as spherical shapes, chain agglomerates 

(DPM) and chemical compositions which indicated their carbonaceous nature, were 

identified as internal combustion-engine related. Previous studies indicate that 90% of this 

DPM has a diameter of less than 1 µm and primarily contains OC, EC, hydrocarbons 

(condensed and adsorbed) and sulphates. This is in agreement with the findings of this 

research study with regards to the characteristics of DPM and its components which include 

EC and OC. The presence of OC and EC in the atmospheric PM samples was also 

corroborated by the thermal optical analysis results.  

 

Limitations associated with the application of SEM-EDS during the study included relatively 

poor sensitivity of EDS to elements which were present in low quantities in the atmospheric 

PM samples and the fact that prior to analysis with SEM, sample coating was undertaken to 

increase sample conductivity. However, wavelength dispersive X-ray spectroscopy (WDS), 

a technique that has better capability in terms of detecting light elements such as H can be 

used as an alternative to SEM-EDS. One other limitation associated with SEM-EDS is the 
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inability of the technique to provide molecular structure information and to differentiate 

between elements and compounds. For example, SEM-EDS detected sulphur-containing 

particulates but did not have the ability to differentiate between elemental sulphur and 

sulphur compounds such as sulphates. 

 

 Characterisation of Atmospheric Particulate Matter Using Reflectance 

Microscopy 

 
In this research study, reflectance analysis of the atmospheric PM samples did not yield any 

reflectance results due to the resolution limits of the light microscope. Although the 

microscopic images indicated the presence of black atmospheric particulates which were 

qualitatively identified as coal dust particulates, it was not possible to obtain a clear image 

on which to conduct reflectance analysis for the identification of coal dust and non-coal dust 

particulates. It is envisaged that the research work currently being undertaken by CSIRO 

will provide more insight and knowledge on the application of reflectance microscopy for the 

characterisation of coal dust in urban dust samples.  

 

In addition to the challenges associated with the resolution limits presented by the 

reflectance microscope used in this study, the lack of a standard methodology for mounting 

small amounts (<20 mg) of atmospheric PM samples for the purposes of reflectance 

microscope analysis was also identified as a challenge. 

 

However, given the recent developments in the field of microscopy and techniques for dust 

analysis, it is envisaged that improvements in the use of reflectance microscopy for the 

characterisation of coal dust and other atmospheric particulates will eventually result in 

generally accessible methods. 

 

 Characterisation of Atmospheric Particulate Matter Using Optical Microscopy 

 
The characterisation of atmospheric PM through optical microscopy and the Zeiss 

AxioImager software yielded results which indicated atmospheric particulate morphology 

and dimensions (Ferret diameter). However, the level of detail obtained on atmospheric PM 

was limited, especially when compared to the level of detail that was obtained through SEM-

EDS. These limitations include poor resolution limits, poor surface view of particulates and 
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magnification limits. The resolution limits were quite evident when at 200X magnification, 

the particulate images became distorted and there was increasing difficulty in distinguishing 

the particulates’ morphological details as shown in the results section of the study.  

 

Optical microscopy is therefore limited to instances where economical methods are required 

to do widespread surveys of particulate concentration and size distribution. The standard 

particle image analysis software available from the public domain and from microscope 

suppliers increases the productivity in these applications.  

 

 Characterisation of Atmospheric Particulate Matter Using Raman Spectroscopy 

 
The analysis of samples using Raman spectroscopy focused on the carbonaceous 

component of atmospheric PM for the purposes of differentiating the OC and EC fractions. 

The Raman spectra for all the atmospheric PM samples (opencast coal mines and 

communities) indicated identical carbon wavelengths or signatures for amorphous carbon 

band, D, which was observed at 1360 cm-1. The D band was particularly evident in the 

opencast coal mine atmospheric PM samples. The graphitic band, G, was observed in all 

the atmospheric PM samples at approximately 1600 cm-1. The D band is generally 

associated with disordered and amorphous carbons i.e. structural and chemical defects in 

the carbon crystal lattice and carbon bonding with other non-carbon atoms such as H and 

O. There are different potential sources of amorphous carbon (a-C) and these include non-

combustion related activities. Given that non-combustion related activities can also be 

sources of a-C, biological material and opencast coal mining activities were identified as 

sources of OC. Previous investigations also indicate that the different potential sources of 

amorphous carbon (a-C) and OC include non-combustion related activities and incomplete 

combustion of organic material such as plant and animal material.  

 

On the other hand, EC is generally formed through combustion processes such as power 

generation, vehicle emissions, spontaneous combustion in coal mines and other industrial 

activities. During combustion of carbonaceous material, temperature increases result in the 

expulsion of chemical defects from the crystal lattice while the carbon remnants undergo re-

organisation to form a more ordered carbon structure which transforms into highly ordered 

graphite during the metamorphism stage. It is this graphitic component that provides the G 

band signals in carbonaceous material. In this study, the G band was therefore linked to the 



 

192 
 

presence of EC in the atmospheric PM samples. The application of Raman for the purposes 

of differentiating EC and OC, was qualitatively achieved in this study. Previous studies have 

also shown that Raman can be applied for the purposes of differentiating between EC and 

OC. Potgieter-Vermaak (2006) and Van Grieken (2006), have shown that modern 

techniques such as Raman micro-spectroscopy can also be applied for the analysis of 

individual atmospheric particulates (Ivleva et al., 2007). Individual particulate analysis is 

achieved through the combination of the spatial resolution of an optical microscope and the 

analytical capabilities of Raman spectroscopy. However, Raman spectroscopy on its own 

provided insufficient information for source apportionment of the carbon-containing 

particulate. 

 

 Characterisation of Atmospheric Particulate Matter Using X-ray Photoelectron 

Microscopy 

 

High resolution survey spectra collected from opencast coal mines and community 

particulate samples indicated that O2, C, Fe and Si dominated the surface chemical 

composition of the atmospheric particulates. The presence of these elements has also been 

detected in XPS studies on respirable coal dust. However, the differentiation of EC and OC 

could not be undertaken using XPS. The varying carbon signals or binding energies 

observed in the XPS spectra for the atmospheric PM samples from opencast coal mines 

and communities were not due to differences between EC and OC signatures. The signals 

were an indication that the carbon was likely to be bonded to more electronegative atoms 

such as H and O. Although the binding energy provided an indication of the chemical state 

of carbon on the surface of all the atmospheric PM samples, it could not be applied for the 

purposes of differentiating the source of the carbon. This said, a considerable number of 

previous studies are in wide agreement that the surface composition of atmospheric 

particulates is crucial for the understanding of atmospheric processes such as scavenging 

and adsorption (Song & Peng 2009). 

  

 Characterisation of Atmospheric Particulate Matter: Thermogravimetric 

Analysis 

 
The differentiation of OC and EC in atmospheric PM samples collected from opencast coal 

mines and communities was qualitatively achieved through TGA analysis. Given that in most 
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speciation studies, the differentiation between OC and EC is generally achieved through the 

application of TGA, the expectation was that TGA could also be applied successfully in the 

study, as previously undertaken on samples such as crushed coal powders whose 

constituents are not submicron particulates as is the case in this research study. In addition, 

the atmospheric PM sample sizes collected during this study were too small for TGA to fully 

resolve minute mass losses that reveal the differences in composition and enable the 

accurate differentiation of OC and EC.  

 

However, thermal optical analysis, as shown in this study, is a superior technique for the 

differentiation of OC and EC which can be employed instead of TGA for the characterisation 

of the carbonaceous component of atmospheric PM. 

 

 Characterisation of Atmospheric Particulate Matter: Isotope Ratio Mass 

Spectrometry 

 

The application of IRMS in this research study indicated clear differences in mine-related 

and community-related carbon and nitrogen isotope abundances. Community samples have 

consistently lower (more negative) δ13C ratios and higher δ15N ratios than samples taken in 

the coal processing areas (as opposed to overburden-processing) areas, with the possibility 

of the development of a characteristic δ13C/ δ15N index. Isotope ratio techniques therefore 

seem to be potentially robust and powerful tools for this identification. In addition, a 

considerable literature base exists on the abundances for different soils and carbon-

containing substances, including coal, combustion products from different fossil fuels and 

biological materials, which will assist future source apportionment exercises. 

 

In South Africa, domestic fuel burning is a major source of various air pollutants, including 

NOx, particularly in areas where coal, paraffin and wood are utilised as sources of energy. 

In the adjacent communities selected for the study, particularly Clewer and Delpark, 

domestic fuel burning was observed during the sampling campaign. Biomass-related 

atmospheric PM for the community samples is confirmed by the (δ13C) value for the more 

rural area around Marapong, but not for Clewer and Delpark where biomass is less readily 

available.  
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 Characterisation of Atmospheric Particulate Matter: Thermal Optical Techniques  

 
Thermal optical analysis enabled the quantification and differentiation of OC and EC in the 

atmospheric PM samples. Generally, mine samples have a much lower OC/EC ratio than 

combustion-related sources. Therefore, it may be possible to distinguish between different 

coal fields and/or mines based on a more detailed analysis. The limited number of samples 

taken in this exploratory study did not allow the exact combustion source for the high OC/EC 

ratios in the residential samples to be determined. There is an indication that the contribution 

of biomass in the rural village is higher than that in the urban areas, where coal use is more 

prevalent. The results of the thermal optical analysis therefore, corroborate those of IRMS.  

 

Complexities still exist in fully characterising atmospheric PM through thermal optical 

analysis and the OC and EC components of PM2.5 and PM10 are the most uncertain with 

respect to sampling and analysis (Huebert and Charlson, 2000; Jacobson et al., 2000; 

Turpin et al., 1994). 
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6 CONCLUSIONS AND RECOMMENDATIONS 

 

 CONCLUSIONS 

 
Given the complexities associated with atmospheric PM i.e. health and environmental 

impacts, toxicity, various sources, different particle sizes, mode of formation, atmospheric 

conversion and formation of other secondary particulates with different chemistries, 

sophisticated and modern techniques are necessary for understanding atmospheric PM. 

The main objective of the research study was the distinguishing of carbon from coal mining 

and carbon from other sources such as biological and combustion sources in coal mining 

regions, i.e characterisation of the carbonaceous component of atmospheric PM, through 

the application of various microscopic, spectroscopic, thermogravimetric and thermal optical 

techniques. 

 

SEM-EDS, IRMS, TGA, XPS and Raman spectroscopy were applied to actively and 

passively collected samples. SEM-EDS proved to be a powerful tool and provided a wealth 

of information and insight on the morphological, dimensional and chemical composition 

characteristics of the atmospheric PM samples. However, thermal optical analysis was the 

only technique which enabled the quantification and differentiation of OC and EC. IRMS 

enabled the differentiation between atmospheric PM from the opencast coal mines and 

different communities. The findings indicate that currently, no single technique is available 

to unambiguously identify particulates arising from coal mining and other human activities, 

but that a combination of thermal optical analysis and IRMS, with corroboration from some 

of the other techniques such as SEM-EDS, will enable this identification and determination 

of the origin of carbon in atmospheric particulate PM.  

 

The locally developed passive samplers that were employed in the research study for 

atmospheric PM sampling in opencast coal mining operations and adjacent communities 

provided individual particles that were later analysed using SEM-EDS and optical 

microscopy.  
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 RECOMMENDATIONS 

 Passive samplers can be used in various parts of South Africa and could be utilised 

to supplement existing ambient monitoring networks, especially in the priority air 

quality management areas and other areas which lack air quality ambient monitoring 

equipment. The problem of inadequate ambient monitoring stations is a common 

occurrence in South Africa and other developing countries due to critical socio-

economic factors such as poverty alleviation, lack of resources, particularly financial 

resources. This necessitates the development of cost-effective monitoring 

technologies such as the locally developed passive samplers employed in this 

research study. The wealth of information obtained from SEM-EDS as shown in this 

study and previous studies can be utilised and applied for the purposes of air quality 

management, community education and awareness, health and environmental 

management, especially in highly industrialised regions such as the Highveld Priority 

Area. For the coal mining industry, this information will provide understanding on how 

coal dust and other types of particulate matter affect the environment, health and 

wellbeing of employees and communities living adjacent to coal mining operations. 

This information can also be critical to the coal mining industry for the designing of 

effective mitigation measures for the prevention and control of fugitive dust 

associated with coal mining operations (Appendix A). 

 

 The use of this SEM-EDS is limited in South Africa. It is recommended that regional 

and local air quality management plans developed by state institutions, particularly in 

air quality management priority areas, take into consideration existing information 

from SEM-EDS studies. If this information is not available, efforts should be directed 

towards the undertaking of such studies. The current PM NAAQS are only mass 

based and are therefore, not suitable for the unique characterisation of health risks, 

particularly in heavily polluted areas such as the Highveld Priority Area. Industries 

can also apply SEM-EDS to fully understand the impacts of their activities on local 

and regional ambient air quality and more crucially, impacts on communities adjacent 

to their operations. This is critical given growing public and sustainability concerns 

over the role of industries in the degradation of ambient air quality and the 

environment in general, and the need for the identification or characterisation of ‘new’ 

and ‘ultrafine’ particulates which can have major impacts on health and the 

environment.  
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 There are no standardised methods for the characterisation of coal dust. Currently, 

coal dust particulates are identified through chemical analysis as there is no 

distinguishable/unique tracer to the source. The lack of an elemental ratio that can 

be utilised to differentiate coal particulates from other non-coal particulates 

exacerbates the problem. Although thermal optical analysis allowed the quantification 

of OC and EC in the atmospheric PM samples, coal dust particulates could not be 

identified uniquely through the application of thermal optical analysis only as currently 

there is no comprehensive thermal optical signature for coal dust. A combination of 

thermal optical analysis and IRMS seems the most promising approach and further 

research on how the results of these techniques can be combined to provide a ‘coal 

fingerprint’, potentially fine-tuned to specific coal fields, is recommended. This might 

also contribute towards the characterisation and understanding of vehicle emissions, 

particularly DPM and other components such as soot, as well as contributions from 

biomass burning from veld fires and agricultural activities.  

 The study highlights challenges associated with the application of techniques that are 

traditionally designed for the analysis of large samples of materials, crushed powders, 

etc., and not necessarily atmospheric PM analysis. This challenge was evident during 

Raman, reflectance and TGA analysis. It is recommended that further research be 

undertaken on developing new techniques and improving existing techniques to 

accommodate atmospheric PM analysis. One of the critical factors is the choice of 

filter material to avoid interferences during particle analysis and to ensure filter media 

compatibility for atmospheric PM monitoring and sample analysis procedures/ 

protocols. It is therefore, recommended that any future research on the 

characterisation of atmospheric PM takes these compatibility issues into account. 
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APPENDIX A: MITIGATION MEASURES FOR COAL MINING OPERATIONS 
 
The application of mitigation measures generally results in the reduction of fugitive dust and 

particulate emissions. In a typical opencast coal mining operation, mitigation measures 

include the following; 

 Wet suppression to minimise fugitive dust emissions from unpaved haul roads, open 

areas and during topsoil stripping. Unpaved haul roads are generally the main 

contributing sources to fugitive dust emissions in opencast coal mining operations 

(Cowherd and Englehart, 1985). Therefore, mitigation measures which result in 

higher control efficiencies such as chemical suppression can be applied to primary 

haul roads within the mine (Cowherd and Englehart, 1985; Cecala et al., 2012). 

Chemical suppressants or dust control additives are affective as they bind fine 

particulates on the surface of the road and improve road compaction and stability 

(NPi, 2012, Cecala et al., 2012). However, the success rate or effectiveness of a 

chemical suppressant is determined by factors which include the unpaved road 

surface characteristics, rate of application and application method and frequency of 

re-application and the nature and type of the chemical suppressant (Kissell, 2003). 

In general, some chemical suppressants have been proven to achieve PM10 control 

efficiencies of between 80- 90% with regular application on the unpaved road 

surfaces (Kissell, 2003). Wet suppression results in control efficiencies of 50% or 

more and is largely affected by factors such as evaporation and type of source 

(Cowherd and Englehart, 1985). 

 Wet drilling for the reduction of fugitive dust emissions; 

 Optimum mine designing and planning to minimise the occurrence of large or 

exposed open areas.  

 Planning or scheduling mining activities to coincide with atmospheric conditions 

associated with favorable weather conditions. These activities include material and 

product loading, material transfer or handling and blasting (Cecala et al., 2012). 

 Rehabilitation and re-vegetation of mined out areas to reduce soil erosion and fugitive 

dust emissions; 

 Fugitive dust reduction through the enclosure of crushing operations. According to 

the Australian National Pollution Inventory (NPi, 2012), wet suppression through 

water sprays can result in 75% control efficiency. Enclosure of stockpiles would 

reduce emissions by control efficiencies of up to 99% (NPi, 2012). 
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 The control of vehicle speeds and traffic volumes on unpaved roads are other 

mitigation measures that can be applied for fugitive dust emissions reduction. 

According to research study undertaken at the University of Nevada, an increase in 

vehicle speed of 16km per hour results in PM10 emissions increases of between 1.5 

and 3 times. Similar studies also concluded that a reduction in speed from 40 km/hr 

to 24 km/hr resulted in a reduction of 35-42% in PM10 emissions (NPi, 2012).  

 

As previously mentioned, spontaneous combustion is one of the significant sources of gases 

and particulate matter. Hence, the prevention of spontaneous combustion in coal mines 

should also be applied as a mitigation measure for the reduction of particulate emissions 

and other pollutants such as SO2, NOx and greenhouse gases which include CO2 and CH4. 

The most appropriate method for the prevention of spontaneous combustion is the 

understanding of the coal properties, the likelihood of the coal to self-heat and methods for 

monitoring self-heating. There are different techniques for predicting the coal self-heating 

properties and these include thermal analysis, a method which is based on 

thermogravimetric techniques and differential scanning calorimetry.   

 

Methods for controlling spontaneous combustion include the following; 

 The detection of the sources of spontaneous combustion; 

 Extinguishing the fire directly through methods such as gel injection and mud 

grouting; 

 Injection of form or inert gases such as carbon dioxide and nitrogen for fire 

extinguishing; 

 The adjustment of pressure to obtain a positive pressure in the coal mining area can 

be implemented. However, safety considerations should be prioritised; 

 Adopting a control strategy for the affected areas by sealing and stopping the fire. If 

the area affected by the fire is large, the effective approach is to divide the large area 

into small areas (Lu et al., 2017). 

The prevention and control of spontaneous combustion in coal mining regions such as the 

Mpumalanga Highveld can result in significant reductions in particulate matter and other 

pollutants. Although the extent of emission reduction efforts cannot be accurately quantified 

due to challenges associated with the quantification of spontaneous combustion emissions, 

these efforts will nonetheless, contribute positively to air pollution mitigation in the region.  


