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Selected trace element concentrations in run-
of-mine coal, discard, and coal product, and 
environmental implications
by R.M. Mashishi1, O.J. Okonkwo1, and T. Malehase1

Synopsis
The concentrations of selected trace elements (As, Cd, Hg, and Pb in run-of-mine (ROM) coal, 
discard, and coal product were investigated to assess the efficiency of beneficiation in reducing 
trace element concentrations and ascertain any implications regarding environmental compliance 
to regulatory frameworks. Samples were collected from a colliery in Mpumalanga Province twice a 
month for a period of 24 months. The samples were ashed to approximately 0.21 mm, then digested 
in a mixture of 70% HNO3 and 40% HF and analysed using inductively coupled plasma-mass 
spectrometry (ICP-MS). Except for Pb, the mean concentration of all elements decreased from 
the ROM stage to the coal product stage. The order in which trace elements occurred from the 
highest to lowest throughout the production chain was Pb>As>Hg>Cd. With the exception of Cd, 
the mean trace element concentrations in the discard were above the total concentration threshold 
(TCT) set for landfill disposal. The As, Hg, and Cd concentrations in the product were well below 
the thresholds for all land uses. However, Pb concentrations in the product coal were above legal 
limits, which is of concern with regard to environmental compliance and the performance and 
marketability of the product. 
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Introduction
Coal encompasses a large range of fossil fuels that were derived from the degradation of plant material 
(Moid, 2008). Coal is one of the world’s most inexpensive, abundant, and most accessible energy sources at 
present. However, its use creates extensive environmental damage (Ogbonna et al., 2012). Although nuclear 
and renewable energy are gradually becoming more important for power generation, the combustion of 
coal is still a major source of power. High-temperature coal combustion for the generation of power results 
in the emission of pollutants such as NOx, SOx, and particulate matter, among others. Coal also contains 
trace elements such as As, Hg, Se, Pb, Cr, and Cd, which are highly toxic and have drawn attention from 
environmental legislators.

Trace elements are nondegradable chemical elements and are emitted during the burning of fossil fuels. 
As, Cd, Hg, and Pb exist in trace amounts in coal (Munawer, 2018). The primary anthropogenic sources 
of trace elements are smelters, mines, foundries, vehicle emissions, and combustion of by-products (Moid, 
2008). A study on the bioaccumulation of nutrient and trace elements in plants and soil was conducted 
near an abandoned coal mine in Nigeria. The study indicated that coal mining is one of the anthropogenic 
sources of toxic elements in the area (Ogbonna et al., 2012).

Coal mined in South Africa for the competitive international market needs to meet the numerous 
quality specifications of customers.  This is achieved by washing coal in a dense media separation (DMS) 
plant. As a result, coal wastes such as discard are generated. When coal is combusted, most trace elements 
collect in the coal ash, which is isolated as much as possible from the environment. Despite this, trace 
elements are emitted to the receiving environment. These emissions are usually much less compared to 
the major pollutants; however, the impact of trace elements on ecosystems and human health can be quite 
significant (Senior et al., 2020). 

South African coal is known to have a high ash or mineral content, and therefore a high trace element 
content. Variations in mineral content cause trace elements to vary in coal from the same seam classification 
(Mguni, 2015). The term ‘mode of occurrence’ refers to whether an element forms part of a specific mineral 
or is dispersed within a particular host mineral or in the coal macerals (Finkelman, 1994).

Differences in mode of occurrence are due to geological conditions during coal formation, and 
knowledge of the geochemistry of trace elements is important in the assessment of the environmental 
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impact of coals (Bai, Wang, and Li, 2017). Coal discard is a 
major waste product from coal mining and coal washing. Coal 
discard consists of inorganic and organic minerals with high 
ash content, high pyrite content, and low heating value. Large 
quantities of coal discard are stockpiled, which can result in serious 
environmental consequences such as air pollution, and water and 
soil contamination. Trace elements in coal discards may be released 
and pose environmental problems in various degrees, depending 
on the type of trace element (Guo, 2017). Trace elements of concern 
include, but are not limited to, arsenic, cadmium, mercury, and lead.

According to Burmistrz et al. (2018), the arsenic content in coal 
can vary between 0.5–80.0 mg kg-1, 0.3–16.6 mg kg-1, and 0.3–11.0 
mg kg-1 as reported by Swaine 1990; Saha et al. 2016, and Dai et al. 
2005 respectively. Arsenic is a known carcinogen. Arsenic occurs 
in three dominant forms in coal, namely pyrite, organic materials, 
and arsenate. Arsenic is considered an environmentally sensitive 
element and extensive studies have demonstrated that it is strongly 
associated with pyrite (Moid, 2008). Arsenic is among the top trace 
elements of concern due to its volatility, toxicity, and its ability to 
bioaccumulate in the environment. Cadmium is one of the main 
pollutants emitted from coal mining and coal combustion. It has 
been reported that even at low concentrations, Cd emitted from 
coal can cause reproductive system complications, cardiovascular 
diseases, brain malfunctions, and neurological disease. Cadmium 
usually occurs at trace amounts in coal, 0.1–3 mg kg-1. The element 
is moderately volatile during coal combustion (Cui et al., 2019). 

The World Health Organization identified Hg as a chemical 
of concern in the  highest category in 2017, because it poses a 
threat to human health globally. About 2000 metric tons per year 
according to the US EPA (https://19january2017snapshot.epa.gov/
international-cooperation/mercury-emissions-global-context_.
html. Approximately 2000 t of Hg is emitted to the atmosphere 
globally every year as a result of human activity. 

According to the United National Environment Programme 
(UNEP), Russia, China, South Africa, the USA, Ghana, Colombia, 
and Indonesia contribute 56% of total anthropogenic emissions to 
the atmosphere (Singh, Dhyani, and Pujari, 2022). Coal washing 
and burning are among the major sources of anthropogenic Hg 
emissions (Pacyna, 1987). According to Pacyna (1987), more than 
50% of Hg emissions are from coal-powered power plants. When 
released through emissions from power plants, Hg, like most 

trace elements, circulates in the atmosphere as particulates before 
it is deposited on vegetation, land, and water (Gade, 2015). The 
Minamata Convention, which was adopted in 2013, regulates the 
sources of Hg, trade in Hg, manufacturing methods that use Hg 
compounds, Hg products, artisanal and small-scale gold mining, 
emission into air, deposition on land and in water, storage, wastage, 
polluted sites. and health implications (Singh, Dhyani, and Pujari, 
2022).

Lead toxicity and its effects on the human nervous system, 
immune system, and the environment is well documented (Wang et 
al., 2021). Lead is rarely found in the environment in its elemental 
state but occurs as Pb2+, in which form it also occurs naturally 
in lead minerals. Lead in the environment is very mobile and 
contaminates the air and water. Mining, burning of coal, and 
vehicular emissions are among the main sources of Pb in the 
environment (Munawer, 2018). 

It was hypothesized that the concentrations of As, Cd, Hg, and 
Pb in coal products and discards may be affected by beneficiation 
processes. The present study was, therefore, aimed at assessing  the 
efficacy of the beneficiation process with respect to the selected 
trace metals as well as evaluate the different coal fractions in terms 
of environmental compliance.

Geological setting
The project site was a colliery in the Thembisile Hani Local 
Municipality in Mpumalanga Province, South Africa. The colliery 
covers an area of about 4 km2 and is situated about 35 km north 
of Bronkhorstspruit. The site borders Tshwane Metropolitan 
Municipality of Gauteng Province (Figure 1). The colliery is 
geologically situated in the Nooitgedacht Outlier, an erosional 
relict of the Vryheid Formation in the Ecca Group of the Karoo 
Supergroup. The Karoo Supergroup hosts the largest coal deposit in 
South Africa, including the Witbank Coalfields (Digby Wells, 2018).

The colliery exploits two coal seams – the main seam and 
bottom seam. Thick layers of sandstone interbedded with clay 
and carbonaceous shale mostly overlie the coal seams. The main 
seam occurs throughout the mining area while the bottom seam 
is found in the southern section. The mining method employed is 
opencast truck-and-shovel. Overburden and coal are removed in 
sequential strips. Excavators and dump trucks are used to load the 
coal to the ROM stockpiles. The coal is crushed to 40 mm during 

Figure 1—Locality of Palesa colliery
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the beneficiation process for ease of handling and compliance with 
marketing specifications. Product and discard are produced, with 
the discard being returned to the pit.

Materials and method 
Reagents and materials
Trace element standard solutions of analytical grade were used. 
Trace metal grade HNO3 (70%) and HF (40%) were purchased from 
Merck and Sigma Aldrich (Germany).  

Samples and sample preparation 
The ROM coal was the initial step of sample collection. ROM coal 
is in its natural state before any processing takes place. Therefore, 
the results of the ROM samples serve as a benchmark to indicate 
whether trace element concentrations increase or decrease during 
beneficiation. Two samples at each processing stage ROM, product, 
and discard were collected per month over a 24-month period. 

ROM samples were collected from the ROM conveyor belt using 
an auto-mechanical sampler and placed in 50 kg containers. An 
auto-mechanical sampler was also used to collect product samples 
from the final product conveyor. The discard sample was collected 
mechanically at the feed end of the conveyor belts. The maximum 
sample size was 50 kg. All sample details were initially logged into 
the system and each sample was allocated a unique sample number 
for internal tracking.

For digestion of the crushed/solid samples, HNO3 (70%) and 
HCl (40%) were used. A standard operating procedure (SOP) for 
general microwave digestion of soil and coal samples was employed. 
About 10 g of solid sample was initially crushed into a fine powder 
with a mortar and pestle and passed through a mesh sieve. The solid 
samples were crushed to 25 mm, later reduced to 6 mm and finally 
crushed to approximately 0.21 mm. The ashed coal samples were 
placed in a clean vessel of 7 mL capacity.

The sample was then digested in a mixture of 5 mL 70% HNO3 
and 2 mL 40% HF. Ten millilitres of 70% concentrated HNO3 was 
then added into a 120 mL volumetric container to maintain pressure 
in the vessel. The loosely closed 7 mL vessel was then placed into 
the large 120 mL vessel. The vessels were, thereafter, placed into the 
microwave oven and heated for 1 h at a temperature of 250°C. After 
the digestion, the samples were transferred into 25 mL calibrated 
flasks and diluted with HNO3 to give 2–3% solutions. The yellowish 
solutions were filtered to remove the remaining solids. After 
dissolution of the samples, the solutions were submitted for analysis 
using ICP-MS.

Instrumental analysis 
A Perkin Elmer Elan 6100 DRC ICP-MS was used for analysis. The 
percentage recovery of each element was calculated and compared 
with the values in the certified reference material (CRM). The 
experimental value is the value calculated from instrumental 
measurement and the final dilution factor of the extraction. The 
calibration values gave correlation coefficients that ranged from 0.95 
to 0.99. 

Quality assurance and quality control (QA/AC)
All glassware was thoroughly washed and rinsed with deionized 
water and dried between samples. All prepared standard solutions 
were kept at 4°C in a refrigerator before analysis. Each sample was 
digested and  analysed three times. Blank reagents and reference 
materials were analysed three times. Blank reagents and reference 
materials for coal were used in each sample batch to verify the 
accuracy digestion and analysis.Blank samples and a digested 
reference material, South African Reference Material (SARM 19) 
were included to check the accuracy of the digestion and analytical 
methods.

The recovery rates for the selected trace elements in the 
reference material (SARM 19) were within the certified ranges 
of 96%, 97%, 99%, and 99% for As, Cd, Hg, and Pb respectively. 
A multi-element standard solution including the elements of 
interest was used to prepare calibration solutions for trace element 
concentrations. The calibration curves for the selected trace 
elements were linear and within the expected ranges. 

Statistical analysis
The two sets of data (from the first and second samples taken 
each month) were combined to produce a monthly average. MS 
Excel and Pearson‘s correlation coefficient were used to test for 
relationship and significance.

Results and discussion
The results of the study are presented in Table I. Except for Pb, 
the mean concentration of all elements was lower in the product 
than in the ROM coal. As, Cd, Hg, and Pb mean concentrations 
and standard deviation (SD) in the ROM were 8.71 ± 0.479, 0.13 ±  
0.017, 0.38 ± 0.098, and 28.35 ± 2.74 mg kg-1, respectively, whereas 
in discard, As, Cd, Hg, and Pb concentrations were 31.55 ± 3.935, 
0.15 ± 0.018, 1.49 ± 0.106, and 31.15 ± 1.597 mg kg-1 respectively. 
The mean concentrations of As, Cd, Hg, and Pb in the coal product 
were 2.93 ± 0.464, 0.12 ± 0.011, 0.20 ± 0.058, and 29.42 ± 2.191 mg 
kg-1, respectively.

ROM samples 
The arsenic concentration in ROM coal (8.7 mg kg-1) was found to 
be lower than the 13.14 mg kg-1 reported by Hlatswayo and Wagner 
(2005). However, it is higher than the values of 4.96 mg kg-1, 4.6 
mg kg-1,4.7 mg kg-1, and 5 mg kg-1 reported by Mohammed (2010), 
Cairncross, Hart, and Willis (1990), Bergh (2009), and Zhang et al. 
(2004) respectively. 

Cadmium exhibited a mean concentration of 0.13 mg kg-1 
in the ROM, which is marginally higher than the 0.10 mg kg-1 
reported by Mohammed (2010) for South African coals. Cadmium 
concentration in the ROM was, however, much lower than that in 
Witbank coals (0.3 mg kg-1, Bergh, 2009), Highveld Coalfield no. 
4 Seam (0.44 mg kg-1, Hlatshwayo and Wagner, 2005), and global 
coals (0.6 mg kg-1, Zhang et al., 004). 

The mean concentration of Hg in the ROM was 0.38 mg kg-1, a 
value either below or equal to the South African and global mean 

  Table I

  Mean concentrations of As, Cd, Hg and Pb in all the samples analyzed
  Production stage As Cd  Hg Pb

  ROM 8.71 ± 0.479 0.13 ± 0.017 0.38 ± 0.098 28.35 ± 2.741
  Discard 31.55± 3.935 0.15 ± 0.018 1.49 ± 0.106 31.15 ± 1.597
  Product 2.93 ± 0.464 0.12 ± 0.011 0.20 ± 0.058 29.42± 2.191
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values. On the other hand, the Pb concentration was  
28.35 mg kg-1, the highest of all the trace elements in the ROM. 
The order of concentrations of the trace elements in the ROM was 
Pb>As>Hg>Cd.

Discard samples
Arsenic concentration in the discard was 31.55 mg kg-1, which is 
substantially higher than in the ROM (7.8 mg kg-1). A typical South 
African washing plant makes use of dense medium separation 
(DMS) to separate good quality coal from waste material, including 
ash-forming and sulphur-bearing minerals. As a result, the  wastes 
have a higher ash content and thus a higher elemental concentration 
than the ROM coal. Moyo (2018) stated that the concentrations 
of trace elements in coal processing wastes depend on their 
concentrations and modes of occurrence in the ROM and the nature 
of the processing operations. 

A Department of Minerals and Energy report (DMRE, 2001) 
indicated that the discards from the DMS plant, which contains 
most unwanted impurities in the coal, contain more ash-forming 
minerals and higher sulphur concentrations than the ROM coal 
(Moyo, 2018). This may explain the elevated trace elements in the 
discard.

The arsenic concentration in the discard (31. 55 mg kg-1) was 
higher than the 6.94 mg kg-1 reported for Witbank coal discard. 
However, the mean Cd concentration, 0.15 mg kg-1, was lower 
than the 0.30 mg kg-1 reported in Witbank coal. Lead mean 
concentration in the Witbank discard (33.24 mg kg-1) was slightly 
higher than that in the present study discard (31.15 mg kg-1). 

Coal product samples
Trace element concentrations in the coal product were compared 
with those in soils around coal-fired power stations. Although 
coal and soil are two different materials, the combustion emissions 
ultimately settle in the soil near a coal-fired power station. The 
As concentration, 2.93 mg kg-1, was either slightly above or in 
line with the limits for South African soils, but much lower than 
arsenic concentration (17.5 mg kg-1) in Bangladesh soils (Sahoo, 
Equeenuddin, and Powell, 2016). The cadmium concentration, 
0.12 mg kg-1, was lower than that the 1.22 mg kg-1 in soils near a 
coal-fired station in Nigeria  (Sahoo, Equeenuddin, and Powell, 
2016). However, the Pb concentration, 29.42 mg kg-1, was higher 
than in South African and Nigerian soils (Sahoo et al., 2016), but 
significantly lower than Pb concentrations in Bangladesh soils 
(Sahoo, Equeenuddin, and Powell, 2016).

The varying concentrations of trace elements in the final coal 
product and soils near the coal-fired powered power plants are 
attributed to geological differences in the coalfields.

Therefore, it is suggested that Pb in the present study ROM 
may be in the organic fraction, and hence not easily removed, while 
in the comparative study by Dalton and Feig (2018) Pb may have 
existed in the inorganic fraction, hence the low Pb concentrations 
found in the soil.

Coal product 
The National Environmental Management Waste Act (2008) and 
National Environmental Management Act (2008) require land to be 
investigated if hazardous substances are likely to have been used in 
or on the land. The use of the soil screening values as an indication 
of a ‘safe’ or ‘clean’ site is valid in the absence of a specific risk 
exposure scenario. The soil screening values are used to compare 
trace element concentrations observed in the present study. As, 
Hg, and Cd concentrations in the product were well below all the 
screening values, as indicated in Figure 3. 

Therefore, if the coal in the current study   were to be 
combusted, emissions would not result in non-compliance or 
adversely impact water resource and surrounding soils. The lead 
concentration in the coal product is higher than the limit set for 
all land uses (Figure 3) but below all other soil screening values. 
Emissions from combustion would result in negative impacts from 
Pb on the environment.

Conclusion
Trace element concentrations in the coal product were lower than in 
the ROM coal, with the exception of Pb. Therefore, the efficiency of 
coal beneficiation in reducing impurities, including trace elements, 
was demonstrated. In terms of legislative guidelines, discard 
mean concentrations of As, Hg, and Pb were above the TCTs set 
for landfill disposal; whereas the Cd concentration was below the 
TCT. The concentrations of As, Cd, and Hg  in the coal product 
were all compliant, but Pb was higher than set thresholds for all 
land uses. The failure of the beneficiation process to reduce to Pb 
concentrations to below the legal limits is of concern with regard to 
the quality and marketability of the coal.
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