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A B S T R A C T

In this review, sample preparation strategies and various analytical techniques are reviewed in details for quan-
titative determination of multi-element in coal samples. In addition, this review surveys the existing literature
on metal quantitative determination in coal related matrices using destructive and non-destructive analyti-
cal techniques. Destructive analytical techniques require sample processing before the extraction and
quantification of the target analyte by a suitable analytical technique. The sample preparation procedures dis-
cussed include wet digestions and combustion reactions. Disadvantages and advantages of these sample
processing methods are elaborated with emphasis on microwave approach, since it is fast, robust, effective
and prevent losses of volatile elements. Moreover, the mobility behaviour of some elements in coal is dis-
cussed and that gives an insight on the speciation of multi-element within the coal. Lastly, thermal stability
of various elements in combustible material is also reviewed based on the existing literature reports.
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1. Introduction

Coal is the most abundant fossil fuel worldwide and it consists
of multi-elemental impurities. The latter include different species
of sulphur (sulphate, sulphide, and organosulphur compounds) and
mineral matter [1,2]. Coal impurities (multi-element) cannot be con-
trolled or prevented as they occur naturally during coal genesis under
a long period of microbiological and geological processes [2]. During
coal utilisation, volatile elements are liberated to the atmosphere
causing air, water, and land pollution. For example, during coal com-
bustion processes, sulphur participates in several reactions and is
emitted from the coal frameworkmainly as SO2 and SO3 gases, while,
coal gasification processes liberate sulphur as H2S, CS2 and COS gases
to the atmosphere [3–5]. The emission of sulphur from anthropo-
genic sources has been related to the depletion of the earth’s ozone
layer, acid rain occurrence and chronic respiratory diseases [6,7].
Elements such as chromium and iron may cause corrosion inside
the combustion boilers during coal processing. Additionally, some
of the multi-element in coal might be trapped inside the combus-
tion boilers causing slagging, abrasion and fouling. All these
challenges reduce the lifespan of the combustion boilers.

Recently, the world is moving towards the implementation of
renewable energy technologies (biomass, solar, wind and geother-
mal). However, in South Africa, there is no evidence of commercially
viable alternatives that have been developed to significantly sub-
stitute fossil fuels such as coal [8,9]. Hence, coal still stands as the
most trustworthy and sustainable energy resource with cost-
effective electricity generation. Therefore, the developments of more
efficient, cost-effective, environmentally friendly and rapid methods
are urgently required for multi-elemental determination in coal
samples. More knowledge on the quantity of metal impurities in
coal will give insight on the coal quality and value. Additionally, un-
derstanding about multi-elemental impurities within the coal will
also give guidance on the development of coal purification pro-
cesses in order to improve coal quality and eliminate combustion
emissions. The main aim of this review was to expose the chal-
lenges of multi-element within the coal, analytical methods that
have been published for quantification of these multi-element in
coal samples and the challenges that still need to be investigated
in this study area.

2. Multi-elemental determination in coal matrices

The knowledge of multi-elemental concentration levels in coal
related matrices is of significance as it gives more understanding
on the coal chemistry associated to coalification and coal origin [8,9].
Therefore, there is a necessity for more understanding on the multi-
elemental determination in coal. There are numerous analytical
techniques available for elemental determination in solid matri-
ces. These methods vary depending on the sample preparation
processing required for extraction of the target analyte to fit the prin-
ciples of a particular detection technique. In the current review,
elemental analytical techniques have been divided into two broad
categories as shown in Fig. 1. The first group is categorised as de-
structive techniques, while the other category is termed as non-
destructive techniques.

2.1. Destructive techniques

Destructive techniques require a sample preparation stage to
extract the target analyte from the main matrix, in most cases; the
sample matrices will be destroyed. The examples of these tech-
niques include ICP-OES, ICP-MS, AAS and IC [10–13]. In the past few
years, there have been a lot of developments done to improve sample
preparation methods for elemental determination by destructive
techniques [10,11]. Sample preparation is the most crucial step in

any analytical procedure as it involves analyte handling [12,13].
Sample preparation procedures for coal related matrices can be
categorised into two sections which include, combustion [11] and
wet digestions [12].

2.1.1. Wet digestion sample preparation methods
Wet digestion processes may be performed in an open or closed

system and theymake use of hydrogen peroxide (H2O2) as an oxidant.
In most cases, H2O2 is combined with different inorganic acids such
as sulphuric (H2SO4), nitric (HNO3), hydrochloric (HCl), perchloric
(HClO4) and hydrofluoric (HF) acids [13–21]. The latter is normal-
ly used for complete decomposition of silica containing organic
matrices like coal [12,13]. However, some of these acids have safety
concerns (HClO4 and HF), negative effects on the glass optics of spec-
trometric techniques (HF and H2SO4), matrix effects (H2SO4 and
H3BO3) and spectral interferences (H2SO4, HClO4 and HCl) during ICP-
MS analysis [18,19]. Wet digestion open systems include hot plate,
digestion block, home-made domestic microwave oven and ultra-
sonic bath. However, open systems are more susceptible to
systematic errors, especially those related to contaminations and
analyte losses [20]. However, losses depend on the heating source
used, type of target analyte and evaporation step involved [20,21].
Most of the open systems are operated at low temperatures (≤100oC)
and ambient atmospheric pressure, which causes poor elemental
extraction recoveries due to insufficient decomposition capabili-
ties [20,21]. However, these procedures allow high throughput using
relatively inexpensive equipment and materials even though limi-
tations such as poor extraction, prolong duration, large quantities
of acids and volatile elemental losses may still exist. Therefore, there
are few literature reports which describe open digestion methods
for quantitative extraction of multi-element in coal samples [12,14].
However, microwave systemwith pressure and temperature control
is categorised as a closed system [13] and the latter is used to over-
come the limitations of the open vessel system.

Closed vessel microwave systems have been currently utilised
in order to improve the decomposition efficiency of organic mate-
rials and to reduce digestion duration, cross contamination, acid
amount and loss of volatile elements [15–17,22,23]. However, the
microwave based sample preparation procedures make use of con-
centrated acids for effective digestion of targeted matrix [24,25].
Additionally, spectrometric based analytical techniques are highly
matrix dependent; therefore, time can be wasted trying to evapo-
rate the concentrated acids in the digest solutions. It is also known
that concentrated HNO3 promote the formation of highly carcino-
genic nitrous gases during the destructive oxidation of the organic
material. To solve these challenges encountered when using con-
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Fig. 1. Analytical techniques used for analysis of multi-element in coal-related
samples.
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