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Cover photo: An illustration of a typical underground coal mine producing acid-generating 
waste rocks (WRs) and a power plant generating fly ash (FA) by utilising coal for the electricity 
production. The illustration depicts a situation where the acid-producing WRs are backfilled in 
an underground mine (right) without FA addition which produces acidic leachates in aqueous 
conditions, whereas, the second mine (left), backfilled with mixture of acid-producing WRs and 
FA, produces neutralised leachates. A WR heap is also shown covered with FA to prevent AMD 
generation. 
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Abstract 

Waste rocks (WRs) from coal mining and fly ash (FA) from coal combustion were studied to 
determine the potential of the WRs to generate AMD, FAs to neutralise it and estimate their 
impacts on environment. The ultimate goal was to develop a methodology based on co-disposal 
to mitigate the environmental problems associated to both wastes. Two methods for co-disposal 
were tested: i) Mixing WRs and FAs and ii) covering WRs with FAs. 

WRs were sampled from the Lakhra coal mines in Pakistan (PK), which has an estimated coal 
reserves of 1.3 Btonne, varying from lignite to sub-bituminous quality. The FA was sampled 
from a power plant utilising coal from Lakhra coal mines and is situated in close vicinity (15km) 
of the mine site. For comparative purposes a bituminous FA from Finland (FI) and a biomass 
FA from Sweden (SE) were also characterised. 

The WRs and FA samples were characterised by mineralogical and geochemical methods. 
Besides organic material (coal traces), quartz, pyrite, kaolinite, hematite and gypsum were 
identified in WRs by XRD. The major elements Si, Al, Ca and Fe were in the range (wt. %) of 
8 – 12, 6 – 9, 0.3 – 3 and 1 – 10, respectively, with high S concentrations (1.94 – 11.33 wt. %) 
in WRs. The AMD potential of WRs rang 492 kg CaCO3 tonne-1. 

All FAs contained quartz, with iron oxide, anhydrite and magnesioferrite in PK, mullite and 
lime in FI and calcite and anorthite in SE. The Ca content in SE was 6 and 8 times higher 
compared to PK and FI, respectively. FAs were enriched in As, Cd, Co, Cr, Cu, Hg, Ni, Pb and 
Zn compared to their concentration in continental crust. The acid neutralising potential of PK 
was equivalent to 20 kg CaCO3 tonne-1 3 tonne-1 (SE) and 25 kg 
CaCO3 tonne-1 (FI). 

During the period of 192 days in weathering cell experiments (WCE), the pH of leachates from 
most acidic WRs was maintained from 1 to 2.5, whereas, the less acidic WRs produced 

in the concentrations of Fe, SO2
4

 and Al from mg L-1 to g L-1. 

The samples were subjected to column leaching experiments (CLE) in which mixture (FA:WR; 
1:3) and cover (FA:WR; 1:5) cases were mimicked (with 10mm particle size) and effect of 
particle size (2, 5 and 10mm) on element leaching were studied. 

Despite having the lowest acid-neutralisation potential compared to FI and SE, co-disposal of 
PKFA as mixture readily provides acid buffering minerals, resulting in better start-up pH 
conditions and leachate quality. However, acidity produced by secondary mineralisation 
contributes towards the acidification of the system, causing stabilisation 
Secondary mineralisation (especially Fe- and Al-mineral precipitation) also removes toxic 
elements such as As, Pb, Cu, Zn, Cd, Co, Ni and Mn, and these secondary minerals can also 
buffer acidity when the pH tends to be acidic. 

In contrast, the pH of the leachates from the PKFA cover scenario gradually increased from 
strongly acidic to mildly acidic and circumneutral along with decrease in EC and elemental 
leaching in different WRs. Gradually increasing pH can be attributed to the cover effect, which 
reduces oxygen ingress, thus sulphide oxidation, causing pH to elevate. Due to the fact that 
pH~4–5 is sufficient for secondary Fe- and Al-mineral precipitation which also removes toxic 
elements (such as Cd, Co, Cu, Zn and Ni) by adsorption and/or co-precipitation, the FA cover 
performs well enough to achieve that pH until the conclusion of the CLE. However, due to the 
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slower reactivity of the buffering system (additional to the initial flush-out), leaching in the 
beginning was not restricted. 

The co-disposal of FA as cover and/or mixture possesses potential for neutralisation of AMD 
and improving leachate quality significantly. Particle size of the WRs affected the leaching of 
the sulphide related elements (such as Fe, S, Zn, Co, Cr, Cu, Mn and Ni) in CLE and WCE. 
E . 
Co-disposal of FA and WRs as cover and mixture need to be investigated on pilot-scales before 
full-scale application. 

Keywords: Acid mine drainage (AMD), coal mine waste rocks, coal fly ash, co-disposal, 
mixing/blending, dry-cover, prevention/neutralisation 
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1. Introduction

1.1. Coal mining 
Coal mining is one of the world’s largest mining activities due to the high demands for heat and 
electricity production and coal proved reserves are estimated to ca. 891.5 billion tonnes (BP, 
2016). 

Despite the latest developments in the cleaner alternative fuels, coal still satisfies 30% of the 
world’s primary energy demands including 41% of the total 
steel production (WCA, 2016a). Coal is likely to remain a key component of the fuel mix for 
power generation to meet electricity demand, especially the growing demand in developing 
countries (IEA-CIAB, 2010). Given these facts, the total production of coal reached to a record 
level of ca. eight billion tonnes in 2014 (WCA, 2016a). Coal is classified based on its carbon 
(energy) and moisture content. Higher carbon content and lower moisture content provides the 
higher energy. The types of coal and their share in total proved reserves along with their uses 
are shown in Fig. 1.1. 

Fig. 1.1. Coal types and its uses; adapted from WCA (2016b) 

Coal is vastly used, regardless of its type and classification, for heat and power production in a 
variety of industries, making it one of the major fossil fuel being utilised despite the associated 
societal and environmental impacts. 
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1.2. Environmental concerns 
Coal mining, like many other mining activities, may cause significant damage to the 
surrounding environment. Some of the most serious impacts of coal mining and utilisation 
(besides carbon dioxide release) include changes in post-mining topography, subsidence, 
disturbance of the soil profile, erosion, waste generation and air and water pollution (Allgaier, 

. The magnitude of the damage varies according to the mining method, 
geology and the type of coal being extracted. For instance, the quantity of waste generated can 
be significantly less in underground mining compared to open cast mining, thus occupying less 
area on the surface for waste piling and changing the mine site topography to a much lesser 
extent . However, subsidence, changes in hydrologic system and empty mine 
workings (where fresh and un-weathered rock surfaces may contain reactive minerals) can be 
problems to be dealt with in the case of underground mining . 

The waste from coal mining includes overburden (generally referred to as waste rocks (hereafter 
WR)) and slurry that is produced from the coal preparation plants . The WRs are 
sometimes sulphide rich (principally containing iron sulphides such as pyrite (FeS2) and 
pyrrhotite (Fe1-xS)) with varying quantities of trace elements such as As, Cu, Zn, Ni, Co, Mo 
and Cr. Such a composition of the WRs makes them sensitive to weathering when exposed to 
atmospheric conditions and may lead to water contamination by releasing metal laden and 
acidic leachates to the recipients. The phenomenon itself is known as acid mine drainage 
(AMD) and is discussed in detail under section 2.1 of this thesis. 

The most common environmental problems associated to coal incineration are the release of 
carbon dioxide (contributing towards global warming), trace elements (such as Hg, Se and As 
and varying degrees of oxides of sulphur (SOx) and nitrogen (NOx)), which can be harmful to 
human health and the environment (WCA, 2016c). Furthermore, coal incineration produces 
ashes (bottom ash and fly ash (FA)) in such large quantities that its disposal has become one of 
the major social and environmental concerns in many countries around the world. 

FA contains ecologically harmful trace elements (including As, B, Cd, Cr, Cu, Pb, Se and Zn 
(ACAA, 2014)) which can leach with percolating water and lead to contamination of 
surrounding land and water resources. In addition, FA also contains approximately 10 – 15 % 
particulate matter with a size less than 10 μm (PM10), breathable by humans and, therefore, 
seriously harmful, causing damage to the human respiratory system (Medina et al., 2010). 
Therefore, there are special and strict handling and disposal guidelines in most countries where 
FAs are produced in large quantities. However, FAs are alkaline in nature and generate 
leachates with acid-neutralisation potential.  

The hypothesis tested in this study is to take advantage of the alkaline properties of FA and its 
fine grained particle size distribution to mitigate the negative impact of coal WR. Therefore, 
management of these two wastes from coal mining and utilisation in an environmentally and 
socially friendly way has been the focus of the researcher. 

1.3. Scope of the thesis and research objectives 
The focus of this research was the geochemical investigation of the WRs from a lignite 
producing coal field in Pakistan and FA generated from a power plant (that utilises the same 
coal as fuel) to minimise the environmental impacts of both wastes (AMD and water and soil 
contamination). 

The investigations included mineralogical and chemical characterisation of the solid materials, 
determination of the AMD generating and neutralisation potential of the WRs and FA, 
respectively, potential co-disposal of FA and WRs as mixture for neutralisation of AMD and 
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improving the leachate quality, and potential for FA to be applied as dry-cover on the WR 
dumps for neutralisation of AMD and improving leachate quality 

The objectives of the current study were: 

i) To characterise and evaluate different coal mining waste rocks for potential of
generating AMD

ii) To characterise and evaluate lignite FA for the acid neutralisation potential and its
comparison to bituminous and biomass FA

iii) To evaluate the leachability of major and trace elements from WRs and FAs in
aqueous conditions

iv) To identify the possibility of using FAs to prevent or neutralise AMD from WRs by
co-disposal (by mimicking cover and mixture methods)

1.4. Outline of the thesis 
This thesis consists of two parts: 

The first part is intended to give a brief introduction and background information regarding 
coal mining, its utilisation and environmental impacts in the current chapter. The process of 
AMD formation, current approaches for its treatment, the need for development of new 
techniques and FA as a possible alternate are discussed in Chapter 2. The methods used in the 
current study are summarised in Chapter 3. A summary of main findings and their role in 
fulfilment of the objectives of this study are presented in Chapter 4. 

The Second part consists of the appended papers. 
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2. Acid mine drainage and its prevention

2.1. The process of AMD generation 
Although weathering of minerals is a natural process, its activity is significantly increased by 
anthropogenic interference, e.g. increasing the specific surface of material and creation of fresh 
surfaces. Sulphide minerals being low in concentrations in the earth’s crust can be enriched 
with the geologic settings where coal or metallic ore deposits occur. To reach and exploit the 
coal and/or metal ore deposit by any mining method, unwanted rock is removed, often in large 
quantities. The rock that is removed sometimes contains sulphide minerals and mining exposes 
them to atmospheric conditions, thus accelerating their weathering process. 
According to Akcil and Koldas (2006), the first important reaction is the oxidation of the 
sulphide mineral into dissolved Fe, SO42- and H+: 

FeS2 + 
2

O2 + H2O  Fe2+ + 2SO4
2- + 2H+ (2.1) 

The dissolved Fe2+, SO42- and H+ produced in 2.1 represent elevated total dissolved solids and 
acidity of the water which induce a decrease in pH, if not neutralised (Akcil and Koldas, 2006). 

If sufficient oxidising conditions are provided (dependent on O2 concentration, pH and bacterial 
activity which may catalyse the reaction), Fe2+ will oxidise to Fe3+, according to the following 
reaction (which is a slow reaction that accelerates when catalysed by acidithiobacillus 
ferrooxidans) : 

Fe2+ + 1
4

O2 + H+ Fe3+ + 1
2

H2O (2.2) 

At relatively low pH conditions, ferric iron precipitates as Fe(OH)3 and jarosite 
(KFe3+3(OH)6(SO4)2), leaving little Fe3+ in solution, while simultaneously lowering pH (Akcil 

: 

Fe3+ + 3H2O Fe(OH)3 solid + 3H+ (2.3) 

Any Fe3+ from Eq. 2.2 that does not precipitate from solution through Eq. 2.3 may be used to 
oxidize additional pyrite , according to the following reaction (Akcil and 
Koldas, 2006): 

FeS2 + 14Fe3+ + 8H2O Fe2+ + 2SO4
2- + 16H+ (2.4) 

Based on these simplified basic reactions, acid generation that produces iron which eventually 
precipitates as Fe(OH)3 may be represented by a combination of Eqs. 2.1 2.3: 

FeS2+ 15
4

O2 + 
2

H2O Fe(OH)3 + 2SO4
2- + 4H+       (Akcil and Koldas (2006); 2.5) 

OR 

FeS2+ 15
4

O2 + 
2

H2O Fe(OH)3 + 2H2SO4 + energy             

All of the above equations, except Eqs. 2.2 and 2.3, assume that only the pyrite is being oxidised 
and the oxidant is oxygen. Pyrrhotite (Fe1–xS) is also an acid producing mineral but other 
minerals such as galena, chalcopyrite and sphalerite do not generate acidity when oxidised by 
oxygen but in the presence of Fe3+ instead (Akcil and Koldas, 2006). 
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The leachates produced by the oxidation of the sulphide minerals often have low pH and contain 
high concentrations of the dissolved metals. Such leachates are referred to as acid mine drainage 
(AMD) or acid rock drainage (ARD). However, AMD is the most commonly used term to relate 
acidic waters produced from mining activities; which is the major environmental problem faced 
by the mining industry today . 

The primary factors that determine the rate of AMD generation as suggested by Akcil & Koldas 
(2006) include: 

 Content of Fe sulphides 

 pH 

 Temperature 

 Oxygen content of the gas phase, if saturation is less than 100% 

 Oxygen concentration in the water phase 

 Degree of saturation with water 

 Chemical activity of Fe3+ 

 Surface area of exposed metal sulphide 

 Chemical activation energy required to initiate acid generation 

 Bacterial activity 

 Amount of buffering minerals. 

2.2. The process of AMD neutralisation 
The processes described in the previous section (2.1) increase the acidity of the solution by 
releasing H+ into the solution, unless consumed by buffering reactions . 
The buffering capacity of the mine wastes depends upon the content of the rock-forming 
minerals (such as silicates, carbonates and hydroxides), which react with and consume H+ ions 

. The contribution of the acid-neutralising minerals 
towards pH of the solution is given in Table 2.1. 

Table 2.1. Contribution of minerals towards acid-neutralisation (Jurjovec et al., 2002; Lottermoser, 2007) 

Mineral Buffering pH 
Aluminosilicates  
Fe-hydroxides 4 
Al-hydroxides  
Siderite  
Calcite  

Buffering by silicates: Silicate minerals are the major source of acid buffering in the 
environment . Their weathering results in the consumption of H+, the 
production of dissolved cations and silicic acid, and the formation of secondary minerals (Puura 
and Neretnieks, 2000). 

The silicate minerals can weather by two mechanisms : i) Congruent 
weathering (Eq. 2.6), which produces only the soluble components after complete dissolution 

form of silicate weathering, alters the silicate minerals to another phase. 



 

2MeAlSiO4 + 2H+ + H2O Mex+ + Al2Si2O5(OH)4 (2.6) 

2MeAlSiO4 + H+ + 3H2O  Mex+ + Al3++ H4SiO4 + 3OH  (2. ) 
(Me = Ca, Na, K, Mg, Mn or Fe) 

Buffering by carbonates: Carbonates are considered the most important acid buffering minerals 
( . Common carbonate minerals include calcite (CaCO3), dolomite 
(CaMg(CO3)2), ankerite (Ca(Fe,Mg)(CO3)2), or magnesite (MgCO3). However, calcite is 
considered the most important neutralising mineral due to its occurrence in a wide range of 
geological environments and its rapid reaction rate compared to dolomite . 

Acid neutralisation by calcite is achieved when it dissolves and complexes with H+ to form 
bicarbonate (HCO3) and carbonic acid (H2CO3) erences therein). 
Since the process is pH dependant, bicarbonates are formed in weakly acidic to alkaline 
environments (Eq. 2.8) and carbonic acids (Eq. 2.9) in strongly acidic environments 

.  

CaCO3 + H+  Ca2+ + HCO3– (2.8) 

CaCO3 + 2H+  Ca2+ + H2CO3 (2.9) 

Buffering by hydroxides: Acid buffering by Fe- and Al-hydroxides is achieved by the reactions 
in Eqs. 2.11 and 2.12 : 

Fe(OH)3 + 3H+ 3+ + 3H2O (2.10) 

Al(OH)3 + 3H+ 3+ + 3H2O (2.11) 

However, Fe3+ and Al3+ produced in above two reactions (Eqs. 2.11 and 2.12) may either 
precipitate as hydroxides (Eqs. 2.12 and 2.13, repectively, depending on pH) (Lottermoser, 

 and contribute towards acidity, or Fe3+ may act as oxidant and 
catalyse pyrite weathering even in absence of oxygen . 

Fe3+ + 3H2O  Fe(OH)3 + 3H+ (2.12) 

2Al3+ + 6H2O  2Al(OH)3 + 6H+ (2.13) 

2.3. Common approaches for mitigation of AMD 
Prevention techniques for AMD aim to stop or inhibit sulphide oxidation and migration of 
weathering products to the environment by minimising the reaction rates and leaching (INAP, 
2014). The basic concept behind most prevention technique is to reduce and/or stop oxygen 
ingress and water filtration through the waste deposits using barriers and/or preventing oxygen 
from reaching reactive mineral surfaces. 

There are many methods especially developed and adopted to treat the AMD contaminated 
waters. Some of the treatment technologies for AMD include lime neutralisation (Geldenhuys 
et al., 2003), limestone neutralisation (Maree and Van Tonder, 2000) biological sulphate 
removal (Maree et al., 2000), biological metal removal (Cheong et al., 1998), the ferrite process 
(Tamaura et al., 1991; Wang et al., 1996) for heavy metal removal, and wetlands (Ji et al., 
2012). 

It is always considerably more expensive and difficult to neutralise AMD once it has started 
than to control the generation process through sulphide oxidation prevention technologies 

. Moreover, it is also not always possible to completely treat AMD by one 
method but a combination of treatment strategies instead . In addition, 
neutralisation techniques sometimes produce large volumes of heavy metals laden sludge 
(Dempsey and Jeon, 2001), which also requires appropriate disposal . 
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However, recovery of heavy metals from these sludges can somewhat compensate the AMD 
treatment expenses .  

Therefore, the research has been more focused on development of prevention techniques rather 
than neutralisation (INAP, 2014; Lottermoser . For example, water and dry covers and 
their performance in terms of prevention and/or mitigation of AMD have been studied by 
Höglund et al. (2004). Other examples of in-pit disposal, wet and dry covers, and blending and 
co-disposal include Li et al. (2011), Mäkitalo et al. (2016), Morris and Williams ( ), Nason 
et al. (2013) and Villain et al. (2013). 

Water management alone can reduce the risk for AMD generation and water contamination. 
The water pathways crossing and passing through sulphide rich open-pits, underground 
workings and waste deposits largely influence the extent of AMD generation and transport of 
its products. Therefore, avoiding water contact with such areas by diverting water away from 
the site or submerging the reactive waste under water can significantly control the extent of 
AMD formation and transport of contaminants to the receiving environments. The techniques 
for water management may include hydrogeological and hydrodynamic controls, ditching, 
dewatering, diversion and flooding (INAP, 2014). However, water management methods can 
have considerable impact on flow and levels of underground and surface water.  

In-pit backfilling is also one of the most commonly applied waste management methods (INAP, 
2014). Mine waste is usually dumped back into the mine pit (backfilling) to avoid exposure of 
reactive mine waste to air. Backfilled mine waste (Fig. 2.1b) is much more geotechnically stable 
than artificial waste piles (Fig. 2.1a) and can help to rehabilitate mining area and return its 
topography.  

Fig. 2.1. Illustration of acid generating mine waste piled (a) and backfilled in mine pit (b) 

Wet (or water) covers are usually created over backfilled mine waste to reduce oxygen intrusion 
through reactive mine waste. The practice usually involves backfilling or dumping of mine 
waste into the pits of abandoned mines or tailings/slurry dams and then submerge with water 
(Fig. 2.2). The water cover reduces oxygen intrusion and subsequent AMD formation, thus 
preventing elemental transport from mine waste to natural waters. 

Fig. 2.2. Illustration of a mine backfilled with acid generating waste and wet cover on top 

An alternative to wet covers is dry covers (Fig. 2.3). The methodology and working principle 
is almost similar but dry materials (such as soil, till, alkaline materials, alkaline waste materials 
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and organic materials) replace water and dry covers can also be applied to waste piles. The 
purpose of such covers is usually to avoid oxygen intrusion and water infiltration through mine 
waste, thus preventing AMD formation. The method is usually based on a water-saturated 
sealing-layer with low hydraulic conductivity covered by a protective layer (Höglund et al., 
2004). Sometimes drainage layers are included in the design to enhance geotechnical stability. 

Fig. 2.3. Illustration of acid generating mine waste piled (a) and backfilled in mine pit (b) with dry cover on 
top 

AMD prevention also include mixing and/or co-disposal producing and neutralising 
wastes. This method helps to prevent acid formation and neutralise any acid that may be 
generate in the future. A typical example of co-disposal can be disposal of tailings with waste 
rocks in an open pit (Fig. 2.4). However, waste rocks of different properties can also be co-
disposed either in a waste pile (Fig. 2.4a) or backfilled in a mine pit (Fig. 2.4b). 

Fig. 2.4. Illustration of co-disposal of acid generating and non-acid generating mine waste in pile (a) and 
backfilling in mine pit (b) 

Mixing and co-disposal of mine waste with alkaline materials (lime and lime dust), alkaline 
wastes (such as fly ash from coal power plants and pulp and paper industries and green liquor 
dregs from paper industry) and organic wastes have been studied in the past few decades (Brady 
et al., 1990; Cravotta III et al., 1990; Harshberger and Bowders Jr., 1991; Jia et al., 2014). The 
use of alkaline materials for mixing can help to fill the pores in waste dumps or backfilled mine 
pits by precipitation of secondary minerals thereby reducing oxygen intrusion and water 
infiltration . Thus, formation of AMD is significantly restricted. Use of 
alkaline wastes can help to reduce costs for minimisation/mitigation of environmental impacts 
of different waste materials simultaneously. However, availability of such materials in close 
vicinities of mine sites and/or their transportation from far situated industries can be 
challenging. 

Fig. 2.5. Illustration of co-disposal of acid generating mine waste and alkaline material in waste pile (a) and 
pit backfilling (b) 
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2.4. The need for the development of new techniques 
Conventional (active) treatment systems for AMD are expensive and lead to production of 
metal-laden, unstable, sludge which also requires safe disposal to reduce the possibility of long-
term environmental consequences to occur. Alternative (passive) treatment systems work well 
initially but fail with the passage of time because of the clogging with available organic carbon 
and its depletion (Kalin et al., 2006) or depletion of alkalinity. Therefore, there exists a need to 
develop efficient, cost effective and long-term reliable methods for prevention of AMD. 

In this regard, research has been carried out to discover materials that can potentially prevent 
and/or neutralise AMD and restrict element leaching. Some of the most focused materials 
include cement and lime kiln dust, green liquor dregs, sewage sludge and fly ash from coal and 
biomass incineration (Bäckström and Sartz, 2011; Jia et al., 2014; Mackie and Walsh, 2015; 
Mäkitalo et al., 2016; Martínez et al., 2014; Nason et al., 2013; Sartz et al., 2010). 

However, the research in this field is developing and improving due to different limitations and 
material properties that may be studied on different scales (laboratory to pilot scales) before 
full scale field application. 

2.5. Fly ash 
The incineration of coal and biomass for heat and power produces large quantities of fly ash 
around the world every year. It is a waste product which is either disposed of in landfills, heaped 
near power plants or in ash ponds. 

In the USA for inst

was utilised for different purposes (ACAA, 2015). Remaining FA must have needed to be 
disposed of in accordance with guidelines from regulatory authorities. This is often an 
expensive and technically difficult task due to its nature. 

2.6. Beneficiation of coal and valorisation of FA 
According to Oxford’s English dictionary, the word Beneficiation means to treat a raw material 
to improve its properties (to make it more beneficial). Here, the beneficiation of coal means to 
minimise some of its environmental impacts (such as AMD and FA) and making it more 
valuable and environment friendly. Even though the air pollution is a greater danger being 
imposed by coal utilisation, preventing AMD and utilising FA can help to reduce the 
environmental effects coal mining and utilisation. 

Utilisation of FA for mitigation of mine waste on the other hand, can valorise it as a resource 
instead of a waste. Because of its properties, many studies have focused on the potential use of 
FA as landfill cover (Okoli and Balafoutas, 1999), road fill (Deschamps, 1998), agriculture soil 
amendment (Marschner and Noble, 2000; Zhang et al., 2002), and in aggregate and mono-
disposal (Kamon et al., 2000; Kosson et al., 1996; Tay and Goh, 1991). 

However, FA can also be used in treatment of AMD, thanks to its alkalinity, and over the last 
decade several studies have shown that both FA and its composites are effective in the 
neutralisation of AMD (Bäckström and Sartz, 2011; Gitari et al., 2006; Jia et al., 2014; Pérez-

. 

However, physical, chemical and mineralogical properties of coal waste and FA depend upon 
the type of coal and mineralogy. Therefore, methods should be tested and each material should 
be investigated to assure the desired results. 
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3. Methodology

3.1. Material description 
Samples were collected from four WR deposits near three underground coal mines (designated 
M1, M2 and M3) in Lakhra coal field, located 45 km NW of Hyderabad, Sindh province, 
Pakistan (Fig. 3.1). The mines extract coal from the Lakhra coal field, which is estimated to 
contain reserves amounting to 1.3 Bt and covers about 1309 km2 (GoS, 2012). The quality of 
coal in the Lakhra field varies from lignite to sub-bituminous (GoS, 2012). 

The WR samples were designated WR1 and WR2 (collected from M1), WR3 (collected from 
M2) and WR4 (collected from M3). Each WR sample was composed of nine different sub-
samples. WR1 was piled for about two or three months (therefore, weathering is assumed to 
have started), while the others were fresh, a few days to a few weeks old. For comparative 
analysis, samples of grey rock (GR) collected from a stratum above the WR strata and a coal 
sample from M1 were also included. Another WR sample (WR5) was collected from M1, at a 
different depth, a year later to assess possible depth-related variations in its composition. 

Fig. 3.1. Location of coal field and power house in Pakistan 

Lignite and bituminous FA were obtained from the Lakhra brown-coal-fired power station in 
Pakistan (PK) situated near the Lakhra Coal Field and a black-coal-fired power station in 
Finland (FI), respectively. Biomass FA was provided by a sulphate pulp and paper mill in 
Sweden (SE). 
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PKFA  
The PK was generated from a power station based on Fluidised bed combustor (FBC), which 
burns lignite coal with certain addition of limestone for power generation. The FA samples 
were collected from the filter bag house.  

FIFA  
The coal is milled and fed by primary air to a coal-fired boiler. The fly ash leaves the boiler at 
the top and is separated from the flue gases in an electro-static precipitator (ESP). The samples 
were collected under the ESP.  

SEFA  
The SE come from a pulp and paper mill where biomass (wood) fuel is burnt in a FBC in which 
cyclone filters are used to separate solid material (ashes) from the hot flue gases which leave 
the exhaust. The FA was collected from the cyclone filters.  

3.2. Mineralogical characterisation 
X-ray diffraction analysis (XRD) was used to investigate the mineralogical character of the
WRs and FAs. The XRD was performed using a Siemens D5000 
radiation generated at 45 kV and 40 mA. The scanning range was measured in the Bragg–
Brentano geometry from 5° to 90°.

SEM analyses were carried out on WRs and FAs using a FEI Magellan 400 XHR SEM. The 
thin sections were prepared by Vancouver Petrographics Ltd., Vancouver, BC Canada. The 
SEM was equipped with an INCA Energy 450 system with X-MAX80 EDS detector. The 
detectors used were through-lens detector (TLD) and Everhart-Thornley detector (ETD). The 
operating voltages were set to 10 kV. 

3.3. Chemical characterisation 
To determine the dry weight of each type of WR and FA, samples were oven-dried at 105 °C 
for 24 h ± 15 min. 

The contents of 29 major elements (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti) and trace elements 
(As, Ba, Be, Cd, Co, Cr, Cu, Hg, Nb, Ni, Pb, S, Sc, Sr, V, W, Y, Zn, Zr) of the WRs and FAs 
were determined, by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 
(Martin et al., 1991) and inductively coupled plasma-mass spectrometry (ICP-MS) (Long and 
Martin, 1991) at a SWEDAC-accredited laboratory (ALS Scandinavia, Luleå, Sweden). The 
ICP-AES analyses were performed using a PerkinElmer Optima DV 5300 instrument following 

-MS analyses were performed using a Thermo-
Scientific Element instrument following US EPA Method 200.8 (modified). Briefly, the 
samples were digested with HNO3 after drying at 50 °C and analysed for As, Cd, Co, Cu, Hg, 
Ni, Pb, S and Zn. All other elements were analysed after fusion with lithium methaborate 
(LiBO2) and subsequent dissolution in HNO3. LOI was determined at 1000 °C. 

The determination of chemical composition of WRs was also realised by X-ray fluorescence 
(XRF) using Olympus DELTA Premium Handheld XRF analyser to assess variation in 
composition within each WR deposit. ICP-AES and -MS analyses were performed on three 
sub-samples of each WR and FA, whereas, XRF was performed on all samples.  

Classification of FAs was performed using the ASTM C618 standard guidelines (ASTM, 2015). 
The standard classifies FAs into two classifications, Class-F and Class-C. FAs having the sum 
of SiO2, Al2O3 and Fe2O3 
classified as Class-F, which means that the FAs should have pozzolanic properties, whereas 
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Class-C FAs have sum of SiO2, Al2O3 and Fe2O3 
wt% and are supposed to have cementitious properties in addition to pozzolanic. 

3.4. Physical characterisation and processing 
Particle size distribution in FAs was determined by laser diffraction analysis using a CILAS 
1064 laser granulometer (CILAS, Orléans, France). Prior to analysis, the sample was suspended 
in distilled water and the particles were dispersed in the water by sonication. The particle size 
distribution was calculated using the CILAS software . 

To perform different leaching experiments, the WR samples were crushed and milled to 
different particle sizes (mentioned in the leaching methods section) 

3.5. AMD generation and neutralisation potential 
The problem associated to WRs is their acid generating potential and leaching ability of 
elements. Similarly, the leaching of elements from FAs is also main concern. However, as the 
literature previously referred suggests, FAs also possess significant potential for acid 
neutralisation. Therefore, WRs and FAs were subjected to different static and kinetic tests. 

3.5.1. Acid-base accounting 
A modified procedure of the Swedish standard SS-  (SIS, 2011) for acid base 
accounting (ABA) analysis was applied to estimate the acidifying and/or neutralisation 
potentials of WRs.  
WR samples (2.0 ± 0.1 g dry mass) of 0.125 mm particle size were weighed into a 125 mL glass 
beaker. Deionised (MilliQ) water (90 ± 0.5 mL) was added and each suspension was stirred 
using a magnetic stirrer at room temperature for 15 ± 5 min. The pH was then measured to 
check if it was ~2–2.5 (a criterion for the subsequent test protocol). Presumed amounts of 0.1 
M HCl required to bring the pH to the 2–2.5 range were added, if necessary, and the samples 
were stirred again for 22 h ± 15 min, then the pH was re-measured. If the pH exceeded 2.5 a 
presumed amount of 0.1 M HCl required to bring the suspension to the target range was added 
and the samples were stirred for 2 h ± 15 min. Provided the pH was found to be within the 
required range, the sample was stirred again using a magnetic stirrer and simultaneously titrated 
with 0.1 M NaOH to reach a static pH of 8.3. The total volumes of HCl and NaOH added were 
noted and the acidifying and neutralisation potentials of the samples were calculated using Eqs. 
3.1 and 3.2.  

AP=31.25 ×W  (3.1) 

where: AP is the acidifying potential of the sample in Kg CaCO3/tonne and Ws is the weight of 
total sulphur as a mass fraction in percent. 

NP = 50 × CA×VA- CB× VB
Md

 (3.2) 

where: NP is the neutralisation potential of the sample in Kg CaCO3 tonne-1; CA and CB are the 
concentrations of HCl and NaOH used, respectively; VA and VB are the total volumes of HCl 
and NaOH added, respectively; and Md is the dry mass of the test material in grams. 

The net neutralisation potential (NNP) was calculated by subtracting the AP value from the NP 
value. Materials with NNP values < -20 kg CaCO3 tonne-1 and > 20 kg CaCO3 tonne-1 are 
usually regarding as acid-producing and acid-consuming, respectively, and uncertain otherwise 
(Miller et al., 1991; SRK, 1989). 

Another way to evaluate the AMD production potential from static test results is to determine 
the NP to AP ratio (neutralisation potential ratio, NPR). A material is typically considered non-
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acid producing if NP/AP > 2.5, uncertain if 2.5 > NP/AP > 1, and acid-producing if NP/AP < 1 
. 

3.5.2. Acid neutralisation potential of FAs 
The ANP was determined by the buffering capacity of FAs following a modified version of the 
batch titration method described by Wyatt (1984). Appro
added to a series of 50 mL plastic bottles and a known volume of 1 M HCl was added to each 
bottle. For PK and FI samples, the volume of HCl ranged from 0 to 1 mL in increments of 0.1 
mL (resulted in a total of 11 bottles for each sample). For the SE sample, the added volume of 
HCl acid ranged from 0 to 8.5 mL in increments of 0.5 mL, resulted in a total of 18 bottles. The 
bottle content was diluted with deionised water to a final volume of 20 mL. 

The bottles were placed on an orbital shaker (IKA KS 260 basic, IKA-Werke GmbH and Co., 
Staufen, Germany) and agitated for 24 h ± 15 min so that the most common constituents of 

pH meter, Herisau, Switzerland). 

The ANP was calculated as the CaCO3 equivalent in kilograms per tonne (Eq. 3.3) required to 
neutralise the AMD and maintain a near-neutral pH of the solution. 

CaCO3 + 2 H+  Ca2++H2CO3 (3.3) 

3.5.3. Batch leaching 
A batch leaching test of the FA samples was performed following the procedure outlined in the 
Swedish standard SS- -4 (SIS, 2003), at a liquid-to-solid (L/S) ratio of 10 mL/g, with 
some modifications (Jia et al., 2014). This test has been shown to be more reliable than other 
leaching methods (Tsiridis et al., 2006). Briefly, 10 g of dry FA was mixed with 100 mL of 
deionised (MilliQ) water to achieve the desired L/S ratio. The mixture was vigorously shaken 
by hand until the solids were thoroughly suspended in the liquid. The samples were agitated on 
a rotary agitator for 24 h ± 15 min at 10 rpm. The eluate was collected by filtering the mixture 
through a 1 μm filter. Sub-samples were taken for measuring pH, electrical conductivity (EC) 
and redox potential (Eh). The remaining eluate was filtered through a 0.45 μm filter and its 
chemical composition was determined by ICP-AES and ICP-MS. 

3.5.4. kinetic leaching 
Weathering cell experiment (WCE) 
To evaluate the sulphide reactivity, oxidation kinetics, metal solubility and overall leaching 
behaviour of the sampled materials they were subjected to kinetic testing using weathering cells 
and procedures similar to those described by Cruz et al. (2001).  The main advantage of this 
weathering test is its rapidity (test durations range from 20 to 25 weeks) and the small volume 
of material required (Villeneuve et al., 2003). 

In each test a sample of material (collected ) and three samples mixed 
with PKFA in different ratios (FA:WR; 1:1, 1:3, 1:5) w
composite weight), were placed in a Büchner funnel with a 0.45 μm nylon filter and exposed 

-day cycles (192 days) consisting of exposure to ambient air for 2 days, leaching on the 
third day, followed by a further 3 days of exposure to air and a further leaching on the seventh 
day (Fig. 3.2). 

In the leachings, 
leachate was recovered by applying slight suction to the filter vessel. The pH, redox potential 
(Eh), and conductivity of each leachate were determined. In addition, following storage in a 
laboratory freezer below -18 °C, their element contents were determined using equipment and 
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procedures described above in section 3.3. Modified procedures of CSN EN ISO 10304-1 and 
CSN EN ISO 10304-2 for Cl, F and SO42- and CSN EN 1484 for DOC were also determined at 
ALS Scandinavia, Luleå, Sweden. 

Fig. 3.2. Experimental setup for WCE 

Column leaching experiment (CLE) 
Columns were prepared from plexiglas tubes, each of 25cm in height, 5cm diameter and sealed 
with a rubber qwick cap at the bottom. A nylon filter of 1μm was placed and a small nipple was 
installed at the bottom to filter and extract leachate, respectively. Sample material was filled 
and naturally compacted to a maximum height of approximately 15cm. 

The column leaching experiments were performed on three different particle sizes of WRs 
, The weight of material was 230g of WR1, 265g of WR2 and 

of WR3 in WCE. In this experimental setup, a FA cover and mixture scenarios were mimicked 
by making two separate ple, one with a small FA 
cover on top of sample and one with mixing FA and WR. The proportion (FA:WR) of FA was 
1:5 in the cover scenario and 1:3 in the mixture scenario. 

Leaching was performed for 92 days (five rinses) with varying leaching times (1–4 days) and 
10 drying days in between each two rinses. Different liquid-to-solid (L/S) ratios (1, 5 10 and 
15 L/kg) were used for each rinse and, after the fourth rinse, L/S 1 L/kg was applied again to 
evaluate any effect of the L/S ratio on differences in physicochemical composition of leachates. 
MilliQ  water was used as leaching solution and a peristatic pump was used to control the flow 
rate and duration of each rinse. An illustration of the Experimental setup is shown in in Fig. 
3.3. 

Fig. 3.3. Illustration of column leaching experiment 
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After each rinse, the leachates were filtered using 0.45μm nylon filter and pH, redox potential 
(Eh) and electrical conductivity (EC) were determined. In addition, following storage in a 
laboratory freezer below -18 °C, the element contents were determined using equipment and 
procedures described above in section 3.3. Modified procedures of CSN EN ISO 10304-1 and 
CSN EN ISO 10304-2 for Cl, F and SO42- and CSN EN 1484 for DOC were also determined at 
ALS Scandinavia, Luleå, Sweden. 



 

4. Results and discussion

4.1. Mineralogical and chemical composition of the materials 

4.1.1. Waste rocks 
The WRs examined were rich in pyrite (the main acid generator), hematite, quartz, calcite, lime, 
gypsum and kaolinite, in accordance with the findings commonly found for coal mining wastes 
(Bell et al., 2001; Equeenuddin et al., 2010). In addition, in WR1, As is bound in arsenopyrite, 
as previously observed by Hower et al. (2008). 

Notably, sulphate minerals may contribute to acid generation (Nordstrom, 1982), especially 
Fe2+ or Fe3+ sulphates, which hydrolyse Fe upon dissolution to form Fe(OH)3 (Jennings et al., 
2000). However, minerals (such as calcite) may make important contributions to the self-
neutralisation potential of WRs. The mineralogical composition of the WRs is presented in 
Table 2 and Fig. 2 in Paper I. 

The mineralogy of WRs varies on the type of mineral or metal being extracted, coal in this case. 
For example, higher S content of the WRs can be attributed to high sulphur content of coal in 
the coal field (as indicated by Siddiqui et al. (1999)) where these WRs are produced. 

The major and trace element composition of WRs (Table 3 in paper I) showed that the Fe 
content of the WRs ranged from 3 to 10 wt.%, being highest in WR3 and lowest in WR2. 
Calcium was almost three times more enriched in WR1. Contents of the other major elements 
(K, Mg, Mn, Na, P and Ti) were quite low (0.1-0.9 wt%) in all samples. 

The WRs contained significantly high S content varying from 1 to 11 wt.%. The heavy metal 
analyses showed that As content ranged from 0.1-8 mg/kg, being highest in WR1 followed by 
WR3 and WR4 (3.88 and 2.06 mg/kg, respectively). Cadmium concentrations were similar in 
all of the samples, and were similar to its concentration in continental crust (0.2 mg/kg). 

4.1.2. Fly ashes 
The XRD analyses revealed that, besides the organic material, only quartz was common in all 
three FAs (Fig. 1 in Paper II). The SEM, however, helped to determine two more minerals 
(mullite and albite) in PK (Fig. 2 in Paper II). FA particles usually consist of three distinct 
regions, namely a core composed of amorphous aluminosilicate glass, an inner layer composed 
of a network of mullite crystals and an outer layer of elemental deposition (Kukier and Summer, 
2004). The particular conditions created during the melting, evaporation and condensation of a 
coal mineral admixture determine the specific structure of the formed FA. For instance, thermal 
transformation of phyllosilicates present in coal particles commonly leads to the formation of 
glass and mullite (Kukier and Summer, 2004). 

The mineralogy and chemistry of FAs is mainly governed by the fuel type, burning processes, 
storage and handling processes  along with adsorption, condensation and 
chemical transformation (Jones, 1995; Ratafia-Brown, 1994), whereas, the mineralogy of WRs 
varies on the type of mineral or metal being extracted. 

Obvious differences in major and trace element composition of FAs were observed (Table 1 in 
Paper II). The principle reason for such differences is their source of production because the 
FAs were produced from three different fuels and processes. Overall, the FAs were enriched in 
Si, Al, Ca and Fe, mainly, compared to other elements. 

The FI FA had the highest Si content, with a concentration twice as high as that of the PK and 
SE samples. The Al concentrations in the PK and FI samples were similar and approximately 



18 

three times higher than in the SE sample. The Ca content of the SE FA was six and eight times 
higher than that of the PK and FI FA, respectively. The PK FA was enriched in Fe, with five 
and 10 times more Fe than the FI and SE FA, respectively. Loss on ignition (LOI) was similar 
in the PK and SE samples, but noticeably lower in the FI sample. 

(Table 2 in paper II) 
was carried out in accordance with current guidelines in ISO 14688-1 (ISO, 2002); however, 
results for the < 1 μm size fraction are associated with some uncertainty because of the 
instrumental limitations. The high proportions of fine particles suggest that all three FAs have 
large surface areas (Pathan et al., 2003) that provide more chance for enrichment of many 
elements. This can play an important role in the context of AMD remediation but may also 
elevate the concentration of elements in leachates if proper pH conditions are not controlled 
and maintained. 

4.2. Acid generating and water contamination potential of waste rocks 

4.2.1. Weathering cell experiment 
The net neutralisation potential (NNP) of WRs determined by ABA test ranges from 

492 kg CaCO3 tonne-1 (Table 5 in Paper I), which indicates that the WRs have strong acid 
generating potential (Miller et al., 1991; SRK, 1989). WR3 and WR4 have the highest potential, 
followed by WR1 and WR2. However, WR1 (which produced near neutral leachates) probably 
contains some acid neutralising agents (such as calcite indicated by XRD) that were depleting 
with time as shown by decreasing pH trend in Fig. 4.1. WR2 possesses a moderate AMD 
potential as indicated by the ABA results and its behaviour in kinetic leaching tests but may 
contribute to acidity with time. 

Fig. 4.1. pH trends over the complete duration of WCE 

The pH of leachates from WR1 consistently range
abundant available neutralising species. The conductivity steadily decreased during the 28 
cycles from 10 to 1.2 mS/cm. Concentrations of manganese and SO42- were high, and highest 
in the 1st cycle. The manganese concentration was 59.5 mg/L in the 1st cycle, dropped to 10.9 
mg/L in the 2nd cycle then remained in the range 1.9-8 mg/L, while the SO42- concentration 
decreased from 8.6 g/L in the 1st cycle to 2.9 g/L in the 2nd cycle the
g/L. Ca concentrations gradually increased, by ca. 50 mg/L per cycle.  

High Ca and S contents can be attributed to the presence of pyrite, calcite, lime and gypsum, 
and the low concentrations of metals (except Mn) indicate that sulphide oxidation was slow in 
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WR1. However, decreasing pattern of pH and increasing concentration of Fe indicates that the 
available neutralising species (such as calcite) are exhausting with time and failing to neutralise 
acidity and that pyrite oxidation is constantly occurring. Another contributor to the relatively 
low reactivity of WR1 may be formation of Fe-oxihydroxy precipitates on the mineral surfaces 
due to the presence of dissolved Fe and close to neutral pH (Cruz et al., 2001). Precipitation of 
goethite along with hematite, diaspore and magnesioferrite suggested by PHREEQC in WR1 
has significantly influenced the chemical composition of leachates by binding elements and 
reducing their mobility. However, slightly decreasing patterns of pH might also be due to such 
secondary mineral formation, which contributes towards acidity . 

8th cycle, 52 days) to 4.9. The electrical conductivity of the leachates gradually declined from 
11.18 to 0.4 mS/cm, except in the 8th cycle (52 days) when it rose to 2 mS/cm before declining 
again. However, this sudden dip in pH and spike in EC did not show noticeable effect on the 
leachability of any elements except Al, Cu and Zn.  

Since the Fe/S ratio also increased (Fig. 3N in Paper I), these shifts may have been due to high 
reactivity of sulphide minerals, resulting in the lowering of pH. The most abundantly leached 
major elements and their leachate concentrations (in mg/L) were Ca (31- -1380), 
Na (0.6 to 801), Cl (3.1 to 1130) and S (in the form of SO42-, 189- Leachate 
concentrations of Fe and K were in the ranges 0.3-4 and 8-26 mg/L, respectively. 

WR3, was the most acidic in nature of the WRs, yielding leachates with pH ranging from 0.94 
to 2.3 throughout the test, and electrical conductivity declining from 58.2 to 3.5 mS/cm. The 
strong acidity of the leachates was reflected in high concentrations of all the major elements, 
which ranged for Ca, Fe, K, Mg, Na, Cl, and SO42- from 2.6 to 469, 391 to 36450, 1.25 to 20, 
0.6 to 1255, 0.6 to 928, 2.3 to 524 and 985 to 101940 mg/L, respectively. Among the trace 
elements, Al leached extremely strongly (concentrations declining from 1.5 g/L to 5.6 mg/L). 
Mercury was not detected in any of the leachates. 

Like WR3, WR4 yielded leachates with extremely low pH (1.2 to 2.5) and high loads of major 
and trace elements, including environmentally detrimental metals (such as B, Co, Cu, Ni and 
Zn). Concentrations of the major elements Fe, SO42-, Ca, K, Mg, Na and Cl ranged from 221 

to 136.5 mg/L, respectively. Of the trace elements Al leached most abundantly (concentrations 
). Mercury was only the monitored element that remained 

below the detection limit throughout the test. 

Such strong leaching of elements from WR3 and WR4, especially of Fe, Al, and trace elements 
such as As and Cd, Co, Cr, Cu, Ni and Pb, indicates strong oxidation of sulphide-bearing 
minerals (especially pyrite). This is supported by PHREEQC modelling. However, high Al 
concentrations detected in leachates from WRs 2-4 can be attributed to leaching of Al-bearing 
minerals such as kaolinite (Al2Si2O5(OH)4) and spangolite (Cu6Al(SO4)(OH)12Cl·3(H2O)), 
detected by the mineralogical investigation. Further, the geochemical modelling by using 
PHREEQC indicates undersaturated conditions for diaspore (AlOOH) and gibbsite (Al(OH)3). 
The dissolution of Al- and Fe-bearing minerals may generate Al3+ and Fe3+ which, upon raising 
pH conditions from acidic, may precipitate as gibbsite and ferrihydrite, respectively, and 
exacerbate acidity . 

4.2.2. Column leaching experiment 
The effect of particle size of WRs on pH, Eh and EC (thus, AMD) is visible in Fig. 2 in Paper 
III. Although the differences in pH were not large, the EC was slightly different in all three
columns being highest in the column with the smallest particles ( 2mm).
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Since EC is correlated to the total concentration of dissolved salts including SO42- concentration 
in water, it has been used as a preliminary indicator of AMD in some studies (Galhardi and 
Bonotto, 2016; Gray, 1996; Lyew and Sheppard, 2001). Therefore, slightly lower pH (Fig.2 A 
and B in Paper 3; except WR3) and elevated EC (Fig. 2 G, H and I in Paper 3) compared to 
columns with larger particles can indicate higher AMD generation in columns with smaller 
particle sizes. 

However, elevating pH vs time in the column with smallest particles of WR3 can indicate that 
smaller particle sizes expose more secondary Fe- and Al-minerals (which might have 
precipitated due to natural weathering during storage of the WR samples) which consume 
acidity (Eqs. 2 2.11), when the pH of the system is acidic (Table 2.1; 

. Higher pH along with higher EC from the column with smallest 
particles of WR3 also indicate that secondary mineral formation is occurring slower in this 
column than others. 

Chemical composition of the leachates from the WR1 columns (Table 4 in Paper 3) shows 
differences in leaching of some elements (such as Fe, SO42-, Al, Zn, Co, Cr, Cu, Mn and Ni) by 
varying the particle size of the samples. Such differences in concentrations indicate that the 
particle size is one of the driving forces behind the activity of AMD generating reactions and 
contamination of surrounding environment at mine sites. 
This is mainly because the smaller particle sizes possess larger surface area and expose more 
sulphide mineral surfaces to oxygen and water, thus accelerating AMD generation. However, a 
sudden spike in pH and dip in EC, Eh and elemental leaching from the WR1 columns from the 
first to the second rinse indicate an initial flush-out effect. 

Even though the chemical composition of the leachates from the WR2 and WR3 columns were 
not determined, their comparative pH and EC with WR1 can be indicative of the level of 
sulphide weathering and elemental leaching. Furthermore, due to dependence of element 
mobility on pH, lower pH conditions and higher EC also suggest that the elemental 
concentrations would also be high in the leachates from WR2 and WR3. 

4.3. Acid neutralisation capacity and water contamination potential of fly ash 
The ANP of FAs is mainly governed by its total calcite content (Gitari et al., 2006), although it 
is also affected by the particle size of the FA and aging/curing. Finer FAs perform better than 
coarser FAs, because the larger total surface area of finer FAs increases the area of interaction 
with the surrounding water . 

In the present study, significant differences in the ANP of the FAs were observed. The ANP 
calculations, based on Fig. 4.2 and Eq. 3.3, showed that the SE FA had the highest AN
kg CaCO3 tonne-1, because of its higher calcite content and larger proportion of fine particles. 
The PK and FI possess an ANP of 20 and 25 CaCO3 tonne-1, respectively. Therefore, all FAs 
possess potential to neutralise AMD but larger quantities of less reactive FAs would be required 
than SE to do the same amount of work. However, due to the fact that the SE comes from a 
biomass source and that sometimes the coal producing and utilising countries produce 
significantly larger quantities of coal FAs (requiring environmentally safe disposal) than 
biomass FAs, the less reactive coal FAs might be the only available option for mining 
companies. Furthermore, the coal fired power stations are usually situated near the coal mines, 
therefore, ease of availability of coal FAs makes them an economically promising solution as 
well. 

The physicochemical composition of FAs contributed to leaching of some major and trace 
elements during batch leaching tests (Table 3 in paper II). The most abundantly leached 
elements in FAs were Ca, K (in SE), Na, Al, Ba, Cr and Mo. Due to the strongly alkaline nature 



21 
 

of FAs, mobility of some elements (such as Fe, Mg, As, Cd, Co, Cu and Hg) was restricted to 
minimum levels. However, the smaller grain size of the SE FA probably contributed to a small 
increase in the leaching of some major elements, compared to the other two FAs. 

 
Fig. 4.2. Acid titration curves of FAs against 1M HCl 

4.4. Neutralisation of acid mine drainage by co-disposal of WRs and FA 

4.4.1. Blending fly ash and waste rocks 
FA addition has shown to have considerable influence on pH and other physicochemical 
characteristics of the leachates regardless of the FA addition method (Fig. 2 and Tables 4 – 5 
in Paper III). However, the efficiency differed between the methods and the WR samples. For 
instance, in the mixture scenario in WR1, pH of the leachates is always circumneutral (Fig. 4.3) 
and, due to the fact that pH plays a crucial role in elemental leaching (Izquierdo and Querol, 
2012; Lot , elements associated with sulphide minerals (such as Fe, Al, Zn, As, 
Cd, Co, Cr and Cu) were always low except on the first rinse when the initial flush-out effect 
takes place. 

 
Fig. 4.3. pH and EC of the leachates from WR1 columns with FA addition 

However, slightly decreasing pattern of pH (Fig. 4.3) over the duration of experiment has been 
observed in the same (mixture) column in WR1. Depletion of acid neutralising minerals 
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supplied by FA or their encapsulation/inhibition by secondary minerals  
can show similar behaviour, but that is probably not the case here, as indicated by high 
concentration of Ca in solution (Fig. 2M in Paper III). Therefore, such decreasing trends of pH 
can be due to secondary mineralisation (such as precipitation of goethite and ferrihydrite; Fig. 
3 in Paper III) or an increasing oxidation rate, that contribute towards the acidity of the solution 

. The available FA is not sufficient to neutralise all that acidity. However, 
when the pH tends to be acidic, secondary Fe and Al minerals precipitated before shall dissolve 
and consume acidity . 

Small differences in pH (slightly higher; Fig. 4.4), EC (slightly lower; Fig. 4.4) and slightly 
higher leaching of some elements (such as Fe, Al, Ca, Mg, Na, Cl and F) with FA addition 
compared to the columns without FA are visible in WR2 leachates (Fig. 2 and Table 5 in Paper 
III). Such differences can be attributed to slightly higher pH conditions (low Fe) and 
composition of FA which provides more of these elements (except Fe) to be leached out. 

Fig. 4.4. pH and EC of the leachates from WR2 columns with FA addition 

Leachates from the column with FA mixture in WR2 start with low pH (~3.5; Fig. 4.4) and stay 
acidic throughout the test duration with pH~4 on the conclusion of the test. However, compared 
to columns without FA addition, this was considerably higher indicating that the buffering 
reactions are taking place but their activity is low compared to acid producing reactions 
(Alakangas et al., 2013). 

Despite such low pH conditions from this WR2 column, FA addition has been able to bring pH 
slightly up (~3.5–4; Fig. 4.4) which is enough for the precipitation of Fe3+ secondary minerals 
(or lowering their dissolution; Fig. 3 in Paper III) and removal of Fe from the solution 
(Balintova and Petrilakova, 2011; Wei et al., 2005), that is also visible in Fig. 2K in Paper III. 
However, acidity produced by secondary mineralisation  can also lower the 
pH of the solution and that might also be a reason behind constantly acidic leachates from this 
column. Furthermore, constant dissolution of Al minerals (Fig. 3 in Paper III) is primarily due 
to the pH condition, which is not favourable for their precipitation 

. 

WR3 is the most acidic in nature; Tables 5-6 and Fig. 3 in Paper I. Leachates from the Mixture 
column in WR3 start with acidic pH but get elevated to around pH~4.4 on the second rinse and 

–4.9 (Fig 4.5; Fig. 2 and Table 5 in Paper III). Sudden 
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elevation in pH can be attributed to FA which is available within the pores between WR 
particles and buffers acidity as soon as it is produced. Furthermore, stabilisation of pH at around 

–4.9 is probably because of the precipitation of the secondary Fe minerals (Fig. 3 in Paper 
III), which produces additional acidity . However, dissolution of most of 
the Al minerals indicated by PHREEQC (Fig. 3 in Paper III) can be associated to their capability 
of consuming acidity when pH conditions tend to be acidic 

. Additionally, the low pH conditions can also be due to the non-homogenous 
mixing of the materials, which leaves some of the acidity unbuffered (not consumed). 

Fig. 4.5. pH and EC of the leachates from WR3 columns with FA addition 

4.4.2. Covering waste rocks with fly ash 
The cover scenario in WR1 has been different than the mixture in every aspect (Fig. 4.3; Fig. 2 
and Table 4 in Paper III). It starts with low pH conditions (~2.6) and keeps improving until 5th 
rinse (~5.1). Such changes in pH indicate that the available oxygen within the column depletes 
with time and oxygen ingress has been restricted by the FA cover on top, which usually happens 
within the dry-covers (Höglund et al., 2004; Mäkitalo et al., 2016). 

Alternatively, the preferential flow, which causes high pH water (produced by FA cover on top) 
to pass through certain pathways through the column without interacting with the whole 
column, can also be reason behind higher pH and lower elemental concentration in the 
leachates. 

The cover column from WR2 starts with low pH (~2; Fig. 4.4) and improves rapidly with 
maximum pH ~4 on the concluding day of the test. EC of the leachates was slightly higher 
compared to the mixture column in first two rinses but stays low afterwards. Flush-out effects 
can be a reason behind this but it can also be due to elevating pH conditions. Most secondary 
Fe and Al minerals could not precipitate (Fig. 3 in Paper III) due to unfavourable pH conditions. 

Utilisation of FA as cover has been effective to neutralise strong acidity and/or prevent further 
acidity within the test duration, and restrict element mobility to considerable extent from WR3. 
In the beginning, it produces strongly acidic leachates but pH rapidly and constantly elevated 
with being highest at the conclusion of the t Fig. 4.5). Due to constant improvement 
(elevation) of pH, leaching of elements has also been decreasing. 

FA cover performs better than mixture, probably because with time, similar to its counterpart 
in WR1, it restricts ingress of fresh oxygen into the column, which slows down the weathering 
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reactions on overall and results in constant increments in the pH and reduces elemental mobility 
(Fig. 2 in Paper III). However, it can also be due to the fact that FA provides acid buffering 
minerals (and high pH waters) slowly and constantly which allows buffering reactions to take 
place consistently rather than rapidly. Furthermore, similar to WR1 preferential flow effect 
cannot be neglected  

Such slow release of buffering minerals and their transport down into the column can allow 
more time for the buffering reactions to take place effectively (Fig. 3 in Paper III). However, 
despite the secondary mineralisation (especially precipitation of Fe3+ hydroxides and 

oxyhydroxides; Fig. 3 in Paper III) and decreasing Ca2+ (Fig. 2 in Paper III), the incremental 
pH can be indicative of the additional buffering supplied by the secondary Fe- (such as jarosites 
tend to dissolve at the end; Fig. 3 in Paper III) and Al-minerals (constant dissolution of 
AlOHSO4, alunite, gibbsite and diaspore; Fig. 3 in Paper III). 

4.5. Prospects for FA and WR co-disposal 
Despite the fact that the PK FA possessed significantly less acid-neutralising potential 
compared to SE FA (20 kg CaCO3 tonne-1 3 tonne-1, respectively), 
its addition has been effective for neutralisation/minimisation and/or prevention of AMD from 
the WRs during the CLE. 

It has been observed that the effect of co-disposal by mixture was instantaneous (indicated by 
slightly higher pH and slightly lower EC; Fig. 2 in Paper III). However, it seems that, with time, 
secondary mineralisation (especially secondary Fe minerals) dominate the system and 

mineralisation can remove Fe from the solution, bind toxic elements (such as As, Pb, Cu, Zn, 
Cd, Co, Ni and Mn) by co-precipitation and/or adsorption and act as buffers when pH conditions 
tend to be more acidic . However, most of the Al 
minerals cannot precipitate (Fig. 3 in Paper III) due to their capability of acting as buffers when 
the pH conditions tend to be 5  . Therefore, co-
disposal by mixture can be considered a rapid and effective method for disposing FA and WRs 
and minimising environmental impacts associated to both wastes. 

Co-disposing FA as cover material for WR dumps behaves differently compared to the mixture. 
Due to the fact that FA is available only on the top (covering surface), the acidity generated 
from the WRs deep down is not neutralised by FA in the beginning (indicated by low pH and 
high EC, Fig. 2 in Paper III) but probably by Fe- and Al-minerals instead (Fig. 3 in Paper III; 

). However, the cover effect (reducing oxygen 
ingress) seems to take place which probably slows down the sulphide oxidation rate and 
supplies acid-neutralising minerals slowly, causing gradual rise in pH. Such gradual changes in 
pH conditions also help the secondary minerals to precipitate and/or reduce their dissolution. 
However, the increasing trends of the pH show that the acidity produced by secondary 
mineralisation is not affecting the overall pH of the system significantly. 

4.6. Possible errors in the methods and results and their consequences 
Prediction of AMD and development of its prevention/mitigation methods is a complex process 
and sometimes results from laboratory experiments can or cannot be representative of the real 
field situation . Since the acid-generating potential 
of the WRs depends on many factors (including grain size, content of Fe-sulphides and Fe3+, 
availability of O2 and content of buffering minerals (Akcil and Koldas, 2006; Lottermoser, 

), it is difficult to create the field representative situations in laboratories (Lottermoser, 
. 
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Particle size alone can be of significant importance for the acid-generating and/or neutralising 
potential of the mine wastes . For laboratory 
studies, samples are usually grinded and milled to achieve the particle size suitable for 
laboratory experiments. Such processing of wastes can sometimes expose fresh sulphide 
mineral surfaces, which would react and contribute towards acidity . 

Similar effects of such processing of WRs have also been observed in Paper IV. The WRs 
constantly produced acidic leachates regardless of the FA proportion in the mixture over the 
duration of 192 days of experiment (Figs. 1 and 3 and Table 4 in Paper IV). 

Despite being few (max. 35) grams of WR sample with highest FA proportion (1:1), the 
maximum pH achieved was ~5 (Table 4 in Paper IV) that stabilised at ~4 for most of the test 
duration until the end of the experiment. The other two mixtures with higher proportion of WR 
samples (FA:WR) 1:3 and 1:5 were even more acidic with highest pH of ~3-3.5 in all WR 
samples. This is probably because the laboratory experiments sometimes exaggerate the the 
sulphide oxidation and carbonate dissolution (Villeneuve et al., 2003), resulting in quick 
depletion of the buffering minerals. 

Such behaviour of the samples in WCE also affects the leachate quality significantly (Table 4 
in Paper IV). Addition of FA supplied additional amounts of elements (such as Al, Ca, Mg, Na, 
Cl, F and SO42-) to be leached out due to the acidic pH conditions. 
Another factor that might be considered is the quantity of water used for wetting and the period 
for which the samples are left for drying. During the kinetic leaching experiments, oxidation 
products may dissolve and be transported with the leachant, leaving the fresh pyrite behind for 
further oxidation . Thus, excessive leaching may also lead to erroneous 
results. 

Therefore, results from the laboratory experiments may be considered a first-hand knowledge 
and the methods developed at laboratory scales should be tested and evaluated on pilot-scale in 
real field situations to assure the expected results. 
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5. Conclusion

The WRs were composed of quartz, pyrite, arsenopyrite, kaolinite, hematite and gypsum. 
Chemical characterisation showed that the WRs had high Si, Al and Fe with high S 
concentrations (1.94 – 11.33 wt. %). The WRs had considerable potential for generating AMD 
with net neutralisation potential corresponding to - -492 kg CaCO3 tonne-1. The pH of 
leachates from most acidic WRs was maintained from 1 to 2.5, whereas, the less acidic WRs 
produced leachates of 
which also greatly affected the leaching of the elements. 

Quartz was the common mineral in FAs detected by XRD, with iron oxide, anhydrite, and 
magnesioferrite in PK, mullite and lime in FI, and calcite and anorthite in SE. All the FAs had 
high contents of major elements such as Fe, Si, Al and Ca. The Ca content in SE was six and 
eight times higher compared to PK and FI, respectively. SE had the highest acid-neutralisation 
potential 3 tonne–1) which was 15 and 10 times higher than PK 
and FI, respectively. The leaching of elements from FAs varied due to different physical, 
chemical and mineralogical composition. 

Despite having the lowest acid-neutralisation potential, co-disposal of PKFA as mixture readily 
provides acid buffering minerals, resulting in better start-up pH conditions and leachate quality. 
However, acidity produced by secondary mineralisation contributes towards the acidification 

Fe- and Al-mineral precipitation) also removes toxic elements such as As, Pb, Cu, Zn, Cd, Co, 
Ni and Mn by co-precipitation and/or adsorption, and these secondary minerals can also buffer 
acidity when the pH tends to be acidic. However, nonhomogeneous mixing of FA and WRs 
probably left some acidity unconsumed, which also might have stabilised pH. 

In contrast, the pH of the leachates from the PKFA cover scenario gradually increased from 
strongly acidic to mildly acidic (WR1 and WR2) and circumneutral (WR3) along with decrease 
in EC and elemental leaching. Gradually increasing pH can be attributed to the cover effect, 
which reduces oxygen ingress, thus sulphide oxidation, causing pH to elevate. Since pH~4–5 
is sufficient for secondary Fe mineral precipitation (which also removes toxic elements), the 
FA cover performed well to achieve that pH until the conclusion of the CLE. However, due to 
slow reactivity of the buffering, leaching in the beginning could not be restricted. 

The co-disposal of FA as cover and/or mixture possesses potential for neutralisation of AMD 
and improving leachate quality significantly. Since particle size of the WRs affected the 
leaching of the sulphide related elements (such as Fe, SO42-, Zn, Co, Cr, Cu, Mn and Ni) in 

laden leachates, co-disposal of PKFA and WRs as cover and mixture need to be investigated 
on pilot-scales before full-scale application. 
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6. Future work

The present research has provided the basic geochemical understanding about the nature and 
behaviour of the materials studied here. The methods developed here suggest that the PKFA 
can be co-disposed with WRs as cover and/or mixture to minimise the AMD generation and 
improve the leachate quality. However, there is still much work to be done to achieve complete 
knowledge and understanding of the materials’ behaviour and performance of the suggested 
methods in the real-field. 

Therefore, it is strongly recommended to: 

1. Include more WR samples to be sure about the overall acid producing potential of the
coal field

2. Study the effect of self-curing of FA and different batches of production on its acid-
neutralising potential

3. Upscale the suggested methods to at least a pilot-scale to complete the understanding
about the behaviour of the materials and performance of the suggested methods in field
situations

4. Model the kinetics of the acid production, neutralisation and element transport from the
materials individually and from their co-disposal (cover and mixture)

5. Reconsider and modify the column leaching experiments performed here for additional
studies (such as even more varied grain sizes, determination of the potential occurrence
of preferential flows, effect of different compactions on hydraulic conductivity of the
columns and effect of proportions of fine and coarse particles on the elemental leaching,
compaction and hydraulic conductivity)

6. Study the geotechnical performance and sustainability of the cover and mixture cases
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Abstract 

Acid mine drainage (AMD) due to the oxidation of sulphide bearing waste rock (WR) is a 
common environmental problem associated with coal extraction. Therefore, WRs from the 
Lakhra coal field in Pakistan, were studied to i) perform a mineralogical and chemical 
characterisation, ii) determine the AMD generating potential and iii) estimate the leachability 
of elements. The chemical and mineralogical composition was studied using ICP, XRF, XRD 
and SEM. Acid base accounting and weathering cell test determined the acid producing 
potential of WRs. Besides organic material, the WRs were composed of quartz, pyrite, 
kaolinite, hematite and gypsum with varying amounts of calcite, lime, malladerite, spangolite, 
franklinite and birnessite. The major elements Si, Al, Ca and Fe were in the range (wt.%) of 
8–12, 6–9, 0.3–3 and 1–10, respectively, with high S concentrations (19.4–113.3 g/kg). Trace 
elements were in the range (mg/kg) As (0.3–8), Cd (0.2–0.4), Co (15–75), Cr (67–111), Cu 
(25–101), Hg (0.1–0.2), Ni (50–107), Pb (8–20) and Zn (75–135). The AMD potential of 
WRs ranged fr
leachates from very acidic WRs was maintained from 1 to 2.5, whereas, the less acidic WRs 
produced leachates of mildly acidic (2.7) to neutral (7.3) pH. The leachates from very acidic 
WRs ranged in the element concentrations of Fe, SO4 and Al from mg/L to g/L and As, B, 

s except for B 

strong acid producing potential and have the capacity to deteriorate natural water quality 
significantly. Therefore, necessary preventive or/and acid neutralising measures are strongly 
suggested. 
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1 Introduction 

Mining of minerals and metals has been a major industry, in terms of both economic 
importance and employment, since pre-historic times. It provides useful products, but also 
results in some unwanted and harmful by-products. Some of the most abundant and 
problematic of these by-products are mine waste rock and tailings. Both of these waste types 
are often sulphide-rich, principally due to high contents of iron sulphides such as pyrite (FeS2) 
and pyrrhotite (Fe S). They also generally contain trace elements such as As, Si, Cu, Zn, 
Ni, Co, Mo and Cr. However, the structure and composition of mine wastes vary 
substantially, depending on the geology of the mine site and type of mineral or metal being 
extracted. Thus, contents of the minerals and elements present vary widely. 

Coal mining raises particularly strong concerns, for several reasons. It is a very large-scale 
activity (according to WCA (2014) ca. 7.8 billion tonnes was extracted worldwide in 2012) 
and extraction levels are increasing to meet increasing demands for electricity in many 
countries globally (IEA-CIAB, 2010). Its combustion releases noxious gases (such as CO2, 
SO2 and NOX) and Hg (US EPA, 2014) that are implicated in global climate change, and 
generates ashes containing ecologically harmful substances (including As, B, Cd, Cr, Cu, Pb, 
Se and Zn (ACCA, 2014)). Furthermore, coalmining generates WRs that are major potential 
sources of acid mine drainage (discharges carrying high loads of sulphide oxidation products 
and associated metals). For example, there are 41 coalmines in Korea that cumulatively 
release more than 141,000 m3 AMD per day (Chon and Hwang, 2000). Nearly 19,300 km of 
streams and more than 180,000 acres of lakes and reservoirs in the USA have been 
contaminated by AMD (Kleinmann, 1989), and in Pennsylvania (for instance) coal mining is 
the biggest contributor to contamination of water bodies, being responsible for the pollution 
of over 2400 miles of streams (Mallo, 2011). Further details regarding quantities of AMD 
from coal mines and its impact on natural waters in various regions around the world have 
been reported by Bell et al. (2001), Black and Craw (2001), Cravotta et al. (2010), 
Equeenuddin et al. (2010), Lattuada et al. (2009), Nganje et al. (2010) and Sahoo et al. (2012). 

Due to the scale and severe potential effects of its release, processes involved in AMD 
generation, associated problems and potential solutions have been increasingly intensively 
investigated in the last 50 years (Dold, 2010). The process is also known as acid rock 
drainage, but more frequently called AMD because it occurs mainly at mining sites. Its 
generation will begin (to some degree) as soon as mining operations start and may continue 
for centuries after mine closures (Johnson and Hallberg, 2005; Sheoran and Sheoran, 2006). It 
may be generated in mine tunnels and workings, open pits, WR piles and mill tailings 
(Blowes et al., 2003; Johnson and Hallberg, 2005). The amounts of AMD generated and the 
resulting environmental pollution are highly variable, but are increased by poor management 
of mining activities (Younger, 2000; Younger et al., 2002). The main sources of the sulphide 
oxidation products are iron sulphide minerals (mainly pyrite and pyrrhotite) present in 
metallic ores, coal beds or strata overlying and underlying the coal exposed to oxygen and 
water (INAP, 2009; Jennings et al., 2000; Lottermoser, 2007; Montero et al., 2005). The 
bacteria present in the system may also influence the process from minor to major extent by 
accelerating oxidation of sulphides of As, Cd, Co, Cu, Ga, Mo, Ni, Pb, Sb and Zn (Akcil and 
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Koldas, 2006). The hydrology of the strata and site is also critical, because water is the 
transport medium. 

AMD has low pH (by definition) and generally high dissolved metal contents (Akcil and 
Koldas, 2006; Macías et al., 2012; Younger, 2000). Notably, in the context of this study, coal 
mine waters may have particularly high iron concentrations (Robins, 1990). Once the acidic 
products have been produced by sulphide oxidation, they (and other associated contaminants) 
may be absorbed by buffering minerals present in the surrounding rocks (resulting in 
neutralisation of the drainage) (Akcil and Koldas, 2006). The produced AMD and its products 
(if not consumed by surrounding buffering minerals) may flush from the system either rapidly 
or potentially long in the future (Akcil and Koldas, 2006; Younger and Robins, 2002). 

Although AMD generation occurs naturally, anthropogenic activities like mining greatly 
accelerate the process because they expose large surfaces of sulphide minerals to air, water, 
and microorganisms (Akcil and Koldas, 2006). According to Akcil and Koldas (2006) the 
main factors determining rates of AMD generation in wastes are: the content of Fe sulphides 
in the waste; pH; temperature; the oxygen content of the gas phase (if water saturation is less 
than 100%); the oxygen concentration in the aqueous phase; degree of water saturation; 
chemical activity of Fe3+; the area of surfaces of exposed metal sulphides; the chemical 
activation energy required to initiate the processes involved (notably oxidation of pyrite, 
FeS2); and bacterial activity. These factors highly vary among deposits. Therefore, it is highly 
important to elucidate the processes that generate AMD and possible strategies to prevent or 
treat it (CSIR, 2009; Zdun, 2001). In some cases AMD is of minor importance when a mine is 
in active production, because water pumping keeps the water tables low, but it may become 
severe in closed and abandoned mines due to the rebound of water tables (Johnson and 
Hallberg, 2005). Nevertheless, substantial amounts of AMD are often left untreated because 
most treatment technologies are either inadequate or expensive 

(Diz, 1997). 

Pakistan has enormous coal reserves (amounting to about 186 Bt) and its utilisation is 
increasing every day (Shoaib, 2012; Shoaib, 2013). The Lakhra coal field (one of the major 
coal fields in Pakistan) has been focused in this study. Since significant damage to natural 
water resources by AMD from coal mining has been reported around the world, AMD 
problems in the Lakhra coal mining area of Pakistan are also anticipated and the WRs from 
Lakhra have been insufficiently characterised. Therefore, the study presented here had three 
main objectives. First, to characterise coal mining wastes obtained from the Lakhra coal field 
in Pakistan to characterise their mineralogical and chemical composition. Second, to evaluate 
the AMD-generating potential of four selected coal mine WR deposits. Third, to evaluate the 
leachability of major and trace elements from these wastes in aqueous conditions with respect 
to time and physicochemical conditions (e.g. pH). 

2 Materials and methods 

2.1 Materials 
Samples were collected from four WR deposits near three underground coal mines 
(designated M1, M2 and M3) in Lakhra coal field, located 45 km NW of Hyderabad, Sindh 



4 

province, Pakistan (Fig. 1). The mines extract coal from the Lakhra coal field, which is 
estimated to contain reserves amounting to 1.3 Bt and covers about 1309 km2 (GoS, 2012). 
The quality of coal in the Lakhra field varies from lignite to sub-bituminous (GoS, 2012). 

Fig. 1. Location of Lakhra Coal Field in Pakistan. 
(source: Google Maps) 
The WR samples were designated (Table 1) WR1 and WR2 (collected from M1), WR3 
(collected from M2) and WR4 (collected from M3). Each WR sample was composed of nine 
different sub-samples. WR1 was piled for about two or three months (therefore, weathering is 
assumed to have started), while the others were fresh, a few days to a few weeks old. For 
comparative analysis, samples of grey rock (GR) collected from a stratum above the WR 
strata and a coal sample fromM1were also included. Another WR sample (WR5) was 
collected fromM1, at a different depth, a year later to assess possible depth-related variations 
in its composition. 

Table 1. Details of the samples. 
Sample Designation Location Characteristics 
WR1 M1 Two to three months old 
WR2 M1 Less than a week old 
WR3 M2 Less than a week old 
WR4 M3 Less than a week old 
GR M1 Less than a week old, sampled 

strata above the WR1 strata 
Coal M1 Fresh (24 hrs) 
WR5 M1 Fresh (24 hrs), sampled at different 

depth after 1 year 
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2.2 Methods 

2.2.1 Mineralogical Characterisation 
Initially samples were crushed and milled to a particle size of <0.125mm, then examined by 
X-ray 
kV and 40 mA, and scanning range in Bragg–Brentano geometry from 5° to 90°). 

2.2.2 Scanning Electron Microscope (SEM) 
The SEM analyses were carried out on WR samples using a FEI Magellan 400 XHR SEM. 
The thin sections were prepared by Vancouver Petrographics Ltd., Vancouver, BC Canada. 
The SEM was equipped with an INCA Energy 450 system with an X-MAX80 EDS detector. 
The detectors used were through-lens detector (TLD) and Everhart–Thornley detector (ETD). 
The operating voltages were set to 10 kV. 

2.2.3 Total Element Composition 
The percentage of total solid content (TS, %) of WR samples was determined by using Eq. (1) 
after drying the sample in a laboratory oven at about 105 °C for 24 h ± 15 min. 

TS (%) = 100 wta wtb
wta

×100 (1) 

where TS is the total solid content in percent, wta is the weight of material in gramme before 
drying, and wtb is the weight of material in gramme after drying. In addition, the contents of 
29 major elements (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti) and trace elements (As, Ba, Be, Cd, 
Co, Cr, Cu, Hg, Nb, Ni, Pb, S, Sc, Sr, V,W, Y, Zn, Zr) of the WRs were determined, by 
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES; (Martin et al., 1991) 
and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; Long and Martin, 1991) at a 
SWEDAC-accredited laboratory (ALS Scandinavia, Luleå, Sweden). The ICP-AES analyses 
were performed using a Perkin Elmer Optima DV 5300 instrument following US EPA 
Method 200.7 (modified). The ICP-MS analyses were performed using a Thermo Scientific 
Element instrument following US EPA Method 200.8 (modified). Briefly, the samples were 
digested with HNO3 after drying at 50 °C and analysed for As, Cd, Co, Cu, Hg, Ni, Pb, S and 
Zn. All other elements were analysed after fusion with lithium methaborate (LiBO2) and 
subsequent dissolution in HNO3. 

The determination of chemical composition of WRs was also realised by X-ray fluorescence 
(XRF) method using Olympus DELTA Premium Handheld XRF analyser to assess variation 
in composition within each WR deposit. ICP-AES and -MS analyses were performed on three 
subsamples of each WR, whereas, XRF was performed on all WR samples. 

2.2.4 AMD-generating Potential 
2.2.4.1 Static Test (ABA) 
A modified procedure of the Swedish standard SS-EN 15875 (SIS, 2011) for acid base 
accounting analysis was applied to evaluate the WR samples' acidifying and neutralisation 
potentials. WR samples (2.0 ± 0.1 g dry mass) of <0.125mm particle size were weighed into a 
125 mL glass beaker. Deionised (MilliQ) water (90 ± 0.5 mL) was added and each suspension 
was stirred using a magnetic stirrer at room temperature for 15 ± 5 min. The pH was then 
measured to check if it was >2–2.5 (a criterion for the subsequent test protocol). Presumed 
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amounts of 0.1 M HCl required to bring the pH to the 2–2.5 range were added, if necessary, 
and the samples were stirred again for 

22 h ± 15 min, then the pH was re-measured. If the pH exceeded 2.5 a presumed amount of 
0.1 M HCl required to bring the suspension to the target range was added and the samples 
were stirred for 2 h ± 15 min. Provided the pH was found to be within the required range, the 
sample was stirred again using a magnetic stirrer and simultaneously titrated with 0.1 M 
NaOH to reach a static pH of 8.3. The total volumes of HCl and NaOH added were noted and 
the acidifying and neutralisation potentials of the samples were calculated using Eqs. (2) and 
(3).  

AP=31.25 ×W           (2) 

where AP is the acidifying potential of the sample in Kg CaCO3/tonne and Ws is the weight 
of total sulphur as a mass fraction in percent. 

NP = 50 × CA×VA  CB× VB
Md

         (3) 

where NP is the neutralisation potential of the sample in kg CaCO3/tonne; CA and CB are the 
concentrations of HCl and NaOH used, respectively; VA and VB are the total volumes of HCl 
and NaOH added, respectively; and Md is the dry mass of the test material in grammes. The 
net neutralisation potential (NNP) was calculated by subtracting the AP value from the NP 
value. Materials with NNP values < 20 kg CaCO3/tonne and >20 kg CaCO3/tonne are usually 
regarding as acid producing and acid-consuming, respectively, and uncertain otherwise 
(Miller et al., 1991; SRK, 1989). 

Another way to evaluate the AMD production potential from static test results is to determine 
the NP to AP ratio (neutralisation potential ratio, NPR). A material is typically considered 
non-acid producing if NP/AP > 2.5, uncertain if 2.5 > NP/AP > 1, and acid-producing if 
NP/AP < 1 (Adam et al., 1997). 

2.2.4.2 Kinetic Test 
To evaluate the sulphide reactivity, oxidation kinetics, metal solubility and overall leaching 
behaviour of the sampled materials they were subjected to kinetic testing using weathering 
cells and procedures similar to those described by Cruz et al. (2001). The main advantage of 
this weathering test is its rapidity (test durations range from 20 to 25 weeks) and the small 
volume of material required (Villeneuve et al., 2003). In each test a sample of material (as 
collected), weighing approximately 70 g (dry weight), was placed in a Buchner funnel with a 

-day, cycles (192 days) consisting of exposure to 
ambient air for 2 days, leaching on the third day, followed by a further 3 days of exposure to 
air and a further leaching on the seventh day. In the leachings 70 ± 2 mL of deionised water 
was added to the funnel for 3 h, and then the leachate was recovered by applying slight 
suction to the filter vessel. The pH, redox potential (Eh), and conductivity of each leachate 

element contents were determined using equipment and procedures described above, 
additionally, modified procedures of CSN EN ISO 10304-1 and CSN EN ISO 10304-2 for Cl, 
F and SO4  and CSN EN 1484 for DOC at ALS Scandinavia, Luleå, Sweden. 
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2.2.4.3 Geochemical modelling 
Geochemical modelling was applied to investigate the possibilities that metals may have 
precipitated or secondary minerals may have formed during the weathering tests, by 
calculating saturation indices (SIs) using the geochemical equilibrium model PHREEQC 
(Parkhurst and Appelo, 2013) and MINTEQ database (Allison et al., 1991). A SI indicates the 
thermodynamic tendency of a given mineral to precipitate or dissolve in an aqueous solution, 
and is given by: 

SI = log (IAP/Ks) (4) 

where IAP is the relevant ion activity product, calculated from data acquired for the water 
sample, and Ks is the theoretical solubility product (both adjusted to the temperature of the 
sample). A negative SI indicates that the solution is not saturated with respect to a particular 
solid phase and that the solid phase would tend to dissolve if present, while a positive value 
indicates a tendency for the mineral to precipitate. A value close to zero suggests that the 
mineral is in equilibrium in the solution and may either precipitate or dissolve. 

3 Results 

3.1 Mineralogy 

Pyrite, quartz, and kaolinite were the major constituent minerals detected by XRD in WR3 
and WR4, while in WR1 the main mineral was arsenopyrite, with variable pyrite contents. 
However, WR2 lacked pyrite and quartz and the main constituent minerals were hematite and 
gypsum. Variable contents of other minerals such as calcite, gypsum, spangolite and 
birnessite were also observed in WR replicates (n= 3), as shown in Table 2.  

Table 2. Mineralogy of WRs as determined by XRD. 
WR1 WR2 WR3 WR4 
Dominated by quartz (SiO2), 
arsenopyrite (FeAsS) and 
kaolinite (Al2Si2O5(OH)4), 
with variable amounts of 
pyrite (Fe2S), calcite 
(CaCO3), lime (CaO) and 
gypsum (CaSO4·2H2O) 

Dominated by kaolinite 
(Al2Si2O5(OH)4), Hematite 
(Fe2O3) and gypsum 
(CaSO4·2H2O), with 
variable amounts of quartz 
(SiO2) 

Dominated by pyrite (FeS ), 
quartz (SiO2) and kaolinite 
(Al2Si2O5(OH)4), with variable 
amounts of malladerite 
(Na2SiF6), spangolite 
(Cu6Al(SO4)(OH)12Cl·3(H2O))
, franklinite (ZnFe2O4) 

Dominated by pyrite (FeS ), 
kaolinite (Al2Si2O5(OH)4), 
quartz (SiO2) and TiO2, with 
variable amounts of birnessite 
((Na0.3Ca0.1K0.1)(Mn4+,Mn3+)2O4

· 1.5 H2O) and gypsum
(CaSO4·2H2O)

The minerals detected by XRD were also confirmed by SEM. SEM analyses for all WRs are 
shown in Fig. 2. InWR1, section a contains the kaolinite surrounded by Fe-species 
(arsenopyrite and pyrite) and section b purely contains a mixture of kaolinite, gypsum and 
calcite. WR2 contains Fe-species (hematite) surrounded by kaolinite, quartz and gypsum in 
section a, whereas, section b contains hematite mainly. Section a in WR3 contains pyrite as 
major constituting mineral with irregular settlement of quartz and kaolinite particles, whereas, 
pyrite is surrounded by quartz and kaolinite in section b. However, the situation is different in 
WR4 than other WRs where section a is composed of pyrite only and section b contains a 
mixture of other minerals such as kaolinite, quartz and gypsum. The homogenous plain 
surfaced area is rich in C, indicating coal content in WRs, with irregular occurrence of other 
minerals such as quartz, kaolinite and gypsum. 
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Fig. 2. SEM images with EDS analyses of WRs. WR1: a) kaolinite and arsenopyrite/pyrite, b) kaolinite, gypsum 
and calcite. WR2: a) Hematite, kaolinite, quartz and gypsum, b) hematite. WR3: a) Mainly pyrite with quartz and 
kaolinite, b) Pyrite, quartz and kaolinite. WR4: a) Pyrite, b) Kaolinite, quartz and gypsum. 

3.2 Chemical composition 
The dry contents of the WR samples ranged from 77 to 90% by weight (wt.%), and those of 
the GR and coal samples were similar, 93 wt.% and 76 wt.%, respectively. The major and 
trace element composition data (Table 3) showed that GR had 5–6 and 3–4 times higher Si 
and Al contents, respectively, than the WR samples, showing that silicate minerals are more 
abundant in it. In addition, WR5 had higher Si and Al contents than the WR1-WR4 samples. 
InWR1, the Ca content was about three times higher than in all of the other samples, but very 
similar to the average continental crust (CC) content. Iron content ranged from 3 to 10 wt.% 
across the samples, being highest in WR3 followed by WR4 (5 wt.%). Titanium was only 
found in WR5 and GR samples (in the 1–2 wt.% range). Contents of the other major elements 
(K, Mg, Mn, Na, P and Ti) were quite low (0.1–0.9 wt.%) in all samples. 
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Table 3. Major and trace element composition of the samples from ICP-MS and -AES analyses. 
ELEMENT WR1 a WR2 a WR3 a WR4 a WR5 a GR a Coal a CC b 

Dry weight (%) 90.53 ± 5.38 77.33 ± 0.12 83.93 ± 0.23 80.73 ± 2.39 85.47 ± 2.54 93.67 ± 0.58 76.77 ± 0.15 n.d 
Si (% dw) 8.33 ± 5.79 11.14 ± 2.04 9.54 ± 3.97 12.47 ± 1.94 31.37 ± 3.59 44.4 ± 1.91 1.31 ± 1.1 27.72 
Al (% dw) 6.84 ± 4.7 9.24 ± 1.72 6.26 ± 2.35 9.35 ± 1.13 20.03 ± 0.91 27.87 ± 0.92 0.84 ± 0.72 8.13 
Ca (% dw) 3.69 ± 5.64 0.44 ± 0.1 0.36 ± 0.06 0.33 ± 0.03 0.45 ± 0.06 0.2 ± 0 0.75 ± 0.07 3.63 
Fe (% dw) 3.9 ± 4.26 1.57 ± 0.42 10.07 ± 3.88 5.63 ± 2.91 3.21 ± 0.74 2.65 ± 0.1 1.61 ± 0.58 5 
K (% dw) 0.4 ± 0.25 0.41 ± 0.11 0.33 ± 0.16 0.35 ± 0.03 0.81 ± 0.03 1.27 ± 0.07 0.1 ± 0 2.59 
Mg (% dw) 0.51 ± 0.09 0.54 ± 0.01 0.28 ± 0.04 0.26 ± 0.01 0.88 ± 0.01 0.94 ± 0.06 0.56 ± 0.17 2.09 
Mn (% dw) 0.05 ± 0.07 0 ± 0 0.01 ± 0 0.02 ± 0.01 0.01 ± 0 0.01 ± 0 0 ± 0 0.095
Na (% dw) 0.16 ± 0.09 0.21 ± 0.04 0.21 ± 0.02 0.14 ± 0.01 0.25 ± 0.01 0.23 ± 0.02 0.28 ± 0.01 2.83 
P (% dw) 0.02 ± 0.01 0.02 ± 0 0.02 ± 0.01 0.03 ± 0 0.09 ± 0.01 0.11 ± 0 0.01 ± 0 0.11 
Ti (% dw) 0.41 ± 0.31 0.57 ± 0.13 0.69 ± 0.34 0.87 ± 0.19 1.35 ± 0.12 1.96 ± 0.08 0.04 ± 0.03 0.44 
LOI (% dw) n.d n.d n.d n.d 38.63 ± 4.21 15.83 ± 0.45 90.4 ± 4.04 n.d 
As (mg/kg dw) 8.15 ± 8.13 0.3 ± 0.08 3.88 ± 0.73 2.06 ± 0.41 0.29 ± 0.07 0.29 ± 0.12 0.1 ± 0 1.8 
Ba (mg/kg dw) 98.53 ± 61.46 123 ± 22 83.33 ± 36.15 101 ± 18 165 ± 13 227 ± 10 19.11 ± 12 425 
Be (mg/kg dw) 2.3 ± 1.48 3.48 ± 0.42 1.84 ± 0.32 2.01 ± 0.78 3.39 ± 0.21 2.89 ± 0.26 2.06 ± 1.01 2.8 
Cd (mg/kg dw) 0.3 ± 0.04 0.22 ± 0.07 0.25 ± 0.12 0.45 ± 0.37 0.24 ± 0.02 0.29 ± 0.11 0.05 ± 0.06 0.2 
Co (mg/kg dw) 40.23 ± 26.07 15.43 ± 4.55 43.5 ± 21.88 75.37 ± 35.54 24.47 ± 4.76 15 ± 6.24 5.88 ± 1.95 25 
Cr (mg/kg dw) 67.63 ± 52.6 111 ± 20 101 ± 37 102 ± 38 133 ± 16 164 ± 12 12.37 ± 4.1 100 
Cu (mg/kg dw) 73.43 ± 53.26 101 ± 30 24.97 ± 2.04 68.13 ± 24.55 90 ± 13.43 66.77 ± 12.81 11.46 ± 3.67 55 
Hg (mg/kg dw) 0.22 ± 0.07 0.14 ± 0.02 0.1 ± 0.02 0.12 ± 0.05 0.1 ± 0.02 0.05 ± 0.01 0.09 ± 0.02 0.08 
Nb (mg/kg dw) 14.6 ± 9.41 21.2 ± 4.19 21 ± 9.36 24.67 ± 6.5 28.07 ± 5.52 45.67 ± 1.19 5 ± 0 20 
Ni (mg/kg dw) 87.83 ± 38.94 50.27 ± 14.26 61.1 ± 30.57 107 ± 28 40.17 ± 5.12 33.93 ± 13.25 8.55 ± 3.65 75 
Pb (mg/kg dw) 14.54 ± 9.14 20.27 ± 5.02 8.88 ± 3.57 13.01 ± 3.69 12.63 ± 0.8 16.53 ± 5.8 1.45 ± 0.82 13 
S (mg/kg dw) 107933 ± 120564 19400 ± 1473 113300 ± 47345 74433 ± 6757 21667 ± 2495 5503 ± 1821 31733 ± 8071 260 
Sc (mg/kg dw) 18.23 ± 9.9 27.5 ± 1.01 12.47 ± 2.67 19.3 ± 3.95 25.4 ± 4.25 26.47 ± 1.26 1.95 ± 0.84 22 
Sr (mg/kg dw) 302 ± 103 241 ± 10 126 ± 18 167 ± 34 238 ± 7 254 ± 11 160 ± 89 375 
V (mg/kg dw) 178 ± 139 256 ± 38 139 ± 47 153 ± 38 259 ± 40 203 ± 7 12.03 ± 7.46 135 
W (mg/kg dw) 1.18 ± 0.14 1.11 ± 0.18 1.03 ± 0.33 1.09 ± 0.25 1.72 ± 0.18 2.21 ± 0.1 0.4 ± 0 1.5 
Y (mg/kg dw) 31.37 ± 12.72 41.97 ± 1.35 20.87 ± 3.07 30.17 ± 13.66 38.53 ± 2.44 35.17 ± 0.49 8.99 ± 6.25 33 
Zn (mg/kg dw) 70.6 ± 7.6 50.1 ± 3.9 49.67 ± 15.15 105 ± 109 48.63 ± 7.05 48.1 ± 15.02 10.28 ± 8.47 70 
Zr (mg/kg dw) 75.03 ± 56.56 119.7 ± 22 135 ± 50 135 ± 33 163 ± 30 215 ± 10 6.11 ± 4.95 165 

a mean ± standard deviation (n=3); b Continental Crust after (Krauskopf and Bird, 1995); dw = dry weight, n.d = Not 
Determined 

The S content was 2–5 orders of magnitude higher, in all of the samples, than contents of the 
other trace elements. The heavy metal analyses showed that As contents ranged from0.1–
8mg/kg, being highest in WR1 followed by WR3 and WR4 (3.88 and 2.06 mg/kg, 
respectively). Cadmium concentrations were similar in all of the samples, and were similar to 
its concentration in continental crust (0.2 mg/kg).  

The data from XRF analysis is shown in Table 4. The only considerable difference in 
chemical composition determined by ICP and XRF was observed in the concentrations of Al, 
As, Cd, Co, Hg, S, Sr, V and W in all WRs. Additionally, Fe was detected 4% supplementary 
by XRF than ICP in WR1. Arsenic was not detected by XRF in any WR sample. 

Cadmium concentrations were 221 mg/kg in WR1, 75 mg/kg in WR2, 217 mg/kg inWR3 and 
192 mg/kg inWR4 more than ICP. Similarly, Co concentrations in WR1, 2, 3 and 4 were 282, 
132, 360 and 278 mg/kg higher, respectively, in XRF than ICP. Mercury was not detected in 
WR1 and WR3, while its concentrations were 3 and 5 mg/kg higher inWR2 andWR4, 
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respectively, than ICP. Sulphur was measured about 2 times higher in WR2-4 by ICP than 
XRF. 

Table 4. Major and trace element composition of the samples from XRF analyses. 

ELEMENT WR1a WR2a WR3a WR4a GRa 
Al (%) 0.88 ± 0.05 0.58 ± 0 0.55 ±  0 0.68 ± 0 1.38 ± 0 
Ca (%) 4.79 ± 0.05 0.5 ± 0 0.28 ± 0 0.23 ± 0 0.17 ± 0 
Fe (%) 7.42 ± 0.02 1.44 ± 0 8.26 ± 0.02 6.24 ± 0.01 1.59 ± 0 
K (%) 0.55 ± 0.01 0.59 ± 0 0.46 ± 0.01 0.48 ± 0.01 1.8 ± 0.01 
Mg (%) 0.55 ± 0.23 0.65 ± 0.27 0.8 ± 0.33 0.95 ± 0.33 0.78 ± 0.32 
Mn (%) 0.06 ± 0 0.01 ± 0 0.01 ± 0 0.02 ± 0 0.01 ± 0 
P (%) 1.7 ± 0.36 n.d 0.42 ± 0.12 n.d 0.01 ± 0 
Si (%) 2.04 ± 0.02 1.53 ± 0.02 1.37 ± 0.02 1.69 ± 0.02 3.82 ± 0.03 
Ti (%) 0.38 ± 0 0.43 ± 0 0.52 ± 0.01 0.66 ± 0.01 0.87 ± 0.01 
As (mg/kg) n.d n.d n.d n.d 2.4 ± 1
Cd (mg/kg) 221.83 ± 8.86 76.05 ± 5 217.11 ± 7.33 192.88 ± 7.22 183.5 ± 6 
Co (mg/kg) 322.32 ± 35.09 153.56 ± 20.79 404.24 ± 38.73 353.89 ± 34.69 149.27 ± 23.53 
Cr (mg/kg) 94.62 ± 14.53 112.59 ± 13.79 121.19 ± 15.79 172.83 ± 22.18 201.33 ± 24.29 
Cu (mg/kg) 76.77 ± 5.1 82.5 ± 4.87 41.66 ± 4.38 78.17 ± 4.61 72.38 ± 4.5 
Hg (mg/kg) n.d 3 ± 1.2 n.d 5.7 ± 1.8 4.7 ± 1.3 
Ni (mg/kg) 56.33 ± 9.66 46.31 ± 5.83 60.55 ± 9.77 85.12 ± 9.86 108.03 ± 8.96 
Pb (mg/kg) 18.96 ± 2.29 22.97 ± 2.29 7.95 ± 2.14 12.18 ± 1.99 45.51 ± 2.82 
S (mg/kg) 100617.05 ± 1481.55 9083.27 ± 202.83 59178.94 ± 770.44 32393.94 ± 523 2804.5 ± 104.66 
Sr (mg/kg) 185.3 ± 3.15 171.25 ± 2.08 110.47 ± 1.93 148.61 ± 2.63 245.5 ± 3 
V (mg/kg) 210.82 ± 32.58 284.5 ± 36.58 198.46 ± 36.95 261.65 ± 38.61 378.51 ± 50.59 
W (mg/kg) 37.6 ± 5.13 15.3 ± 2.91 25.33 ± 5 35.73 ± 5.75 23.5 ± 4 
Y (mg/kg) 17.06 ± 0.92 29.46 ± 0.82 11.67 ± 0.85 27.46 ± 1.13 34.1 ± 1.1 
Zn (mg/kg) 72.95 ± 3.65 61.77 ± 3.04 64.44 ± 3.38 130.2 ± 4.38 98.88 ± 4.16 
Zr (mg/kg) 77.52 ± 1.77 112.89 ± 1.62 117.97 ± 2.48 170.71 ± 2.96 250.37 ± 2.44 
n.d = not detected.
a Mean ± standard deviation (n = 9).

3.3 Acid Mine Drainage potential 
The acid base accounting analysis indicated that all the WRs 1–4 have strong acid-generating 
potential, but WR3 and WR4 have the highest potential, followed byWR1 and WR2 (Table 
5). 

Table 5. AMD generation potential of the WRs (mean ± standard deviation, n=3). 
Measured as kg CaCO3/tonne 
(except NPR) 

WR1 WR2 WR3 WR4 

AP 123 ± 93 61 ± 5 354 ± 148 245 ± 4 
NP -21 ± 19 -9 ± 3 -138 ± 30 -107 ± 1
NPR -0.15 ± 0.03 -0.15 ± 0.05 -0.42 ± 0.11 -0.43 ± 0.01
NNP -144 ± 112 -70 ± 6 -492 ± 178 -352 ± 5

3.4 Kinetic Leaching Test 
The minimum and maximum concentrations of selected elements in leachates obtained from 
the kinetic leaching tests with WR samples 1–4 are shown and compared with WHO (2011) 
drinking water standards in Table 6. The leaching patterns of selected elements are shown in 
Fig. 3. 
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Table 6. Concentrations of selected elements in leachates from WRs 1-4 in the kinetic leaching tests compared to 
WHO (2011) drinking water standards. 

WR1 WR2 WR3 WR4 
WHO 

Min-Max Min-Max Min-Max Min-Max 
Al (μg/L) 2-1,145 58.7-2,715 5,600-1,525,000 7,285-1,310,000 900 
As (μg/L) 0.5-1 0.5-1 2.9-1,009.5 1.08-708 10 
B (μg/L) 422-12,250 244-23,000 280-15,750 186-10,450 2400 
Cd (μg/L) 0.05-6.9 0.07-3.36 0.6-233 3.25-327.5 3 
Co (μg/L) 6.7-3,050 37.35-1,050 157-32,350 105-57,700 Not specified 
Cr (μg/L) 0.5-1.3 2.36-42 92.5-6,590 247.5-4,425 50 
Cu (μg/L) 1-17.3 1-34.4 89.3-2,640 137-26,750 2000 
Mn (μg/L) 1,980-59,550 305-8,125 355-54,350 319-75,700 400P 

Ni (μg/L) 6.36-3,040 36.2-951.5 133-33,050 182-57,150 70 
Pb (μg/L) 0.2-3.16 0.2-7.5 4-130 1.41-20 10 
Zn (μg/L) 6.87-2,500 44.3-1,030 139-45,150 148-74,350 10-50
Ca (mg/L) 346-513 31.85-372 2.68-469.5 4.11-404 Not specified
Fe (mg/L) 0.004-140 0.3-4.8 391.5-36,450 221-17,900 0.5-50
K (mg/L) 6.7-32.4 8.83-26.8 1.25-20 0.7-13.7 Not specified
Mg (mg/L) 9.14-1,370 15.9-1,380 0.6-1,255 0.5-695.5 Not specified
Na (mg/L) 2.27-556 0.6-801 0.6-928 0.7-336 <20
Cl (mg/L) 3.88-1,030 3.1-1,130 2.3-524.5 1.5-136.5 5
SO4

2- (mg/L) 777-8,625 189-7,240 985-101,940 548-91,510 500P 

pH 5.6-7.3 2.7-4.9 0.945-2.3 1.2-2.5 Not specified
EC (mS/cm) 1.2-10 0.4-11.18 3.5-58.2 1.8-34.85 Not specified

P Preliminary 

3.4.1 Waste Rock 1 
The pH of leachates from WR1 consistently ranged from 5.6 to 7.3, showing that this waste 
has a neutral nature. Their conductivity steadily decreased during the 28 cycles from10 to 
1.2mS/cm. Aluminium and Cr were only leached at the start of the tests, and their 
concentrations subsequently remained below detection limits. Copper was strongly leached in 
the first cycle and its concentration subsequently remained below 1 g/L except in the 16th 
(105 days) and final (28th, 192 days) cycles. In marked contrast, the Pb concentration was 
low in the first cycle (0.4 g/L), and subsequently remained <0.2 g/L (with no significant 
change) until the final (28th, 192 days) cycle where it rose to 3.16 g/L. Arsenic 
concentrations remained consistently below 1 g/L and Hg was not detected in leachates in 
any of the test cycles. Boron concentrations steadily decreased from12mg/L to 422 g/L. Co 
concentrations also steadily declined except during the final cycle, when it rose, but remained 
within the ranges 6.7–3050 g/L (respectively). Concentrations of manganese and SO4

2  were 
higher, and highest in the 1st cycle. The manganese concentration was 59.5 mg/L in the 1st 
cycle, dropped to 10.9 mg/L in the 2nd cycle then remained in the range 1.9–8 mg/L, while 
the SO4

2  concentration decreased from 8.6 g/L in the 1st cycle to 2.9 g/L in the 2nd cycle 
then steadily declined to 0.7 g/L. Zinc, Fe, Mg, Na and Cl concentrations gradually decreased, 
and only Ca concentrations gradually increased, by ca. 50 mg/L per cycle. 
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Fig. 3. Physicochemical characteristics of leachates obtained in the kinetic tests: (A) pH; (B) EC; (C) Eh; 
concentrations of (D) Al, (E) As, (F) Ca, (G) Fe, (H) SO4

2-, (I) Cu, (J) Cd, (K)Mn, (L)Ni, (M) Zn; and (N) Fe to 
S ratio. 
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Fig. 3. (continued). 

3.4.2 Waste Rock 2 
This WR was mildly to strongly acidic in nature, yielding leachates with pH ranging from 2.7 
(in the 8th cycle, 52 days) to 4.9. The electrical conductivity of the leachates gradually 
declined from11.18 to 0.4mS/cm, except in the 8th cycle (52 days) when it rose to 2mS/cm 
before declining again. However, this sudden dip in pH and spike in EC did not influence the 
leachability of any elements except Al, Cu and Zn. The most abundantly leached major 
elements and their leachate concentrations (in mg/L) were Ca (31–372), Mg (15.9–1380), Na 
(0.6 to 801), Cl (3.1 to 1130) and S (in the formSO4 , 189–7240), while the most abundantly 

–2715), B 
(244–23000), Co (37–1050), Mn (305–8125), Ni (36–951) and Zn (44–1030). Leachate 
concentrations of Fe and K were in the ranges 0.3–4 and 8–26 mg/L, respectively, while those 
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of As, Cd, Cr, Cu and Pb were in the ranges 0.5–1, 0.07–3.36, 2.36–42, 1–34 and 0.2–7.5 
 respectively. 

3.4.3 Waste Rock 3 
WR3 was the most acidic in nature of the WRs, yielding leachates with pH ranging from 0.94 
to 2.3 throughout the test, and electrical conductivity declining from 58.2 to 3.5 mS/cm. The 
strong acidity of the leachates was reflected in high concentrations of all the major elements, 
which ranged for Ca, Fe, K, Mg, Na, Cl, and SO4  from 2.6 to 469, 391 to 36,450, 1.25 to 20, 
0.6 to 1255, 0.6 to 928, 2.3 to 524 and 985 to 101,940 mg/L, respectively. Among the trace 
elements, Al leached extremely strongly (concentrations declining from 1.5 g/L to 5.6 mg/L), 

mg/L) 355 to 54.4, 139 to 45.2, 133 to 33.1, 157 to 32.4, 280 to 15.8, 92 to 6.6, 89 to 2.6, 3 to 

leachates. 

3.4.4 Waste Rock 4 
LikeWR3, WR4 yielded leachates with extremely low pH (1.2 to 2.5) and high loads of major 
and trace elements, including environmentally detrimental metals (e.g. B, Co, Cu, Ni and Zn). 
Concentrations of the major elements Fe, SO4 , Ca, K, Mg, Na and Cl ranged from 221 mg/L 
to 17.9 g/L, 548 mg/L to 91 g/L, 4.11 to 404, 0.7 to 13.7, 0.5 to 695.5, 0.7 to 336 and 1.5 to 
136.5 mg/L, respectively. Of the trace elements Al leached most abundantly (concentrations 
ranging from 7.3 mg/L to 1.3 g/L), followed by Mn, Zn, Co, Ni, Cu, B and Cr, at 

 
The concentrations of As (1– – –
than those of the other measured elements. Mercury was only the monitored element that 
remained below the detection limit throughout the test. 

3.5 Geochemical modelling 
Patterns of saturation indices obtained from geochemical modelling based on the 
physicochemical analyses of the kinetic test leachates are shown in Fig. 4. The results show 
that most considered mineral phases were not likely to precipitate. Diaspore (AlOOH), 
goethite (FeOOH) and hematite (Fe2O3) were likely to dissolve inWR2, WR3 and WR4 
leachates, but precipitate inWR1 leachates. Gypsum (CaSO4:2H2O) was likely to precipitate 
inWR3 andWR4 leachates obtained on the 7th day of the tests, but dissolve in all of the other 
leachates. Similarly, gibbsite (Al(OH)3) was likely to precipitate in WR1 leachates from the 
7th day of the tests, but dissolve in all of the other leachates. 
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Fig. 4. Saturation Index (SI) of selected minerals as computed by PHREEQC based on the physicochemical analyses 
of the kinetic test leachates. 

4 Discussion 

The metals in mining waste are usually associated with inorganic constituents due to the 
dominance of silicate and sulphide minerals (Sahoo et al., 2014). Similarly, in coal certain 
trace elements such as Zn, As, Cu, Pb, and possibly Se, are probably associated with 
sulphides, sulphates, and selenides (Dai et al., 2006; Hower et al., 2008; Riley et al., 2012; 
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Seredin et al., 2013). However, coal is a complex substance, within which Cr may be 
associated with clay minerals (Hower et al., 1990, 2000; Hower and Bland, 1989; Zubovic, 
1976, 1966) and organic matter (Dai et al., 2008).Mercury and As are mainly connected with 
pyrite or other sulphide species (Hower et al., 2008), although As may also be associated with 
clay minerals (Dai et al., 2012; Diehl et al., 2004, 2012; Kolker, 2012; Swaine, 1990). Similar 
associations are likely to be present in WR from coal mining. 

According to the mineralogical characterisation, the WRs examined here were rich in pyrite 
(the main acid generator), hematite, quartz, calcite, lime, gypsum and kaolinite, in accordance 
with findings for coal mining wastes in South Africa (Bell et al., 2001; Equeenuddin et al., 
2010). All of these minerals may make important contributions to the self-neutralisation 
potential of WRs. In addition, in WR1 As is bound to pyrite in arsenopyrite, as previously 
observed in a Kentucky coal (Hower et al., 2008). However, they may also participate in 
weathering reactions, depending on the pH. Notably, sulphate minerals may participate in acid 
generation (Nordstrom, 1982), especially FeII or FeIII sulphates, which hydrolyse Fe upon 
dissolution to form Fe(OH)3 (Jennings et al., 2000). 

The ABA tests showed that the WRs have strong acid generation potential, especially WR3 
and WR4. However, WR1 and WR2 have mild to strongly acidic nature.  

Significant portion of the metals, metalloids and other elements released during the process of 
sulphide oxidation are retained in wastes as secondary mineral precipitates (Lin, 1997; Lin 
and Herbert, 1997). The secondary minerals formed during the wreathing of sulphides are 
relatively insoluble in natural waters and their precipitation and redissolution controls the pH 
and chemical composition of leachates (Lottermoser, 2007). 

Leachates yielded byWR3 andWR4 had extremely low pH, in accordance with the ABA test 
results. Elements leached more strongly from WR3 and WR4 than from WRs 1 and 2, 
especially Fe, Al, some trace elements (As and Ni) and heavy metals (Cd, Co, Cr, Cu and Pb). 
The high concentrations together with saturation indices computed by PHREEQC indicate 
strong oxidation of sulphide-bearing minerals (especially pyrite). However, high Al 
concentrations were detected in leachates from WRs 2–4, which can be attributed to minerals 
(detected in mineralogy of WRs) including kaolinite (Al2Si2O5(OH)4) and spangolite 
(Cu6Al(SO4)(OH)12Cl·3(H2O)) and undersaturated conditions (in geochemical modelling) for 
Diaspore (AlOOH) and gibbsite (Al(OH)3). The dissolution of Al- and Fe-bearing minerals 
may generate Al3+ and Fe3+ which, upon raising pH conditions from acidic, may precipitate as 
gibbsite and ferrihydrite, respectively, and exacerbate acidity (Deutsch, 1997). 

WR2 behaved differently from the other WRs in that its leachates from the kinetic tests varied 
from mildly to strongly acidic (Table 6). However, an unexpected dip in its pH and rise in EC 
was observed in the 8th cycle (52 days), accompanied by increases in concentrations of Al, 
Fe, Cu and Zn, together with minor reduction in Ca concentration (Fig. 3F). Since the Fe/S 
ratio also increased (Fig. 3N), these shifts may have been due to high reactivity of sulphide 
minerals, resulting in the pH reductions, that does not allow minerals to precipitate (as show 
in Fig. 4) and causes remobilisation of Al and Fe. 
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The near-neutral pH, relatively low Fe concentration, and relatively high concentrations of Ca 
and SO4  of leachates from WR1 indicate that it contains abundant available neutralising 
species. Their high Ca and S contents (Table 3) can be attributed to the presence of calcite, 
lime and gypsum (Table 2), and their low concentrations of metals (except Mn) indicate that 
sulphide dissolution was very slow in WR1 (Table 6). The secondary sulphate minerals in 
coal are usually hydrous Ca, Mn, Na, and K sulphates, but hydrous metal sulphates with 
divalent cations (Me2+SO4·nH2O) may also be present (Jambor et al., 2000a, 2000b). These 
hydrous metal sulphates can re-dissolve in water and release ions back into solution 
(Lottermoser, 2007). Therefore, the anomalously high concentrations of Mn in the leachates 
can be attributed to the dissolution of secondary minerals (Lottermoser, 2007) such as 
Pyrochroite (Mn(OH)2), Manganite (MnOOH), MnSO4, Bixbyite (Mn2O3), Hausmannite 
(Mn3O4) and Birnessite (MnO2). 

The ABA results showed thatWR1 has strong acid generation potential. The neutral nature 
ofWR1 is presumably dependant on the content of Ca-bearing species and pH conditions of 
the aqueous solution with which it reacts. When the available calcite is exhausted, the pH will 
drop and concentrations will increase due to sulphide oxidation. Since acid is used to simulate 
acid-producing reactions in the ABA test, therefore the test results may have been over-
estimated than the actual case. However, decreasing pattern of pH and increasing 
concentration of Fe indicate that the available neutralising species (such as Ca) are exhausting 
with time and failing to neutralise acidity. Another contributor to the relatively low reactivity 
of WR1 may be the formation of Fe-oxihydroxy precipitates (Goethite) on the mineral 
surfaces due to the presence of dissolved Fe and close to neutral pH (Cruz et al., 2001). 
Precipitation of Goethite along with Hematite, Diaspore and 

Magnesioferrite suggested by PHREEQC inWR1 has significantly influenced the chemical 
composition of leachates by binding elements and keeping pH conditions near neutral. 

5 Conclusions 

Mining WRs from the Lakhra coal field were characterised and their element leachability 
(reflecting their potential impact on natural water resources) was studied. Chemical 
characterisation showed that the WRs had high Si, Al and Fe contents, ranging from 8 to 12, 6 
to 9 and 3 to 6 wt.%, respectively, and sulphur contents ranging from 74 to 107 g/kg. Contents 
of the trace elements As, Cd, Co, Cr, Cu, Pb and Zn were in the ranges of 0.3–8, 0.2–0.4, 15–
75, 67–111, 73–101, 8–20 and 49–105 mg/kg, res

kinetic tests, the pH of leachates obtained fromWR1was close to neutral, indicating that the 
lime and neutralising agents were abundantly available to consume the acids generated by 
oxidation, that slowly exhaust as shown by decreasing pH pattern. Additionally, the 
precipitation of Goethite, Hematite, Diaspore and Magnesioferrite inWR1 consumed acidity 
and controlled trace element mobility. However, leachates fromWR2, WR3 andWR4 had 
significant concentrations of both major and trace elements with acidic pH and constantly 
undersaturated conditions for all selected minerals. Interestingly, in leachates fromWR2 the 
pH dipped and the Fe/S ratio rose in the 8th (52 days) cycle, probably due to an increase in 
sulphide oxidation that was clearly observed with decrease in saturation levels of almost all 
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minerals in geochemical modelling of leachates. Overall, the results clearly show that the 
WRs have significant AMD-generation potential and may significantly impair the quality of 
natural waters by leaching excessive quantities of major and trace elements compared to 
WHO drinking water standards. 
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Abstract 
Lignite (PK), bituminous (FI) and biomass (SE) fly ashes (FAs) were mineralogically and 
geochemically characterised and their element leachability was studied with batch leaching 
tests. The potential for acid neutralisation (ANP) was quantified by their buffering capacity, 
reflecting their potential for neutralisation of acid mine drainage. Quartz was the common 
mineral in FAs detected by XRD with iron oxide, anhydrite and magnesioferrite in PK, mullite 
and lime in FI and calcite and anorthite in SE. All the FAs had high contents of major elements 
such as Fe, Si, Al, and Ca. The Ca content in SE was 6 and 8 times higher compared to PK and 
FI, respectively. Sulphur content in PK and SE was one magnitude higher than FI. Iron 
concentrations were higher in PK. The trace element concentrations varied between the FAs. 
SE had the highest ANP (corresponding to 275 kg CaCO3 tonne-1) which was 15 and 10 times 
higher than PK and FI, respectively. The concentrations of Ca2+, SO42-, Na+ and Cl- in the 
leachates were much higher compared to other elements from all FA samples. Iron, Cu and Hg 
were not detected in any of the FA leachates because of their mild to strong alkaline nature with 
pH ranging from 9 to 13. Potassium leached in much higher quantity from SE than from the 
other ashes. Arsenic, Mn and Ni leached from PK only, while Co and Pb from SE only. The 
concentrations of Zn were higher in the leachates from SE. The FAs used in this study have 
strong potential for the neutralisation of AMD due to their alkaline nature. However, on the 
other hand, FAs must be further investigated, with scaled-up experiments before full-scale 
application, because they might leach pronounced concentrations of elements of concern with 
decreasing pH while neutralising AMD. 
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1 Introduction 
Acid mine drainage (AMD) causes widespread environmental damage in many parts of the 
world and poses an economic problem for many developed and developing countries. AMD is 
formed when mine waste rich in sulphides (principally iron sulphides, such as pyrite (FeS2) and 
pyrrhotite (Fe1-xS)) is exposed to oxygen and water. The generation of AMD is governed by a 
number of factors such as the rate of pyrite oxidation, the influence of buffering carbonate 
minerals and the presence of acidophilic bacteria in the host rock (Prasad and Mortimer 2011). 
High levels of AMD are often the result of poor management of mining activities and can cause 
low pH and elevated concentrations of dissolved metals in the nearby terrestrial area and 
receiving waterbody (Macías et al. 2012). 

If left untreated, a sulphide-rich mine waste deposit with low buffering capacity may generate 
AMD that has detrimental effects on the surrounding and downstream environments for 
hundreds or thousands of years (Johnson and Hallberg 2005; Sheoran and Sheoran 2006). 
Therefore, modern storage facilities are constructed for such deposits to mitigate the oxygen 
and water from reaching the sulphides in the waste. The most commonly used methods are to 
cover the waste with a layer of soil or to submerge it in water (Höglund et al. 2004; INAP 2009). 

Neutralisation of AMD can be achieved by the use of active or passive treatment systems, e.g. 
lime neutralisation (Geldenhuys et al. 2003), limestone neutralisation (Maree and Van Tonder 
2000), biological sulphate-removal (Maree et al. 2000), biological metal-removal (Cheong et 
al. 1998), heavy-metal removal through the ferrite process (Tamaura et al. 1991; Wang et al. 
1996) and the use of wetlands (Ji et al. 2012). Conventional (active) treatment systems are 
expensive and generate unwanted by-products, such as unstable metal-rich sludge, which must 
be safely disposed of to prevent the development of additional environmental hazards over time. 
Alternative (passive) treatment systems perform well initially, but become less efficient over 
time, because of clogging by organic carbon and gradual depletion of the treatment agent (Kalin 
et al. 2006). Thus, there is a need for the development of efficient and cost-effective methods 
for long-term treatment of AMD. 

Fly ash (FA) is generated in large amounts as a by-product in coal- and biomass-fired power 
plants. Because of its physical properties, many studies have focused on the potential use of FA 
as landfill cover (Okoli and Balafoutas 1999), road fill (Deschamps 1998), agriculture soil 
amendment (Marschner and Noble 2000; Zhang et al. 2002) and in aggregate and mono-
disposal (Tay and Goh 1991; Kosson et al. 1996; Kamon et al. 2000). However, due to its 
chemical (alkaline) properties, FA can also be used in treatment of AMD. Over the last decade, 
several studies have shown that both FA and its composites are effective in the neutralisation 
of AMD (Jia et al. 2014; Prasad and Mortimer 2011; Bäckström and Sartz 2011; Pérez-López 
et al. 2009; Pérez-López et al. 2007; Gitari et al. 2006). 

For example, according to ACAA (2015), approximately 117.6 million tonnes of 
coal combustion products were produced in the USA in 2014, of which 45.7 million tonnes was 
FA. Only 46% of the total produced FA was utilised (e.g. in cement and FA blends, in structure 
fills and embankments, in mining applications, for waste stabilisation and solidification, and in 
concrete products) (ACAA 2015). The remaining FA needed to be disposed of in an 
environmentally safe manner. Many other countries that, like the USA, generate large amounts 
of FA associated with the use of coal and wood, which can be used or has to be disposed of 
safely. Thus, there would be economic, environmental and operational benefits in using FA in 
the treatment of AMD. 

In the present study, the chemical, physical and mineralogical properties of FAs from two types 
of power stations from Pakistan (PK) and Finland (FI) and one paper industry from Sweden 
(SE) were described. The power stations and paper industry differed in the type of fuel used 
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and the type of combustion process employed. The acid neutralisation potential (ANP) of the 
FAs was tested in buffering capacity tests. Pakistan has enormous coal reserves with varying 
qualities from lignite to sub-bituminous (GoS 2012; Shoaib 2013). The reason behind the 
selection of different FAs was to compare the composition, ANP and element leachability of 
completely different FAs (originating from different sources).  

The objectives of the present study were:  

i. to physically, chemically and mineralogically characterise different FAs generating from
power stations (two types) and pulp and paper mill (one type);

ii. to investigate the leaching capacity of elements from three FAs; and

iii. to evaluate the potential of FAs for neutralisation of AMD.

2 Materials and methods

2.1 Materials 
Lignite and bituminous FA was obtained from a brown-coal-fired power station in Pakistan 
(PK) and a black-coal-fired power station in Finland (FI), respectively. Biomass FA was 
provided by a sulphate pulp and paper mill in Sweden (SE). 

2.1.1 PK FA 
The PK was generated from a power station based on Fluidised bed combustor (FBC) which 
burns lignite coal with certain addition of limestone for power generation. The FA samples 
were collected from the filter bag house. 

2.1.2 FI FA 
The coal is milled and fed by primary air to a coal fired boiler. The fly ash leaves the boiler at 
the top, and is separated from the flue gases in an electro-static precipitator (ESP). The samples 
were collected under the ESP. 

2.1.3 SE FA 
The SE come from a pulp and paper mill where biomass (wood) fuel is burnt in a FBC in which 
cyclone filters are used to separate solid material (ashes) from the hot flue gases which leave 
the exhaust. The FA was collected from the cyclone filters. 

2.2 Methods 
2.2.1 Mineralogical characterisation 
X-ray diffraction analysis (XRD) was used to describe the mineralogical character of the FA.

at 45kV and 40mA. The scanning range was measured in the Bragg–Brentano geometry from
5° to 90°.

SEM analyses were carried out on FAs using a FEI Magellan 400 XHR SEM. The thin sections 
were prepared by Vancouver Petrographics Ltd., Vancouver, BC Canada. The SEM was 
equipped with an INCA Energy 450 system with X-MAX80 EDS detector. The detectors used 
were through-lens detector (TLD) and Everhart-Thornley detector (ETD). The operating 
voltages were set to 10kV. 

2.2.2 Chemical analysis 
To determine the dry weight of each type of FA, samples were oven-dried at 105 °C for 24 h ± 
15 min. 



4 

The contents of 29 major elements (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti) and trace elements 
(As, Ba, Be, Cd, Co, Cr, Cu, Hg, Nb, Ni, Pb, S, Sc, Sr, V, W, Y, Zn, Zr) of the FAs were 
determined, by Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) 
(Martin et al. 1991) and Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) (Long and 
Martin 1991) at a SWEDAC-accredited laboratory (ALS Scandinavia, Luleå, Sweden). The 
ICP-AES analyses were performed using a Perkin Elmer Optima DV 5300 instrument following 
US EPA Method 200.7 (modified). The ICP-MS analyses were performed using a Thermo-
Scientific Element instrument following US EPA Method 200.8 (modified).  Briefly, the 
samples were digested with HNO3 after drying at 50 °C and analysed for As, Cd, Co, Cu, Hg, 
Ni, Pb, S and Zn. All other elements were analysed after fusion with lithium methaborate 
(LiBO2) and subsequent dissolution in HNO3.  LOI was determined at 1000 C. 
Classification of FAs was performed using the ASTM C618 standard guidelines (ASTM 2015). 
The standard classifies FAs in two classifications, Class-F and Class-C. FAs having the sum of 
SiO2, Al2O3 and Fe2O3 concentrations at least 70 wt. % and maximum LOI of 12 wt. % are 
classified as Class-F, which means that the FAs should have pozzolanic properties. Whereas, 
Class-C FAs have sum of SiO2, Al2O3 and Fe2O3 less than 70 wt. % with maximum LOI of 6 
wt. % and are supposed to have cementitious properties in addition to pozzolanic. 

2.2.3 Physical analysis 
Particle size distribution was determined by laser diffraction analysis using a CILAS 1064 laser 
granulometer (CILAS, Orléans, France). Prior to analysis, the sample was suspended in distilled 
water and the particles dispersed in the water by sonication. The particle size distribution was 
calculated using the CILAS software (de Boer et al. 1987). 

2.2.4 Leaching test 
A batch leaching test of the FA samples was performed following the procedure outlined in the 
Swedish standard SS-EN 12457-4 (SIS 2003), at a liquid-to-solid (L/S) ratio of 10 mL/g, with 
some modifications (Jia et al. 2014). This test has been shown to be more reliable than other 
leaching methods (Tsiridis et al. 2006). Briefly, 10 g of dry FA was mixed with 100 mL of 
deionised (MilliQ) water to achieve the desired L/S ratio. The mixture was vigorously shaken 
by hand until the solids were thoroughly suspended in the liquid. The samples were agitated on 
a rotary agitator for 24 h ± 15 min at 10 rpm. The eluate was collected by filtering the mixture 
through a 1 μm filter. Sub-samples were taken for measuring pH, electrical conductivity (EC) 
and redox potential (Eh). The remaining eluate was filtered through a 0.45 μm filter and its 
chemical composition was determined by ICP-AES and ICP-MS. 

2.2.5 Acid neutralisation potential of FAs 
The ANP was determined by the buffering capacity of FAs following a modified version of the 
batch titration method described by Wyatt (1984). Approximately 0.75 g of dry material was 
added to a series of 50 mL plastic bottles and a known volume of 1 M HCl was added to each 
bottle. For PK and FI samples, the volume of HCl ranged from 0 to 1 mL in increments of 0.1 
mL (resulted in a total of 11 bottles for each sample). For the SE sample, the added volume of 
HCl acid ranged from 0 to 8.5 mL in increments of 0.5 mL, resulted in a total of 18 bottles. The 
bottle content was diluted with deionised water to a final volume of 20 mL. 

The bottles were placed on an orbital shaker (IKA KS 260 basic, IKA-Werke GmbH and Co., 
Staufen, Germany) and agitated for 24 h ± 15 min so that the most common constituents of 
alkalinity are neutralised. The pH was measured with a calibrated pH meter (Metrohm Ltd, 704 
pH meter, Herisau, Switzerland). 
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The ANP was calculated as the CaCO3 equivalent in kilograms per tonne (Eq. 2) required to 
neutralise the AMD and maintain a near-neutral pH of the solution. 

CaCO3 + 2 H+  Ca2++H2CO3        (2) 

3 Results 

3.1 Mineralogical characterisation 
Besides the organic material, the PK FA was mainly composed of quartz (SiO2), iron (III) oxide 
(Fe2O3), anhydrite (CaSO4) and magnesioferrite (Mg(Fe3+)2O4). The FI FA was rich in quartz, 
iron (III) oxide, mullite (Al6Si2O13) and quicklime (CaO), whereas the SE FA was composed 
of quartz, calcite (CaCO3) and anorthite (CaSi2Al2O8) (Fig 1). 

 
Fig 1 X-ray diffraction (XRD) patterns of field samples of PK (top), FI (middle) and SE (bottom) FAs 

All the minerals indicated by XRD were also confirmed with SEM additionally mullite and 
albite in PK. In Fig 2, PK(a) shows anhydrite surrounded by iron oxide and iron oxide 
separately. In PK(b), mullite is surrounded by the mixture of albite and magnesioferrite. In FI, 
iron oxide and quicklime are present close but separate from each other, while mullite is present 
in a ring around organic matter and quartz. However, quartz, calcite, and anorthite exist apart 
from each other along with calcite and anorthite composing a section together in SE. 
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Fig 2 SEM images with EDS analyses of FAs. PK: a) Anhydrite and iron oxide, b) Quartz, mullite, albite 
and magnesioferrite. SE: Calcite, anorthite and quartz. FI: a) Iron oxide, lime/calcite, b) Quartz and 

mullite 

3.2 Chemical analysis 
The analysis of the chemical compositions of the FAs showed that the FI and SE samples were 
completely dry, whereas the PK sample had a moisture content of ca. 1.27 % by weight 
(hereafter, wt. %). The FI FA had the highest Si content, with a concentration twice as high as 
that of the PK and SE samples (Table 1). The Al concentrations in the PK and FI samples were 
similar and approximately three times higher than in the SE sample. The Ca content of the SE 
FA was six and eight times higher than that of the PK and FI FA, respectively. The PK FA was 
enriched in Fe, with five and 10 times more Fe than the FI and SE FA, respectively. Loss on 
ignition (LOI) was similar in the PK and SE samples, but noticeably lower in the FI sample. 
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Table 1 Major and trace element composition of FAs 
PKa FIa SEa Limeb CCc 

Dry Weight (DW) % 98.7 ± 0.1 100 ± 0 100 ± 0 67.6 ± 1.4 n.d
SiO2 Wt. % 26.6 ± 0.9 42.2 ± 1.4 28.35 ± 0.4 0.3 ± 0.0 59.30
Al2O3 Wt. % 17.9 ± 0.7 20.1 ± 1.3 6.65 ± 0.5 0.06 ± 0.02 15.36
CaO Wt. % 5.49 ± 0.2 3.5 ± 0.3 33.35 ± 0.1 53.9 ± 1.1 5.08
Fe2O3 Wt. % 31.2 ± 2 5.51 ± 0.08 2.53 ± 1 <0.09 7.15
K2O Wt. % 0.51 ± 0.01 1.94 ± 0.02 5.56 ± 0.01 0.18 ± 0.13 3.12
MgO Wt. % 2.02 ± 1 1.52 ± 0.01 3.63 ± 0.4 0.52 ± 0.07 3.47
MnO Wt. % 0.07 ± 0 0.04 ± 0 1.72 ± 0 0.051 ± 0.027 0.01 
Na2O Wt. % 1.6 ± 0.04 1.13 ± 0.08 1.62 ± 0.03 0.83 ± 0.02 3.81 
P2O5 Wt. % 0.06 ± 0.01 0.57 ± 0.02 3.25 ± 0.01 1.18 ± 0.04 0.25 
TiO2 Wt. % 1.85 ± 0.1 0.71 ± 0.06 0.2 ± 0.02 0.01 ± 0.00 0.73 
Sum Wt. % 87.3 ± 3 77.1 ± 3.4 86.85 ± 0.1 57.0 ± 1.4 98.28 
SiO2+Al2O3+Fe2O3 Wt. % 75.7 67.8 37.53 n.d n.d
LOI Wt. % 7.93 ± 0.1 4.45 ± 0.07 9.9 ± 0.03 42.2 ± 0.1 n.d
As mg/kg TS 7.49 ± 0.6 17.3 ± 0.1 28.7 ± 0.3 <1.0 1.8
Ba mg/kg TS 211 ± 8 1330 ± 0 2550 ± 5 280 ± 35 425
Be mg/kg TS 7.25 ± 0.4 3.91 ± 0.05 0.72 ± 0.3 <0.5 2.8
Cd mg/kg TS 0.97 ± 0.1 0.35 ± 0.02 13.05 ± 0.04 0.39 ± 0.04 0.2
Co mg/kg TS 88.6 ± 8 22.6 ± 0.28 9.88 ± 6 0.17 ± 0.03 25
Cr mg/kg TS 168 ± 7 70.1 ± 7.9 143 ± 1 10.9 ± 1.2 100
Cu mg/kg TS 119 ± 12 55.7 ± 0.99 100.05 ± 8 0.75 ± 0.07 55
Hg mg/kg TS 0.49 ± 0.1 0.19 ± 0 0.44 ± 0.04 <0.03 0.08
Mo mg/kg TS 18.6 ± 2 7.45 ± 0.02 9.77 ± 1 <0.5 1.5
Ni mg/kg TS 155 ± 15 57.4 ± 0.99 61.95 ± 10 4.72 ± 0.05 75
Pb mg/kg TS 18.9 ± 2 27.7 ± 0.21 84.75 ± 1 10.0 ± 0.3 13
S mg/kg TS 23833 ± 2122 1150 ± 14 14000 ± 1491 1205 ± 35 260
Sr mg/kg TS 1510 ± 61 1235 ± 21 875 ± 28 n.d 375
V mg/kg TS 339 ± 7 102 ± 9 33.3 ± 1 n.d 135
Zn mg/kg TS 218 ± 24 94.4 ± 1.56 2585 ± 16 2.50 ± 0.71 70
Zr mg/kg TS 277 ± 5 252 ± 5 95.55 ± 0.01 n.d 165

a Mean ± standard deviation (n = 3), b after Jia et al. (2014), c Continental Crust after Krauskopf and Bird (1995), wt. % = percent dry weight, 
LOI = loss on ignition, TS = total solids, n.d = not determined 

The differences between the three FAs became apparent when they were classified according 
to the ASTM C618 standard (ASTM 2015). The PK was a Class F FA and the FI was a Class 
C FA. The SE FA could not be classified according to the standard, since SiO2, Al2O3 and Fe2O3 
together constitute less than 50 wt. %. 

The three FAs had distinctly different trace element compositions (Table 1). The PK FA had 
the highest concentrations of Ni, S and V, whereas the SE FA had the highest concentrations of 
Ba, As and Zn. The PK and SE FAs were also richer in Cr and Cu, while the highest 
concentrations of Sr and Zr were found in the PK and FI samples. The Ni content of the PK FA 
was twice as high as that of the FI and SE FAs. The PK FA also had the highest S content, with 
twice as much S as the SE FA and 20 times more than the FI FA, and the highest V content, 
which was double than that of the FI FA and 10 times higher than that of the SE FA. The Sr 
contents of the PK and FI samples were similar and approximately double than that of the SE 
sample. 
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The PK and FI FAs also had a three-fold higher Zr concentration than the SE FA. However, the 
Cr and Cu contents of the PK and SE FAs were similar and approximately twice as high as in 
the FI FA. The SE FA had the highest Ba concentration, which was twice as high as that of the 
FI FA and 10 times higher than that of the PK FA. The As content of the SE FA was double 
than that of the FI FA and four times higher than that of the PK FA. The SE FA was also 
enriched in Zn, with a concentration that was 10 and 25 times higher than the Zn concentration 
of the PK and FI FA, respectively. 

When compared to average values for the continental crust, FAs were enriched in S, metals and 
elements that, in coal, are associated with sulphide minerals, e.g. As, Cd, Cu, Hg, Mo and Zn. 

3.3 Physical analysis 
Grain size analysis of the FAs revealed that the PK FA had the highest proportion of coarse 
particles and that the SE FA had the highest proportion of fine particles (Table 2). Particle size 
distribution curves generated for the fine particle fraction showed the same trend (Fig 3). 
Overall, the particle size of FAs decreases from PK, FI to SE. 

The classification of fine  and coarse (>63 μm) particles was carried out in accordance 
with the current guidelines in ISO 14688-1 (ISO 14688-1 2002); however, results for the < 1 
μm size fraction are associated with some uncertainty because of the instrument limitations. 

Table 2 Proportion of coarse and fine particles in FAs related to fuel, combustion and collection type 

Fly Ash % Fine % Coarse Fuel Combustor Collection 
system 

PK 75 25 Lignite coal FBC Filter bags 
FI 87 13 Bituminous Coal Boiler ESP 
SE 99 1 Biomass (wood) FBC Cyclone filters 

Fig 3 Particle size distribution of FAs  

3.4 Leaching analysis 
The pH was alkaline for all three FA samples (Table 3). The FI FA had a higher redox potential 
than both the PK and SE FAs. The electrical conductivity was eight times higher in the SE FA 
than in the PK and FI FAs. Chemical analysis of the elemental compositions of the leachates 
showed that leaching of Mg2+, Ca2+, Na+, Cl- and SO42- was much more pronounced from the 
PK FA than from the FI and SE FAs. 



9 

Table 3 Chemical composition and physicochemical characterisation of FA leachates 

PKa Leachedb 
(%) FIa Leachedb 

(%) SEa Leachedb 
(%) 

pH 9.55 n.d 12.25 n.d 13.48 n.d
Eh mV -145 n.d -296 n.d -155 n.d
EC μS/cm 3.07 n.d 2.25 n.d 23.09 n.d
Ca mg/L 497 ± 20 <0.1 222 ± 4.27 0.63 644 ± 38 0.19
Fe mg/L <0.004 n.d <0.004 n.d <0.004 n.d
K mg/L 8.86 ± 0.28 0.17 5.16 ± 0.09 <0.1 1835 ± 106 3.30
Mg mg/L 57.87 ± 6.24 0.29 <0.09 n.d <0.09 n.d
Na mg/L 364 ± 7 2.28 21.43 ± 0.54 0.19 319 ± 26.16 1.97
DOC mg/L 1.18 ± 0.29 n.d 1.03 ± 0.05 n.d 2.50 ± 0.57 n.d
Cl mg/L 53.67 ± 11.96 n.d 2.65 ± 2.56 n.d 401 ± 16 n.d
F mg/L 4.10 ± 0.36 n.d 1.375 ± 0.13 n.d 0.90 ± 0.14 n.d
SO4

2- mg/L 2123 ± 141 2.97 132 ± 7 3.81 1630 ± 212 3.88
Al μg/L 131 ± 26 <0.1 118 ± 21.75 <0.1 2.53 ± 0.38 <0.1
As μg/L 1.83 ± 0.37 <0.1 <0.5 n.d <0.5 n.d
Ba μg/L 78.23 ± 5.13 <0.1 288 ± 10.61 0.11 257 ± 2.12 <0.1
Cd μg/L 0.36 ± 0.03 0.91 0.39 ± 0.02 <0.1 0.21 ± 0.013 <0.1
Co μg/L <0.05 n.d <0.05 n.d 0.062 ± 0.00 <0.1
Cr μg/L 1.13 ± 0.26 <0.1 139 ± 1.71 0.19 600 ± 38.89 0.42
Cu μg/L <1 n.d <1 n.d <1 n.d
Hg μg/L <0.02 n.d <0.02 n.d <0.02 n.d
Mn μg/L 1.06 ± 0.364 <0.1 <0.2 n.d <0.2 n.d
Mo μg/L 330 ± 8 1.78 360 ± 4 4.82 265 ± 2.83 2.71
Ni μg/L 1.08 ± 0.32 <0.1 <0.5 n.d <0.5 n.d
Pb μg/L <0.2 n.d <0.2 n.d 19.7 ± 0 <0.1

Zn μg/L 2.11 ± 0.21 <0.1 20.01 ± 
23.74 <0.1 135 ± 3.54 <0.1 

amean ± standard deviation (n = 3). n.d = not determined. bConcentration of element in leachate compared to the concentration in unleached 
solid FA 

3.5 Acid neutralisation potential of FAs 
The results for ANP of PK, FI and SE FAs showed that the SE FA was able to neutralise acid 
to a much greater extent than the PK and FI FAs. The SE FA had ANP of 275 kg CaCO3 tonne-

1, whereas the PK and the FI FAs had much lower ANP of 20 and 25 kg CaCO3 tonne-1, 
respectively. There was a distinct break in the acid titration curve for the FI FA, where the 
acidity of the solution suddenly increased from pH 6.5 at 0.5 mmol H+ g-1 to pH 3.5 at 0.6 mmol 
H+ g-1. After this point, the solution pH remained in the range 3.5 to 2.8 (Fig 4). For the PK and 
SE FAs, solution pH gradually decreased with increasing volume of acid. 

Fig 4 Acid titration curves of FAs against 1M HCl 
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4 Discussion 
Acid mine drainage poses a risk to the environment from the moment a mine opens until long 
after mining operations have ceased (Johnson and Hallberg 2005; Sheoran and Sheoran 2006). 
Sulphide-containing mine waste will react with oxygen and water to produce acid leachates, 
unless the buffering capacity of the water is sufficient to maintain pH at a near-neutral level 
(INAP 2009). The physical and chemical properties of FA suggest that it could be used in the 
mitigation of AMD. The application of FA would not only neutralise acids, but also cover the 
mine waste in a hard, non-porous material, which would prevent the intrusion of oxygen and 
water into the mine waste and thus prevent further generation of AMD (Bulusu et al. 2007). 

4.1 Mineralogy and chemical composition 
The mineral phases identified by XRD were also confirmed with SEM. The XRD analyses 
revealed that, besides the organic material, only quartz was common in all three FAs. The SEM, 
however, helped to determine two more minerals (mullite and albite) in PK. FA particles consist 
of three distinct regions, namely a core composed of amorphous aluminosilicate glass, an inner 
layer composed of a network of mullite crystals and an outer layer of deposits (Kukier and 
Summer 2004). The particular conditions created during the melting, evaporation and 
condensation of a coal mineral admixture determine the specific structure of the formed FA, for 
instance, thermal transformation of phyllosilicates present in coal particles commonly leads to 
the formation of glass and mullite (Kukier and Summer 2004). 

FA particle surfaces are often enriched in highly environmentally reactive elements. As a result, 
these elements readily react when the FA particle is exposed to water and release into the 
environment, which is controlled by precipitation or dissolution processes. In contrast, elements 
associated with the aluminosilicate glass are protected from contact with water and the release 
of such elements to the environment is dependent on the weathering of the FA material (Kukier 
and Summer 2004). 

Most of the trace elements such as As, Se, Mo, Zn and Cd present in FA (>70%) are 
concentrated to the particle surfaces, whereas more than 70% of the major elements such as Na, 
K, Mg and Fe are associated with the aluminosilicate matrix (Hansen and Fisher 1980; Jones 
1995). Several elements, including Mn, Cr, Cu, Co, Ba, Pb and Ni, are evenly distributed 
between the aluminosilicate matrix and non-matrix material (Hansen and Fisher 1980). Boron 
may also be preferentially associated with the particle surface (Gladney et al. 1978). 

The chemical and mineralogical composition of FA is determined by the chemical composition 
of the coal, the combustion process used (e.g. pulverisation method, flue gas cleaning system 
and FA collection system) and the additives used during the combustion process (Baker 1987). 
Physical and chemical processes, such as adsorption, condensation and chemical transformation 
also affect elemental composition of FA (Ratafia-Brown 1994; Jones 1995). 

In the present study, obvious differences in major element contents (Si, Al, Ca, Fe, K, Mn and 
P) and the concentrations of trace elements (Ba, Cr, Cu, Ni, S, Sr, V, Zn and Zr) between the
three types of FA were observed. These differences were expected, since the FAs were not only
generated from different fuels, but also by different combustion processes.

The PK FA had the highest concentrations of Fe, Cr, Cu, Ni, S and Zn. Siddiqui (1999) also 
reported high concentrations of these elements in the lignite coal used to produce this (PK) FA. 
Comparatively, the S concentration in the PK sample was four times higher than that reported 
by Johnson et al. (2010) for lignite coal FA from a more advanced power station. The high S 
concentration found in the present study was probably the result of a combination of particularly 
S-rich coal and the lack of a desulphurisation unit in the combustion system.
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In contrast, the SE FA, which had been produced from a biomass fuel, was enriched in nutrient 
elements that are taken up by plants and incorporated into their biomass, e.g. Ca, K, Mg, Mn 
and P. Moreover, high Ca content in SE can also be attributed to addition of lime/limestone 
during combustion or flue gas treatment system. 

The FI FA was practically similar to other bituminous FAs; the concentrations of several major 
and trace elements in the FI sample were identical, or similar, to those reported by Lieberman 
et al. (2014) for two bituminous FAs. 

4.2 Physical characteristics and element leaching 
The extent of leaching of an element from FA depends mainly on its concentration in the feed 
coal, and therefore in the FA, and on the pH of the environment where the leaching takes place. 
However, the leaching of a specific element is also affected by the solubility of the compounds 
in the FA that contain that element. Izquierdo and Querol (2012) stated that, when FA is formed, 
volatile elements (including S, As, B, Hg, Cl, Cr and Se) condense on the surface of the FA 
particle as it starts to cool down and form a range of compounds of highly variable solubility. 
Importantly, many of these volatile elements also form compounds with Ca during the cooling 
process (Izquierdo and Querol 2012). 

Because most of the interactions between the FA and the environment occur at the FA surface, 
the total surface area of the FA is also important. In addition, the water retention capacity of the 
FA is affected by the total surface area. From their particle size distributions, it is shown that 
all three FAs in the present study have sufficient surface areas for the enrichment of elements 
on the surfaces to be of interest in the context of AMD remediation (Markowski and Filby 
1985). The higher proportions of fine particles in the PK (75%), FI (87%) and SE (99%) FAs 
suggest that all three FAs have large surface areas and low hydraulic conductivity (Pathan et al. 
2003). Therefore, FAs can reduce the oxygen transport rate and prevent sulphide oxidation if 
the FAs are applied for the remediation of AMD or as cover material. The water retention 
capacity can sometimes be higher in finer FAs and lower in coarser FAs (Pathan et al. 2003) 
and sometimes the opposite (Sarkar and Rano 2007). This is because the water retention 
capacity of FAs depends upon many factors such as particle size, particle shape and porosity 
(Sarkar and Rano 2007). 

Strong element concentration gradients are not only observed within FA particles (Kukier et al. 
2003), but also during leaching of FAs (Izquierdo and Querol 2012). The surface layer of a FA 
particle is less than one micrometre thick, but can nonetheless contain a substantial amount of 
elements which are readily leachable (Iyer 2002). 

Although the three FAs in the present study behaved differently in the leaching experiment, the 
magnitudes of leaching of some elements were similar across the FAs. For example, Ca and 
SO42- concentrations were high in all three leachates; being highest in PK and SE. The 
pronounced concentrations of S and Ca are usually common in FA leachates because they occur 
in different mineralogical phases and compounds. Correlation between occurrence and 
leachability of S and Ca has previously been reported by Iwashita et al. (2005) and Izquierdo et 
al. (2008). The presence and dissolution of Ca-rich soluble salts in the FA would further 
contribute to the high Ca concentrations, that is also reported by Izquierdo and Querol (2012) 
previously. The cation Ca2+, and anion SO42- presented in the leachate are also assumed to be 
partially due to the dissolution of gypsum (CaSO42-), as shown by Shukla et al. (2008) and Peng 
et al. (2009). 

In the leachate from the SE FA, concentrations of K were also elevated. Koukouzas et al. (2007) 
showed that biomass fuel caused elevated levels of K in FA, by increasing the proportion of 
wood in a coal/wood fuel mixture. Therefore, the preferential leaching of K from the SE FA 
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can be attributed to its source, i.e. biomass. According to Phung et al. (1979), FAs contain 
soluble salts that are readily dissolved in water. Therefore, pronounced K and Cl concentrations 
in SE can also be related to their occurrence as soluble salts in the FA. 

Arsenic, Cr and Mo are of special concern, since they are highly soluble in water and have 
negative impacts on flora and fauna (Izquierdo and Querol 2012). Concentrations of Cr and Mo 
were high in FA leachates, except Cr from PK, principally due to the alkaline conditions that 
also restricted As from leaching (Izquierdo and Querol 2012). 

4.3 AMD neutralisation potential 
The ANP of FA is mainly determined by its total calcite content (Gitari et al. 2006), although 
it is also affected by the particle size of the FA. Finer FAs perform better than coarser FAs, 
because the larger total surface area of finer FA increases the area of interaction with the 
surrounding water (Vadapalli et al. 2007). In the present study, significant differences in the 
ANP of the FAs were observed. The SE FA had the highest ANP, because of its high calcite 
content and large proportion of fine particles. However, the small grain size of the SE FA also 
contributed to a small increase in the leaching of some major elements, compared to the other 
two FAs. 

Using the determined values of ANP, it is possible to approximately estimate the quantities of 
FA required to neutralise a known waste rock. For example, assuming that the net neutralisation 
potential (NNP) of the waste rock is -20 kg CaCO3 tonne-1, 1000 kg of PK FA per tonne of 
waste would be needed to neutralise the acid from the waste rock. For the FI and SE FAs the 
equivalent amount would be 800 kg tonne-1 and 80 kg tonne-1, respectively. 

Therefore, all FAs possess potential to neutralise AMD but larger quantities of less reactive 
FAs would be required than SE to do the same amount of work. However, due to the fact that 
the SE comes from a biomass source and that sometimes the coal producing and utilising 
countries produce significantly large quantities of coal FAs (requiring environmentally safe 
disposal) than biomass FAs, the less reactive coal FAs might be the only available option for 
mining companies. Furthermore, the coal fired power stations are usually situated near the coal 
mines, therefore, ease of availability of coal FAs makes them a viable and economically 
promising solution as well. 

The typical ash content for lignite coal is in the range of 6% to 19%, while the ash content of 
bituminous coal ranges from 6% to 12% (Ghassemi 2002). Thus, combustion of lignite coal 
would generate 60–193 kg of (PK) FA per tonne of coal burnt and bituminous coal would 
generate 60–122 kg of (FI) FA per tonne. Therefore, 5–16 tonnes of lignite coal, or 5–8 tonnes 
of bituminous coal, would be required to neutralise one tonne of a waste rock with an NNP 
value of -20 kg CaCO3 tonne-1. 

5 Conclusions 
The objectives of the present study were to characterise three FAs, to study the leachability of 
elements from these FAs, and to investigate the acid-neutralisation potential of FAs. 

The FAs were shown to have different chemical and mineralogical compositions. The content 
of major elements (such as Fe, Si, Al and Ca) was high in all three FAs, but the concentration 
of each element varied between the FAs, for instance, Fe and S were enriched in PK while Ca, 
K and P in SE and Si in FI. Similarly, a marked difference in trace element (As, Ba, Co, S, Sr 
and Zn) concentrations was also observed. These differences are mainly because the FAs were 
generated from three different fuel types and processes. 

The FAs also differed in grain size, with fine particles constituting 75% of the PK FA, 87% of 
the FI FA and 99 % of the SE FA that provided more surface area to the elements to be sorbed 
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on the particles and readily available for taking part in rapid leaching. The abundantly leached 
elements in FAs were Ca, K (in SE), Na, Al, Ba, Cr and Mo. However, due to the strongly 
alkaline nature of FAs, element mobility of some elements (such as Fe, Mg, As, Co, Cu and 
Hg) was restricted to minimum levels. 

The ANP of the SE FA was approximately 10-15 times higher than that of the FI and PK FAs, 
mainly because of the higher Ca-bearing mineral content. Therefore, all FAs possess potential 
for the neutralisation of AMD but more quantities of PK and FI would be required than SE to 
perform the same job. However, less reactive (coal) FAs might be the only available and 
economically promising solution for mining companies because the coal fired power stations 
are usually situated near the coal mines and sometimes the coal producing and utilising 
countries produce significantly large quantities of coal FAs (requiring environmentally safe 
disposal) than biomass FA. 

Based on the laboratory results obtained in the present study, the FAs need to be investigated 
further using scaled-up laboratory experiments to assess the potential of FAs for the mitigation 
of AMD. Since the laboratory experiments, such as buffering capacity test, are used to simulate 
the neutralisation processes, the long-term acid-neutralisation capacity of the FAs may be 
erroneous. Furthermore, the concentrations of major and trace elements in leachates indicate 
that the FAs have potential to deteriorate quality of ecosystem while in contact with water. The 
leaching of elements from FAs can be limited by maintaining near-neutral pH conditions and 
by adding materials that are known to absorb and adsorb the objective elements. The mine waste 
material itself can often adsorb many of the elements present in the leachate. Since mining 
waste materials are rich in major and trace elements, which can leach into the environment, it 
is difficult to predict the net leaching of individual elements. Thus, the acidity of mine waste 
will affect the acid-neutralising capacity of FA and influence the FA leaching pattern. Despite 
this, FA can be successfully used to treat AMD if the final solution pH is near neutral and 
sorption of leached elements is achieved. 
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Abstract 
Waste rocks (WR) from a lignite producing coal field and fly ash (FA) produced from a power 
plant incinerating lignite from this field have been investigated in this study with the main 
objectives to study if co-disposal of WR and FA can reduce the environmental problems related 
to these waste types. Two methods for co-disposal were tested: i) Mixing WR and FA and ii) 
covering WR with FA. Effect of particle size on acid generating potential and element leaching 
was also tested and it has been observed that the smaller particle sizes ( 2mm) produced low 
pH (~2) leachates with elevated concentrations of the sulphide related elements (such as Fe, S, 
Zn, Co, Cr, Cu, Mn and Ni) compared to 5mm (pH~3) and 10mm (pH~3.7) particles, 
indicating that sulphide oxidation has been pronounced in smaller particles. Co-disposal of FA 
as mixture showed instantaneous effect, resulting in higher pH (~3–6) and better leachate 
quality from the beginning, except initial flush-out on the first rinse. However, acidity produced 
by secondary mineralisation contributed towards the acidification of the system, causing 

method gradually increased from strongly acidic (pH~2) to mildly acidic (pH~ 5) and 
circumneutral (pH~7) along with decrease in EC and elemental leaching. Gradually increasing 
pH can be attributed to the cover effect, which may have had reduced oxygen ingress, thus 
sulphide oxidation, causing pH to elevate. Since pH~4–5 is sufficient for the secondary Fe- and 
Al-mineral precipitation, the FA cover performed well to achieve that pH until the conclusion 
of the column leaching experiment. However, due to the slower reactivity of the buffering 
system (additional to the initial flush-out), leaching in the beginning was not restricted. The 
co-disposal of FA as cover and/or mixture possess potential for neutralisation of AMD and 
improving leachate quality significantly. However, both systems need to be up-scaled and 
investigated for AMD neutralisation, leachate quality, kinetic modelling and geotechnical 
properties. 

Keywords: Coal mine waste rock, acid mine drainage (AMD), fly ash, co-disposal, dry cover, mixing. 
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NNP Net neutralisation potential 
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1 Introduction 
Despite the latest developments towards cleaner alternative fuels, coal still makes up about 
28% of the total global primary energy supply large-scale activity, 
extracting approximately 7.8 billion tonnes of coal worldwide in 2013 (WCA, 2015). A global 
increase in electricity demand is driving the coal industry to expand further - . 
However, coal mining raises particularly significant environmental concerns. Apart from the 
carbon dioxide effect, it produces waste rocks (WRs) that often contain sulphides, with 
principally high contents of iron sulphides such as pyrite (FeS2) and pyrrhotite (Fe1 – xS). High 
concentrations of trace elements such as As, Cu, Hg, Zn, Ni, Co, Mo, Se and Cr are also often 
present in WRs. 

The sulphide-rich WRs are considered environmentally damaging because the sulphide 
minerals are unstable when exposed to the surface atmospheric conditions. The sulphide 
minerals, in presence of water and oxygen, produce acidic leachates with increased 
concentrations of major and trace elements that eventually end up in natural water resources. 
Such a process is commonly referred to as acid mine drainage (AMD). For instance, results 
from Qureshi et al. (2016b) showed that the WRs from a lignite-producing coal field in Pakistan 
had strong AMD potential and could seriously affect the quality of the surrounding 
environment. 

Therefore, there are many methods that have been developed to treat and/or mitigate AMD 
from mining wastes in the last few decades such as in-pit disposal, wet and dry covers, and 
blending and co-disposal (Li et al., 2011; Morris and Williams, 1997; Mäkitalo et al., 2016; 
Nason et al., 2013; Villain et al., 2013). The prevention (minimisation) techniques for AMD 
aim to stop sulphide oxidation and migration of weathering products to the environment by 
minimising the reaction rates and elemental leaching . The basic concept behind 
most of the prevention techniques is to reduce and/or stop oxygen ingress and water infiltration 
through the waste deposits. 
Although selection of prevention/mitigation methods can be site-specific, in-pit disposal, 
mixing and blending, co-disposal, and wet and dry covers are the most commonly used 
methods today. For instance, wet- and dry-covers have been studied by Höglund et al. (2004). 

On the other hand, utilisation of coal for heat and power generates fly ash (FA) that contains 
ecologically harmful substances (including As, B, Cd, Cr, Cu, Pb, Se and Zn (ACAA, 2014)). 

A also contains approximately 10 – 15 % particulate matter with a size less than 
10 μm (PM10), breathable by humans and, therefore, seriously harmful, causing damage to the 
human respiratory system (Medina et al., 2010).  

FA has been utilised in different ways such as in concrete/concrete products, blended cement, 
road base/sub-base and soil modification/stabilisation etc. (ACAA, 2015), because of its 
physical (self-hardening) properties. However, in recent years, several studies have shown that 
FA and its composites are effective in the neutralisation of AMD (Bäckström and Sartz, 2011; 
Gitari et al., 2006; Jia et al., 2014; Pérez-López et al., 2009, 2007; Prasad and Mortimer, 2011). 

The previous literature suggests that FA is a potential prevention and/or neutralisation agent 
for AMD. FA can be used as a dry cover material over WR dumps to isolate them from the 
surface atmospheric conditions and prevent AMD generation, or it can be mixed with WRs to 
backfill underground coal mines and prevent or neutralise any AMD that might be generated 
by the WRs. However, it is important to study both materials on a laboratory scale before any 
full-scale application to determine the best practice to be adopted in the field to remediate the 
waste materials. 
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Therefore, WRs from one of the largest lignite-producing coal fields in Pakistan and FA from 
a coal-fired power station that uses coal from the same field were studied in this research. The 
approximate ratio of WR to FA production tends to be 1:1 in this coal field. The objectives of 
this study were to i) evaluate the impact of particle size on AMD generation and leachate 
quality, ii) determine the effectiveness of co-disposal (mixing and cover) of lignite FA for 
AMD neutralisation, and iii) identify the potential for precipitation/co-precipitation and/or 
dissolution of the secondary minerals to take place in the mixtures using a thermodynamic 
geochemical model (PHREEQC). 

2 Materials and methods 

2.1 Materials 
2.1.1 Waste Rocks 
The samples of WRs were collected from four deposits near three underground coal mines in 
one of the largest coal fields (Lakhra) in Pakistan. The estimated coal reserves in the field are 
approximately 1.3 bt with qualities varying from lignite to sub-bituminous (GoS, 2012). The 
WR samples were selected based on previously determined acid-generating potential (Qureshi 
et al., 2016b). The details of the WR samples are shown in Table 1. 

Table 1 Details of the WR samples 
Sample 
Designation 

Sample Location Characteristics Acid Generating Potential (NNP)a 

WR1 Mine 1 Two to three months old -144 ± 112 CaCO3 tonne-1 

WR2 Mine 1 Less than a week old -70 ± 6 CaCO3 tonne-1 
WR3 Mine 3b Less than a week old -492 ± 178 CaCO3 tonne-1 

a after Qureshi et al.( 2016b), b WR from Mine 2 was excluded here due to the similar behaviour as WR3 

2.1.2 Fly Ash 
The FA was generated from a Fluidised Bed Combustion (FBC) power station which burns 
lignite coal with some addition of limestone. The FA sample was collected from the filter bag 
house. 

2.2 Methods 
2.2.1 Mineralogy and chemical composition 
A detailed mineralogical and chemical characterisation of WRs and FAs has been described in 
our previous work (Qureshi et al., 2016a, 2016b) and is summarised in Table 2 and Table 3, 
respectively. 

Briefly, the mineralogy was determined using XRD and SEM; the chemical characterisation 
was achieved by analysing the samples using –MS and –AES following the methods 
described in section 2.2.3 below. 

2.2.2 Column leaching experiment (CLE) 
Columns were prepared from plexiglas tubes, each of 25cm in height, 5cm diameter and sealed 
with a rubber qwick cap at bottom. A nylon filter of 1μm was placed and small nipple was 
installed at the bottom to filter and extract leachate, respectively. Sample material was filled 
and naturally compacted to a maximum height of approximately 15cm. 

CLEs 
The weight of material was 230g of WR1, 265g of WR2 and 278g of WR3 in each column. FA 

particle size of WR sample, one with a small FA cover on top of the sample and one with 



5 

mixing FA and WR. The proportion (FA:WR) of FA was 1:5 in the cover scenario and 1:3 in 
the mixture scenario. An illustration of the Experimental setup is shown in in Fig. 1. 

Fig.  1. Illustration of column leaching experiment 

Leaching was performed for 92 days (five rinses) with varying leaching times (1–4 days) and 
10 drying days in between each rinse. Different liquid-to-solid (L/S) ratios (1, 5, 10 and 15 L 
kg 1) were used for each rinse and, after the 4th rinse, the L/S ratio 1 was applied again to 
evaluate any effect of L/S ratio on differences in physicochemical composition of leachates. 
MilliQ  water was used as leaching solution and a peristatic pump was used to control the 
flow rate and duration of each rinse. 

eluates were filtered with a 0.45μm nylon filter 
and the pH, redox potential (Eh), and electrical conductivity (EC) of each eluate were 
determined. The eluates were then placed in a laboratory freezer at a temperature below 
°C before their chemical analyses. 

However, the effect of particle size on elemental leaching was only analysed for WR1. Since, 
pH (Lottermoser, 2007) and EC (Gray, 1996a) can be good indicators of sulphide oxidation 
(AMD), they were used as indicators of AMD in WR2 and WR3. 

2.2.3 Physicochemical characterisation of eluates 
The proportions of 29 major elements (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti) and trace elements 
(As, Ba, Be, Cd, Co, Cr, Cu, Hg, Nb, Ni, Pb, S, Sc, Sr, V,W, Y, Zn, Zr) in the WRs and eluates 
were determined using pled Plasma-Atomic Emission Spectrometry ( -AES 
(Martin et al., 1991)) -Mass Spectrometry -MS (Long and 
Martin, 1991)) at a SWEDAC-accredited laboratory (ALS Scandinavia, Luleå, Sweden).  

-AES analyses were carried out using a Perkin Elmer Optima DV 5300 instrument 
-MS analyses were carried out using a 

Thermo-Scientific Element instrument following US EPA Method 200.8 (modified). Briefly, 
the samples were digested with HNO3 and analysed for As, Cd, Co, Cu, Hg, Ni, Pb, S and Zn. 
All other elements were analysed after fusion with lithium methaborate (LiBO2) and 
subsequent dissolution in HNO3. 

Additionally, modified versions of procedures CSN - -
2 for Cl, F and SO4  and CSN EN 1484 for DOC were carried out by the same laboratory. 



6 
 

2.2.4 Geochemical modelling 
The results from the physicochemical characterisation of eluates (2.2.2) were geochemically 
modelled using the geochemical equilibrium model PHREEQC (Parkhurst and Appelo, 2013) 

.V4 database (Allison et al., 1991), to study potential secondary mineral 
formation or dissolution. 

computed using PHREEQC indicated the thermodynamic tendency of 
a given mineral to precipitate or dissolve in the aqueous solutions indicated that 
the solution is not saturated with respect to a particular solid phase and that the solid phase 
would tend to dissolve if present, while a positive value indicated a tendency for the mineral to 
precipitate. A value close to zero suggested that the mineral was in equilibrium in the solution 
and may either precipitate or dissolve. 

3 Results and Discussion 

3.1 Mineralogical and chemical composition 
Since pyrite is the most environmentally-damaging mineral in mining waste (because of its 
unstable nature in surface atmospheric conditions and its potential for producing AMD), it was 
important to determine whether the WRs contained pyrite. The XRD analyses carried out on 
the WRs (Table 2) revealed that they contained pyrite along with various other minerals (such 
as quartz, kaolinite, calcite and gypsum in WR1, kaolinite, hematite, gypsum and quartz in 
WR2 and quartz, kaolinite, malladerite, spangolite and franklinite in WR3). Therefore, the 
WRs were predicted to generate AMD, something which has been confirmed previously 
(Qureshi et al., 2016b). However, minerals such as calcite and kaolinite can contribute towards 
the self-neutralising potential of WRs, depending on pH levels. However, buffering by 
kaolinite is much less efficient than that of carbonates (Ritchie, 1989). 

Table 2 Mineralogy of the samples determined by XRD 
Sample Mineralogy 
FAa 

2O3), quartz (SiO2), anhydrite (CaSO4) and magnesioferrite 
(Mg(Fe3+)2O4), quicklime* (CaO) 

WR1b Dominated by quartz (SiO2), arsenopyrite (FeAsS) and kaolinite (Al2Si2O5(OH)4), with 
variable amounts of pyrite (FeS2), calcite (CaCO3) and gypsum (CaSO4·2H2O) 

WR2b Dominated by pyrite* (FeS2), kaolinite (Al2Si2O5(OH)4), Hematite (Fe2O3) and gypsum 
(CaSO4·2H2O), with variable amounts of quartz (SiO2) 

WR3b Dominated by pyrite (FeS), quartz (SiO2) and kaolinite (Al2Si2O5(OH)4), with variable 
amounts of malladerite (Na2SiF6), spangolite (Cu6Al(SO4)(OH)12Cl·3(H2O)), 
franklinite (ZnFe2O4) 

a after Qureshi et al. (2016a); b after Qureshi et al. (2016b); *fresh analysis 

The mineral composition of FA (Table 2) was dominated by ferric oxide followed by quartz, 
anhydrite, magnesioferrite and lime. Conventionally, the Ca-bearing minerals are considered 
responsible for the acid-neutralising potential of FA (Gitari et al., 2006). However, silicates, 
Fe oxides and Al oxides can also contribute to acid-buffering processes in low pH conditions 
(Lottermoser, 2007). 

The WR samples contained high concentrations of Fe and S (Table 3), varying from 1.5 to 10 
wt.% and 1 to 11 wt.%, respectively. The high sulphur content of the WRs is mainly due to the 
high sulphur coal in the field, as reported by Siddiqui et al. (1999). 

The concentrations of all the trace elements in the WRs were similar to their corresponding 
concentrations in the continental crust (CC; (Krauskopf and Bird, 1995)), except for Ba (higher 
in CC), Cu (lower in CC) and Sr (higher in CC).  almost all trace elements were 
found enriched in the FA compared to CC, except for Ba (higher in CC) and Sr (lower in CC). 
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Table 3 Major and trace element composition of the samples as determined by ICP-MS and ICP-AES 
analyses 

ELEMENT FA a,b WR1 a,c WR2 a,c WR3 a,c CC d 

Dry weight (%) 98.7 ± 0.1 90.53 ± 5.38 77.33 ± 0.12 83.93 ± 0.23 n.d
Si (% dw) 12.43 ± 0.42 8.33 ± 5.79 11.14 ± 2.04 9.54 ± 3.97 27.72
Al (% dw) 9.47 ± 0.37 6.84 ± 4.7 9.24 ± 1.72 6.26 ± 2.35 8.13
Ca (% dw) 3.92 ± 0.14 3.69 ± 5.64 0.44 ± 0.1 0.36 ± 0.06 3.63
Fe (% dw) 24.25 ± 1.55 3.9 ± 4.26 1.57 ± 0.42 10.07 ± 3.88 5
K (% dw) 0.42 ± 0.01 0.4 ± 0.25 0.41 ± 0.11 0.33 ± 0.16 2.59
Mg (% dw) 1.22 ± 0.6 0.51 ± 0.09 0.54 ± 0.01 0.28 ± 0.04 2.09
Mn (% dw) 0.05 ± 0 0.05 ± 0.07 0 ± 0 0.01 ± 0 0.095
Na (% dw) 1.19 ± 0.03 0.16 ± 0.09 0.21 ± 0.04 0.21 ± 0.02 2.83
P (% dw) 0.03 ± 0 0.02 ± 0.01 0.02 ± 0 0.02 ± 0.01 0.11
Ti (% dw) 1.11 ± 0.06 0.41 ± 0.31 0.57 ± 0.13 0.69 ± 0.34 0.44

(% dw) 7.93 ± 0.1 n.d n.d n.d n.d
S (% dw) 2.40 ± 0.20 10.7 ± 12 1.90 ± 0.15 11.30 ± 4.70 0.02
As (mg/kg dw) 7.49 ± 0.6 8.15 ± 8.13 0.3 ± 0.08 3.88 ± 0.73 1.8
Ba (mg/kg dw) 211 ± 8 98.53 ± 61.46 123 ± 22 83.33 ± 36.15 425 
Be (mg/kg dw) 7.25 ± 0.4 2.3 ± 1.48 3.48 ± 0.42 1.84 ± 0.32 2.8 
Cd (mg/kg dw) 0.97 ± 0.1 0.3 ± 0.04 0.22 ± 0.07 0.25 ± 0.12 0.2 
Co (mg/kg dw) 88.6 ± 8 40.23 ± 26.07 15.43 ± 4.55 43.5 ± 21.88 25 
Cr (mg/kg dw) 168 ± 7 67.63 ± 52.6 111 ± 20 101 ± 37 100 
Cu (mg/kg dw) 119 ± 12 73.43 ± 53.26 101 ± 30 24.97 ± 2.04 55 
Hg (mg/kg dw) 0.49 ± 0.1 0.22 ± 0.07 0.14 ± 0.02 0.1 ± 0.02 0.08 
Ni (mg/kg dw) 155 ± 15 87.83 ± 38.94 50.27 ± 14.26 61.1 ± 30.57 75 
Pb (mg/kg dw) 18.9 ± 2 14.54 ± 9.14 20.27 ± 5.02 8.88 ± 3.57 13 
Sr (mg/kg dw) 1510 ± 61 302 ± 103 241 ± 10 126 ± 18 375 
V (mg/kg dw) 339 ± 7 178 ± 139 256 ± 38 139 ± 47 135 
Zn (mg/kg dw) 218 ± 24 70.6 ± 7.6 50.1 ± 3.9 49.67 ± 15.15 70 
Zr (mg/kg dw) 277 ± 5 75.03 ± 56.56 119.7 ± 22 135 ± 50 165 

a mean ± standard deviation (n=3); b after Qureshi et al. (2016a); c after Qureshi et al. (2016b); d Continental Crust after Krauskopf and Bird 
(1995); dw = dry weigh; n.d = Not Determined; n/a = Not Applicable 

Despite the relatively low concentrations of trace metals, the high S content suggests that some 
of these elements such as Fe, Mn, As, Cd, Cu, Hg and Zn may occur in sulphide minerals in 
the WRs and are mobile at oxidizing, low pH conditions. However, Fe and other elements (such 
as Si, Al, Ca and Mg) may contribute to secondary mineral formation and help sorption to take 
place by binding elements (by co-precipitation and/or adsorption) together while forming these 
secondary minerals, depending on the pH levels. 

3.2 Impact of particle size on AMD and leachate quality 
The effect of particle size of WRs on pH, Eh and EC (thus, AMD) is visible in Fig. 2. Although 
the differences in pH were not large, the EC was slightly different in all three columns being 
highest in the column with the smallest particles ( 2mm). 
Chemical composition of the leachates from the WR1 columns (Table 4) shows differences in 
leaching of some elements (such as Fe, SO42-, Al, Zn, Co, Cr, Cu, Mn and Ni) by varying the 
particle size of the samples. Such differences in concentrations indicate that the particle size is 
one of the driving forces behind the activity of AMD generating reactions and contamination 
of surrounding environment at mine sites. 

This is mainly because the smaller particle sizes possess larger surface area and expose more 
sulphide mineral surfaces to oxygen and water, thus accelerating AMD generation. However, 
a sudden spike in pH and dip in EC, Eh and elemental leaching from the WR1 columns from 
the first to the second rinse indicate an initial flush-out effect. 
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Because EC is very sensitive to the concentration of dissolved salts and SO42- concentrations 
in water, it has been used as a preliminary indicator of AMD in some studies (Galhardi and 
Bonotto, 2016; Gray, 1996b; Lyew and Sheppard, 2001). Therefore, elevated EC (Fig. 2 G, H 

particles can indicate higher AMD generation in columns with smaller particle sizes. 

However, elevating pH vs time in the column with smallest particles of WR3 can indicate that 
smaller particle sizes expose more secondary Fe- and Al-minerals (which might have 
precipitated due to natural weathering during storage of the WR samples) which consume 
acidity, when the pH of the system is acidic (Lottermoser, 2007; Sánchez España, 2007). 
Higher pH along with higher EC from the column with smallest particles of WR3 also indicate 
that secondary mineral formation is occurring slower in this column than others. 

 
Fig.  2. Physicochemical characteristics of the leachates from CLE: (A) pH from WR1; (B) pH from 

WR2; (C) pH from WR3; (D) Eh from WR1; (E) Eh from WR2; (F) Eh from WR3; (G)EC from WR1; 
(H) EC from WR2; (I) EC from WR3; (J) Fe from WR1; (K) Fe from WR2; (L) Fe from WR3; (M) Ca 
from WR1; (N) Ca from WR2; (O) Ca from WR3; (P) SO42- from WR1; (Q) SO42- from WR2; (R) SO42- 

from WR3. 
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Fig.  2. (continued) 

Despite the fact that the chemical composition of the leachates from the WR2 and WR3 
columns were not determined, their comparative pH and EC with WR1 can be indicative of the 
level of sulphide weathering and elemental leaching. Furthermore, due to dependence of 
element mobility on pH, lower pH conditions and higher EC also suggest that the elemental 
concentrations would also be high in the leachates from WR2 and WR3. 

Table 4. Minimum and maximum concentrations of the selected elements in eluates from WR1 
Element Sample 10mm 

Min – Max
5mm 

Min – Max
2mm 

Min – Max
Mixture 
Min – Max

Cover 
Min – Max

pH 2.68  3.71 2.34  3.21 2.13  2.61 5.67  6.87 2.65  5.14 
Eh mV 646.5  773.7 652.5  775.5 593.6  796.7 367.1  573.6 505.7  786.6 
EC mS/cm 0.535  12.21 0.891  14.94 1.975  17.84 1.159  12.28 0.378  13.44 
Ca mg/l 31.6  360 31.5  364 38.4  359 297  408 56.4  378 
Fe mg/l 17.6  1020 69.4  3320 239  5290 0.004  4.3 6.36  1640 
K mg/l 0.54  12 0.5  11.4 3  11.3 1.13  14.9 1.4  15.7 
Mg mg/l 25.2  1070 27.8  1440 24.9  1450 29.4  1840 7.06  1380 
Na mg/l 5.01  521 4.28  539 4.71  483 8.48  1390 7.48  1040 
Cl mg/l 5.87  464 7.78  552 8.99  506 1.89  993 2.55  876 
F mg/l 0.2  0.825 0.2  1.23 0.2  1.71 0.266  6.02 0.2  6.64 
SO4

2- mg/l 235  11200 425  16500 929  27200 916  17100 183  20600 
DOC mg/l 3.61  80.1 3.11  167 8.61  216 0.87  112 3.2  131 
Al mg/l 2.28  134 6.81  429 15.2  628 0.002  0.196 0.114  258 
Zn mg/l 2.13  108 2.06  198 1.59  203 0.661  10.6 2.11  67.1 
As μg/l 0.5  12 0.5  51.4 1.24  98.9 0.5  0.575 0.5  37.8 
Ba μg/l 4.61  43.9 3.16  38.5 4.97  36.6 25.4  46.7 10.6  36 
Cd μg/l 0.674  19.5 1.19  51.3 2.43  62.2 0.426  1.55 0.251  32.1 
Co μg/l 65.4  4490 132  8140 254  9540 31.7  1510 27.7  4580 
Cr μg/l 13.1  476 40.1  1820 107  2090 0.5  0.82 2.83  612 
Cu μg/l 19.7  514 44.1  1280 210  2160 1  3.86 6.4  1030 
Mn μg/l 261  6770 648  18600 1140  24900 341  14600 184  10600 
Ni μg/l 98.2  6170 212  11600 469  14400 42  2040 39.3  6750 
Pb μg/l 0.316  16 2.88  50.1 48.9  202 0.2  0.2 0.2  9.76 
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3.3 Impact of co-disposal of FA and WRs on AMD and leachate quality 
3.3.1 Co-disposal by FA and WR mixture 
FA addition has shown to have considerable influence on pH and other physicochemical 
characteristics of the leachates regardless of the FA addition method (Fig. 2 and Tables 4 – 5). 
However, the efficiency differed between the methods and the WR samples. For instance, in 
the mixture scenario in WR1, pH of the leachate is always circumneutral and, due to the fact 
that pH plays a crucial role in elemental leaching (Izquierdo and Querol, 2012; Lottermoser, 
2007), elements associated with sulphide minerals (such as Fe, Al, Zn, As, Cd, Co, Cr and Cu) 
were always relatively low except on the first rinse where the flush-out effect takes place.  

However, a slightly decreasing pattern of pH over the duration of the experiment has been 
observed in the same (mixture) column in WR1. This can either indicate that the secondary 
mineralisation (such as precipitation of goethite and ferrihydrite; Fig. 3) contributes towards 
the acidity of the solution (Lottermoser, 2007) or that the available FA is not sufficient to 
neutralise all that acidity. This may sometimes happen due to depletion of acid neutralising 
minerals supplied by FA or when they become non-reactive due to secondary mineral 
coating/encapsulation on their surfaces (Lottermoser, 2007). The latter is probably not the 
case here, as indicated by increasing trends of Ca in solution (Fig. 2M). 

In general, the leachates from WR2 were constantly acidic regardless of the method of FA 
addition throughout the test duration. However, small differences in pH (slightly higher), EC 
(slightly lower) and leaching of some elements (such as Fe, Ca, Mg, Na, Cl and F) with FA 
addition compared to the columns without FA are visible in Fig. 2 and Table 5. Such differences 
can be attributed to slightly higher pH conditions (low Fe) and composition of FA which 
provides more of these elements (except Fe) to be leached out. 
Table 5. Minimum and maximum concentrations of the selected elements in eluates from WR2 and WR3 

Element Sample WR2 (10mm) 
Min – Max 

WR2 (Mix) 
Min – Max 

WR2 (Cover) 
Min – Max 

WR3 (10mm) 
Min – Max 

WR3 (Mix) 
Min – Max 

WR3 (Cover) 
Min – Max 

pH 1.99  2.87 3.54  4.04 2.2  4.08 2.09  3.56 3.56  4.93 1.84  7 
Eh mV 572  801 543  798 552  788 526  786 328  770 222  769 
EC mS/cm 1.08  26.3 1.483  22.62 0.533  27.23 0.995  32.51 1.73  41.2 0.92  32.29 
Ca mg/l 15  439 153  479 67.6  467 119  479 376  526 154  547 
Fe mg/l 128  12500 2.04  3160 38.6  10300 83.1  21800 4.54  15800 0.01  29000 
K mg/l 3  10 0.635  10 0.5  14 0.5  43.4 0.5  10 0.5  55.9 
Mg mg/l 8.67  2040 6.74  3110 3.55  2400 40.6  1460 25.2  2920 22.2  1800 
Na mg/l 2.07  667 10.2  1870 5.83  1410 2.93  616 7.27  2110 4.78  1500 
Cl mg/l 4.34  706 1.69  946 2.69  886 2.41  324 1  624 1  484 
F mg/l 0.2  3.55 0.2  90.4 0.2  17.6 0.2  8.19 0.2  78.3 0.2  1.15 
SO42- mg/l 464  61600 1180  45700 269  63600 455  98100 1240  79200 496  134000 
DOC mg/l 4.75  272 3.1  184 2.22  258 2.44  233 0.52  183 3.04  284 
Al mg/l 8.52  2200 25  2340 1.96  2180 5.11  3220 1.23  4250 0.002  4410 
Zn mg/l 1.07  287 1.78  218 0.395  191 0.574  266 0.74  214 0.51  279 
As μg/l 0.589  447 0.5  15 0.5  477 0.5  297 0.5  274 0.5  460 
Ba μg/l 2.74  26.9 21.2  59.7 10.5  19.4 9.09  58.4 28.9  43.2 4.49  45.5 
Cd μg/l 1.56  151 2.31  114 0.847  135 0.468  109 0.61  99.6 0.05  140 
Co μg/l 130  24500 96.8  21100 28.2  22300 39.5  10600 20  12300 0.86  11400 
Cr μg/l 57.6  5510 6.34  1460 10.5  4570 15.3  6460 0.5  3060 0.5  8390 
Cu μg/l 173  11100 49.7  2500 28  9610 19.3  2720 3.95  867 1  2330 
Mn μg/l 450  49500 243  47600 147  46200 501  55500 374  72500 294  68400 
Mo μg/l 0.5  30.7 0.5  10 0.5  45.3 0.5  50.9 0.5  108 0.5  77.8 
Ni μg/l 242  36000 194  30200 72.1  31100 50.1  12000 32.3  15700 1.61  14200 
Pb μg/l 16.7  1770 0.2  4 2.56  1370 0.371  899 0.2  20 0.2  1080 
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Leachates from the column with FA mixture in WR2 start with low pH (~3.5) and stay acidic 
throughout the test duration with pH~4 on the conclusion of the test. However, compared to 
columns without FA addition, this was considerably higher indicating that the buffering 
reactions are taking place but their activity is low compared to acid producing reactions 
(Alakangas et al., 2013). 

Despite such low pH conditions from this column, FA addition has been able to bring pH 
slightly up (~3.5–4) which is enough for the precipitation of Fe3+ secondary minerals (or 
lowering their dissolution; Fig. 3) and removal of Fe from the solution (Balintova and 
Petrilakova, 2011a; Wei et al., 2005a), see Fig. 2K. However, acidity produced by secondary 
mineralisation (Lottermoser, 2007) can also lower the pH of the solution and that might also 
be a reason behind constantly acidic leachates from this column. 

WR3 is the most acidic in the collection of WR samples in this study (Table 1 and Qureshi et 
al. (2016b)). Leachates from the Mixture column in WR3 start with acidic pH but get elevated 
to around pH~4.4 on the second rinse and constantly remain in the range pH~4.7–4.9 (Fig. 2 
and Table 5). Sudden elevation in pH can be attributed to FA which is available within the 
pores between WR particles and buffers acidity as soon as it is produced. Despite that, the low 
pH conditions are probably because the pH is constantly within the range suitable for Fe3+ 
precipitation (Balintova and Petrilakova, 2011b; Wei et al., 2005b) which produces more 
acidity (Lottermoser, 2007) than the buffering minerals can consume, resulting in pH 
stabilisation after the 2nd rinse. However, dissolution of Fe3+ and Al minerals as indicated by 
PHREEQC (Fig. 3) can be associated to their capability of acting as buffers when pH 
conditions tend to be acidic (Lottermoser, 2007; Sánchez España, 2007). 

3.3.2 Co-disposal by FA cover 
The cover scenario in WR1 has been quite different than mixture in every aspect (Fig. 2 and 

s (~2.6) and keeps improving until 5th rinse (~5.1). 
Such changes in pH indicate that the available oxygen within the column depletes with time 
and oxygen ingress has been restricted by the FA cover on top, which usually happens when 
applying dry-covers (Höglund et al., 2004; Mäkitalo et al., 2016). 

Alternatively, the preferential flow, which causes high pH water (produced by FA cover on 
top) to pass through certain pathways through the column without interacting with the whole 
column, can also be reason behind higher pH and lower elemental concentration in the 
leachates. 

The cover column from WR2 starts with low pH (~2) and improves rapidly with maximum pH 
~4 and 3.8 on the concluding day of the test. The lowering of pH from ~4 on the 67th day of 
the test to ~3.8 on the 91st day is probably due to secondary mineralisation within the column 
which produces acidity (Lottermoser, 2007) since the Fe3+ minerals start to precipitate at pH 

(Balintova and Petrilakova, 2011b; Wei et al., 2005b). EC of the leachates was slightly 
higher compared to the mixture column in first two rinses but stays relatively low afterwards. 
Flush-out effects may be reason behind this but it can also be because of the secondary 
mineralisation and elevating pH conditions. 

Utilisation of FA as cover has been effective to neutralise strong acidity and/or prevent further 
acidity within the test duration and restrict element mobility to considerable extent from WR3. 

 constantly elevated 
being highest at the conclusion of the test (pH~7; Fig. 2C). Due to constant improvement 
(elevation) of pH, leaching of elements has also been decreasing. 

FA cover performs better than mixture, probably because with time, similar to its counterpart 
in WR1, it restricts ingress of fresh oxygen into the column, which slows down the weathering 
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reactions on overall and results in constant increments in the pH and reduces elemental mobility 
(Fig. 2). However, it can also be due to the fact that FA provides acid buffering minerals (and 
high pH waters) slowly and constantly which allows buffering reactions to take place 
consistently rather than rapidly. Furthermore, similar to WR1 preferential flow effect cannot 
be neglected. 

Fig.  3. Saturation Index (SI) for selected minerals as computed by PHREEQC (Left: WR1; Centre: WR2 
and Right: WR3): (A) Cuprousferrite; (B) Cupricferrite; (C) Goethite; (D) K-Jarosite; (E) Ferrihydrite; 

(F) Na-Jarosite; (G) AlOHSO4; (H) Alunite; (I) Gibbsite; and (J) Diaspore.
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Fig.  3. (continued) 

Such slow release of buffering minerals and their transport down into the column can allow 
more time for the buffering reactions to take place effectively (Fig. 3). However, despite the 
secondary mineralisation (especially precipitation of Fe3+-hydroxides and -oxyhydroxides; Fig. 
3) and decreasing Ca2+ (Fig. 2), the incremental pH can be indicative of the additional buffering
supplied by the secondary Fe- (such as jarosites tend to dissolve at the end; Fig. 3) and Al-
minerals (constant dissolution of AlOHSO4, alunite, gibbsite and diaspore; Fig. 3).
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3.4 Prospects of FA and WR co-disposal 
Despite the fact that the FA used here possessed significantly less acid-neutralising potential 
compared to a biomass FA (20 kg CaCO3 tonne-1 compared to 275 kg CaCO3 tonne-1, 
respectively) in our previous study (Qureshi et al., 2016a), its addition has been considerably 
effective for neutralisation/minimisation and/or prevention of AMD from the WRs during the 
CLE.  

The WRs also behaved differently in our previous study (Qureshi et al., 2016b), for instance, 
WR1 produced circumneutral pH leachates during a weathering cell experiment for 192 days, 
probably, because the chemical composition of the WR1 (n=3) varies significantly as indicated 
by its Ca (3.69±5.64), Fe (3.9±4.26) and S (10.7±12) content (Table 2; (Qureshi et al., 2016b)). 

) acidic, respectively (Qureshi et al., 2016b). 

 from the results that co-disposal by mixture works almost instantly 
(indicated by slightly higher pH and slightly lower EC; Fig. 2). However, it seems that, with 
time, secondary mineralisation (especially secondary Fe- and Al-minerals) dominate the 
system and contributes towards acidity, . Such secondary 
mineralisation can remove Fe2+/Fe3+ from the solution, bind toxic elements (such as As, Pb, 
Cu, Zn, Cd, Co, Ni and Mn) and act as buffers when pH conditions tend to be more acidic 
(Lottermoser, 2007; Sánchez España, 2007). Therefore, co-disposal by mixture can be 
considered a rapid and effective method for disposing FA and WRs and minimising 
environmental impacts associated to both wastes. 

Co-disposing FA as cover material for WR dumps behaves differently from the mixture. Due 
to the fact that FA is available only on the top (covering surface), the acidity generated from 
the WRs deep down is not neutralised by FA in the beginning (indicated by low pH and high 
EC, Fig. 2) but probably by Fe- and Al-minerals instead (Fig. 3; (Lottermoser, 2007; Sánchez 
España, 2007)). However, the cover effect (reducing oxygen ingress) seems to take place which 
probably reduces sulphide oxidation rate and supplies acid-neutralising capacity slowly, 
causing gradual rise in pH. Such gradual changes in pH conditions also help the secondary 
minerals to precipitate and/or reduce their dissolution. However, the acidity produced by 
secondary mineralisation is not affecting the overall pH of the system because the activity of 
the main acid-producing reactions (oxidation of sulphide minerals) has been reduced due to the 
depletion of available oxygen within the system, without supply of fresh oxygen from the 
external environment. 

Although FA has been effective for neutralisation/minimisation and/or prevention of AMD, its 
addition elevates concentrations of elements in leachates that are mostly enriched in FA (such 
as Ca, Na, Cl, F, Mo, Ba and SO42-). The composition of FA makes it a risky choice for the 
remediation, mitigation, neutralisation or prevention of AMD due to the fact that mobility of 

might 
contribute towards elevation of aforesaid elements. However, the results of this study support 
the use of FA for successful mitigation of AMD by co-disposing it with acid-generating WRs 
from coal mining.  

4 Conclusions 
The effect of particle size has been clearly observed in WR1 where smaller particle sizes 
produced leachates with elevated concentrations of the sulphide related elements (such as Fe, 
SO42-, Al, Zn, Co, Cr, Cu, Mn and Ni), indicating that sulphide oxidation has been pronounced 
in smaller particles. Similarly, low pH leachates with high EC from the other two WRs also 
indicate that the columns with smaller particle sizes of WRs 2 and 3 possess slightly higher 
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AMD generating potential. However, slightly higher pH leachates along with higher EC from 
the smaller particle size WR3 columns were probably due to presence of some Fe- and Al-
minerals that neutralise the pH, resulting in higher EC. 

Co-disposal of FA as mixture readily provides acid buffering minerals, resulting in better start-
up pH conditions and leachate quality. However, acidity produced by secondary mineralisation 
contributes towards the acidification of the system, causing stabilisation of pH  
Secondary mineralisation (especially Fe- and Al-mineral precipitation) also removes toxic 
elements such as As, Pb, Cu, Zn, Cd, Co, Ni and Mn, and these secondary minerals can also 
buffer acidity when the pH tends to be acidic. 

FA cover scenario gradually increased from 
strongly acidic to mildly acidic (WR1 and WR2) and circumneutral (WR3) along with decrease 
in EC and elemental leaching. Gradually increasing pH can be attributed to the cover effect, 
which reduces oxygen ingress, thus reduces sulphide oxidation, causing pH to elevate. Due to 
the fact that pH~4–5 is sufficient for secondary Fe- and Al-mineral precipitation (which also 
removes toxic elements), the FA cover performs well to achieve that pH until the conclusion 
of the CLE. However, due to slower reactivity of the system, release of acidity in the beginning 
cannot be restricted. 

The co-disposal of FA as cover and/or mixture possesses potential for neutralisation of AMD 
and improving leachate quality significantly. However, both systems need to be up-scaled and 
investigated for AMD neutralisation, leachate quality, kinetic modelling and geotechnical 
properties. 
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Abstract
Lignite fly ash (FA) and waste rocks (WRs) were mixed in three different ratios (1:1, 1:3 and 
1:5) and studied to compare the effects of adding FA on AMD generation from coal mining 
WRs, leachability of elements and the potential occurrence of secondary minerals. FA mixed 
with WRs showed significant differences in pH levels compared to previous research. The 1:1 
mixture performed best of all the three mixtures in terms of pH and leachability of elements, 
mainly due to the higher proportion of FA in the mixture. The pH in the 1:1 mixtures varied 
between 3.3 – 5.1 compared to other mixtures (2.3 – 3.5). Iron and SO4

2- leached considerably 
less from the 1:1 mixture compared to the others, indicating that the oxidation of sulphides was 
weaker in this mixture. Aluminium leached to a high degree from all mixtures, with 
concentrations varying from mg L-1–g L-1. The reason behind this increase is probably the 
addition of FA which, due to acidic conditions and the composition of the FA, increases the 
availability of Al. For the same reason, high concentrations of Mn and Zn were also measured.
Geochemical modelling indicates that the 1:1 mixture performs better in terms of precipitation 
of Al3+ minerals, whereas Fe3+ minerals precipitated more in mixtures containing less FA. 
These results suggest that, with time, the pores could possibly be filled with these secondary 
minerals and sulphate salts (followed by a decrease in sulphide oxidation), improving the pore 
water pH and decreasing the leachability of elements. Since grain size plays a crucial role in 
the reactivity of sulphides, there is a risk that the results from the leaching tests may have been 
influenced by crushing and milling of the WR samples.
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1 Introduction
Despite the latest developments towards cleaner alternative fuels, coal still makes up about
28% of the total global primary energy supply (IEA, 2015). It is a very large-scale activity, 
extracting approximately 7.8 billion tonnes of coal worldwide in 2013 (WCA, 2014). A global 
increase in electricity demand is driving the coal industry to expand further (IEA-CIAB, 2010).
However, coal mining raises particularly significant environmental concerns. Apart from the
carbon dioxide effect, it produces waste rocks (WRs) that often contain sulphides, with 
principally high contents of iron sulphides such as pyrite (FeS2) and pyrrhotite (Fe1 – xS). High
concentrations of trace elements such as As, Cu, Hg, Zn, Ni, Co, Mo, Se and Cr are also often 
present.

The sulphide-rich WRs are considered environmentally damaging because the sulphide 
minerals are unstable when exposed to the surface atmospheric conditions. The sulphide 
minerals, in presence of water and oxygen, produce acidic leachates with increased
concentrations of major and trace elements that eventually end up in natural water resources. 
Such a process is commonly referred to as acid mine drainage (AMD). For instance, results
from Qureshi et al. (2016a) showed that the WRs from a lignite-producing coal field in Pakistan 
had strong AMD potential and could seriously affect the quality of the surrounding 
environment.

Burning coal generates fly ash (FA) that contains ecologically harmful substances (including 
As, B, Cd, Cr, Cu, Pb, Se and Zn (ACAA, 2014)). In addition, FA also contains approximately
10 – 15 % particulate matter with a size less than 10 μm (PM10), breathable by humans and, 
therefore, seriously harmful, causing damage to the human respiratory system (Medina et al., 
2010).

FA has been utilised in different ways such as in concrete/concrete products, blended cement, 
road base/sub-base and soil modification/stabilisation etc. (ACAA, 2015), because of its 
physical (self-hardening) properties. However, in recent years, several studies have shown that 
FA and its composites are effective in the neutralisation of AMD (Bäckström and Sartz, 2011; 
Gitari et al., 2006; Jia et al., 2014; Pérez-López et al., 2009, 2007; Prasad and Mortimer, 2011).
Similarly, characterisation of different FA has shown that it possesses considerable potential 
for acid neutralisation (Qureshi et al., 2016b).

The previous literature suggests that FA is a potential prevention and/or neutralisation agent
for AMD. FA can be used as a dry cover material over WR dumps to isolate them from the 
surface atmospheric conditions and prevent AMD generation, or it can be mixed with WRs to 
backfill underground coal mines and prevent or neutralise any AMD that might be generated 
by the WRs. However, it is important to study both materials on a laboratory scale before any
full-scale application to determine the best practice to be adopted in the field to remediate the 
waste materials.

Therefore, WRs from one of the largest lignite-producing coal fields in Pakistan and FA from 
a coal-fired power station that uses coal from the same field were studied in this research. The 
approximate ratio of WR to FA production tends to be 1:1 in this coal field. The objectives of 
this study were to i) determine the neutralisation effect of coal FA on AMD from WRs; ii) 
determine the effect of mixing FA with WRs on leachate quality and iii) identify the potential
for precipitation/co-precipitation and/or dissolution of the secondary minerals to take place in 
the mixtures using a thermodynamic geochemical model (PHREEQC).



4

2 Materials and methods

2.1 Materials
2.1.1 Waste Rocks
The samples of WRs were collected from four deposits near three underground coal mines in 
one of the largest coal fields in Pakistan. The estimated coal reserves in the field are 
approximately 1.3 bt with qualities varying from lignite to sub-bituminous (GoS, 2012). The 
WR samples were selected based on previously determined acid-generating potential (Qureshi 
et al., 2016a). The details of the WR samples are shown in Table 1.

Table 1 Details of the WR samples
Sample 
Designation

Sample Location Characteristics Acid Generating Potential (NNP)a

CaCO3 tonne-1

WR1 Mine 1 Two to three month old -144 ± 112
WR2 Mine 1 Less than a week old -70 ± 6
WR3 Mine 2 Less than a week old -492 ± 178

a after Qureshi et al.( 2016b)

2.1.2 Fly Ash
The FA was generated from a Fluidised Bed Combustion (FBC) power station which burns 
lignite coal with some addition of limestone. The FA sample was collected from the filter bag 
house.

2.2 Methods
2.2.1 Mineralogy and chemical composition
A detailed mineralogical and chemical characterisation of WRs and FAs has been described in
our previous work (Qureshi et al., 2016a, 2016b) and is summarised in Table 2 and Table 3,
respectively.

Briefly, the mineralogy was determined using XRD and SEM; the chemical characterisation 
was achieved by analysing the samples using ICP–MS and ICP–AES following the methods 
described in section 2.2.3 below.

2.2.2 Effect of FA on AMD
The WRs were crushed to a grain size of 1mm and mixed with FA (70g composite weight) in 
ratios of 1:5, 1:3 and 1:1 (FA:WR).

The three mixtures for each WR sample were subjected to an accelerated weathering cell test 
(WCT) following the modified procedure of the method described by Cruz et al. (2001). The 
samples were placed over a Whatman Cellulose filter of 0.45μm pore size in a Nalgene®

polypropylene Büchner funnel and a Duran® 500mL filter flask. The samples were then 
exposed to 28, 7-day cycles (192 days) consisting of exposure to ambient air for 2 days, 
leaching on the third day, followed by a further 3 days of exposure to air and a further leaching 
on the seventh day. In the leachings, 70 ± 2 mL of deionised (MilliQ) water were added to the 
funnel over 3 h, and then the leachate was recovered by applying slight suction to the filter 
flask. The pH, redox potential (Eh), and conductivity of each leachate were determined 
immediately after the completion of leaching. The eluates were then placed in a laboratory 
freezer at a temperature below

2.2.3 Physicochemical characterisation of eluates
The proportions of 29 major elements (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti) and trace elements 
(As, Ba, Be, Cd, Co, Cr, Cu, Hg, Nb, Ni, Pb, S, Sc, Sr, V,W, Y, Zn, Zr) in the eluates were 
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determined using Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES
(Martin et al., 1991)) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS (Long and 
Martin, 1991)) at a SWEDAC-accredited laboratory (ALS Scandinavia, Luleå, Sweden).

The ICP-AES analyses were carried out using a Perkin Elmer Optima DV 5300 instrument 
following US EPA Method 200.7 (modified). The ICP-MS analyses were carried out using a
Thermo Scientific Element instrument following US EPA Method 200.8 (modified). Briefly, 
the samples were digested with HNO3 and analysed for As, Cd, Co, Cu, Hg, Ni, Pb, S and Zn. 
All other elements were analysed after fusion with lithium methaborate (LiBO2) and 
subsequent dissolution in HNO3.

Additionally, modified versions of procedures CSN EN ISO 10304-1 and CSN EN ISO 10304-
2 for Cl, F and SO4 and CSN EN 1484 for DOC were carried out by the same laboratory.

2.2.4 Geochemical modelling
The results from the physicochemical characterisation of eluates (2.2.2) were geochemically
modelled using the geochemical equilibrium model PHREEQC (Parkhurst and Appelo, 2013)
and MINTEQ.V4 database (Allison et al., 1991), to learn about secondary mineral formation 
or dissolution.

A saturation index (SI) computed using PHREEQC indicated the thermodynamic tendency of 
a given mineral to precipitate or dissolve in an aqueous solution. A negative SI indicated that 
the solution is not saturated with respect to a particular solid phase and that the solid phase 
would tend to dissolve if present, while a positive value indicated a tendency for the mineral to 
precipitate. A value close to zero suggested that the mineral was in equilibrium in the solution 
and may either precipitate or dissolve.

2.2.5 Principal component analysis (PCA)
To understand the relationship and difference between WRs in terms of AMD generation, 
leaching of elements and the effect of adding FA in different ratios, PCA was carried out using
Umetrics – SIMCA14.

3 Results and Discussion

3.1 Mineralogical and chemical composition
Since pyrite is the most environmentally-damaging mineral in mining waste (because of its 
unstable nature in surface atmospheric conditions and its potential for producing AMD), it was
important to determine whether the WRs contained pyrite. The XRD analyses carried out on
the WRs (Table 2) revealed that they contained pyrite along with various other minerals (such 
as quartz, kaolinite, calcite and gypsum in WR1, kaolinite, hematite, gypsum and quartz in 
WR2 and quartz, kaolinite, malladerite, spangolite and franklinite in WR3). Therefore, the
WRs were predicted to generate AMD, something which has been confirmed previously 
(Qureshi et al., 2016a). However, minerals (such as calcite and kaolinite) can contribute 
towards the self-neutralising potential of WRs, depending on pH levels. However, buffering 
by kaolinite is much lesser than that of the minerals containing Ca2+, Mg2+, Na+ and K+ (Ritchie, 
1989).

Table 2 Mineralogy of the samples determined by XRD
Sample Mineralogy
FAa Iron (III) oxide (Fe2O3), quartz (SiO2), anhydrite (CaSO4) and magnesioferrite 

(Mg(Fe3+)2O4), quicklime* (CaO)
WR1b Dominated by quartz (SiO2), arsenopyrite (FeAsS) and kaolinite (Al2Si2O5(OH)4), with 

variable amounts of pyrite (FeS2), calcite (CaCO3) and gypsum (CaSO4·2H2O)
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WR2b Dominated by pyrite* (FeS2), kaolinite (Al2Si2O5(OH)4), Hematite (Fe2O3) and gypsum 
(CaSO4·2H2O), with variable amounts of quartz (SiO2)

WR3b Dominated by pyrite (FeS ), quartz (SiO2) and kaolinite (Al2Si2O5(OH)4), with variable 
amounts of malladerite (Na2SiF6), spangolite (Cu6Al(SO4)(OH)12Cl·3(H2O)), 
franklinite (ZnFe2O4)

a after Qureshi et al. (2016a); b after Qureshi et al. (2016b); *fresh analysis

The mineral composition of FA (Table 2) was dominated by ferric oxide followed by quartz, 
anhydrite, magnesioferrite and lime. Conventionally, the Ca-bearing minerals are considered 
responsible for the acid-neutralising potential of FA (Gitari et al., 2006). However, silicates, 
Fe oxides and Al oxides can also contribute to acid-buffering processes in low pH conditions 
(Lottermoser, 2007).

The WR samples contained high concentrations of Fe and S (Table 3), varying from 1.5 to 10 
wt.% and 1 to 11 wt.%, respectively. The high sulphur content of the WRs is mainly due to the 
high sulphur coal in the field, as reported by Siddiqui et al. (1999).

Table 3 Major and trace element composition of the samples as determined by ICP-MS and ICP-AES 
analyses

ELEMENT FA a,b WR1 a,c WR2 a,c WR3 a,c CC d

Dry weight (%) 98.7 ± 0.1 90.53 ± 5.38 77.33 ± 0.12 83.93 ± 0.23 n.d
Si (% dw) 12.43 ± 0.42 8.33 ± 5.79 11.14 ± 2.04 9.54 ± 3.97 27.72
Al (% dw) 9.47 ± 0.37 6.84 ± 4.7 9.24 ± 1.72 6.26 ± 2.35 8.13
Ca (% dw) 3.92 ± 0.14 3.69 ± 5.64 0.44 ± 0.1 0.36 ± 0.06 3.63
Fe (% dw) 24.25 ± 1.55 3.9 ± 4.26 1.57 ± 0.42 10.07 ± 3.88 5
K (% dw) 0.42 ± 0.01 0.4 ± 0.25 0.41 ± 0.11 0.33 ± 0.16 2.59
Mg (% dw) 1.22 ± 0.6 0.51 ± 0.09 0.54 ± 0.01 0.28 ± 0.04 2.09
Mn (% dw) 0.05 ± 0 0.05 ± 0.07 0 ± 0 0.01 ± 0 0.095
Na (% dw) 1.19 ± 0.03 0.16 ± 0.09 0.21 ± 0.04 0.21 ± 0.02 2.83
P (% dw) 0.03 ± 0 0.02 ± 0.01 0.02 ± 0 0.02 ± 0.01 0.11
Ti (% dw) 1.11 ± 0.06 0.41 ± 0.31 0.57 ± 0.13 0.69 ± 0.34 0.44
LOI (% dw) 7.93 ± 0.1 n.d n.d n.d n.d
S (% dw) 2.40 ± 0.20 10.7 ± 12 1.90 ± 0.15 11.30 ± 4.70 0.02
As (mg/kg dw) 7.49 ± 0.6 8.15 ± 8.13 0.3 ± 0.08 3.88 ± 0.73 1.8
Ba (mg/kg dw) 211 ± 8 98.53 ± 61.46 123 ± 22 83.33 ± 36.15 425
Be (mg/kg dw) 7.25 ± 0.4 2.3 ± 1.48 3.48 ± 0.42 1.84 ± 0.32 2.8
Cd (mg/kg dw) 0.97 ± 0.1 0.3 ± 0.04 0.22 ± 0.07 0.25 ± 0.12 0.2
Co (mg/kg dw) 88.6 ± 8 40.23 ± 26.07 15.43 ± 4.55 43.5 ± 21.88 25
Cr (mg/kg dw) 168 ± 7 67.63 ± 52.6 111 ± 20 101 ± 37 100
Cu (mg/kg dw) 119 ± 12 73.43 ± 53.26 101 ± 30 24.97 ± 2.04 55
Hg (mg/kg dw) 0.49 ± 0.1 0.22 ± 0.07 0.14 ± 0.02 0.1 ± 0.02 0.08
Ni (mg/kg dw) 155 ± 15 87.83 ± 38.94 50.27 ± 14.26 61.1 ± 30.57 75
Pb (mg/kg dw) 18.9 ± 2 14.54 ± 9.14 20.27 ± 5.02 8.88 ± 3.57 13
Sr (mg/kg dw) 1510 ± 61 302 ± 103 241 ± 10 126 ± 18 375
V (mg/kg dw) 339 ± 7 178 ± 139 256 ± 38 139 ± 47 135
Zn (mg/kg dw) 218 ± 24 70.6 ± 7.6 50.1 ± 3.9 49.67 ± 15.15 70
Zr (mg/kg dw) 277 ± 5 75.03 ± 56.56 119.7 ± 22 135 ± 50 165

a mean ± standard deviation (n=3); b after Qureshi et al. (2016a); c after Qureshi et al. (2016b); d Continental Crust after Krauskopf and Bird 
(1995); dw = dry weight; n.d = Not Determined

The concentrations of all the trace elements in the WRs were similar to their corresponding 
concentrations in the continental crust (CC), except for Ba (higher in CC), Cu (lower in CC) 
and Sr (higher in CC). In contrast, almost all trace elements were found enriched in the FA
compared to CC, except for Ba (higher in CC) and Sr (lower in CC).
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Despite the low concentrations, some of these elements (such as Fe, Mn, As, Cd, Cu, Hg and 
Zn) may indicate the presence of acid-producing sulphide minerals. However, Fe and other 
elements (such as Si, Al, Ca and Mg) may contribute to secondary mineral formation and help 
sorption to take place by binding elements together while forming these secondary minerals,
which would neutralise the acidity and raise the pH of the solution (or vice-versa) depending 
on the pH levels.

3.1.1 AMD potential of WR1
The leachates from WR1 during WCT were always acidic, regardless of the FA proportion in 
the mixture (Fig. 1 and Table 4). This is in complete contrast with the previous findings where 
this WR produced near-neutral to mildly acidic leachates (Qureshi et al., 2016a). This 
difference can be attributed to the vastly varying composition of the WR, as can be seen in 
Table 3. The deviation in Fe and S content within the three sub-samples is higher than that of 
their average concentrations. However, a small difference in pH was observed in the 1:1 
mixture, which slowly increased with time, while decreasing in the other two mixtures.

Fig. 1 Leaching patterns for the selected elements from WR1

Eh conditions of the leachates provide convincing evidence that the 1:1 mixture was less 
oxidising compared to other two mixtures. This would help to restrict oxidisation of Fe2+ to 
Fe3+ and prevent further oxidation of Fe sulphides in the absence of O2. The conductivity of 
the leachates constantly dropped from double figures to around 1 mS cm-1, indicating that the 
presence of ionic species decreases over time, probably due to secondary mineral formation.
However, the rapid initial decrease in EC can also be related to the flush-out effect taking place 
due to the increased numbers of small particles (causing more ionic species to be available 
during flush-out) on the WR surfaces after crushing.

During the leaching tests, the majority of elements rapidly leached on the first day and 
decreased on the seventh day, indicating a flush-out effect. Iron concentrations (being low on 
the seventh day) gradually increased over time to 27 mg L-1 on the last day of the experiment 
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from 0.53 mg L-1in the 1:1 mixture. Sulphate concentrations kept decreasing from their initial 
26.7 g L-1 over the whole duration of the test with the lowest concentrations (1.3 g L-1) on the 
final day of the test.

The inverse trends of the Fe to SO4
2- indicate that the weathering of Fe-bearing minerals 

(arsenopyrite and pyrite) constantly occurred (releasing Fe and S into solution). However, S 
precipitates with other elements to form secondary minerals such as K-Jarosite, Na-Jarosite, 
AlOHSO4, alunite and anhydrite (Fig. 2). Moreover, a similar decrease was also observed for 
Ca, which may mean that the available buffering minerals are depleted over time.

Aluminium leached in high concentrations ranging from 1.3 to 384 mg L-1. The concentrations 
of Al from the 1:1 mixture were low compared to the other two but were still much higher 
compared to WHO (2011) drinking water standards. Such high concentrations of Al can be 
attributed to the dissolution of Al-bearing minerals (such as kaolinite) and low pH levels in 
which Al is not stable enough to precipitate and form secondary minerals.

Overall, the leaching of Al and the elements associated with sulphide minerals (Fe, Co, Mn, Ni 
and Zn) was significantly higher than that of the other elements. However, a sudden spike in 
pH and dip in concentration of Al and sulphide-related elements (Co, Cu, Fe, Ni and Zn) on 
the seventh day in the 1:1 mixture indicates that the leaching of the elements can be 
significantly restricted by raising pH.

PHREEQC predicted that many of the selected Fe, Al and SO4
2- bearing minerals precipitated

except ferrihydrite, gibbsite, boehmite, anhydrite and gypsum. However, the extent of 
precipitation and dissolution varied between the mixture ratios and cycles (Fig. 2).

Precipitation of AlOHSO4, alunite and diaspore was predicted by PHREEQC. The precipitation 
of AlOHSO4 is interesting here because its formation mainly depends upon the dissolution of 
Al(OH)3; when the available Al(OH)3 is exhausted, the AlOHSO4 works as a buffering agent 
and neutralises acidity (Matzner, 1989).

Interestingly, the potential for precipitation of hematite, K-jarosite, Na-jarosite, goethite, 
Ferrihydrite, Fe(OH)2.7Cl1.3 and lepidocrocite was higher in the mixtures with lower FA ratios.
Oxidation of Fe-rich sulphides, precipitation of Fe3+ and Al3+ hydroxides, and dissolution of 
soluble Fe2+, Mn2+, Fe3+ and Al3+ sulphate salts can increase acidity in mine wastes
(Lottermoser, 2007). Therefore, lower pH levels in leachates, especially from the 1:3 and 1:5 
mixtures, are probably due to the acidity released by the precipitation of such minerals and also 
due to the fact that less FA provides less buffering capacity to the mixtures. However, there 
was no visible rise in pH levels throughout the WCT duration but the buffering reactions can 
sometimes take years to overcome the acidity produced by mine wastes (Lottermoser 2007 and 
references therein). Furthermore, the minerals precipitating now (such as goethite, K-jarosite,
and Na-jarosite) may help to buffer acids in low pH levels (INAP, 2014).
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Fig. 2 Saturation indices based on the physicochemical character of leachates from WR1 predicted by 
PHREEQC; A: CoFe2O4; B: Cupricferrite; C: Cuprousferrite; D: Fe(OH)2.7Cl0.3; E: Hematite; F: 

Magnetite; G: Goethite; H: Lepidocrocite; I: K-Jarosite; J: Na-Jarosite; K: Ferrihydrite; L: AlOHSO4;
M: Alunite; N: Gibbsite; O: Boehmite; P: Diaspore; Q: Anhydrite and R: Gypsum

3.1.2 AMD potential of WRs 2 and 3
The pH levels in WR2 and WR3 (Fig. 3 and Table 4) were consistently low (WR2 = 3 – 4 and 
WR3= 2.3 – 3.6) and constant after 100 days of the WCT for the remaining period of the test.
Compared to previous experiments carried out on WR3, where it produced leachates of a very
acidic nature (pH 0.9 – 2.3) (Qureshi et al., 2016a), a significant difference was observed after 
mixing FA, regardless of its proportion.

However, pH levels for the mixture with a high FA ratio (1:1) were slightly better than for the 
other two mixtures. The stability in pH levels after the one hundredth day is assumed to be due 
to the equilibrium between the acid-generating and neutralising reactions. Similar stability was 
also observed in Al and some sulphide-related elements (Co, Mg and Ni), which also confirms 
such equilibrium.

The increase in Fe concentration after the one hundredth day (Fig. 3) indicates that either the 
sulphide reactivity was increasing or the secondary minerals, which may have precipitated 
before (such as goethite, ferrihydrite, lepidocrocite and jarosite), were dissolving. However, 
such a dissolution, in addition to releasing back their ionic species, would also cause direct or 
indirect pyrite weathering, thus reducing the pH of the final solution (Lottermoser, 2007): this 
was not observed in this case.
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Fig. 3 Leaching patterns for the selected elements from WR2 and WR3

Sulphate concentrations decreased over time, being slightly higher in the 1:1 mixture. Such
inverse trends for Fe to SO4

2- were also observed in WR1 and, similar to that, this is probably 
due to the precipitation of secondary minerals (such as alunite, Fig. 4).

Aluminium leached to a much higher degree compared to all other elements, with 
concentrations varying from 50 mg L-1 to 1.8 g L-1 in WR2 and 90 mg L-1 to 3.6 g L-1 in WR3. 
These concentrations were even more pronounced than in the leachates from WR1. This is 
probably because of the lower pH levels compared to WR1, which, even with a smaller 
proportion of FA in the mixture, caused elevation of the Al concentrations. Additionally, the
precipitation of Al-secondary minerals is not possible (due to the lower pH levels), which 
results in leaching of Al in leachates instead. However, a decrease in Al concentrations was 
observed (Fig. 3) over time, following the precipitation and/or decrease in the dissolution of 
some Al minerals (alunite, gibbsite, boehmite and diaspore), as predicted by PHREEQC (Fig.
4).

A slightly higher pH caused Al minerals to precipitate more and/or dissolve less in the 1:1 
mixture. However, some important Fe3+ minerals (goethite, lepidocrocite and ferrihydrite) 
precipitated more and/or dissolved less in mixtures with a lower ratio of FA in WR2, which 
also caused more acidity in these mixtures, similar to WR1 (Lottermoser, 2007). However, the 
reason behind the increased precipitation of Fe3+ minerals in the 1:3 and 1:5 mixtures may also 
be the higher availability of the Fe3+.

The Ca concentrations in the leachates gradually decreased over time (Fig. 3). Although the
leaching was almost constant in leachates for all mixtures until the fiftieth day, it had decreased
by about an order of magnitude in leachates from mixtures with less FA compared to the 1:1 
mixture by the last day of the experiment. One possibility could be that the increased proportion 
of FA in the mixture increased the acid-buffering minerals (such as carbonates), which, on
dissolution, released Ca more than in the other two mixtures. This can be confirmed from the 
patterns of Ca in Fig. 3, which shows that the leaching of Ca is in the order of 1:1>1:3>1:5.
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Fig. 4 Saturation indices based on the physicochemical character of leachates from WR2 and WR3
predicted by PHREEQC; A: CoFe2O4; B: Cupricferrite; C: Cuprousferrite; D: Fe(OH)2.7Cl0.3; E: 

Hematite; F: Magnetite; G: Goethite; H: Lepidocrocite; I: K-Jarosite; J: Na-Jarosite; K: Ferrihydrite; L: 
AlOHSO4; M: Alunite; N: Gibbsite; O: Boehmite; P: Diaspore; Q: Anhydrite and R: Gypsum

Such decreasing trends of Ca over the course of time also indicate that the carbonate minerals
deplete more rapidly in mixtures containing less FA.

The leaching patterns of the Mg, Co, Mn, Ni and Zn were similar to each other and constantly 
decreasing (Fig. 3), indicating that the sulphide oxidation was being neutralised or prevented 
over time due to buffering and the precipitation of secondary minerals.

Despite the similarity in leaching patterns for the majority of elements related to sulphide 
oxidation in both WRs, the saturation indices computed by PHREEQC, based on the 
physicochemical characteristics of leachates from WCT (Table 4), showed considerable 
differences in precipitation and dissolution of selected minerals (Fig. 4).

For instance, precipitation/dissolution of the majority of the Fe minerals in WR2 was varying 
depending on the FA ratio whereas, in WR3 they behaved in similar pattern regardless of the 
FA ratio. However, no such differences were observed between both WRs in term of Al 
minerals. Such behaviour of the WRs can be attributed to the differences in pH conditions and 
chemical composition of the WRs.

3.2 Overall effects of the co-disposing FA and WRs 
The effect of FA on AMD has been clearly observed in this research compared to the previous 
study (Qureshi et al., 2016a), as indicated by the pH levels. An increase in the FA ratio in the 
mixtures leads to slightly higher pH levels, mainly due to providing more acid-buffering agents 
as indicated by higher Ca concentrations in the leachates from these mixtures. However, due 
to the composition of FA, there is also a risk of increasing concentrations of elements if the pH 
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levels are not maintained at least above pH 5 (Bäckström and Sartz, 2011) and as shown in Fig.
1).

The effects of FA on AMD and leachability of elements can be shown more precisely in Fig.
5 (indicated by the two arrows). The vertical (FA) arrow indicates that the elements which 
follow this direction are more related to the FA in the mixtures and the elements which follow 
the direction of horizontal (pH) arrow depend upon the pH conditions of the solution. This 
shows that the increase in FA ratio had a direct impact on the pH of the solution along with an 
increase in the leaching of elements that are mostly enriched in FA (such as Ca, K, Na, Cl, Mg, 
Pb, F and SO4

2-). However, Al and elements related to sulphide oxidation (Fe, Cu, Co, As and 
Cd) were correlated more with mixtures containing less FA.

Overall, WR1 was comparably better than WR2 and WR3 in terms of AMD potential; the 1:1 
mixture performed better for all three WRs.

Fig. 5 PCA carried out on the results of physicochemical characteristics of WR leachates

Secondary mineral formation can, in certain conditions, contribute towards the acidity. 
Lottermoser (2007) has suggested that the precipitation of ferric hydroxides (Fe(OH)3) and
ferric oxyhydroxides (FeOOH) provides significant acidity to the solution by releasing 
hydrogen ions. Such phenomena will reduce the pH of the solution but would also reduce the 
availability of Fe3+ in solution, preventing the pyrite weathering in the absence of O2. However, 
due to the lowering of pH levels, some acid-buffering minerals tend to neutralise acidity and 
may cause increased elemental concentrations in the leachate by dissolution.

The precipitation of Fe3+ and Al3+ (oxy)hydroxides contributes towards acidity, but the 
precipitation of their sulphate salts consumes acidity (Lottermoser, 2007). The precipitation of 
both (oxy)hydroxides and sulphate salts was predicted for WRs 2 and 3 (Fig. 4). The 
precipitation of gypsum, jarosite and iron hydroxides can fill the pores in the WR pile and 
reduce oxygen intrusion, resulting in elevation of the pH of the pore water (Gilbert et al., 2003; 
Hakkou et al., 2008; Lottermoser, 2007). However, due to the fact that this phenomenon takes 
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years to become visible in the field (Lottermoser, 2007) and small quantity of materials are
used on a laboratory scale, no significant rise in pH has yet been seen in the experiments.

The AMD-generating potential of WRs depends on many factors including the content of Fe 
sulphides in the waste, the content of buffering minerals, pH, temperature, the oxygen content 
of the gas phase in drained conditions, the oxygen concentration in the aqueous phase, degree 
of water saturation, chemical activity of Fe3+, the area of surfaces of exposed metal sulphides,
the chemical activation energy required to initiate the processes involved (notably oxidation of 
pyrite and FeS2), and bacterial activity (Akcil and Koldas, 2006). Therefore, the behaviour of 
the samples during the laboratory studies is assumed to be different from the real field situation.

The particle size alone plays a very important role in determining the AMD-generating
potential of WRs, due to influencing the effective exposure of sulphide minerals to the ambient 
environment (Strömberg and Banwart, 1999). Therefore, the results from the WCT can be 
accelerated due to crushing and milling of the WRs, which might also be the reason behind the 
accelerated reactivity of sulphides. However, buffering minerals (especially carbonates) may 
also react slower than sulphides (Alakangas et al., 2013).

Compared to a previous study (Qureshi et al., 2016a), WR1 produced leachates of elevated 
elemental concentrations regardless of the FA ratio in mixtures, mainly due to the difference 
in pH conditions (near-neutral previously) and large variation in its composition. However, 
concentrations of Co, Mg, Mn, Ni and Zn in leachates from WR2 were constantly decreasing 
in this research, whilst increasing in the previous study. This illustrates the effects of FA
addition. WR3 performed better than in the previous study, showing considerable positive 
difference in pH and decrease in concentrations of Fe, Co, Cu, Mn and Ni. Addition of FA 
significantly raised Al concentrations in the leachates regardless of its ratio in the mixture.
Such an increase in Al concentrations through addition of FA has also been reported by
Alakangas et al. (2013).

Therefore, the addition of FA to WRs results in a slightly better situation compared to WRs 
alone. However, the results indicate a risk of increased mobility of metals such as Al and Ca 
and of SO4

2-. Therefore, mixed co-disposal of FA with WRs may still damage the quality of 
the surrounding environment but the fact that the laboratory experiments potentially accelerate 
sulphide reactivity (due to the material grinding) cannot be ignored.

4 Conclusions
The objectives of this research were to study and compare the effects of adding FA on AMD-
generation from coal mining WRs including buffering, leachability of elements and the 
potential occurrence of secondary minerals.

The mixtures of FA with WRs showed significant differences in pH levels compared to our 
previous research on WR leaching. The 1:1 mixture performed better with all three WRs in 
terms of pH and leachability of elements, mainly due to the higher proportion of FA in the 
mixture. 

Iron and SO4
2- leached considerably less from the 1:1 mixture compared to the others, 

indicating that the oxidation of sulphides was lower in this mixture. Aluminium leached in high 
amounts from all mixtures, with concentrations varying from 1 to 380mg L-1 (WR1), 50mg L-

1 to 1.8g L-1 (WR2) and 90mg L-1 to 3.7g L-1 (WR3). These concentrations were even more 
elevated than those in the previous research; the reason behind this is probably the addition of 
FA to the mixture which, due to acidic conditions and the composition of the FA, increased
availability of Al. A similar increase was also observed for Mn and Zn, for the same reason.
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Secondary mineral levels (as predicted by PHREEQC) indicate that the 1:1 mixture performs
better in terms of precipitation of Al3+ minerals, whereas Fe3+ minerals were precipitated more 
in mixtures containing less FA. These results suggest that, with time, the pores could 
potentially be filled with these secondary minerals and sulphate salts (followed by decrease in 
sulphide oxidation), thus improving the pore water pH.

Since many factors including the grain size play a crucial role in the reactivity of sulphides, 
there is a risk that the results from the WCT may have been influenced by crushing and milling 
of the WR samples. Therefore, both FA and WRs may behave differently in the real field in 
terms of element leaching and AMD production/remediation.
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