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Abstract
Many countries around the world use coal as fuel for the purpose of power generation. The
extraction of coal produces large volumes of waste rock (WR) that 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, Si, Cu, Zn, Ni, Co, Mo and Cr etc). Such waste
is environmentally sensitive due to the risk of oxidation in presence of atmospheric oxygen
and water. Sulphide oxidation may result in acidic waters (acid mine drainage, AMD), which
often contains high loads of dissolved metals. Coal combustion results in large amounts of fly
ash (FA), which also is of environmental concern. However, FA is alkaline and may potentially
be used for neutralisation of AMD. Therefore, the AMD producing potential of WR from coal
mining and the neutralisation potential of FAs from coal and biomass combustion was studied
with the ultimate goal to develop a methodology to decrease the environmental problems related
to these materials.
WR was sampled form the Lakhra coal field in Pakistan, which has an estimated coal reserve
of 1.3 Bton, from lignite to sub-bituminous in quality. The WR samples were characterised
by mineralogical and geochemical methods and the acid producing potential was determined
by static (Acid Base Accounting) and kinetic (modified humidity cells test) methods. Besides
organic material, the WRs are composed of quartz, pyrite, kaolinite, hematite and gypsum with
varying amounts of calcite, lime, malladerite, spangolite, franklinite and birnessite. The Lakhra
WR has strong potential to generate AMD (-70 to -492 kg CaCO3/ton) and pollute natural
waters by leaching of elements such as Cd, Co, Cr, Cu, Ni, Pb, Zn, Fe and SO42-.
Three different FAs based on the origin, fuel type and storage methods were studied. They were
characterised by mineralogical and geochemical methods, the leachability was studied by batch
leaching tests and the potential for buffering acids and neutralisation of AMD was quantified.
Fly ash from burning i) brown coal (lignite) in Pakistan (PK), ii) black (bituminous) coal from
Finland (FI) and iii) biomass FA provided by a sulphate pulp and paper mill in Sweden (SE)
were studied. All ashes contained quarts, PK also iron oxide, anhydrite, and magnesioferrite,
FI also mullite and lime, and SE also calcite and anorthite. All ashes were enriched in As,
Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn compared to continental crust, and all ashes had a strong
neutralisation potential, the bioash (SE) in particular.
The results are encouraging and suggest that it is possible to use FA to mitigate the environmental
problems with coal mine WR. Methods for that will be the focus for the continued research.
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1 Introduction
1.1 Coal mining and waste rock: The source
Mining of natural resources, minerals and metals, has always been one of the major industries
for economy and employment since the dawn of history. Mining and processing produces useful
products accompanied with some unwanted and potentially harmful by-products. Mine waste
rock (hereafter WR) and tailings are on the forefront among such wastes. Both waste types
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, Si, Cu, Zn, Ni, Co, Mo
and Cr etc). The structure and composition of mine wastes vary according to geology and the
type of mineral or metal being extracted.
Coal is the most environmentally concerned fuel among the fossil fuels. However, increasing
demand of electricity has made coal mining a major growing industry in the last decade because
of the role of coal as the primary fuel used for generation of electricity (IEA-CIAB, 2010a) in
many countries around the world. Coal fuels 42% of global electricity production, and is likely
to remain a key component of the fuel mix for power generation to meet electricity demand,
especially the growing demand in the developing countries (IEA-CIAB, 2010b). The use of
coal does not only produce obnoxious and atmosphere endangering gases but also produces
ashes containing environmentally sensitive composition of elements that readily take part in
degrading ecosystem quality.
1.2 Sulphide oxidation: The Problem
The reactions of acid generation by the oxidation of pyrite (FeS2) are well illustrated and
explained by Akcil and Koldas (2006) as follows:
The first important reaction is the oxidation of the sulphide mineral into dissolved iron, sulphate
and hydrogen:
FeS2 + 7/2O2 + H2O à Fe2+ + 2SO42- + 2H+							(1)
An increase in the total dissolved solids and acidity of the water is represented by the dissolved
Fe, SO42- and H+ that, if not neutralised, shall keep reducing pH. Simultaneously, much of the
ferrous iron will oxidise to ferric iron if the surrounding environment is sufficiently oxidising
(depending on O2 concentration, pH and bacterial activity). According to the following reaction,
ferrous iron is oxidised to ferric iron:
Fe2+ + ¼O2 + H+ à Fe3+ + ½H2O								(2)
At low pH conditions, ferric iron precipitates as Fe(OH)3 and jarosite, leaving little Fe3+ in
solution while simultaneously lowering pH:
Fe3+ + 3H2O à Fe(OH)3 solid + 3H+								(3)
Any Fe3+ from Eq. (2) that does not precipitate from solution through Eq. (3) may be used to
oxidise additional pyrite, according to the following Eq:
FeS2 + 14Fe3+ + 8H2O à 15Fe2+ + 2SO42- + 16H+						(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. (1)-(3):
FeS2 + 15/4O2 + 7/2H2O à Fe(OH)3 + 2SO42- + 4H+						(5)
All of the above equations, with the exception of (2) and (3), assume that the oxidised mineral
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is pyrite and the oxidant is oxygen. However, other sulphide minerals such as pyrrhotite (Fe1-xS)
and chalcocite (Cu2S) have other ratios of metal sulphide and metals other than iron. Additional
oxidants and sulphide minerals have different reaction pathways, stoichiometries and rates,
however, research on these variations is limited (Akcil and Koldas, 2006).
The primary factors, after Akcil and Koldas (2006), that determine the rate of acid generation
are:
•

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; and

•

Amount of buffering minerals.

1.3 Neutralisation: The treatment
Many methods for the prevention and treatment of AMD have potentially been investigated
in last few decades. 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) are few examples of common active and
passive treatment systems for AMD. Conventional (active) treatment systems are expensive
and lead to production of unstable, metal-laden sludge, which also require 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). Therefore, there is a need
to develop efficient, cost effective and long-term reliable methods for prevention and treatment
of AMD.
1.4 Fly ash: The solution?
Fly ash from coal or biomass fired power plants is one by-product generated in large amounts.
Research has been carried out for utilisation of fly ash for landfill cover, road way fill, aggregate
or mono-disposal, agriculture soil amendments as well as for many other purposes (Deschamps,
1998; Kamon et al., 2000; Kosson et al., 1996; Marschner and Noble, 2000; Okoli and Balafoutas,
1999; Tay and Goh, 1991; Zhang et al., 2002) because of its physical (pozzolanic) properties.
However, fly ash also has become an attractive option in the last decade for addressing the
issue of AMD due to its chemical (alkaline) properties. Backstrom and Sartz (2011), Prasad and
Mortimer (2011), Pérez-López et al. (2009), Pérez-López et al. (2007), Gitari et al. (2006) and
Jia et al. (2014) have reported that the fly ash and its composites are effective for the treatment
of AMD.
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1.5 Scope of the thesis
The acid mine drainage (AMD) producing potential of waste rock (WR) from coal mining and
the neutralisation potential of Fly ashes (FA) from coal and biomass combustion were studied
with the ultimate goal to develop a methodology to reduce the environmental problems related to
these materials. The objectives of the present study were i) to characterise and evaluate different
coal mining wastes for the potential of generating AMD, ii) to characterise and evaluate three
different fly ashes for the acid neutralisation potential, iii) to evaluate the leachability of major
and trace elements from WRs and FAs in aqueous conditions and iv) to identify the possibility
of using FAs to prevent or neutralise AMD from WRs.

3
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2 Materials and methods
2.1 Materials
2.1.1 Coal mine waste rock
Four different WRs were collected from four different heaps near three different underground
coal mines (M1, M2 and M3) in Pakistan. The coal field is located 45 km NW of Hyderabad
city of Sindh province, Pakistan (Figure 1). The coal reserves of the Lakhra coal field are
estimated to be 1.3 Bton in an area of about 1309 km2 (GoS, 2012). Coal type in Lakhra coal
field varies from lignite to sub-bituminous in quality. The WR samples were designated as WR1
and WR2 (collected from M1), WR3 (collected from M2) and WR4 (collected from M3). WR1
was slightly weathered at the time of sampling, aging around two to three months, while all
others were fresh, from few days to few weeks old. For a comparative study WR5, grey rock
(hereafter GR) and a coal sample from M1 were also included. Grey rock is also a type of waste
rock that is found above the WR in its lithological position. The WR5 was collected from M1
again after 1 year to study the variation in composition at two different depths.
2.1.2 Fly ashes
Fly ash samples were provided by a power station in Pakistan (hereafter PK), which uses brown
(lignite) coal as fuel and a power station in Finland (FI), burning black (bituminous) coal as
fuel. A sulphate pulp and paper mill in Sweden (SE) provided a biomass fly ash sample.
N

N

Figure 1. Location of Lakhra coal field (A) and Lakhra power station (B) in Pakistan
(source: Google Maps)
2.2 Experimental work
The coal mine waste rocks and fly ashes were characterised by X-ray diffraction (XRD) analysis,
scanning electron microscope (SEM) analysis, the Inductively Coupled Plasma - Atomic
Emission Spectroscopy (ICP-AES) (Martin et al., 1991) and the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Long and Martin, 1991). The acid generating potential of WRs
was determined with static (acid base accounting) test using modified method of SS-EN 15875
(SIS, 2011). A kinetic (weathering cell) test following a modified procedure of the method
used by Cruz et al. (2001) was performed on WRs for 192 days (28 cycles) for determination
of long term acid generating potential and element leachability. Acid neutralisation potential
5

of fly ashes was determined based on the buffering capacity test. The grain size distribution of
fly ashes was determined using laser-based CILAS Granulometer 1064 and CILAS software
(de Boer et al., 1987). To evaluate the leachability of elements from fly ashes, a batch-leaching
test was performed on the fly ash samples with a ratio of liquid to solid of 10 using a modified
procedure of the Swedish standard SS-EN 12457-4 (SIS, 2003).
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3 Findings and discussion
The mineralogical characterisation of WRs (Table 1 in Paper I) showed that the WR3 and
WR4 were composed of pyrite, quartz and kaolinite mainly, whereas, pyrite was not detected
in WR1 and WR2, however, arsenopyrite and hematite were detected, respectively, instead.
Furthermore, XRD also detected different minerals such as gypsum, malladerite, spangolite,
franklinite and birnessite that were irregularly present in WRs. The XRD (Figure 1 in
Paper II) detected quartz as the common mineral in all FAs with iron oxide, anhydrite and
magnesioferrite in PK, mullite and lime in FI, calcite and anorthite in SE. The major and
trace element composition of WRs (Table 2 in Paper I) showed that the Si, Al, Ca and Fe
concentrations were elevated with significantly high and largely variable concentrations of
S in WRs. The trace element concentrations (in mg/kg) were As (0.3-8.0), Cd (0.2-0.4), Co
(15-75), Cr (67-111), Cu (24-101), Hg (0.1-0.2), Ni (50-107), Pb (8-20) and Zn (49-105).
The FAs (Table 1 in Paper II) were enriched in Si, Al, Ca (6-10 times higher in SE than Pk
and FI, respectively) and Fe (6-10 times higher in PK than FI and SE, respectively). All fly
ashes had higher concentrations of S, metals and elements that in coal often are associated
with sulphide minerals such as As, Cd, Cu, Hg, Mo and Zn, than the average continental
crust (Krauskopf and Bird, 1995). The overall trend of concentrations of trace elements in
PK was S>Zn>Ba>Cr>Ni>Cu>Co>Pb>Mo>As>Be>Cd>Hg, in FI was Ba>S>Zn> Cr>Ni>Cu
>Pb>Co>As>Mo>Be>Cd>Hg, and in SE was S>Zn>Ba>Cr>Cu>Pb>Ni>As>Cd>Co>Mo>Be>
Hg.
The complex composition of WRs and FAs had significant impact on their acid producing and
acid neutralising potential, respectively, and element leachability. According to the acid base
accounting test of WRs, the WR3 and WR4 were much more problematic compared to WR1
and WR2. The WR3 and WR4 had significantly high net neutralisation potential (NNP), -492
and -352 kg CaCO3/ton, respectively, and neutralisation potential ratio (NPR), -0.42 and -0.43,
respectively, than WR1 (NNP of -144 kg CaCO3/ton and NPR of -0.15) and WR2 (NNP of -70
kg CaCO3/ton and NPR of -0.15). Since, Miller et al. (1991) and SRK (1989) stated that, the
values of NNP < -20 kg CaCO3/ton and, Adam et al. (1997) stated that, the NPR < 1 indicate
an acid-producing material, therefore, the WRs with such varying NNP and NPR, but still in
acid producing range, have significant potential to produce AMD and deteriorate natural waters.
The acid neutralisation potential of PK, FI and SE was 20, 25 and 275 kg CaCO3/ton, respectively,
to keep the solution pH near neutral against 1M HCl. Considering this acid neutralising capacity
of the fly ashes and taking WR2 as an example, the quantity of PK, FI and SE fly ashes that
will be required to neutralise AMD generated from 1 ton of WR2 would be about 7, 5.6 and
0.6 ton, respectively. However, this requirement would significantly increase to around 49,
39, and 4 ton of PK, FI and SE, respectively, if 1 ton of WR3 is to be neutralised. Since, these
calculations are only based on the buffering capacity of fly ashes against 1M HCl, therefore,
they are expected to differ in real case scenario due to the physiochemical composition of fly
ashes and different chemical reactions that would be taking part in AMD neutralisation process,
such as weathering of silicates, carbonates and hydroxides (Lottermoser, 2007).
The leaching analyses performed on WRs (Table 4 and Figure 3 in Paper I) suggest that the WRs
leach major and trace elements significantly in aqueous conditions. The leachate pH from WR3
and WR4 was extremely low (0.9 to 2.5) throughout the test duration of 192 days (28 cycles).
Such low pH conditions influenced the element leaching to a significant extent compared to
WR1 and WR2. Iron, Al, and some trace elements (As and Ni) including heavy metals (Cd, Co,
Cr, Cu and Pb) leached to significantly higher extent compared to WR1 and WR2. According
7

to the kinetic experiments and in contrast to the static test, after the WR3 and WR4, the next
potential WR for generating AMD and leaching of elements (such as Fe, Al, Cu, Cd, Ni and Zn)
is WR2. The pH conditions in WR2 vary from mild to strongly acidic. Element leaching from
WR2 is not as much as from WR3 and WR4. However, it is higher compared to WR1 in many
cases such as Fe, Al, Cu, Cd, Ni and Zn. On the other hand, the near neutral pH of the leachate,
lower concentration of Fe and higher concentration of Ca and SO42- from WR1 dictate that the
neutralisation species are abundantly available for taking part in acid neutralising reactions.
Additionally, the sulphide dissolution was found very slow for WR1, as indicated by the low
metal concentration in the leachate except for Mn. However, when the available calcite will be
exhausted, the pH will drop and concentrations will increase due to sulphide oxidation. Robins
(1990) found that the coal mine waters in UK have high loads of Fe concentrations. In Korea,
about 41 coal mines discharge a total AMD of more than 141,000 m3/day altogether (Chon and
Hwang, 2000). In the USA, historical coal mining in Pennsylvania, AMD is the single greatest
source of water pollution, being responsible for over 2,400 miles of polluted streams (Mallo,
2011). 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), by increasing concentrations
of elements in the freshwaters. Therefore, the leaching experiments performed on WRs dictate
that the studied WRs would also produce the leachates with high loads of toxic elements that
would deteriorate the natural water quality in and around the coal mining area.
PK, FI, and SE, having 68%, 83%, and 99% of finer particles, respectively, (Table 2 in Paper II)
can be assumed to have large surface area and water retention capacity. Due to this enlargement
in surface area, possibilities for enrichment of elements on particle surfaces increase (Markowski
and Filby, 1985). As stated by Iyer (2002), less than microns in thickness, the surface layer of
fly ash particles can contain a significant amount of elements that can readily be leached. The
element leaching from FAs (Table 3 in Paper II) showed that the fly ashes contained different
gradients of elements in leachates. However, similarities in the magnitude of some elements
such as Ca and Mo were also seen. Basically, the leaching of elements depends upon the pH, the
leachant and the solid concentration of the elements. Since the leachant used for experiments
was same for all FAs (i.e. MilliQ water), therefore, the difference in leaching of elements was
due to the difference in pH and the solid concentration of the relevant elements within the
FA. In PK and FI, Ca and SO42- had high concentration in the leachates in contrast to SE that
contained high concentration of K followed by SO42- and Ca. The reason that the S and Ca
are most abundantly leached elements from fly ashes is the occurrence of S having multiple
phases and modes, especially combined with Ca and Fe, within the fly ash particles, for instance
anhydrite found in PK. The plants take-up primary (N, P and K) and secondary (Ca, Mg and
S) nutrients and utilise them for their growth and strength. Therefore, the significantly high
concentrations of Ca and K in leachates from SE can be attributed to its biomass source. The
role of pH in element mobility is crucial. Therefore, the undetectable concentrations of Fe, Co,
Cu and Hg can be attributed to the alkaline pH conditions of the leachates. Since, the risk of
water contamination due to the leaching of major and trace elements from FAs is confirmed
by the leaching tests, therefore, the FAs are capable to significantly deteriorate natural water
quality. However, maintaining pH conditions to neutral or near neutral may control the element
mobility from FAs.
The experiments performed on the WRs and FAs suggest that i) the WRs and FAs are of
potentially environment degrading nature due to increased mobility of elements because of the
acidic and alkaline pH conditions, respectively, ii) the mobility of elements from both wastes
can be controlled by keeping the pH conditions neutral or near neutral and iii) the FAs have
potential to neutralise acids, so can, AMD. Therefore, there is an opportunity to utilise WRs and
8

FAs together to either prevent the sulphide oxidation or to control the pH conditions so that the
element mobility from both wastes could be controlled. However, since there are several ways
to utilise the waste mixture (blend of WRs and FAs) such as mine backfilling, landfilling and
using FAs for the covering material over the WR heap, the materials need to be investigated
further to decide the best possible method by which the wastes could be utilised.

9
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4 Conclusion
The WRs have strong potential of generating AMD and producing toxic element laden
leachates, especially WR3 and WR4 followed by WR2. However, WR1 can also be as much
problematic as other WRs. When the available calcite will be exhausted, the pH will drop
and concentrations will increase due to sulphide oxidation. The fly ashes could potentially be
utilised for prevention or treatment of AMD. The strongly alkaline pH conditions of FAs control
the element leaching significantly. The difference in the element leaching from WR1 and other
WRs due to difference in pH conditions dictates that the element leaching can be controlled
from WRs if neutral or near neutral pH conditions are attained. The mixture of neutral mine
drainage producing and AMD producing WRs blended with fly ash could potentially result in
neutral or near neutral pH conditions, controlling element mobility. Therefore, both wastes, if
utilised together for dumping, landfilling or mine backfilling, could promisingly result in better
environmental conditions compared to left untreated or unmanaged properly. However, further
investigations on physical, chemical, engineering properties and mixture ratio of WRs and FAs
are strongly recommended.

11
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5 Future research
The future research will be focussed on the development of the methods by which the WRs
and FAs could more environmentally and economically beneficially be utilised. The main
objectives of the research would be i) to develop the best possible WR:FA to maintain pH
conditions near neutral, ii) to evaluate the effect of WR and FA blending on leachate quality
and element mobility, iii) to evaluate the possibility of blending neutral and acidic WRs from
coal mines with FAs and their effect on element mobility and iv) to study the effect of WR:FA
on engineering properties.
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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 form
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 with ICP-AES and -MS,
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 (19-113 g/kg). Trace elements were
in the range (in mg/kg) of 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 from -70
to -492 kg CaCO3/ton. The most acid producing WRs maintained acidic pH ranging from 1 to
2.5 and less acid producing ranged from 2.7 to 7.3 during 192 days. The leachates from most
acidic WRs ranged in the element concentrations of Fe, SO42- and Al from mg/L to g/L and As,
B, Co, Cu, Mn, Ni and Zn from µg/L to mg/L. However, the leachates from less acidic WRs
contained all major and trace elements in µg/L concentrations except for B and Mn that ranged
from µg/L to mg/L. The results showed that the studied WRs have mild to strong acid producing
potential and are capable to deteriorate natural water quality significantly. Therefore, necessary
prevention or/and acid neutralising measures are strongly suggested.
Keywords: Coal mine waste rock, acid mine drainage (AMD), weathering cells, acid base accounting (ABA)

1. Introduction
Mining of natural resources, minerals and metals, has always been one of the major industries for
economy and employment since the dawn of history. Mining practices produce large volumes
of waste materials around the world that are potentially environment degrading in nature. Mine
waste rock (hereafter WR) and tailings are on the forefront among such wastes. Both waste
types 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, Si, Cu, Zn, Ni, Co,
Mo & Cr etc). The structure and composition of mine wastes vary according to geology and the
type of mineral or metal being extracted.
Coal is the most environmentally concerned fuel among the fossil fuels. Increasing demand
of electricity has made coal mining a major growing industry in the last decade because of the
role of coal as the primary fuel used for generation of electricity (IEA-CIAB, 2010) in many
countries around the world. The use of coal does not only produces obnoxious and atmosphere
endangering gases but also produces ashes composed of environmentally sensitive elements
that can readily take part in degrading ecosystem quality.
The problem of sulphide oxidation, producing acid mine drainage (AMD), has become a major
area of research in last 5 decades (Dold, 2010). The process starts right after the mining operation
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starts and may continue long after mine closures (Johnson and Hallberg, 2005; Sheoran and
Sheoran, 2006). AMD occurs mainly in mine tunnels and workings, open pits, waste rock piles
and mill tailings (Blowes et al., 2003; Johnson and Hallberg, 2005). It occurs due to the poor
management of mining activities and causes water pollution (Younger, 2000; Younger et al.,
2002). Iron sulphide minerals that are present in metallic ores, coal beds or in strata overlying
and underlying the coal exposed to oxidation may produce AMD (INAP, 2009; Jennings et
al., 2000; Lottermoser, 2007; Montero S. et al., 2005). Water disturbed by AMD has low pH,
high dissolved metal contents and high acidity (Akcil and Koldas, 2006; Macías et al., 2012;
Younger, 2000). Robins (1990) found that the coal mine waters in UK have high loads of
Fe concentrations. There are 41 coal mines in Korea that together discharge a total AMD of
more than 141,000 m3/day (Chon and Hwang, 2000). In the USA, historical coal mining in
Pennsylvania, AMD is the single greatest source of water pollution, being responsible for over
2,400 miles of polluted streams (Mallo, 2011). 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). Bell et al. (2001), Black and Craw (2001), Cravotta III et al. (2010), Equeenuddin et al.
(2010), Lattuada et al. (2009), Nganje et al. (2010) and Sahoo et al. (2012) have reported AMD
from coal mines and its impact on natural waters in different regions around the world.
Once the acids are produced due to the sulphide oxidation, they can either be immediately
mixed with freshwater directly or can be absorbed by surrounding rocks and be flushed with
any future water interactions (Akcil and Koldas, 2006; Younger and Robins, 2002a). Similar to
acid generation by sulphide rocks, in some cases, the acids produced can naturally be consumed
by buffering minerals, resulting in neutralisation of pH by removing some acidity and iron from
the solution (Akcil and Koldas, 2006).
The primary factors, after Akcil and Koldas (2006), that determine the rate of acid generation
are:
•

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; and

•

Amount of buffering minerals.

These factors highly vary from one deposit to another. Therefore, it is very important to study
the prediction and prevention/treatment of AMD with great specificity (CSIR, 2009; Zdun,
2001). In some cases AMD is of minor importance when the mine is in active production
because the pumping of water keeps the water tables low. However, it may become severe in
closed and abandoned mines due to the rebound of water tables (Johnson and Hallberg, 2005).
Commonly, a significant quantity of AMD is left untreated because most treatment technologies
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are either inadequate or too expensive (Diz, 1997). Although this process also occurs naturally,
anthropogenic activities, such as mining, accelerate the process of AMD generation because
such activities expose sulphide minerals to air, water, and microorganisms to significant levels
(Akcil and Koldas, 2006).
The objectives of this study were:
i. to characterise different coal mining wastes to study their mineralogical and chemical
composition
ii. to evaluate four different coal mine waste rocks for potential of generating AMD
iii. to study the leachability of major and trace elements from the WRs in aqueous conditions
with respect to time and physiochemical conditions (e.g. pH).
2. Materials and methods
2.1. Materials
Four different waste rocks were collected from four different WR heaps near three different
underground coal mines (M1, M2 and M3) in Pakistan. The coal field is located 45 km NW of
Hyderabad city of Sindh province, Pakistan (Figure 1). The coal reserves of the Lakhra coal
field are estimated to be 1.3 Bton in an area of about 1309 km2 (GoS, 2012). Coal type in Lakhra
coal field varies from lignite to sub-bituminous in quality. The waste rocks can be recognised
from their names as WR1 through WR4. WR1 and WR2 were sampled from M1 while WR3
and WR4 were collected from M2 and M3, respectively. WR1 was slightly weathered, aging
around two or three months, whereas, all others were fresh, aging from few days to few weeks
at the time of sampling. For a comparative study WR5, grey rock (hereafter GR) and a coal
sample from M1 were also included. Grey rock is also a type of waste rock that is found above
the WR in its lithological position. The WR5 was collected from M1 again after 1 year to study
the variation in composition at two different depths.
2.2. Methods
2.2.1. Mineralogical Characterisation
The X-ray diffraction analysis (XRD) was carried-out to study the mineralogical composition
of WRs. The XRD was performed with Siemens D5000 diffractometer using CuKα radiation
generated at 45kV and 40mA. The scanning range was measured in the 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 X-MAX80 EDS detector. The
detectors used were through-lens detector (TLD) and Everhart-Thornley detector (ETD). The
operating voltages were set to 10kV.
2.2.3. Total Element Composition
The total solid content was determined using equation 1 after drying the sample in a laboratory
oven at about 105 °C for 24 hours ±15 minutes.

TS (%) =

wt a -wt b
Eq. 1
×100
wt a
							

Where: TS is total solid content in percentage, wta is weight of material in gram before drying,
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and wtb is weight of material in gram after drying.

N

N

Figure 1. Location of Lakhra Coal Field in Pakistan (source: Google Maps)

The WR samples were analysed for 26 major and trace elements. The Inductively Coupled
Plasma - Atomic Emission Spectroscopy (ICP-AES) (Martin et al., 1991) and Inductively
Coupled Plasma - Mass Spectrometry (ICP-MS) (Long and Martin, 1991) methods were
applied by an accredited laboratory (ALS Scandinavia, Luleå, Sweden). The samples were
digested with HNO3 after drying at 50 °C and were 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.
2.2.4. AMD Potential
A modified procedure of the Swedish standard SS-EN 15875 (SIS, 2011) was performed for the
determination of acid potential and neutralisation potential of WRs.
A 2.0 ± 0.1 g dry mass of particle size <0.125mm was weighed and put into a 150 mL plastic
container followed by an addition of 90 ± 0.5 mL of deionised (MilliQ) water. The sample vessel
was stirred using a magnetic stirrer at room temperature for 15 ± 5 minutes. After stirring, the
pH was measured, to ensure that the 2<pH<2.5. Depending on the material, different amounts
of 0.1M HCl were added to the samples and the samples were stirred again. After 22 hours ±
15 minutes the pH was again measured. If the pH was >2.5 a presumed amount of 0.1M HCl
acid was added again and the samples were stirred for 2 hours ± 15 minutes. After a total time
of 24 hours ± 15 minutes, if the pH was in the range of 2.0 to 2.5, the sample was stirred using a
magnetic stirrer and titrated simultaneously with a 0.1M NaOH to reach a static pH of 8.3. The
total volume of HCl and NaOH was recorded and the acid potential and neutralisation potential
was calculated using equations 2 and 3.

AP = 31.25 ×W 									Eq. 2

Where: AP is the acid potential of waste rock in Kg CaCO3/ton and WS is the weight of total
sulphur as mass fraction in percent.
NP = 50 ×

CA ×VA - CB × VB
Eq. 3
Md
								

Where: NP is the neutralisation potential of the waste rock in Kg CaCO3/ton, CA and CB is the
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concentration of HCl and NaOH, respectively, VA and VB is the total volume of HCl (at start of
test + after 22 hours, if any) and the total volume of 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. It is usually recognised that values of NNP < -20 kg CaCO3/ton indicate an acidproducing material, whereas materials with NNP > 20 kg CaCO3/ton are considered to be acid
consuming. Hence, an uncertainty zone for this technique exists between 20 > NNP > -20 kg
CaCO3/ton (Miller et al., 1991; SRK, 1989).
Another way to evaluate the AMD production potential from static test is the neutralisation
potential ratio (NPR) that is a NP to AP ratio. Typically, the material is 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).
2.2.5. Kinetic Test
Representative samples were selected for kinetic testing using weathering cell test similar to the
one used by Cruz et al. (2001). This method uses a thin sample layer and more frequent flushing–
drying cycles than the standard humidity cell test. 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). Approximately 70 g (dry weight) of WR was placed on a ceramic
plate used as a test cell. A 7 day cycle consisted of 2 days of exposure to ambient air, leaching
on the third day, 3 days of exposure to air, and finally flushing on the seventh day. The flushes
consisted of adding 70±1 mL of deionised water to each test cell. The leachate was recovered by
applying a slight suction on a filtering flask after 3 h of contact with the WRs. The total duration
of the individual experiment was 192 days (28 cycles).
The leachates obtained after weathering cell flushes were filtered using a 0.45 mm nylon
filter and analysed for several geochemical parameters to understand the sulphide reactivity,
oxidation kinetics, metal solubility, and the overall leaching behaviour of the tested materials.
For each kinetic test run pH, redox potential (Eh), and conductivity was measured and recorded
for each leachate sample. Filtered leachates were cold stored in a laboratory freezer below
-18 °C. The resulting solutions were analysed with the Inductively Coupled Plasma - Atomic
Emission Spectroscopy (ICP-AES) (Martin et al., 1991) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Long and Martin, 1991) methods to determine metal and
sulphate concentrations (in mg/L). An accredited laboratory (ALS Scandinavia, Luleå, Sweden)
performed these analyses.
2.2.6. Geochemical modelling
Geochemical modelling was performed to investigate the possibility of metal precipitation
and formation of secondary minerals during the weathering experiment. The geochemical
equilibrium model PHREEQC (Parkhurst and Appelo, 2005) and the MINTEQ database
(Allison et al., 1991) was used for saturation index calculations. The saturation index (SI) for an
aqueous solution with respect to a mineral indicates the thermodynamic tendency to precipitate
or to dissolve certain phases.
The saturation index is defined by:

SI = log (IAP/Ks)									Eq. 4
Where: IAP is the ion activity product calculated from the water sample, and Ks is the
theoretical solubility product, both adjusted to the temperature of the sample. A negative value
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of the saturation index indicates that the solution is under-saturated with respect to a particular
solid phase and that the solid phase would tend to dissolve if present, whereas a positive value
indicates the tendency for a 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
The mineralogy of WRs shown in Table 1 is based on the XRD analysis of triplicate samples
that shows that the pyrite, quartz, and kaolinite were the major constituent minerals detected
by XRD in WR3 and WR4, whereas WR1 contained arsenopyrite as main mineral with pyrite
detected irregularly, as well. However, in WR2, pyrite was not detected by XRD but the WR
contained hematite and gypsum as major forming minerals. The minerals such as calcite,
gypsum, spangolite and birnessite were also irregularly detected in different WRs.
Table 1. Mineralogy of WRs as determined by XRD
WR1
Quartz (SiO2),
arsenopyrite
(FeAsS), Kaolinite
(Al2Si2O5(OH)4), with
variable presence of
pyrite (Fe2S), calcite
(CaCO3), lime (CaO) and
gypsum (CaSO4•2H2O)

WR2
Kaolinite
(Al2Si2O5(OH)4),
Hematite (Fe2O3),
Gypsum (CaSO4•2H2O),
with variable presence of
quartz (SiO2)

WR3
Pyrite (FeS2), quartz
(SiO2), kaolinite
(Al2Si2O5(OH)4), with
variable presence of
malladerite (Na2SiF6),
spangolite (Cu6Al(SO4)
(OH)12Cl•3(H2O)),
franklinite (ZnFe2O4)

WR4
Pyrite (FeS2), kaolinite
(Al2Si2O5(OH)4), quartz
(SiO2), TiO2, with
variable presence 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 Figure 2. In WR1, 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, in which, section a is just composed of pyrite and section b contains a
mixture of other minerals such as kaolinite, quartz and gypsum. The homogenous plain surfaced
area around the indicated sections is rich in C, indicating coal content in WRs, with irregular
occurrence of other minerals such as quartz, kaolinite and gypsum.
3.2. Chemical composition
The dry content of WRs was in the range of 77-90 % by weight (wt%). Dry content was
almost same in GR and coal, 93 wt% and 76 wt% respectively. The major and trace element
composition (Table 2) showed that, compared to the other waste rocks, Si content was 5-6 times
higher and Al content was 3-4 times higher in GR indicating that the silicate minerals are more
common in GR. WR5 also had higher content of Si and Al than other WRs. In WR1, the Ca
content was 3 times higher compared to all other WRs, GR and coal but was almost equal to that
of the average continental crust (CC). Iron content was in the range of 3-10 wt% in all samples
of WRs, GR and coal and being the highest (10 wt%) in WR3 followed by 5 wt% in WR4.
Titanium was found in the range of 1-2 wt% in WR5 and GR only. All the samples contained
low concentrations (0.1-0.9 wt%) of rest of the major elements, such as K, Mg, Mn, Na, P and
Ti.
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WR1a
90.53±5.38
8.33±5.79
6.84±4.7
3.69±5.64
3.9±4.26
0.4±0.25
0.51±0.09
0.05±0.07
0.16±0.09
0.02±0.01
0.41±0.31
n.d
8.15±8.13
98.53±61.46
2.3±1.48
0.3±0.04
40.23±26.07
67.63±52.6
73.43±53.26
0.22±0.07
14.6±9.41
87.83±38.94
14.54±9.14
107933±120564
18.23±9.9
302±103
178±139
1.18±0.14
31.37±12.72
70.6±7.6
75.03±56.56

WR2a
77.33±0.12
11.14±2.04
9.24±1.72
0.44±0.1
1.57±0.42
0.41±0.11
0.54±0.01
0±0
0.21±0.04
0.02±0
0.57±0.13
n.d
0.3±0.08
123±22
3.48±0.42
0.22±0.07
15.43±4.55
111±20
101±30
0.14±0.02
21.2±4.19
50.27±14.26
20.27±5.02
19400±1473
27.5±1.01
241±10
256±38
1.11±0.18
41.97±1.35
50.1±3.9
119.7±22

WR4a
80.73±2.39
12.47±1.94
9.35±1.13
0.33±0.03
5.63±2.91
0.35±0.03
0.26±0.01
0.02±0.01
0.14±0.01
0.03±0
0.87±0.19
n.d
2.06±0.41
101±18
2.01±0.78
0.45±0.37
75.37±35.54
102±38
68.13±24.55
0.12±0.05
24.67±6.5
107±28
13.01±3.69
74433±6757
19.3±3.95
167±34
153±38
1.09±0.25
30.17±13.66
105±109
135±33

WR5a
85.47±2.54
31.37±3.59
20.03±0.91
0.45±0.06
3.21±0.74
0.81±0.03
0.88±0.01
0.01±0
0.25±0.01
0.09±0.01
1.35±0.12
38.63±4.21
0.29±0.07
165±13
3.39±0.21
0.24±0.02
24.47±4.76
133±16
90±13.43
0.1±0.02
28.07±5.52
40.17±5.12
12.63±0.8
21667±2495
25.4±4.25
238±7
259±40
1.72±0.18
38.53±2.44
48.63±7.05
163±30

Table 2. Major and trace element composition
WR3a
83.93±0.23
9.54±3.97
6.26±2.35
0.36±0.06
10.07±3.88
0.33±0.16
0.28±0.04
0.01±0
0.21±0.02
0.02±0.01
0.69±0.34
n.d
3.88±0.73
83.33±36.15
1.84±0.32
0.25±0.12
43.5±21.88
101±37
24.97±2.04
0.1±0.02
21±9.36
61.1±30.57
8.88±3.57
113300±47345
12.47±2.67
126±18
139±47
1.03±0.33
20.87±3.07
49.67±15.15
135±50

GRa
93.67±0.58
44.4±1.91
27.87±0.92
0.2±0
2.65±0.1
1.27±0.07
0.94±0.06
0.01±0
0.23±0.02
0.11±0
1.96±0.08
15.83±0.45
0.29±0.12
227±10
2.89±0.26
0.29±0.11
15±6.24
164±12
66.77±12.81
0.05±0.01
45.67±1.19
33.93±13.25
16.53±5.8
5503±1821
26.47±1.26
254±11
203±7
2.21±0.1
35.17±0.49
48.1±15.02
215±10

a

average±standard deviation (n=3); bContinental Crust after (Krauskopf and Bird, 1995); dw = dry weight, n.d = Not Determined

ELEMENT
Dry weight (%)
Si (% dw)
Al (% dw)
Ca (% dw)
Fe (% dw)
K (% dw)
Mg (% dw)
Mn (% dw)
Na (% dw)
P (% dw)
Ti (% dw)
LOI (% dw)
As (mg/kg dw)
Ba (mg/kg dw)
Be (mg/kg dw)
Cd (mg/kg dw)
Co (mg/kg dw)
Cr (mg/kg dw)
Cu (mg/kg dw)
Hg (mg/kg dw)
Nb (mg/kg dw)
Ni (mg/kg dw)
Pb (mg/kg dw)
S (mg/kg dw)
Sc (mg/kg dw)
Sr (mg/kg dw)
V (mg/kg dw)
W (mg/kg dw)
Y (mg/kg dw)
Zn (mg/kg dw)
Zr (mg/kg dw)

Coala
76.77±0.15
1.31±1.1
0.84±0.72
0.75±0.07
1.61±0.58
0.1±0
0.56±0.17
0±0
0.28±0.01
0.01±0
0.04±0.03
90.4±4.04
0.1±0
19.11±12
2.06±1.01
0.05±0.06
5.88±1.95
12.37±4.1
11.46±3.67
0.09±0.02
5±0
8.55±3.65
1.45±0.82
31733±8071
1.95±0.84
160±89
12.03±7.46
0.4±0
8.99±6.25
10.28±8.47
6.11±4.95

CCb
n.d
27.72
8.13
3.63
5
2.59
2.09
0.095
2.83
0.11
0.44
n.d
1.8
425
2.8
0.2
25
100
55
0.08
20
75
13
260
22
375
135
1.5
33
70
165

Figure 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

A significant elevation was seen in the concentration of S content in all the samples of WRs, GR
and coal. Sulphur content was about 2-5 magnitudes higher than that of the other trace elements.
The heavy metal analyses showed that As was in the range of 0.1-8 mg/kg being highest in WR1
followed by WR3 and WR4, 3.88 mg/kg and 2.06 mg/kg, respectively. Cadmium concentrations
were almost same in all the samples, similar to that of continental crust which is 0.2 mg/kg.
Cobalt, Cr, Cu, Hg, Ni, Pb and Zn concentrations were in the range (mg/kg) of 15-75, 67-111,
24-101, 0.1-0.2, 50-107, 49-105, respectively.
3.3. Acid Mine Drainage potential
The acid base accounting analysis indicated that all the WRs have strong potential of acid
generation, WR3 and WR4 in particular followed by WR1 and WR2. The results from ABAtest are shown in Table 3.
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Table 3. AMD generation potential of WRs

Measured as
WR1*
kg CaCO3/ton
(except NPR)
AP
123±93
NP
-21±19
NNP
-144±112
NPR
-0.15±0.03
*average±standard deviation (n=3)

WR2*

WR3*

WR4*

61±5
-9±3
-70±6
-0.15±0.05

354±148
-138±30
-492±178
-0.42±0.11

245±4
-107±1
-352±5
-0.43±0.01

3.4. Kinetic Leaching Test
The minimum and maximum concentrations of selected elements are shown in Table 4. The
leaching patterns of selected elements are shown in Figure 3.
3.4.1. Waste Rock 1
The sample was neutral in nature with a stable pH in the range of 5.6-7.6 throughout the leaching
experiment duration of 192 days (28 cycles). Conductivity decreased from 10 to 1.2 mS/cm.
Aluminium, Cr and Mo were only leached at the start of the test otherwise remained below
detection limits up till the concluding cycle of the test. Copper leached higher on the first cycle
and remained below 1 µg/L during the test except the 105th day and the concluding cycle (192
days). Whereas, a similar and opposite leachability was also followed by Pb being higher at
concluding cycle and lower at first cycle otherwise under 0.2 µg/L with no change at any cycle
during the test. Arsenic was constantly below 1 µg/L and Hg was not detected in leachates at
any of the test cycles. Boron kept decreasing from 12 mg/L to 422 µg/L. The same decreasing
pattern was followed by Co differing the concluding cycle at which the concentration was
higher. Manganese and SO42- leached in higher quantities. Manganese concentration on first
cycle was 59.5 mg/L, that dropped immediately on second cycle (10.9 mg/L) and was then in
the range of 1.8-8 mg/L. The concentration of SO42- decreased from 8.6 g/L (first cycle) to 2.9
g/L (second cycle) and then finally to 0.8 g/L (concluding cycle). Zinc, Fe, Mg, Na and Cl were
all decreasing with almost the same pattern after each test cycle. Only Ca concentrations were
increasing about 50 mg/L with respect to test cycle.
3.4.2. Waste rock 2
This waste rock was from mild to strongly acidic in nature with pH in the range of 2.7-4.7 with
minimum at the 8th cycle (52 days). Also the electrical conductivity was in the decreasing range
of 11.18-0.68 mS/cm with a sudden rise to 2 mS/cm at 8th cycle (52 days), and then following
the preceding pattern from the 9th cycle as of 7th cycle. However, this sudden drop and rise
in pH and vice-versa in EC did not influence the leachability of elements except for Al, Cu
and Zn. The elements (with min-max concentration in mg/L) Ca (31-372), Mg (27-1380), Na
(5-801), Cl (4-1130), and SO42- (270-7240) from major elements and the elements (with minmax concentration in µg/L) Al (212-2715), B (1480-23000), Co (37-1050), Mn (305-8125), Ni
(36-951), Zn (44-1030) from trace elements were most abundantly leached. Iron and K were
leached in the range of 0.3-4 mg/L and 8-26 mg/L, respectively. Arsenic leached in the range
of 0.5-0.7 µg/L, Cd in 0.08-3.36 µg/L, Cr in 4-42 µg/L, Cu in 2-34 µg/L, Pb in 0.2-7.5 µg/L.
3.4.3. Waste Rock 3
WR3, being the most acidic in nature compared to other WRs, ranged in the leachate pH from
0.94 to 2.3 throughout the test duration. Electrical conductivity ranged from 5.6 to 58.2 mS/
cm, being significantly higher on the first cycle and inversely related to test duration. Since
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the WR3 is strongly acidic in nature, the pH influenced the element leaching to a significant
extent. All the major elements leached abundantly having concentrations (min-max in mg/L)
Ca (2.68-469), Fe (391-36450), K (1.25-20), Mg (0.6-1255), Na (0.6-928), Cl (2.3-524) and
SO42- (985-101940). Among the trace elements, Al (5600 µg/L to 1.5 g/L) leached to a much
higher concentration followed by, min (µg/L)-max (mg/L) concentration, Mn (355-54.4), Zn
(139-45.2), Ni (133-33.1), Co (157-32.4), B (280-15.8), Cr (92-6.6), Cu (89-2.6), As (3-1), Cd
(0.6-233 µg/L) and Pb (4-130 µg/L). Mercury was not detected on any of the test cycle.
3.4.4. Waste Rock 4
Similar to WR3, the WR4 also produced leachates of extremely low pH (ranging from 1.2 to
2.5). Since the WR has strongly acidic nature, therefore, leachates had high loads of major and
trace elements including potential environmentally unacceptable heavy metals (such as B, Co,
Cu, Ni and Zn). The major elements Fe, SO42-, Ca, K, Mg, Na and Cl leached in the min-max
range (in mg/L-g/L) of 221-17.9, 548-91, (in mg/L) 4.11-404, 0.7-6.4, 0.5-695.5, 0.7-336 and
1.5-136.5, respectively. Among the trace elements, Al leached to a much higher concentration
ranging from 7.3 mg/L to 1.3 g/L. Manganese, Zn, Co, Ni, Cu, B and Cr leached to higher
concentrations after Al, ranging (µg/L-mg/L), 319-76.7, 148-74.3, 105-57.7, 182-57.1, 13726.7, 186-10.5 and 247-5.4, respectively. The concentrations of As (1-708 µg/L), Cd (3.3-327
µg/L) and Pb (1.4-20 µg/L) were lower than other elements. Mercury was only the element that
was constantly below the detection limit.
Table 4. Concentrations of selected elements in leachates from waste rocks under laboratory conditions

Al (µg/L)
As (µg/L)
B (µg/L)
Cd (µg/L)
Co (µg/L)
Cr (µg/L)
Cu (µg/L)
Mn (µg/L)
Ni (µg/L)
Pb (µg/L)
Zn (µg/L)
Ca (mg/L)
Fe (mg/L)
K (mg/L)
Mg (mg/L)
Na (mg/L)
Cl (mg/L)
SO4 (mg/L)
pH
EC (mS/cm)

WR1
Min-Max
2-1,145
0.5-1
422-12,250
0.05-6.9
6.7-3,050
0.5-1.3
1-17.3
1,980-59,550
6.36-3,040
0.2-3.16
6.87-2,500
346-513
0.004-140
6.7-32.4
9.14-1,370
2.27-556
3.88-1,030
777-8,625
5.6-7.6
1.2-10

WR2
Min-Max
58.7-2,715
0.5-1
244-23,000
0.07-3.36
37.35-1,050
2.36-42
1-34.4
305-8,125
36.2-951.5
0.2-7.5
44.3-1,030
31.85-372
0.3-4.8
8.83-26.8
15.9-1,380
0.6-801
3.1-1,130
189-7,240
2.7-4.9
0.4-11.18

WR3
Min-Max
5,600-1,525,000
2.9-1,009.5
280-15,750
0.6-233
157-32,350
92.5-6,590
89.3-2,640
355-54,350
133-33,050
4-130
139-45,150
2.68-469.5
391.5-36,450
1.25-20
0.6-1,255
0.6-928
2.3-524.5
985-101,940
0.945-2.3
3.5-58.2

WR4
Min-Max
7,285-1,310,000
1.08-708
186-10,450
3.25-327.5
105-57,700
247.5-5,430
137-26,750
319-76,700
182-57,150
1.41-20
148-74,350
4.11-404
221-17,900
0.7-16.4
0.5-695.5
0.7-336
1.5-136.5
548-91,510
1.2-2.5
1.8-34.85

3.5. Geochemical modelling
The saturation indices (S.I) from geochemical modelling based on the physiochemical
characteristics of the leachates from kinetic test are presented in Table 5. The results of
geochemical modelling showed that the WRs were under-saturated in majority of selected
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mineral phases. Diaspore (AlOOH), Goethite (FeOOH) and Hematite (Fe2O3) were dissolving
in WR2, WR3 and WR4, whereas, they were precipitating in WR1. Gypsum (CaSO4:2H2O)
was precipitating in WR3 and WR4 on the 7th day of test, otherwise dissolving in all WRs
throughout the test duration of 192 days. On the other hand, Gibbsite (Al(OH)3) was only
precipitating in WR1 on 7th day of test, otherwise dissolving in all WRs until the concluding
cycle.
Table 5. Saturation indices (S.I) of selected minerals as calculated by PHREEQC
Days
Diaspore
(AlOOH)

Ferrihydrite
(Fe(OH)3)

Gibbsite
(Al(OH)3)

Goethite
(FeOOH)

Gypsum
(CaSO4:2H2O)

Hematite
(Fe2O3)

Jarosite
(KFe3(SO4)2(OH)6)

Magnesioferrite
(Fe2MgO4)
n.d = not determined

WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4
WR1
WR2
WR3
WR4

7
1.53
-1.93
-8.17
-6.25
-1.92
-5.7
-7.89
-6.43
0.11
-3.35
-9.6
-7.66
0.78
-3
-5.18
-3.73
-0.06
-0.14
0.23
0.05
3.97
-3.61
-7.95
-5.06
-10.08
-14.16
-10.3
-7.78
-3
-15.03
-26.76
-23.02

14
1.36
-1.1
-6.64
-5.51
-1.07
-3.86
-6.87
-5.83
-0.06
-2.52
-8.06
-6.93
1.63
-1.16
-4.17
-3.13
-0.03
-0.6
-0.07
-0.02
5.66
0.09
-5.93
-3.85
-8.56
-9.95
-9.66
-7.35
-0.89
-11.23
-24.38
-21.61

24
1.19
-0.08
-6.3
-5.64
0.32
-3.13
-6.52
-6.36
-0.23
-1.5
-7.72
-7.06
3.02
-0.43
-3.82
-3.66
-0.08
-1.33
-0.26
-0.16
8.44
1.53
-5.24
-4.92
-4.45
-8.61
-9.3
-8.84
2.06
-9.95
-23.99
-23.15

35
1.28
-0.15
-5.66
-4.95
-0.23
-4.19
-5.75
-5.72
-0.14
-1.57
-7.08
-6.37
2.47
-1.49
-3.05
-3.02
-0.03
-1.42
-0.69
-0.62
7.34
-0.58
-3.71
-3.64
-6.11
-11.88
-8.17
-8.27
0.64
-12.31
-21.93
-21.61

49
1.19
1.07
-6.04
n.d
-0.05
-3.09
-6.04
n.d
-0.23
-0.35
-7.46
n.d
2.65
-0.39
-3.34
n.d
-0.04
-1.54
-1.3
n.d
7.7
1.62
-4.28
n.d
-5.69
-8.28
-8.68
n.d
1.01
-10.26
-23.17
n.d

52
n.d
-5.04
n.d
-4.75
n.d
-5.56
n.d
-5.47
n.d
-6.45
n.d
-6.17
n.d
-2.86
n.d
-2.77
n.d
-1.58
n.d
-1.14
n.d
-3.31
n.d
-3.14
n.d
-9.74
n.d
-7.66
n.d
-19.38
n.d
-21.22

77
1
1.59
-5.59
-4.26
1.49
-2.83
-5.86
-5.28
-0.42
0.17
-7.01
-5.68
4.2
-0.13
-3.16
-2.58
-0.14
-1.62
-2.18
-1.76
10.79
2.14
-3.93
-2.76
-2.01
-7.75
-8.46
-7.75
4.21
-9.73
-22.84
-20.84

119
1.3
-1.65
-5.67
-4.3
-0.14
-5.73
-6.16
-5.34
-0.12
-3.07
-7.09
-5.72
2.56
-3.03
-3.46
-2.64
-0.37
-1.43
-2.35
-2.13
7.53
-3.67
-4.53
-2.87
-6.23
-15.3
-9.49
-8.05
0.15
-16.32
-23.61
-21.22

192
0.04
-1.65
-5.75
-4.19
-2.57
-4.76
-6.24
-5.32
-1.38
-3.07
-7.17
-5.61
0.13
-2.06
-3.54
-2.62
-0.33
-1.43
-2.48
-2.32
2.66
-1.72
-4.67
-2.84
-8.51
-10.58
-10.16
-8.97
-8.24
-15.81
-23.78
-21.13

4. Discussion
The metals in mining waste are usually associated with inorganic constituents due to dominant
concentrations of silicate and sulphide minerals (Sahoo et al., 2014). In coal, however, certain
trace elements such as Zn, As, Cu, Pb, and possibly Se, are probably associated with the sulphides,
sulphates, and selenides (Dai et al., 2006; Hower et al., 2008; Riley et al., 2012; Seredin et al.,
11

2013). Vanadium and Cr are associated with clay minerals (Hower et al., 2000; Hower et al.,
1990; Hower and Bland, 1989; Zubovic, 1976; Zubovic, 1966) and with organic matter (Dai
et al., 2008). Mercury, As, and Sb are mainly connected with pyrite or other sulphide species
(Hower et al., 2008). Arsenic can also be associated with clay minerals (Dai et al., 2012; Diehl
et al., 2004; Diehl et al., 2012; Kolker, 2012; Swaine and Clark, 1990). Therefore, a similar
occurrence can be expected in waste rock from coal mining.
According to the mineralogical characterisation, As in WR1 is bound to pyrite composing
arsenopyrite, in agreement with Hower et al. (2008). Besides pyrite and hematite the WRs
were enriched in quartz, calcite, lime, gypsum, kaolinite, also found by Bell et al. (2001)
and Equeenuddin et al. (2010). These minerals can play an important role in improving selfneutralising potential of WRs. However, they can also be a part of weathering reactions
depending on the pH conditions. Nordstrom (1982) found that sulphate minerals sometimes
take part in acid generation. Especially in the form FeII or FeIII sulphates which will hydrolyse
Fe after dissolution to form Fe(OH)3 (Jennings et al., 2000).
The findings of the ABA tests showed that the WRs have strong potential for generating acid,
especially WR3 and WR4. However, WR1 and WR2 varied from mild to strong acidic nature.
WR3 and WR4 produced extremely acidic leachatesduring weathering cell test in accordance
with ABA test. The element leaching from WR3 and WR4 was higher than the other two WRs,
especially of Fe, Al, and some trace elements (As and Ni) including heavy metals (Cd, Co, Cr, Cu
and Pb). This increased leaching of elements indicates the strong oxidation of sulphide bearing
minerals (especially pyrite). The enriched Al concentrations in leachates can be attributed to
the minerals such as kaolinite (Al2Si2O5(OH)4) and spangolite (Cu6Al(SO4)(OH)12Cl•3( H2O)).
The dissolution of Al-bearing minerals in acid neutralising phenomenon results in Al3+ that can
precipitate as gibbsite in aqueous environments and may result in acidity (Deutsch, 1997).
On the other hand, WR2 behaved differently than the other WRs in that the leachate pH varied
from mild to strongly acidic (Table 4). In WR2 a strange sudden drop in pH and rise in EC was
observed at 8th cycle. This sudden change was also observed in the concentration of Fe, Zn,
Pb, Al, Cu (that were increasing) and Ca (that was decreasing) (Figure 2). Since the Fe/S ratio
increases (Figure 2M), this change can be attributed to possibly higher reactivity of sulphide
minerals resulting in reduction of pH and Ca and increase in elements that mostly are bound to
sulphide minerals.
The near neutral pH of the leachate, lower concentration of Fe and higher concentration of
Ca and SO42- from WR1 dictates that the neutralisation species are abundantly available for
taking part in acid neutralising reactions. High Ca and S content in chemical composition of
WR1 (Table 2) can be attributed to the mineralogical presence of calcite, lime and gypsum
(Table 1). Additionally, the sulphide dissolution was found very slow for WR1, as indicated by
the low metal concentration in the leachate except for Mn (Table 4). The secondary sulphate
minerals in coal are usually Ca, Mn, Na, and K sulphates. Therefore, the higher concentrations
of Mn found in the leachates can be attributed to the dissolution of secondary minerals, as
stated by (Lottermoser, 2007). The presence of hydrous metal sulphates with divalent cations
(Me2+SO4•nH2O) is also confirmed by Jambor et al. (2000a) and Jambor et al. (2000b). These
hydrous metal sulphates can re-dissolve in water and release their ions back into solution
(Lottermoser, 2007). However, the ABA results for WR1 (Table 3) were in disagreement of
the results of weathering cell test. Since the acid generating potential of WR1 depends upon
the content of Ca-species and pH conditions of the solution with which it reacts. Therefore, the
estimation of ABA test can be attributed to the acids used for the stimulation of acid producing
and neutralising reactions. However, the ABA estimation confirms that, when the available Ca12

species will be exhausted, the pH will drop and concentrations of elements will increase due to
sulphide oxidation. Another reason for the reduced reactivity of WR1 can be the formation of
the Fe oxihydroxy precipitates on the mineral surfaces as a result of the dissolved Fe present
and nearly neutral pH conditions (Cruz et al., 2001).
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Figure 3. (A) pH, (B) EC and the concentration of (C) Ca, (D) Fe, (E) Sulphate, (F) Al, (G) As, (H) Cu, (I)
Cd, (J) Mn, (K) Ni, (L) Zn, (M) Fe to S ratio in leachates

5. Conclusion
The coal mining waste rocks were characterised and their element leachability, or, in other
words, their potential impact on natural water resources was studied. The results showed that
the waste rocks have significant potential for AMD generation and can significantly deteriorate
the quality of natural waters. The chemical characterisation showed that the WRs contained
high Si, Al and Fe concentrations (wt%) ranging from 8 to 12, 6 to 9, 3 to 6, respectively.
Sulphur concentrations ranged from 74 to 107 g/kg. Trace elements such as As, Cd, Co, Cr, Cu,
Pb and Zn were in the range (mg/kg) of 0.3-8, 0.2-0.4, 15-75, 67-111, 73-101, 8-20 and 49-105,
respectively. The AMD potential (ABA) test showed that all the WRs have mild to strong acid
producing potential ranging from -70 to -492 kg CaCO3/ton. The most acid producing WRs
maintained acidic pH ranging from 1 to 2.5 during 192 days with high concentrations of metals
and sulphate in leachates. The leachate from the calcite- and lime-bearing WR1 had neutral pH
(5.6-7.6) and lower concentrations of metals and sulphate.
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Abstract
Fly ash (FA) could be used for neutralisation of acid mine drainage. Therefore, Lignite (PK),
bituminous (FI) and biomass (SE) FAs were characterised by ICP-AES and -MS, XRD, and
SEM and their element leachability was studied with batch leaching tests. The potential for
acid neutralisation was quantified by their buffering capacity. Grain size distribution was
also determined. The XRD analysis showed that all ashes contained quartz, 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 elements
such as As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn in the ashes were in the range (mg/kg) of 7-28,
0.97-13, 9-88, 70-168, 55-119, 0.19-0.49, 57-155,18-84 and 94-2585, respectively. SE had the
highest neutralisation potential (corresponding to 275 kg CaCO3/ton) which was 15 and 10
times higher than PK and FI, respectively. The concentrations of Ca, 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. Molybdenum was in the range of
265-360 µg/L in FI, PK and SE, in descending order of concentration. The FAs used in this
study have strong potential for the neutralisation of AMD due to their alkaline nature but further
investigations, with scaled-up experiments are necessary before full-scale applications.
Keywords: Fly ash, Acid Mine Drainage (AMD), Remediation, Acid Neutralisation Capacity (ANC), Lakhra
Power Station Pakistan, Naantali Power Plant Finland.

1. Introduction
Acid mine drainage (AMD) pose widespread environmental and significant economic problems
for many developed as well as developing countries around the world. AMD arises from poor
management of mining activities and causes water pollution [1]. AMD is produced when
sulphide (principally iron sulphides such as pyrite (FeS2) and pyrrhotite (Fe1-xS)) rich mine
waste is exposed to oxygen and water. Water affected by AMD has low pH, high dissolved
metal contents and high acidity [2]. The production of AMD is controlled by the presence
of acidophilic bacteria, the rate of pyrite oxidation, and the influence of buffering carbonate
minerals in the host rock [3].
If left untreated, sulphide-bearing mine waste deposits with low buffering capacity may generate
AMD with large-scale detrimental environmental effects for hundreds or thousands of years.
Therefore, such deposits are nowadays usually carefully stored, with the major aims to reduce
the amount of oxygen and water reaching the sulphides in the waste. The most common strategy
to stop the oxidation is to apply some sort of oxygen barrier installing a soil cover on the waste
or to cover it with water [4, 5].
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Lime neutralisation [6], limestone neutralisation [7], biological sulphate removal [8], biological
metal removal [9], the ferrite process [10, 11] for heavy metal removal and wetlands [12] are
examples of common active and passive treatment systems for AMD. Conventional (active)
treatment systems are expensive and lead to production of unstable, metal-laden sludge, which
also require safe disposal to reduce the possibility of long-term environmental consequences to
occur. Alternative (passive) treatment systems work commonly well initially but fail with the
passage of time because of the clogging with available organic carbon and its depletion [13].
Therefore, there is a need to develop efficient, cost effective and long-term reliable methods for
treatment of AMD.
Fly ash (FA) from coal or biomass fired power plants is one by-product generated in large
quantities. Research has been carried out for utilisation of FA for landfill cover, road way fill,
aggregate or mono-disposal, agriculture soil amendments as well as for many other purposes
[14-20] because of its physical (pozzolanic) properties. However, FA also has become an
attractive option in the last decade for addressing the issue of AMD due to its chemical (alkaline)
properties. Researchers [3, 21-25] have reported that FA and its composites are effective for the
treatment of AMD.
As an example, in 2011, approximately 100 million tons of coal combustion products (CCPs)
were produced in USA out of which approximately 47.4 million tons was FA. Of that, 21.1
million tons were used in different applications like cement and FA blend, structure fills and
embankments, mining applications, waste stabilisation and solidification, and different concrete
products [26] (all values are converted from short ton to ton). The rest of it would have required
safe disposal. Like the USA there are many other countries around the world that produce large
amount of FA from utilisation of coal and wood but they are also not able to manage complete
and safe disposal of such ashes. This also makes FA an interesting and a viable option to utilise
as a possible alternative to traditional treatment techniques for AMD.
Therefore, the objectives of the present study were:
i. To characterise three different fly ashes:
Three different FAs were chosen based on fuel (coal and biomass) and type of combustion
process. Chemical, physical and mineralogical properties were determined.
ii. To compare the leaching behaviour of different fly ashes:
Leaching of different elements was analysed to study the leaching behaviour of elements
from FAs in aqueous environments.
iii. To evaluate the potential of fly ashes for buffering acids and treatment of AMD:
Based on chemical properties, the acid neutralisation potential of FAs was estimated
by buffering capacity tests to quantify the amount of FA required for the treatment and
neutralisation of AMD. The buffering capacity was compared to lime that is a commonly
used material for the treatment of AMD.
2. Materials and methods
2.1. Materials
FA samples were provided by a power station in Pakistan (hereafter PK), which uses brown
(lignite) coal as fuel and a power station in Finland (FI), burning black (bituminous) coal as
fuel. A sulphate pulp and paper mill in Sweden (SE) provided a biomass FA sample.
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2.2. Methods
2.2.1. Mineralogical Characterisation
The X-ray Diffraction analysis (XRD) was carried-out to understand the mineralogical
composition of FAs. The XRD was performed with Siemens D5000 diffractometer using
CuKα radiation generated at 45kV and 40mA. The scanning range was measured in the BraggBrentano geometry from 5° to 90°.
The SEM analyses were also 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
The dry content was determined using equation 1 after drying the sample in a laboratory oven
at about 105 °C for 24 hours ±15 minutes.
DW (%) =

wt a -wt b
Eq. 1
×100
wt a
								

Where: DW is dry weight in percentage, wta is weight of material in gram before drying, and
wtb is weight of material in gram after drying.
The FA samples were analysed for 26 major and trace elements. The Inductively Coupled
Plasma - Atomic Emission Spectroscopy (ICP-AES) [27] and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [28] methods were used. These analyses were performed by
an accredited laboratory (ALS Scandinavia, Luleå, Sweden). The samples were digested with
HNO3 after drying at 50 °C and were 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.
2.2.3. Physical Analysis
A laser-based CILAS Granulometer 1064 (CILAS, Orléans, France) was used for laser diffraction
analysis to obtain the particle size distribution. The sample was added to distilled water and an
untrasonicator was used to disperse the sample in water before analysis. The CILAS software
was used to calculate the particle size distribution [29].
2.2.4. Leaching Analysis
A batch leaching test was performed on the FAs with a ratio of liquid to solid of 10 using a
modified procedure of the Swedish standard SS-EN 12457-4 [30]. This test is found by Tsiridis
et al. [31] to be more reliable than other leaching methods.
A mixture of 10 g dry FA was mixed together with 100 mL of deionised (MilliQ) water to
achieve a L/S ratio of 10. The mixture was then hand-shaken vigorously so that the whole solid
became completely mixed with the liquid. The samples were agitated for 24 hours + 15 minutes
at 10 rpm using a rotary agitator. Eluates were then collected by filtering the mixture with 1
µm filter and one part of it was analysed for pH, EC and Eh (redox). The eluates were filtered
with 0.45 µm filter and chemically analysed by the laboratory and methods decribed previously
(2.2.2).
2.2.5. Buffering Capacity
The buffering capacity was determined for all FA samples with the batch titration method.
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The modified procedure of the method previously illustrated by Wyatt [32] was applied.
Approximately 0.75 g of dry material was filled in 50 mL plastic bottle and was mixed with 0
to 1 mL of 1M HCl with a sequential difference of 0.1 mL for PK and FI and 0 to 8.5 mL of 1M
HCl with a sequential difference of 0.5 mL for SE. A final volume of 20 mL was achieved by
adding deionised water to each sample.
The samples were shaken using an orbital shaker (IKA KS 260 basic, IKA-Werke GmbH and
Co., Staufen, Germany) and agitated for 24 hours + 15 minutes to reach equilibrium. The pH
was measured with a calibrated pH meter (Metrohm Ltd, 704 pH meter, Herisau, Switzerland).
The buffering capacity of FAs was calculated in kg CaCO3/ton required to neutralise the AMD
and keep the pH near neutral as follows:
CaCO3 + 2 H+ ⇄ Ca2+ +H2 CO3

3. Results

							

Eq. 2

3.1. Mineralogical Characterisation
The XRD analyses (Figure 1) of FAs indicated that, besides the organic material, all FAs
contained quartz (SiO2) as common mineral. PK was mainly composed of iron oxide (Fe2O3),
anhydrite (CaSO4), and magnesioferrite (Mg(Fe3+)2O4) while these minerals were not detected
in FI and SE. However, mullite (Al6Si2O13) and lime (CaO) were detected in FI and Calcite
(CaCO3) and anorthite (CaSi2Al2O8) were detected in SE.
All the minerals indicated by XRD were also confirmed by SEM, additionally mullite and albite
in PK. In Figure 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 lime 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 are present in SE separated
from each other.
3.2. Chemical Analysis
The analysis of chemical composition of FAs showed that the FI and SE were both 100% by
weight (hereafter wt%) dry while PK contained moisture content of about 1.27 wt%. As can be
seen in Table 1, the Si concentration was almost the same in PK and SE but was about double in
FI. Aluminium concentrations were almost same in PK and FI while it was about 3 times lower
in SE. Calcium was 6 and 8 times higher in SE than PK and FI, respectively. PK contained 6
and 10 times higher Fe concentration compared to FI and SE, respectively. Loss on ignition was
close to each other in PK and SE while, comparably, it was observed about half in FI. The basic
difference observed in the classification of FAs based on the guidelines of the ASTM standard
[33] is that, the PK is a Class F FA having the sum of SiO2+Al2O3+Fe2O3 greater than 70 wt%,
whereas FI is a Class C FA having the sum of SiO2+Al2O3+Fe2O3 greater than 50 and lower than
70 wt%. However, SE having the sum of SiO2+Al2O3+Fe2O3 <50 wt% could not be classified.
Trace element analyses showed that the Ba concentrations were approximately 2 times higher in
SE than FI and 10 times higher than PK. Chromium and Cu had almost the same concentration
in PK and SE but was about half in FI. Nickel in PK was about two times higher than in FI and
SE. The concentration of S in PK was high, about double compared to SE and 20 times higher
than FI. Arsenic was four times lower in PK than in SE and about half of the concentration in
FI. Strontium was almost the same in PK and FI while it was about half in SE.
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Figure 1. XRD Patterns for field samples of FAs. The upper graph shows PK, the middle shows FI and the
lower shows the SE

Vanadium in PK was two folds greater than FI and 10 folds higher than SE. Zinc and Cd
were more than 10 times higher in SE compared to PK and about 25 times higher than FI.
PK and FI had almost equal Zr concentrations while SE had about three times lower than
these. The overall trend of occurrence of trace elements observed in PK was S>Zn>Ba>Cr>Ni>
Cu>Co>Pb>Mo>As>Be>Cd>Hg, in FI was Ba>S>Zn> Cr>Ni>Cu>Pb>Co>As>Mo>Be>
5

Cd>Hg, and in SE was S>Zn>Ba>Cr>Cu>Pb>Ni>As>Cd>Co> Mo>Be>Hg.
All three FAs had higher concentration of S, metals and elements that in coal often are associated
with sulphide minerals such as As, Cd, Cu, Hg, Mo and Zn than the average continental crust.

Figure 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
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Table 1. Major and trace element composition of FAs
PKa
FIa
SEa
Limeb
CCc
Dry Weight
%
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
=
17.9±0.7
20.1±1.3
6.65±0.5
0.06 ± 0.02
15.36
CaO
=
5.49±0.2
3.5±0.3
33.35±0.1
53.9 ± 1.1
5.08
Fe2O3
=
31.2±2
5.51±0.08
2.53±1
<0.09
7.15
K2O
=
0.51±0.01
1.94±0.02
5.56±0.01
0.18 ± 0.13
3.12
MgO
=
2.02±1
1.52±0.01
3.63±0.4
0.52 ± 0.07
3.47
MnO
=
0.07±0
0.04±0
1.72±0
0.051 ± 0.027 0.01
Na2O
=
1.6±0.04
1.13±0.08
1.62±0.03
0.83 ± 0.02
3.81
P2O5
=
0.06±0.01
0.57±0.02
3.25±0.01
1.18 ± 0.04
0.25
TiO2
=
1.85±0.1
0.71±0.06
0.2±0.02
0.01 ± 0.00
0.73
Sum
=
87.3±3
77.1±3.4
86.85±0.1
57.0 ± 1.4
98.28
LOI
=
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
=
211±8
1330±0
2550±5
280 ± 35
425
Be
=
7.25±0.4
3.91±0.05
0.72±0.3
<0.5
2.8
Cd
=
0.97±0.1
0.35±0.02
13.05±0.04
0.39 ± 0.04
0.2
Co
=
88.6±8
22.6±0.28
9.88±6
0.17 ± 0.03
25
Cr
=
168±7
70.1±7.9
143±1
10.9 ± 1.2
100
Cu
=
119±12
55.7±0.99
100.05±8
0.75 ± 0.07
55
Hg
=
0.49±0.1
0.19±0
0.44±0.04
<0.03
0.08
Mo
=
18.6±2
7.45±0.02
9.77±1
<0.5
1.5
Ni
=
155±15
57.4±0.99
61.95±10
4.72 ± 0.05
75
Pb
=
18.9±2
27.7±0.21
84.75±1
10.0 ± 0.3
13
S
=
23833±2122 1150±14
14000±1491 1205 ± 35
260
Sr
=
1510±61
1235±21
875±28
n.d
375
V
=
339±7
102±9
33.3±1
n.d
135
Zn
=
218±24
94.4±1.56
2585±16
2.50 ± 0.71
70
Zr
=
277±5
252±5
95.55±0.01
n.d
165
SiO2+Al2O3+Fe2O3
Wt % 75.7
67.8
37.53
n.d
n.d
aaverage±standard deviation (n=3), bafter Jia et al. [25], cContinental Crust after Krauskopf [34], wt % = dry weight
percent, n.d = not determined

3.3. Physical Analysis
The FAs had D90 (90% by mass had smaller diameter than) 108.9±2.4 µm in PK, 84.4±3.1
µm in FI and 34.3±2.1 µm in SE. The median particle diameter (D50) was 40.1±0.6 µm in PK,
20.6±0.2 µm in FI and 14.5±0.4 µm in SE. The D10 was 3.54±0.04 µm in PK, 1.42±0.07 µm
in FI and 2.55±0.07 in SE. The distribution curves in Figure 3 are uncertain for particle sizes
less than 1µm due to instrument limitations. The proportion of fine and coarse particles can be
found in Table 2. The classification of fine and coarse particles is based on the guidelines in
ISO 14688-1 [35].
Table 2. Proportion of coarse and fine particles in FAs

Fly Ash
PK
FI
SE

% Fine
68
82
99.4

% Coarse
32
18
0.6
7
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Figure 3. Particle Size distribution of FAs

3.4. Leaching Analysis
As shown in Table 3, all FAs produced alkaline leachates with different gradient of elements.
FI had higher redox potential compared to PK and SE. SE was 8 times higher in electrical
conductivity than PK and FI. The chemical analyses of the leachates for elemental composition
showed that the leaching of Mg, Na and sulphates was much higher from PK than from FI and
SE.
Table 3. Chemical composition and physicochemical characterisation of fly ash leachates
PK*
pH
Eh
EC
Ca
Fe
K
Mg
Na
DOC
Cl
F
SO42Al
As
Ba
Cd
Co
Cr
Cu
Hg
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mV
µS/cm
mg/L
=
=
=
=
=
=
=
=
µg/L
=
=
=
=
=
=
=

Relative % FI*
Leached
9.55
n.d
12.25
-145
n.d
-296
3.07
n.d
2.25
497±20
<0.1
222±4.27
<0.004
n.d
<0.004
8.86±0.28
0.17
5.16±0.09
57.87±6.24 0.29
<0.09
364±7
2.28
21.43±0.54
1.18±0.29
n.d
1.03±0.05
53.67±11.96 n.d
2.65±2.56
4.10±0.36
n.d
1.375±0.13
2123±141
2.97
132±7
131±26
<0.1
118±21.75
1.83±0.37
<0.1
<0.5
78.23±5.13 <0.1
288±10.61
0.36±0.03
0.91
0.39±0.02
<0.05
n.d
<0.05
1.13±0.26
<0.1
139±1.71
<1
n.d
<1
<0.02
n.d
<0.02

Relative % SE*
Leached
n.d
13.48
n.d
-155
n.d
23.09
0.63
644±38
n.d
<0.004
<0.1
1835±106
n.d
<0.09
0.19
319±26.16
n.d
2.50±0.57
n.d
401±16
n.d
0.90±0.14
3.81
1630±212
<0.1
2.53±0.38
n.d
<0.5
0.11
257±2.12
<0.1
0.21±0.013
n.d
0.062±0.00
0.19
600±38.89
n.d
<1
n.d
<0.02

Relative %
Leached
n.d
n.d
n.d
0.19
n.d
3.30
n.d
1.97
n.d
n.d
n.d
3.88
<0.1
n.d
<0.1
<0.1
<0.1
0.42
n.d
n.d

Mn
=
1.06±0.364 <0.1
<0.2
n.d
<0.2
n.d
Mo
=
330±8
1.78
360±4
4.82
265±2.83
2.71
Ni
=
1.08±0.32
<0.1
<0.5
n.d
<0.5
n.d
Pb
=
<0.2
n.d
<0.2
n.d
19.7±0
<0.1
Zn
=
2.11±0.21
<0.1
20.01±23.74 <0.1
135±3.54
<0.1
*average±standard deviation (n=3), n.d = not determined, Relative % = % of element leached relative to its solid
quantity in FA
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3.5. Buffering Capacity
The buffering capacity test performed on PK, FI and SE showed that the SE was much more
acid neutralising compared to PK and FI. The buffering capacity of PK, FI and SE was 20, 25
and 275 kg CaCO3 per ton, respectively, to keep the solution pH near neutral. The acid titration
curves (Figure 4) show a sudden drop in FI from about pH 6.5 against 0.5 mmol H+/g to pH 3.5
against 0.6 mmol H+/g and then finally a gradual decrease to 2.8 against 1 mmol H+/g. A gradual
decrease in pH of PK and SE was observed with increasing amounts of acid.

Pk
FI
SE

9 10 11 12 13 14 15

Figure 4. Acid titration curves of FAs against 1M HCl

4. Discussion
Environmental concerns about AMD related to mining operations begin with mine opening
and continue long after the closure. If the sulphide containing mine waste comes into the direct
contact with oxygen and water, it reacts and produces acidic leachates if the buffering minerals
are not enough to buffer the acids and maintain the pH to neutral or near neutral [5]. The FA has
become an interesting option for treating AMD due to its chemical and physical composition
that suggests that the FA can function as a treatment agent for AMD. FA may simultaneously
work as hardening or cementing material, filling the porosity between the sulphidic waste rocks
in a heap or in a backfilled mine that would finally isolate the waste from oxygen and water to
prevent generation of AMD [36].
4.1. Mineralogy and chemical composition
The XRD analyses determined just two mineral phases (quartz and iron oxide) common for all
sample types. Different regions in FA particles are usually distinguished as (1) the particle core
composed of amorphous aluminosilicate glass (2) a network of mullite crystals that surrounds
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the particle core and (3) an external layer of deposits [37]. The melting of coal mineral
admixtures, evaporation and subsequent condensation occurring during combustion creates
a unique structure within the FA particles [37] that varies significantly. Particle surfaces are
often enriched with the most environmentally reactive elements. As such settlement of elements
occurs over the particle surface, these compounds are in immediate contact with the pore water
and their mobilisation is controlled by precipitation and dissolution processes. More than 70%
of As, Se, Mo, Zn and Cd is concentrated on the surfaces of FA particles, whereas, approximately
same amount of Na, K, Mg and Fe is associated with the aluminosilicate matrix, however, the
elements such as Mn, Cr, Cu, Co, Ba, Pb and Ni are approximately equally distributed between
the aluminosilicate matrix and non-matrix material [38]. Gladney et al. [39] suggested that B is
also a particle surface enriched element.
Additional to the matrix variation, the observed difference in chemical composition and
mineralogy of FAs is also, as stated by Baker [40], due to the mineralogy of the FA that depends
upon the parent coal, the process by which the coal is combusted (pulverisation, cleaning
system for the flue gas, and FA collection system) and the additives that are used during the
combustion process. Evidence of the impact of the interrelated complex processes — adsorption,
condensation, and chemical transformation — on the elemental composition of the FAs was
also given by Ratafia-Brown [41] and Jones [42].
The FAs studied, show clear differences regarding major elements (Si, Al, Ca, Fe, K, Mn and P)
and some trace elements (Ba, Cr, Cu, Ni, S, Sr, V, Zn, and Zr). This difference in FA composition
was expected to occur because of their different origin, the fuel that they are produced from,
the process by which the fuel was burnt, and the way the FAs were captured and stored. The
concentrations of Fe, Cr, Cu, Ni, S and Zn were higher in PK. High concentrations of these
elements were also observed in a research conducted on the coal that was used as the fuel source
from which the PK was produced [43]. The concentration of S in PK was 4 folds elevated
compared to a study conducted by Johnson et al. [44] on a fly ash from a lignite source at a
much advanced power-house. The concentrations of Be, Hg, Mo, and Sn were approximately
same while the concentrations of Co, Cu, Ni, Y, and Zn were lower and that of Ba, Pb, and Sr
concentrations were significantly high in that study [44]. The high S concentration in PK is
probably due to the high S content in the parent coal and the lack of desulphurisation unit in
the combustion system. The nutrient elements, such as Ca, K, Mg, Mn, and P, were enriched in
SE due to its biomass source. The plants take-up these nutrients, absorb them in their structure
as a part in geochemical cycles. SE was also enriched in Zn and the toxic element Cd. The
concentrations of major and trace elements observed in FI are identical (in some cases) or very
close to a study by Lieberman et al. [45] on two different bituminous FAs that shows that the
FI is typically a bituminous FA.
4.2. Physical characteristics and element leaching
The element leaching from FA mainly depends on their concentration in feed coal and therefore,
in FA, and then on the pH conditions of the leaching environment. As soon as the FA starts
to cool down, the volatile elements including S (being the most apparent), As, B, Hg, Cl, Cr,
and Se condense on the surface of the FA particles and form compounds with a commonly
highly variable solubility and essentially combined with Ca [46]. PK, FI, and SE, having 68%,
83%, and 99% of finer particles, respectively, can be assumed to have larger surface area, and
low hydraulic conductivity [47], that can reduce the oxygen transport and prevent sulphide
oxidation. The water retention capacity can sometimes be high in finer FAs and low in coarser
FAs [47] and vice-versa [48]. However, the water retention capacity of FAs depends upon many
factors such as particle size, particle shape and porosity [48].
10

Due to the particle size distribution of FAs and possibly large surface area, there is a risk for
the enrichment of elements on particle surfaces [49]. Such enrichment of elements on particle
surfaces can lead to the elevated concentrations of the major and trace elements within the
FAs [50]. However, the elevation in solid element concentration within FAs can also affect the
leachate quality to a significant extent and result in leachates with high loads of elements [46,
51].
The FAs behaved differently during the leaching experiments but similarities in the magnitude
of the leaching of some elements were observed. In PK and FI, Ca and SO42- had high
concentrations in the leachates in contrast to SE that had high concentration of K followed by
SO42- and Ca. The reason that the S and Ca are most abundantly leached elements from FAs is
the occurrence of S having multiple phases and modes, especially combined with Ca and Fe,
within the FA particles, for instance anhydrite found in PK. The correlation between occurrence
and leachability of S and Ca was also observed by Iwashita et al. [52] and Izquierdo et al. [53].
Izquierdo et al. [46] found S as the major soluble element in FA, along with Ca. The enriched
leaching of K from SE can be attributed to its source, i.e. biomass. Increased amounts of K
were also observed in FA composition by Koukouzas et al. [54] with increasing the proportion
of wood in the coal/wood mixtures. According to Phung et al. [55], FAs contain soluble salts
that are readily dissolved in water. The presence of Ca-bearing salts and their dissolution is also
confirmed by Izquierdo et al. [46]. Therefore, the difference in the leached concentrations of Cl
can be attributed to the difference in the amount of soluble salts present in the FA.
The solubility of many elements is pH dependant and depends on how they occur; in stable
mineral, in soluble minerals or sorbed on mineral surfaces. As concluded by Izquierdo et al.
[46], Be, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb, rare earth elements, Si, Sn, Th, Tl, U and Zn have
minimum solubility in the pH 7-10 region. Their leachability is low and not correlated to their
concentration in ash, but is pH dependent. Keeping in view the pH of FA leachates, the FI
and SE standout to be the strongly alkaline FAs compared to PK that is a mildly alkaline FA.
Elements such as As, B, Cr, Mo, Sb, Se, V and W display maximum leachability in the pH
range 7-10. Arsenic, B, Cr, Mo and Se should have the strong concern due to their high water
solubility and negative impact on flora and fauna [46]. The role of pH in element mobility is
crucial. Therefore, the undetectable concentrations of Fe, Co, Cu and Hg can be attributed to
the alkaline pH conditions of the leachates. However, the element mobility from FAs can be
controlled if the pH conditions are kept neutral or near neutral.
4.3. Acid neutralisation capacity
The total content of Ca-bearing species within the FA is considered responsible for neutralising
the acids [56]. Vadapalli et al. [57] found that the neutralisation of the acidity is also a particle
size dependant phenomenon. Finer particle sized FA provide more promising performance than
coarser particle sized FA, thanks to the broadening of the surface area by increasing the amount
of finer particles. For this reason, a significant difference was observed in acid buffering capacity
of the FAs. The SE FA was more promisingly buffering due to its high calcite content and large
surface area being the finest FA. However, the fineness of SE also contributed to small increase
in pH and leaching of some major elements than what was the case for the other two FAs.
Considering the acid neutralising capacity of FAs studied here and taking a real case scenario as
an example of a waste rock corresponding to a NNP value of 20 kg CaCO3/ton, the quantity of
PK, FI and SE FAs that will be required to neutralise AMD generated from a ton of such waste
rock would be about 2000 kg, 1600 kg and 177.8 kg, respectively.
Looking at the quantity of FAs required to neutralise the AMD, it is suggested that the SE that
11

comes from biomass is promising for the purpose. However, not all countries rich in mining
around the world, especially coal mining, usually produce such large quantity of biomass FAs
that can be used for the neutralisation of AMD. On contrary, countries producing and using coal
for the purpose of power generation can produce sufficient quantities of coal FA that can be used
for the neutralisation of AMD produced from the coal mining waste and this can be the case
for PK and FI. According to Ghassemi [58], lignite coal ranges in ash content from 6% to 19%
and bituminous coal (FI) ranges from 6% to 12%. This means that the quantity of PK would be
around 60 to 193 kg per each ton of coal burnt and FI would be around 60 to 122 kg per each ton
of coal burnt. Therefore, to neutralise 1 ton of a waste rock of NNP stated in previous example,
about 10 to 33 tons of coal in case of PK and about 13 to 26 tons of coal in case of FI would be
required. However, the decreased neutralisation potential of PK can be attributed to the process
of self-cure, because the FAs cure with time and neutralisation potential becomes lesser as the
available CO2 is consumed.
Compared to lime/limestone, more time and amount of FAs is required for the neutralisation of
AMD [59]. The benefit of using FAs for neutralisation of AMD is its capability to precipitate
sulphates in the ettringite form that can capture and bind several pollutants like As, B, Cr, Sb,
Se and V [46, 59]. Another benefit of using FA is its cost effectiveness and ease of handling
compared to lime. The lime neutralisation produces low density and highly contaminant-laden
sludge that also requires a safe disposal, whereas comparably the FAs produce high density
sludge that requires lesser efforts to handle [59]. However, the contaminant load can also be
high depending on the effectiveness of FAs for AMD neutralisation and the mixture pH.
5. Conclusions
The objectives of the present research were to characterise the FAs, study the leachability
of elements, investigate the potential of FAs for acid neutralisation, and to compare the acid
neutralisation potential with lime.
The FAs have different chemical and mineralogical composition with mild to strongly alkaline
nature, which also affects the leachate quality. 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 a magnitude greater than in FI. Iron
concentrations were 6 and 10 times higher in PK than FI and SE, respectively. The nutrient
elements, such as Ca, K, Mg, Mn, and P, were enriched in SE due to its biomass source. The
heavy metals such as As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn were in the range (mg/kg) of 7-28,
0.97-13, 9-88, 70-168, 55-119, 0.19-0.49, 57-155,18-84, 94-2585, respectively. PK, FI, and SE,
had 68%, 83%, and 99% fine particles, respectively, which provides more surface area to the
elements to be sorbed on the particles and readily available to take part in rapid leaching.
Due to the difference in alkalinity and particle size, the leaching of elements from all three
FAs differs from minor to significant extent. Leachates from PK, FI and SE contained major
elements such as Ca, K, Mg, Na, Cl, F, and SO42- in the range (mg/L) of 222-644, 5-1835, 0.0957, 21-364, 2-401, 0.9-4.1 and 132-2123, respectively. Arsenic, Mg, Na, Ni, F and SO42- were
high in PK leachates. Calcium, K and Cl were high in SE leachates. Leachates from SE were
also enriched in Cr, Mo, Pb and Zn concentrations. FI being the lowest in the concentrations
of major and trace elements in the leachates had enriched concentration of Ba compared to PK
and SE. Iron, Cu and Hg were not detected in any FA leachate. Additional to that, Co and Pb
were not detected in PK and FI leachates and Mg, As, and Ni were not detected in FI and SE.
The buffering capacity of the SE was approximately 10-15 times higher than that of FI and PK,
mainly due to the significantly higher calcite content. However, all the FAs had potential to
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neutralise acid. The quantity of FAs that will be required to neutralise AMD generated from 1
ton of waste rock corresponding to a NNP of 20 kg CaCO3/ton would be about 2000 kg of PK,
1600 kg of FI and 177.8 kg of SE.
However, based on the encouraging results obtained in this research, the FAs need to be
investigated further using scaled-up laboratory experiments to evaluate the possibility for their
combined use with AMD producing mining waste to prevent sulphide oxidation. Since the
laboratory experiments, such as buffering capacity test, are used to simulate the neutralisation
processes, there is a risk for underestimation or overestimation of neutralisation potential of FAs.
Additional to that, the amount and difference in concentrations of major and trace elements in
leachates shows that the FAs may have significant impact on natural ecosystem while in contact
with water and that the pH controls the element mobility to a significant extent. Therefore,
combined use of AMD producing waste and FAs can be a solution to environmental problems
associated to both wastes.
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