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Abstract The geochemical characteristics of coal
cleaning rejects (CCR) in Santa Catarina State,
Brazil, were investigated. Around 3.5 million ton/
year of coal waste are dumped in Santa Catarina
State. Coal beneficiation by froth flotation results
in large amounts of CCR composed of coaly and
mineral matter, the latter characterised by the
occurrence of sulphide minerals and a broad array
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of leachable elements. The total and leachable
contents of more than 60 elements were analysed.
Atmospheric exposure promotes sulphide oxida-
tion that releases substantial sulphate loads as well
as Ca2+, K+, Mg2+, Cl− and Al3+. The metals
with the most severe discharges were Zn, Cu,
Mn, Co, Ni and Cd. Most trace pollutants in the
CCR displayed a marked pH-dependent solubil-
ity, being immobile in near-neutral samples. The
results highlight the complex interactions among
mineral matter solubility, pH and the leaching of
potentially hazardous elements.

Keywords Brazilian coal mining · Coal
beneficiation · Leaching · Trace pollutants

Introduction

Coal has been used in Brazil as solid fuel for ther-
moelectric generation for nearly 80 years (Pires
and Querol 2004; Kalkreuth et al. 2006; Silva
et al. 2009a, b) and greatly supported national
development. According to the local coal industry
syndicate of Santa Catarina State, the average coal
run per mine is 6 million ton/year, from which 3.5
million ton/year are rejected and disposed of in
landfills (Marcello et al. 2008). The Santa Catarina
coal mining (Fig. 1) region was already classified
as an environmental national endangered area
by a 1980 Federal Decree. Accordingly, this area



110 Environ Monit Assess (2011) 175:109–126

Fig. 1 Location of Santa
Catarina Coal basin

obtained special government assistance to address
concerns on polluted soil and water quality. It
also allowed the mining sector to meet Brazil’s
demand for steam coal while protecting the envi-
ronment.

Coal cleaning is receiving great attention from
process engineers given the large amounts of coal
to be handled. Froth flotation is a widely accepted
process for coal and coal fines beneficiation.
The characteristics of high-ash-yield Brazilian
coals render them difficult to wash, demanding
more aggressive coal cleaning technologies. The
washing technique used in Santa Catarina State
consists of gravimetric separation by jigs. Coal
cleaning rejects (CCR) are dumped in gob piles in
mined out areas or in flat areas near coal washing
plants (Fig. 2). Waste heaps are composed basi-
cally of mineral and residual coaly matter. The
major environmental problems associated encom-
pass:

1. Waste dump instability and failure (Richards
et al. 1981; Stead and Singh 1989; Speck et al.
1993; Singh and Kant 2007; Steiakakis et al.
2009; Silva et al. 2010; Silva and DaBoit 2010)

2. Spontaneous combustion and subsequent
deleterious emissions to the atmosphere
(Querol et al. 2008; Zhao et al. 2008; Silva
et al. 2010)

3. Acid leachate discharges to the environment
(Cravotta 2008; Silva and Oliveria 2010)

Brazilian coal is characterised by high sulphide
contents, pyrite and marcasite (Marcello et al.
2008; Lattuada et al. 2009; Galatto et al. 2009;
Silva et al. 2009b). CCR contain a broad array
of elements including environmentally relevant
metals such as As, Cu, Co, Ge, Hg, Mn, Pb and
Zn among others (Silva and Oliveria 2010). The
oxygen-rich water used for coal beneficiation in
conjunction with rainwater and atmospheric ex-
posure of wastes provide an optimal scenario for
pyrite oxidation to occur (Sasowsky et al. 2000;
Pinetown et al. 2007). The weathering of sulphur-
bearing species typically results in markedly acidic
leachates enriched in sulphates, metals and met-
alloids, known as acid mine drainage (AMD).
This is a well-known environmental issue and
one of the most serious water pollution problems
worldwide. Despite the natural capacity of soils to
reduce solubility and bioavailability of toxic met-
als, environmental risks may persist at seri-
ously polluted sites, even though mining activities
ceased decades ago. This is of relevance bearing
in mind that Santa Catarina State hosts over 1,000
abandoned mines (Lattuada et al. 2009).

Mining companies have valid environmen-
tal operating licenses for mine exploitation and
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Fig. 2 Coal cleaning
rejects: a near washing
plants; b jarosite
identification on coal
residues zone (near
washing plants); c TEM
image of jarosite and
goethite shown in (b)

Jarosite 

Goethite

(A) 

(B) (C)(B)

preparation plants (ISO 9000 and ISO 14000), and
substantial efforts are taking place on meeting
environmental regulations regarding site reclama-
tion. A number of measures to reduce the envi-
ronmental impact of mining and washing activities
are applied, such as restricting truck traffic at
night, watering roads to reduce dust formation
or covering trucks to prevent spilling. However,
these measures have proven to be insufficient to
prevent damage caused by mining activity at Santa
Catarina coal mines over time.

Leaching of CCR dumps (percolation and
runoff leachates) may severely impact the soil,
surface water and groundwater resources if no
prevention/remediation measures are applied.
However, there are no standardised methods
for reducing AMD potential (Akcil and Koldas
2006). Metal contamination associated with AMD
depends on a number of factors including the
amount of sulphides oxidised, the trace element
content of the sulphides, the mineral assemblage
in the gangue, the geology of the area and the
chemistry of the water. Mitigation strategies are
thus markedly site dependent and need to be
based on the specific features of the impacted site.

Coal contains a number of trace pollutants in
variable concentrations and modes of occurrence.

The major issue in terms of environmental con-
cern is not only the total content of a given metal
but also the proportion of it transferable to an
aqueous phase in ionic form. The modes of oc-
currence in which pollutants occur in CCR play
a critical role in their mobility and subsequent
release to the environment. From this, and con-
sidering that the influence of heavy metals on
health and ecosystems is a growing concern, an
accurate study on the occurrence and leaching of
trace pollutants in CCR is of major importance.
Only once these characteristics are well under-
stood, effective strategies to reduce environmen-
tal risks could be addressed. Moreover, the USA,
Japan, Colombia, South Africa, China, and Brazil,
among other countries, routinely apply washing
treatments for coal beneficiation (Okuyama et al.
2009; Piñeres et al. 2009; Taute et al. 2009; Silva
and Oliveria 2010), which suggests that CCR are
not a local issue but an ever-growing worldwide
concern. Thus, the main aims of this study are (1)
to determine the geochemical and mineralogical
characteristics of coal cleaning residues, (2) to
assess the leaching potential of these wastes for
an extensive list of elements, and (2) to provide
new data for technical basis of further reclamation
plans for the area affected by coal mining.
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Materials, methods and analytical procedures

Sampling and sample preparation

This study is intended not only to assess the cur-
rent environmental situation of coal mining in
Brazil but also to provide a database to assist app-
lication of mitigation measures. For this reason,
fresh samples were collected immediately after the
coal cleaning process. Additional samples aged
for different periods of time were also collected.
An Etrex® geographical positioning system unit
was used to record geographical coordinates (lat-
itude/longitude) of the sampling points. A total
of 18 CCR samples from four regions in Santa
Clara State (Lauro Müller, Treviso, Urusanga and
Criciúma), Brazil, were selected for this study
(Fig. 1) using stainless steel spatulas. Most of the
samples were fresh except for three samples aged
for 2 years (CR 54–56) and one aged up to 5 years
(CR 20). The samples were dried in a furnace
(40◦C, 16 h) and subsequently homogenised and
sieved through a 450-μm mesh. Subsamples were
ground to pass through a 5-μm mesh for further
analysis.

Mineralogical analysis

The mineralogical study was carried out by X-ray
diffraction (XRD, powder method) using a Bruker
diffractometer (model D8 Advanced). Working
conditions were slit fixed at 12 mm, Cu Kα mono-
chromatic radiation, 20 mA and 40 kV. Samples
were run at a speed of 0.3◦ 2θ/min (5–65◦). Flu-
orite as internal reference material was used to
determine semiquantitative mineralogical compo-
sition. Moreover, the mineral species was inves-
tigated by means of an environmental scanning
electron microscope (SEM, accelerating voltage,
20 KV; beam current, 10−10 A) coupled with
an energy dispersive X-ray microanalysis sys-
tem (EDX) and transmission electron microscopy
(TEM) for chemical analyses of individual par-
ticles. Different suspensions, namely hexane,
acetone, dichloromethane and methanol, were se-
lected to prevent possible mineralogical changes
in individual solvents. The suspension consisted of
10 ml of each of the solvents mixed with 0.5 g of
dried and sieved coal cleaning residue. The sus-

pension was stirred for ∼1 min and then pipetted
onto carbon films supported by Cu grids (Gieré
et al. 2006). The suspension was left to evaporate
before inserting the sample into the TEM. This
method may have led to agglomeration but is a
widely used standard procedure for most miner-
als, including metal sulphates (Kan et al. 2003).

Chemical and leaching analyses

All samples were acid digested following a two-
step digestion method devised to retain volatile
elements in coal dissolution (Querol et al. 1997);
this consisted of a HNO3 hot extract followed by
HF:HNO3:HClO4 acid digestion of the residue.
The resulting solution was then analysed by in-
ductively coupled plasma atomic emission spec-
trometry (ICP-AES) for major and selected trace
elements and by inductively coupled plasma mass
spectrometry (ICP-MS) for additional trace ele-
ments. The digestion of international reference
materials (SARM-19) and blanks was also con-
ducted following the same procedure to check the
accuracy of the analytical and digestion methods.
Analytical errors were estimated at <3% for most
of the elements and around 10% for Cd, Mo and
P. Mercury analyses were made directly on solid
samples using a LECO AMA 254 gold amalgam
atomic absorption spectrometer.

In order to study the leaching of elements, the
compliance leaching test EN 12457-2 (EN 2002)
was applied. This is a single batch leaching test
performed at a liquid to solid ratio (L/S) of 10 L/kg
with 24 h of agitation time and deionised water
as leachant. In all cases, analyses were performed
in duplicate. Major, minor and trace element con-
centrations in solid samples and leachates were
determined by means of ICP-MS, ICP-AES and
high-performance liquid chromatography.

Results and discussion

Mineralogy

The mineralogy of the CCR is quite diverse (see
Table 1). With the noted exceptions, the minerals
detected in the coal cleaning residues are those
typically found in most coals and CCR (Sakurovs
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et al. 2007; Huang and Finkelman 2008; López
and Ward 2008; Silva and Oliveria 2010). Based
on XRD results, major minerals in CCR are
quartz, kaolinite, gypsum, microcline, muscovite
and pyrite; a similar mineral assemblage was re-
ported by Silva and Oliveria (2010). Minor phases
include albite, ankerite, barite, brucite, calcite,
hematite, illite, jarosite, marcasite, mullite, oligo-
nite, siderite, sphalerite, talc, zircon and others
(see Table 1). Numerous accessory species were
also observed by X-ray diffraction and by mi-
crobeam (SEM/EDX, TEM/EDX; Figs. 3 and 4).

As stated above, the use of water during coal
mining in conjunction with atmospheric exposure
promotes sulphide oxidation (Devasahayam 2006;
Weber et al. 2006). Pyrite is known to react with
water and dissolved oxygen to form sulphate and
iron oxyhydroxides (Silva et al. 2010). The oxida-
tion of pyrite may release to the environment the
trace pollutants hosted, typically As, Hg, Se or Pb
among others (Finkelman 1994). The following
partial reactions, spectroscopically demonstrated
by Raman monitoring on parallel experiments
conducted with and without the presence of

Fig. 3 Minerals in CCR
(SEM images). a Quartz;
b pyrite framboids, the
most common form of
syngenetic pyrite in coal
and organic-rich shales; c
kaolinite; d K-feldspar; e
calcite; f zircon

Kaolinite K-feldspar  

Aluminosilicates 

Pyrite 
 

Pyrite 
     

A)   B)

  C)   D)

  E)   F)
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Fig. 4 a Gypsum (SEM
image); b barite (SEM
image); c jarosite
TEM/EDS (copper is
from Cu grids) sample
CR20; d sphalerite (SEM
image); e hematite (TEM
image)

A)  

E)

B)

C)  

D)

iron-oxidizing bacteria (Sasaki 1997), are the re-
sponsibility of the pyrite oxidation:

2FeS2 + 7 O2 + 2H2O � 2Fe2+ + 4 SO2−
4

+ 4 H+ (
mainly chemical reaction

)
(1)

4 Fe2+ + O2 + 4 H+ � 4 Fe3+

+ 2 H2O
(
mainly bacterial reaction

)
(2)

FeS2 + 2 Fe3+ � 3 Fe2+

+ 2 S
(
mainly chemical reaction

)
(3)

2 S + 3 O2 + 2 H2O � 2 SO2−
4

+ 4 H+ (
mainly bacterial reaction

)
(4)

giving the global oxidation of pyrite (Rimstidt and
Vaughan 2003) that is kinetically enhanced by the
presence of anaerobic microorganisms:

4 FeS2 + 15 O2 + 2 H2O � 4 Fe3+ + 4 SO2−
4

+ 4 HSO−
4

(
pH ≈ 2

)
(5)

Gypsum (Fig. 4a), jarosite (Fig. 4c) and schwert-
mannite are the most prominent sulphate phases
in the cleaned coal rejects. Their formation re-
quires wet, oxidizing and acidic conditions (Silva
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et al. 2010). Newly formed secondary minerals
from AMD may play an important role for atten-
uating trace metals (Bigham et al. 1994; Webster
et al. 1998; McCarty et al. 1998). Jarosite and
schwertmannite are environmentally relevant be-
cause Pb, As and Cr may be assimilated within
their structures (Simona et al. 2004; Stoffregen
et al. 2000). Their capacity for metal/oxyanion
scavenging in acid mine sites has been addressed
for individual elements (Hochella et al. 2008;
Cravotta 2008). However, the effect of competi-
tive or synergistic co-sorption between oxyanionic
species and metal cations remains to be resolved.
This issue has been overlooked in prior studies
dealing with the behaviour of contaminants in the
environment (Gräfe et al. 2008).

Fine grains with variable Cr > Fe and Fe > Cr
compositions were also found in the jarosite ag-
gregates from the CCR. Different stages of pyrite
alteration were observed in CCR, which provided
a complete sequence of replacement by secondary
jarosite (Fig. 2b). The jarosite pseudomorph after
pyrite is yellow to light brown in colour (Fig. 2b).
Incipient replacement primarily occurs in grain
boundaries as well as along crack surfaces in pyrite
crystals. As jarosite growth advances, a remnant
of pyrite is eventually kept within its pseudo-
morphic form, as previously reported by Furbish
(1963). In some cases, the boxwork has a rectilin-
ear pattern, but mostly, it is quite irregular (Poch
et al. 2009).

Leaching of potentially hazardous elements

The bulk and leachable contents of elements in
the Santa Catarina CCR are shown in Figs. 5 and
6. In general, the concentrations of As, Mo and
Sb in Santa Catarina coals are lower than those
in other Brazilian coal regions, while Co, Hg, Pb,
Mn, Li, Se, Be, Cd and Bi are within the range
of Brazilian coals (Silva et al. 2009b). Values are
similar to the coal from Rio Grande do Sul State.
The contents of Cr, Cu, Ni, U, V and Zn exceeded
those observed in other Brazilian coals (Silva et al.
2009b).

The total soluble fraction of a residue is an
important consideration for evaluating potential
environmental impacts. CCR are not highly solu-
ble in water, as the estimated total soluble fraction
rarely surpasses 2% wt. The major constituents
solubilised from CCR are readily leachable salts,
i.e. Ca2+ and SO2

4SO2
4, followed by K, Mg, Cl−, Fe

and Al. The remaining elements, including most
trace metals, were leached in much lower levels,
but few of them are still of concern given their
toxicity threshold.

The pH of a solution is an important measure-
ment for evaluating aquatic toxicity and corro-
sivity and the key factor in regulating sorption–
desorption and leaching of trace metals in CCR.
The severity of toxicity or corrosion tends to be
greater under low-pH or high-pH conditions than
at near-neutral pH because the solubility of many
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Fig. 5 Bulk content of a number of elements in the studied CCR: ranges of contents (pale grey) and interquartile range
(percentile 25–75 range, in dark grey)
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Fig. 6 Leachable contents of a number of elements in the studied CCR: ranges of contents (pale grey) and interquartile
range (percentile 25–75 range, in dark grey)

metals can be described as amphoteric, with a
greater tendency to be dissolved as cations at
low pH or anionic species at high pH (Langmuir
1997; Gagliano et al. 2004; Mishra et al. 2008). In
addition, the acidity of water molecules coordi-
nated to a metal ion is much larger than that of
uncomplexed water and generally increases with
decreasing radius and increasing charge of the
central metal ion. For example, the hydrolysis of
Fe(III) can proceed from Fe(OH2)

3+
6 through an

entire series of ions of formulas Fe(OH)(OH2)
2+
5 ,

Fe(OH)2(OH2)
+
4 and Fe(OH)3(OH2)3 (Brown

et al. 1999).
According to the pH in leachates, samples can

be classified in two main groups: (1) acidic sam-
ples, with pH values in the 3.8 to 4.5 range, and (2)
neutral samples, with pH values ranging from 6.3
to 7.0. The low pH in group 1 is consistent with the
occurrence of the slightly soluble jarosite, which
was absent in group 2 samples.

Most elements displayed a pH-dependent solu-
bility (Fig. 7). Leachable contents were markedly
high under acidic conditions, while releases de-
creased with the increasing pH and reached
minimum values (close or below the detection
limit) under near-neutral conditions. With the few
exceptions mentioned below, releases of major
elements tend to be scattered, and no clear corre-
lation with pH was observed, probably due to var-
ious compounds controlling their solubility over
a wide range of pH. The water extractable pro-
portions, i.e. ratio of leachable to total element
concentrations, are depicted in Fig. 8.

Nonmetals: SO2−
4 > Se > NO−

3

Sulphur was the most abundant and mobile con-
stituent in the leachates. Sulphate releases ranged
from 0.2% to 6% (1.5% on average). This ac-
counts for high extractable proportions reaching
92% of the total sulphur content. However, ex-
tractable fractions vary widely (Fig. 8) given that
the solubility is controlled by various modes of
occurrence, presumably jarosite, gypsum, schw-
ertmannite and others sulphate minerals. Nitrate
concentrations in leachable fractions were below
the detection limit (0.1 mg/kg).

Selenium is present in relatively low concentra-
tions in Santa Catarina coal (Silva et al. 2009b).
In addition, Se can often substitute S in sulphides,
as a partial replacement or forming seleniferous
pyrite, ferroselite (FeSe2) and other Se-bearing
sulphides (Dai et al. 2006). Selenium concen-
trations in the leachable fraction were of low
environmental relevance (0.01–0.3 mg/kg). Mean
water soluble proportions (about 1%) are very
low in comparison to those reported for coal com-
bustion wastes (Izquierdo et al. 2008).

�Fig. 7 Leachable contents of a number of elements in
CCR as a function of the pH of the leachates. Values in
milligrams per kilogram
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Fig. 8 Water extractable yields of a number of elements in CCR

Alkalies: Na > K > Li > Rb > Cs

The main alkali cations in the leachates were Na
and K (up to 200 mg/kg), while the leachable
concentrations of Li, Rb and Cs were substantially
lower (up to 7 mg/kg). Water extractable fractions
for those elements were in most cases close to
or below 1% (Fig. 8), suggesting that their main
modes of occurrence are not soluble.

Alkaline earths: Ca > Mg > Sr > Ba > Be

Calcium was the main cationic species in CCR
leachates. This element was largely released
(Fig. 6) and displayed a widely variable but gen-
erally high mobility. The scattered leachable con-
tents as a function of the pH (Fig. 7) point to
various species governing the solubility. Thus,
Ca releases are strongly correlated with SO2−

4
releases in neutral leachates, suggesting gypsum
as the solubility-controlling species. No correla-
tion was found at lower pH, presumably due to
the presence of other leachable sulphates (mainly
jarosite). Calcium mobility at neutral pH was on
the lower side, whereas releases in acidic condi-
tions indicate that Ca availability is almost the
total content. In absence of predominant carbon-
ates in CCR, the leaching of Ca and Mg might be
assumed to be controlled by the dissolution of Ca-
and Mg-bearing silicates and gypsum (Rigol et al.
2009).

Leachable levels of Mg and Sr were 1 order
of magnitude lower than those of Ca. Magnesium
availability was kept rather constant regardless
of pH, while extractable Sr (Fig. 8) showed a
wider range of variation and increased with pH.
The highly insoluble barite accounted for the very
low Ba leaching (extractable proportions < 0.2%).
Beryllium was immobile under neutral conditions.
Extractable yields of this element were inversely
correlated with the pH and reached 20% of the
total content at low pH. It should be noted that
the total contents were very close in all samples,
which provides evidence of the crucial role of pH
in the leaching of trace pollutants.

Metalloids: Si > B > As > Sb = Ge

The leachable contents of Si showed a narrow
variation (most values around 35 mg/kg). Boron
and As were leached in levels <0.8 mg/kg that
in most cases, entails extractable proportions be-
low 1% of the total content. Arsenic may not
be regarded as an element of critical concern in
the studied CCR given that (1) total contents are
in the low range in Santa Catarina coal (Silva
et al. 2009b), (2) leachable contents rarely surpass
0.05 mg/kg and (3) this element does not seem to
be mobile in CCR. Co-precipitation or adsorption
of As onto Fe-(oxy)hydroxides could be respon-
sible for this retention, thus scavenging dissolved
As ions (Lee et al. 2005).
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The formation of schwertmannite (Yue and
Zhao 2008) and jarosite (Lee et al. 2005) could be
an additional sink for As. Antimony and Ge were
present in very low contents in the solid samples
and effectively retained, as their leachable con-
tents were close or below the detection limit.

Transition metals: Fe > Mn > Zn > Cu > Co >

Ni > V > Cd > Cr > Mo > Ti > W > Zr > Hf

The well-defined pH-dependent leaching behav-
iour of most of these elements should be noted.
Leachable contents were generally higher under
acidic conditions, with very few exceptions, which
resulted in several orders of magnitude-variable
releases. Iron is highly immobile in pH greater
than 4.5 and releases rise with the decreasing pH.
The leaching behaviour of Fe may be primarily
linked to the occurrence of leachable Fe sulphates
(e.g., jarosite), but in samples containing pyrite
sludge, other phases are also likely to control
Fe solubility (Rigol et al. 2009). Manganese in
CCR showed an order-of-magnitude variation in
its total and leachable contents. Extractable yields
suggest a considerable mobility with respect to the
other transition metals. Since Mn is still slightly
soluble in near-neutral waters (Fig. 7), it can be
regarded as a persistent pollutant in neutralised
acid drainage (Kimball et al. 1995). An analysis of
water extractable proportions as a function of the
pH revealed that 12%–73% (average 34%) Mn is
leachable under acidic conditions. At near-neutral
pH, Mn is much more immobile as extractable
yields drop to 0.3%–30% (average 10%). This
could be attributed to the formation of Mn oxides
and hydroxides, which are known to precipitate
from oxidised waters at slightly alkaline pH values
(Larsen and Mann 2005; Yue and Zhao 2008).
This would account for (1) the lower extractable
fractions observed in leachates around pH 7 and
(2) the attenuating effects on the releases of a
number of trace pollutants, as will be discussed.

Alongside Mn, Zn, Cu, Co and Ni were
the main heavy metals released from the CCR
(Fig. 6), with mean leachable contents of 14 mg/kg
for Zn and 2 mg/kg for the remaining elements.
These elements were dissolved in high concentra-
tions at low pH, while leaching strongly decreased
with pH (Fig. 7). Such a wide range of variation

in the leaching behaviour as a function of the pH
(above 2 orders of magnitude) is not in line with
variations in the total content. Copper contents
did not show a particular trend as a function of
the pH, but neutral samples were enriched in Zn,
Ni and Co with respect to acidic samples. Despite
the higher total contents, the aforementioned el-
ements were immobile, and leachable contents
were close to the detection limit. By contrast,
acidic samples revealed extractable yields up to
84% for Co, 77% for Zn, 45% for Ni and 37% for
Cu (Fig. 8). It is worth mentioning the similar geo-
chemical behaviour of few of these elements, i.e.
leachable concentrations and extractable yields of
Cu and Zn are linearly correlated (R2 = 0.93), as
well as those of Co and Ni (R2 = 0.96).

Pyrite undergoes mineralogical changes leading
to sulphide oxidation, with the subsequent release
of hosted trace metals. The precipitation of trace-
metal-bearing secondary minerals after pyrite oxi-
dation plays a critical role in the removal of metals
from AMD. Among these weathering products,
Fe and Mn (oxy)hydroxides stand out for their
scavenging potential. Metals such as Cd, Co, Cu,
Ni and Zn are known to have a strong affinity for
co-precipitating or being absorbed onto Fe/Mn-
rich hydroxides (Lee et al. 2005). The high extrac-
tion rates observed for these elements at low pH
are consistent with leaching models based on sur-
face complexation with Fe and Al (hydr)oxides,
since positively charged solid surfaces at low pH
hinder metal sorption (Rigol et al. 2009). Conse-
quently, these weathering products are likely to
be responsible for the capture and retention of
the concerned pollutants. Moreover, the high and
preferential adsorptive properties of poorly or-
dered Fe-bearing oxyhydroxyl sulphates may ac-
count for an additional contribution to effectively
reduce Pb, Cu, Zn and Cd releases under neutral
conditions (Webster et al. 1998).

The total contents of V and Cr were found
to be linearly correlated and showed little varia-
tion regardless of the sample. In contrast to the
above metals, Cr and V are extracted to much
lesser degrees (lower than 1%) revealing a low
mobility whatever the pH. Zirconium and Hf, with
strongly correlated contents, were highly immo-
bile in CCR. Even though Zr contents in CCR
attained 250 mg/kg, these elements were leached
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below the detection limit regardless of the pH,
which may be attributed to the high stability of
zircon under slightly acidic conditions. Wolfram
was also immobile in CCR, showing leachable
contents close to the detection limit with and with
no particular trend as a function of the pH.

It is worth mentioning the different geochemi-
cal behaviour of Mo with respect to the remaining
metals. Although immobile in an acidic environ-
ment, its leachable concentrations increased with
pH (Fig. 7). The formation of MoO2−

4 oxyanions,
which are very mobile above pH 6–7, would be re-
sponsible for the increased mobility. Nevertheless,
releases were of little environmental significance
and much lower than those typically observed in
coal combustion wastes (Izquierdo et al. 2008)

Other metals: Al > Pb > Sn > Ga > Tl > Bi

Aluminium was leached at very low rates with
respect to the high total contents. The only re-
markable leachable contents were measured at
acidic pH, whereas solubility sharply decreased to
below the detection limit at neutral pH. This could
be ascribed to higher dissolution rates of alumi-
nosilicate and/or aluminium hydroxide minerals in
acidic conditions. In general, the high solubility
of Al at acidic pH can be explained by the sol-
ubility of amorphous hydroxide and hydroxysili-
cate phases such as gibbsite (Rigol et al. 2009).
However, at basic pH, other hydroxide-silicate
phases may affect the solubility of this element,
thereby leading to a low but measurable amount
of solubilised Al (Milne et al. 2003).

Lead is one of the most abundant toxic metals
in coal (Finkelman 1994; Borges et al. 2006). Its
total content in the CCR reached 100 mg/kg, but
this metal was highly immobile, since leachable
contents did not exceed 0.3 mg/kg regardless of
pH. According to Brookins (1988), the field of
stability of Pb2+ in a Pb–S–C–O–H system is very
small, particularly when low pH values (pH <

5) are combined with oxidizing conditions and
high sulphates concentrations in solution. Given
that the lead sulphate is very insoluble, its for-
mation and precipitation could immobilise the Pb
released during oxidation of the samples. Thus,
according to its immobilisation pattern and since
pH tends to decrease during sulphide oxidation,

it can be assumed that the CCR will not result in
Pb contamination. Additional attenuation effects
may be provided by the formation of schwertman-
nite, which is known to strongly absorb Pb (Yu
et al. 1999; Gagliano et al. 2004).

Tin, Ga and Tl were leached in very low levels
in the most acidic samples (up to 0.4 mg/kg), while
being immobile in the remaining samples. Total
and leachable contents of Bi in CCR were close to
the detection limit.

Rare Earth elements and other metals: Ce > Nd >

U > Th > Y > La > Sc > Gd > Sm > Dy > Pr >

Er = Yb > Eu > Ho > Tb > Tm = Lu

The aforementioned elements in the CCR are
mostly associated with clay and detrital phosphate
minerals. The acidity of the coal-forming envi-
ronment may exert an influence on their con-
centration. Moreover, coal beneficiation process
modified the pH and Eh conditions due to sul-
phide oxidation. This gave rise to a particular
geochemistry environment that favoured the en-
richment of U, Ce, La, Th and Nd (represented,
for example by monazite) and other rare earth
elements (REEs). For example, humic acid and
ulmic acid can complex U and other metal ions
strongly, forming uranyl organic complex in the
environment (Ren et al. 2004; Dai et al. 2008).

In general, the total contents of the above
elements displayed a narrow variation among
samples. Cerium (releases reaching 3 mg/kg but
commonly around 1 mg/kg) was the REE most
prominently leached, followed by Nd and La.
The fact that their leachable contents are linearly
correlated suggests similar crystallochemistry in
the CCR. The remaining REEs were leached in
concentrations <0.5 mg/kg, few of them being
released close to the detection limit. Uranium, Y,
Sc and Th were released in relatively low levels
(<1 mg/kg).

Acidic conditions enhanced the mobility of
these elements (a few examples are depicted in
Fig. 9). This behaviour is in line with most metals
discussed above. Significant percentages around
2–6% U, Gd, Pr, Eu, Dy, Y and La were extracted
in the most acidic CCR samples, while extractable
yields decreased to negligible proportions at pH
over 6 (Fig. 8).
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Fig. 9 Leachable contents of few elements in CCR as a
function of the pH of the leachates. Values in milligrams
per kilogram

Implications for waste management

Results obtained from this leaching study were
compared with the waste acceptance criteria for

landfilling stated in the Annex 2 of the Council
decision (2002). Table 2 gives the critical values
of the regulated elements and the leachable con-
centrations in the samples of this study. Rather
than for regulatory purposes, the comparison is
intended to assist in the identification of the ele-
ments of concern in the CCR. It should be pointed
out that the list of elements addressed is not ex-
haustive and overlooks a number of elements that
could be potentially hazardous in the CCR due to
their low toxicity thresholds.

Table 2 brings to light that the main concerns
of the CCR in terms of leaching are Zn, SO2−

4 and
pH values, as these parameters could influence
their disposal as nonhazardous waste. It is worth
mentioning that it does not apply to all the studied
CCR samples. The limit values for disposal as
hazardous material were surpassed by only two
samples for Zn and one sample for SO2

4, while
mean values fell in the lower range of the nonhaz-
ardous category.

However, a number of CCR samples gave rise
to acidic leachates that did not meet the minimum
pH of 6 required for further disposal as nonhaz-
ardous waste. The low pH in the CCR leachates
may be difficult to overcome given that the origin
of the CCR inevitably results in the occurrence
of sulphide species susceptible to be oxidised in

Table 2 Waste acceptance criteria for landfilling according
to the Annex 2 of the 2003/33/CE Council Decision (based
on 1999/31/EC Directive) and comparison with leachable

concentrations according to EN 12457-2 of the studied
CCR (milligrams per kilogram)

Waste acceptance criteria Coal cleaning residues

Inert Nonhazardous Hazardous Min Mean Max

As 0.5 2 25 0.01 0.1 0.9
Ba 20 100 300 0.05 0.4 1.0
Cd 0.04 1 5 0.01 0.2 0.7
Cr 0.5 10 70 0.02 0.2 0.5
Cu 2 50 100 0.01 2 15
Hg 0.01 0.2 2 0.1699 0.3686 1.132
Mo 0.5 10 30 0.01 0.06 0.2
Ni 0.4 10 40 0.03 2 8
Pb 0.5 10 50 0.01 0.09 0.3
Sb 0.06 0.7 5 0.01 0.01 0.01
Se 0.1 0.5 7 0.01 0.06 0.3
Zn 4 50 200 0.06 21 71
Cl− 800 15,000 25,000 70 192 1,150
F− 10 150 500 <1 <1 <1
SO2−

4 1,000 20,000 50,000 1,536 11,446 45,288
pH >6 4 5 7
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atmospheric exposure. This demands the applica-
tion of mitigation measures in order to prevent
acidic leachate discharges to reach freshwater sys-
tems.

Conclusions

Coal cleaning rejects were primarily composed
of quartz, kaolinite, gypsum and pyrite, followed
by feldspars and jarosite, the main weathering
product. The presence of pseudomorphic jarosite
provided evidence of pyrite undergoing different
oxidation rates and releasing high sulphate loads
and a number of trace metals hosted. The major
constituents solubilised from the CCR are Ca and
SO2−

4 , which were largely released regardless of
pH. Water leaching also removed considerable
concentrations of K, Mg, Cl− and Al.

The trace metals with the most severe dis-
charges in leachates from CCR were Zn, Cu, Mn,
Co, Ni and Cd. Metal dissolution was enhanced
under acidic conditions. In acidic samples, wa-
ter extractable fractions of metals increased up
to 80% in a few cases, and the overall leaching
was higher. Mild leaching conditions imposed by
near-neutral samples substantially reduced metal
leaching. Most environmentally relevant elements
were highly immobile, which could be linked to
coprecipitation/adsorption onto Fe and Mn oxy-
hydroxides. These observations underline the crit-
ical influence of the mode of occurrence and the
pH on metal mobility in the CCR.

The comparison with waste acceptance crite-
ria for landfilling pointed to Zn, sulphates and
acidity of leachates as the main concern in the
CCR in terms of leaching. Very few samples re-
vealed potentially deleterious releases surpassing
the limit values, which suggest that this issue could
be solved if properly addressed. However, the
acidity of leachates may not be easy to surmount
as long as this characteristic is closely linked to
CCR origin.

Further research will be conducted in order to
gain insight into the geochemistry and the release
dynamics of selected elements in CCR over a long
time frame. An in-depth study on the leaching
patterns under different conditions will assist in
the design of optimal remediation strategies to

prevent metal inputs in soil and water resources
and the subsequent health hazards.
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