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a b s t r a c t

Fenton’s reaction is proposed as an accelerated weathering test for sulphides associated with Brazilian
Coal Mining Residues (CMR), that are exposed to oxygen and water during the mining of coal. TEM and
SEM/EDX were used to evaluate the nature, occurrence and distribution of minerals in remaining coals
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and other lithological units, before and after applying the test. Oxidation of CMRs was examined by
analyzing soluble sulphur (sulphate) and dissolved metals by ICP-MS or ICP OES. As dissolved sulphate
increases, dissolved Zn, Cd, Cu and Co concentrations increase, leading to undetectable amounts in the
remaining solid phases; dissolved Ni and Mn also increase with the mobilized sulphur, but the remainder
in the solids is the most important fraction; Fe and Pb are not mobilized due to precipitation as jarosite
or hematite in the case of Fe or as sulphate in the case of Pb. Agreement between the observed results

oche
nvironmental impact and the predictions by ge

. Introduction

Petroleum crises during the last few years have increased the
ignificance of researching coal. Although abundant, existing coal
eservoirs throughout the world could supply energy requirements
or a long time, efficient use is limited by the coal’s high sulphur con-
ent, as found in Brazilian coal, for example. The abundant presence
f sulphide minerals associated with coal causes great concern as
o the environmental impact of oxidation [1–4], together with the
now CO2 production after coal firing.

Significant environmental problems associated with coal min-
ng arise from interaction between the sulphides from coal and
he immediate environment, especially atmospheric compounds,
urrounding surface and ground waters [5].

Most high-sulphur coals contain, among the different metal sul-
hides, high concentrations of pyritic sulphur. During the past two
ecades numerous studies have concentrated on understanding the
echanism of pyrite oxidation [6–10], due in part to the environ-

ental impact of acid mine drainage [11–13]. Pyrite oxidation is

n electrochemical process that consists of three distinct steps: (a)
athodic reaction, (b) electron transport and (c) anodic reaction [9].
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∗∗ Co-Corresponding author.
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mical modelling is discussed.
© 2010 Elsevier B.V. 

Two chemical reactions are responsible for the first oxidation
step: (a) aqueous pyrite oxidation by O2, represented by the fol-
lowing overall reactions:

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2− + 4H+ (1)

and (b) the own Ferric iron (Fe3+), itself a powerful oxidant of pyrite
in highly acidic conditions [13], which reacts with pyrite according
to the following reaction:

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (2)

This cathodic reaction (the predominant one, (1) or (2), depends
on the concentration of O2 and Fe3+) is the rate-determining step for
sulphide mineral oxidation [10]. It oxidizes the sulphide to sulphate
but maintains the iron in a state of ferrous oxidation. Studies on
the oxidation of galena, sphalerite, chalcopyrite and arsenopyrite
[9] concluded that the cathodic reaction (1) “is also true for these
minerals, and is likely to be generally true”.

Then, the ferrous iron (Fe2+) released into solution is chemically
oxidized to ferric iron by the dissolved oxygen:

Fe2+ + O2 + 4H+ → Fe3+ + 2H2O (3)

Open access under the Elsevier OA license.
a reaction kinetically enhanced by the presence of anaerobic
microorganisms like iron-oxidizing bacteria [14]. Bearing in mind
the partial reactions (1)–(3), the global oxidation reaction is:

4FeS2 + 15O2 + 2H2O → 4Fe3+ + 4SO4
2− + 4HSO4

− (4)
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here a highly buffered acid solution (pH ≈ 2) is formed being
quimolar with the amount of dissolved Ferric ion released. In these
onditions all the Ferric ion remains dissolved in the water solution.

While oxidative surface reactions on Fe sulphide minerals have
een studied [9], far fewer studies have focused on the dissolu-
ion of other sulphide minerals. The direct oxidation of such cation
ivalent sulphides, like sphalerite

nS + 2O2 → Zn2+ + SO4
2− (5)

oes not lead to acidification. At low pH (<3), the oxidative disso-
ution of sphalerite can be catalyzed by abiotic Fe3+ reduction and
ubsequent oxidation of Fe2+ by Thiobacillus ferrooxidans [15]. If the
e2+ is not completely reoxidized or if it is leached by the soil water,
e3+-mediated sphalerite oxidation results in a net acid release [16].

Dissolved cations and sulphate anions, released as acidic solu-
ions from the oxidation of metal sulphides associated with coals,
an interact among themselves (dissolved lead and sulphate can
recipitate lead sulphate even in acidic solutions) or with the
issolved ions in waters (mainly bicarbonate) or the minerals in
he river sediments (mainly carbonates) leading to the forma-
ion of secondary sulphate minerals and/or different metal oxides,
oxy)hydroxides or carbonates. These complex interactions must
e thoroughly understood to assess potential risks for the environ-
ent and even to the human health.
This study investigated the nature of the coal mining residues

CMRs) and attempts to quantify the extent to which interaction
as taken place or could take place between the coal or coalbearing
trata and the surrounding environment, by using an accelerated
eathering procedure based on the Fenton’s reaction, i.e. using
2O2 as the oxidant to examine experimentally the oxidation of
etal sulphide mineral phases associated with Brazilian coals.
The purpose is to evaluate the process of oxidation of the sul-

hides material in order to deduce the environmental fate of Fe,
i, Cu, Pb, Mn, Zn, Co, Cd, H+ and SO4

2− in the Santa Catarina coal
ining region. The results of such research are of great use in the

esign of prevention and remediation strategies for mine-affected
egions.

. Background of the accelerated weathering by Fenton’s
eaction

Hydrogen peroxide (H2O2) has strong oxidizing properties and
as been suggested as an appropriate chemical for clean desulphur-

zation treatments of high-sulphur coals. It was determined to be
ffective in reducing >90% of the pyritic sulphur from high-sulphur
oal [17–20].

The oxidation of redox-active ferrous ion (Fe2+) by H2O2, known
s the Fenton’s reaction, results in the formation of ferric ion (Fe3+)
nd hydroxyl (HO•) radicals consuming an equimolar amount of H+

nd hydroxyl (OH−) ions:

e2+ + H2O2 + H+ → Fe3+ + HO• + H2O (6)

The Fenton reaction initiates a series of chain reactions, known
s the Haber–Weiss cycle, in which H2O2 is consumed as follows:

2O2 + HO• → H2O + O2
•− + H+ (7)

2O2 + O2
•− + H+ → O2+HO• + H2O (8)

hile chain termination is expressed by the reaction:
e2+ + HO· + H+→ Fe3+ + H2O (9)

eading to the global oxidation in acid media:

Fe2+ + H2O2 + 2H+ → 2Fe3+ + 2H2O (10)
Materials 186 (2011) 516–525 517

Disulphide anions can also be oxidized to sulphate by hydrogen
peroxide, generating protons:

2S2
2− + 14H2O2 → 4SO4

2− + 12H2O + 4H+ (11)

Pyrite oxidation by hydrogen peroxide may be represented by
reaction:

2FeS2 + 15H2O2 → 2Fe3+ + 4SO4
2− + 14H2O + 2H+ (12)

however, in order to understand the consequences of pyrite oxida-
tion in geochemical processes and viable abatement of acid mine
drainage, new data is needed to model the pyrite oxidation in the
presence of dissolved metal ions, as some recent works have shown
[18].

While the Fenton reaction, as represented by Eqs. (6)–(12), is
a homogeneous reaction, the reaction can also proceed when fer-
rous iron is present as a solid. For example, [21] have shown that
magnetite facilitates the conversion of H2O2 to HO• via the Fenton
reaction mechanism. Even Fe(III)-oxides and (oxy)hydroxides can
facilitate the reaction albeit less effectively than magnetite [21,22].
For those authors, Fe(III)-oxide minerals may be reduced in the
presence of H2O2 through the following reaction:

FeIII(oxidemineral) + H2O2 → FeII(oxidemineral) + (O2
•)− + 2H+

(13)

although other reaction mechanisms could be possible.
The aim of the work presented in this paper is to verify this

possibility as well as the use of the Fenton’s Reaction as an acceler-
ated test for the weathering of pyrite, associated to coal (and/or the
other sulphide minerals). Regardless of whether the Fenton reac-
tion takes place in solution or on the surface, pyrite could readily
reduce ferric iron; the reaction between dissolved ferric iron and
pyrite has been studied extensively in the context of acid mine
drainage [23].

3. Experimental

3.1. Study area

The South of Brazil, comprising the states of Santa Catarina and
Rio Grande do Sul, has been known for its abundant and economi-
cally important coal beds since the beginning of the 20th century.
While most of the coal reserves are found in the southernmost state
of Rio Grande do Sul, the state of Santa Catarina boasts the greatest
production [24–26].

When exposed to wind and rain, the rejects from coal bene-
ficiation propitiate the development and growth of the bacteria
Thiobacillus ferrooxidans and Thiobacillus thiooxidans speeding up
the reactions of the pyrite oxidation and initiating a cycle that
generates acid drainage bearing considerable pollution [3]. The oxi-
dation of weather exposed sulphides in the tracts and basins of
silts is produced by the action of O2 and the Fe3+, releasing solu-
ble cations and dissolved sulphate. The sulphate minerals formed
are easy to see as white precipitates on the blackish surface of the
CMRs; those deposits only remain in solid form in conditions of
easy evaporation. They are very soluble, show acid reaction and
its formation implies important environmental risks, because the

dissolved heavy metals are in a mobilizable and bioavailable form
[3].

Both coal mining residues (CMRs), with and without white
deposits on the surface, were selected to perform the study pre-
sented in this work.
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Fig. 1. Location of Santa Catari

.2. Coal mining residues samples

The 17 samples used for this study were obtained from Santa
atarina (Fig. 1). The samples were collected directly at source from
pen air hollows in the region of Lauro Muller city, which impacts in
he hydrographic basin of the Tubarao River. The samples, gathered
rom different spots on the most recent stack in the same week,
ere stored in sample bags weighing between 20 and 25 kg. The

amples, collected following either [27] and/or [28] procedures,
ere homogenized according to [29] norm D2797 and split into

atches for the various analyses. Samples belong to two groups of
aterials:

a) CMR-S: Sediments originating from areas in contact with lay-
ers of coal, rich in carbonaceous substance (%C = 2.9–5.9) with
variable levels of sulphur (%S = 0.2–3.2) and acid reaction.

) CMR-O: Distinct sediments collected in the influence areas of the
mines, but with low levels of carbonaceous matter and sulphur
(%S < 0.1) and low acid reaction.

.3. Analytical procedures for total metals contents from coal
ining residues

All samples were acid digested following a two-step digestion
ethod devised to retain volatile elements in coal dissolution [30];

his consisted of a HNO3 hot extract followed by HF:HNO3:HClO4
cid digestion of the residue. The resulting solution was then
nalysed by Inductively Coupled Plasma Atomic-Emission Spec-
rometry (ICP-OES) for major trace elements and by Inductively
oupled Plasma Mass Spectrometry (ICP-MS) for additional trace
lements. The digestion of the international reference materials
SARM-19) and blanks was also conducted following the same

rocedure to check the accuracy of the analytical and digestion
ethods. Uncertainties were estimated at <3% for most of the ele-
ents and around 10% for Cd, Mo and P. Mercury analyses were

arried out directly on solid samples using LECO AMA 254 gold
malgam atomic absorption spectrometer.
te coal basin (Southern Brazil).

3.4. Mineralogical analysis procedures

The occurrence of mineral species was investigated by means of
Powder X-ray diffraction (XRD), environmental Scanning Electron
Microscope (SEM) coupled with an energy dispersive X-ray micro-
analysis system (EDX) [31] and Transmission electron microscopy
(TEM) for chemical analyses of individual particles.

Prior to TEM analysis different suspensions were selected,
namely hexane, acetone, dichloromethane and methanol, as a
function of the mineral considered in order to prevent possible
mineralogical changes when a proper suspension is not used. The
suspension consisted of 10 mL of each of the solvents mixed with
0.5 g of dried and sieved coal mining residue. The mixture was
placed in an ultrasonic bath for 30 min. The suspension was stirred
for ∼1 min, pipetted onto lacycarbon films supported by Cu grids [2]
and finally left to evaporate before the TEM analysis was performed
[22].

Analytical electron microscopy using a Scanning Electron
Microscopy (SEM) and transmission electron microscope (TEM)
offers great advantages in both spatial resolution and reduced sam-
ple volume to perform the analysis. Studies by Hochella et al. [32]
and Genovese and Mellini [33] have demonstrated the benefits of
utilizing TEM in acid-mine drainage systems as it allows the ana-
lyst to see particles, even down to the nano-scale, as well as their
associated chemistry and crystallography [4].

3.5. Oxidation by H2O2

Hydrogen peroxide is an eco-friendly, strong oxidant and efflu-
ents treated with it are more susceptible to biodegradation.
Consequently, hydrogen peroxide in the presence of a catalyst is
gaining importance for secondary or even primary treatment of
industrial effluents, including sulphide-bearing wastewaters, to
meet the desired discharge limit. In this work, a forced oxida-
tion of the coal cleaning residues with hydrogen peroxide was
performed as an accelerated weathering test to evaluate the mobi-

lizable metallic fraction associated with sulphides and the release
potential during oxidation.

All experiments were carried out batchwise in a mechanically
agitated glass reactor. Previously, pretreated samples (powdered,
sieved through 2-mm mesh and homogenized) were oven-dried
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Table 1
Range of the elemental composition (mean value and confidence interval at 95%
of significance), for trace element contents, of the CMRs distributed as CMR-S and
CMR-O.

mg kg−1 CMR-S CMR-0 % CMR-S CMR-0

As 19.5(1.0) 8.3(0.5) Al 10.23(0.52) 10.22(0.42)
B 9.8(0.6) 15.0(1.7) Ba 0.12(0.01) 0,071(0.002)
Ba 538(24) 952(33) Ca 0.53(0.21) 0.76(0.03)
Be 3.1(0.2) 4.6(0.1) Fe 3.13(0.42) 2.94(0.17)
Bi 1.5(0.4) 0.91(0.04) K 1.54(0.15) 1.57(0.04)
Cd 4.5(0.2) 1.3(0.2) Mg 0.27(0.01) 0.40(0.02)
Co 5.4(0.2) 11.1(0.5) Na 0.12(0.01) 0.28(0.01)
Cr 48(1) 53(1) P 0.29(0.01) 0.020(0.003)
Cu 24(1) 25(2) Ti 0.55(0.03) 0.46(0.09)
Ga 28(1) 27(1)
Ge 3.8(0.2) 3.7(0.2)
Hf 5.0(0.3) 5.4(0.4)
La 37.0(0.2) 38(1)
Li 89(4) 81(3)
Mn 51(3) 235(11)
Mo 32.8(1.3) 3.4(0.1)
Ni 66(1) 19.2(0.8)
Pb 71(2) 45(4)
Sb 1.23(0.05) 1.03(0.17)
Se 5.4(0.5) 5.3(0.2)
Sn 57(4) 5.0(0.1)
Sr 91(7) 242(66)
Ta 5.1(0.2) 4.9(0.2)
Th 31(1) 22.6(0.1)
U 6.5(0.7) 9.4(0.5)
V 92(2) 98(2)
W 6.9(0.2) 7.0(0.3)
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Y 22(1) 24.4(0.7)
Zn 46(2) 191(11)
Zr 183(9) 200(11)

t 45 ◦C for 24 h and then transferred to a desiccator. Powdered
amples of 1 g were treated with 100 mL aqueous solution of 15%
2O2 (Merck, Germany, diluted with Milli-Q ultrapure water), pre-
iously adjusted to pH = 5.5, and kept in an isothermal shaker bath
t 30 ◦C for 72 h. An aliquot of 10 mL was withdrawn at preset
ntervals (of 1, 2, 6, 24, 48 and 72 h) and immediately filtered.
eachates were collected, weighed and separated into two aliquots.
ulphate, nitrate, conductivity, Eh and pH were determined imme-
iately after the collection in the first aliquot. The second aliquot
as acidified with concentrated HCl to prevent precipitation reac-

ions and the total contents of elements and S were determined
y ICP OES.

The optimum time of oxidation was set at 72 h in line with the
esults by Urrutia et al. [34] that had observed the segment of the
inetic and of oxidation of the sulphides with H2O2 for 27 days,
howing little or no variation after the first 72 h.

. Results and discussion

.1. Elemental content

Table 1 shows the average range of variation (confidence level
t 95%) of the total elemental composition of each metal in the
nchanged coal washing residues grouped according to the type of
aterial and the sulphur content, CMR-S and CMR-O respectively.

he pyrite difference in the samples seems to directly influence
he concentrations of all the toxic elements, with a clear tendency
o increase parallel to the sulphur content, except for Mn. These
esults are supported by other studies that investigated the origin

nd correlations of metals with different sulphides [35–37] and the
eochemical mobility of metals [38,39].

A suggested explanation for the high concentrations of Pb and
n is both elements’ association with pyrite (galena and sphalerite
espectively) in the coal from the Santa Catarina Basin, whereas
Materials 186 (2011) 516–525 519

Cd may occur primarily as a replacement for Zn in the mineral
sphalerite.

4.2. Mineralogical characterization

The major minerals in the coal mining residues studied (in
decreasing order of significance) are quartz (Fig. 2A), kaolinite
(Fig. 2C), pyrite (Fig. 2D) and calcite (Fig. 2F) according to the XRD,
TEM and SEM/EDX investigations. Other minerals, such as illite
(Fig. 2B), gypsum (Fig. 2E), hematite (Fig. 2G), dolomite, ankerite,
chlorite, opal, feldspars, rutile, marcasite and melanterite, were also
identified in the CMRs as minor and accessory species.

The principal oxide detected in the CMRs analysed was hematite
(Fig. 2G), closely mixed with quartz, feldspar and rutile. The
hematite probably reflects the oxidation of pyrite in the coal,
as indicated by studies on American coals [5]. The formation of
iron oxides and hydroxides is considered the driving force behind
the geochemical cycling of metals and the dissolution of redox-
sensitive metal oxides [40] or biomineralization products [41].
These oxides are surface active reservoirs that trap dissolved
cations or anions by surface complexation and/or precipitation
mechanisms [42].

Carbonate minerals are common in the CMRs samples studied.
They are represented by calcite (Fig. 2F) and, to lesser extents, by
dolomite and ankerite. Calcite is mostly associated with coal mac-
erals and occurs in association with vitrinite and also in cell-filling
form in inertinite in Genesee feed-coal [43].

Sulphide minerals consist of pyrite (Figs. 2D and 3A), marcasite,
pyrrhotite, sphalerite (Fig. 3B) and galena (Fig. 3C). The composi-
tion of pyrite surface and the tendency of metal ions from aqueous
solution to be adsorbed on them can, to a considerable extent, also
influence the rate of oxidation. This is consistent with the fact that
metals like Na, K, Ca, Mg, Al, Ni, Cu, Ag, Pb, Zn, Cd and As, are known
to occur on the natural pyrite surface [44].

Pyrite is the main species promoting the sulphur oxidation in
the coal mining residues samples studied. Pyrite weathering, the
main process leading to acid mine drainage [13], results from a
combination of oxidation and dissolution processes involving ferric
ion and oxygen and from microbial activity [9]. Additionally, pyrite
is an ubiquitous component in the environment and should thus
be considered as a reservoir of reductants for oxidized species with
environmental relevance, such as heavy metals. Pyrite is probably
the most environmentally interesting mineral in the coal slagheaps,
coal beneficiation and generated CMRs, because of its propensity to
oxidize during weathering, producing sulphuric acid that can leach
trace elements associated with the pyrite and other constituents in
the coals [45].

4.3. Oxidation of the sulphides and mobilization of elements

For a long-term assessment of the mobility of heavy metals
from CMRs, it is particularly important to obtain information about
potential acid immission and internal acid formation in relation to
the buffer capacity of the contaminated site and their environment
[16]. Thus, the oxidation of CMRs by hydrogen peroxide can give
such information especially if we consider the presence of other
metals together with the pyrite phases.

In a forced oxidation experiment with H2O2 almost all total sul-
phur occurred in the form of sulphide and the sulphur of the SO4

2−

does not represent a significant percentage in the original samples.
Experimental results show that the dominant sulphur products

during oxidation of pyrite by H2O2 are aqueous sulphate, hydrated
iron sulphates and elemental sulphur.

This was demonstrated by analysing the surface of the CMRs a
few minutes after Fenton’s reaction was started as the accelerated
weathering procedure. As seen in Fig. 4, new small jarosite crystals
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ig. 2. The major minerals in the CMRs from Santa Catarina Coal Mining (SEM imag
G) hematite (SEM/EDX).

ere seen even after 3 min of the chemical attack, both on gypsum
urfaces (Fig. 4A) or on K-feldespar (Fig. 4C). Gypsum and barite

Fig. 4B) can be considered secondary minerals formed after the
xidation of pyrite.

Pyrite, which under the same experimental conditions reacts
ith deoxygenated water (H2O2), did not show detectable sur-
quartz; (B) illite; (C) kaolinite; (D) typical cubic pyrite; (E) gypsum; (F) calcite; and

face alteration and no dissolved sulphur species were identified
in the supernatant solution, suggesting minimal reaction in the

absence of H2O2. Given that water simply physisorbes molecu-
larly to the pyrite surface [46], the presence of an active oxidizing
species seems to be critical to initiate pyrite oxidation in an anoxic
environment.
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ig. 3. SEM images of (A) pyrite framboids, perhaps the most common form of occu
alena fragment.

Pyrite oxidation appears to occur by direct reaction between
O• and the disulphide groups on the pyrite surface. Previous

tudies have shown that HO• could affect oxidation kinetics of
ntermediate sulphur species formed during stepwise oxidation of
yrite, such as sulphite [47], trithionate and tetrationate [48] and
hiosulfate [49]. In solution, HO• can initiate a series of free radical
hain reactions involving Fe2+ and H2O2, conforming to reactions
6)–(12), with the production of Fe3+, H+, and H2O. Secondary pyrite
xidation reactions involving Fe3+ and O2 are consistent with pre-
iously published studies of pyrite reactivity [10,50].

The maximum acidification produced by the complete oxidation
f sulphide minerals in CRMs was evaluated. In all the analysed
amples (Fig. 5A), the pH of the system reaches values between
and 3 when the sulphur content varies between 0.5 and 1.0%,

nd reaches values lower than 2 when sulphur content is greater
han 1%. The release of soluble Fe follows a parallel trend to the
ercentage of S− oxidised to SO4

2−, but in many samples a lower
oncentration of dissolved total Fe was detected, as a function of the
content; this effect can be an indication of a fast precipitation of

ineral phases of Fe, such as the detected freshly formed jarosite.
In order to confirm this hypothesis, a geochemical model was

onstructed following the methodology proposed elsewhere [51].
his type of chemical modelling has previously been used by the
uthors to explain the degradation of a mural painting due to water
e of syngenetic pyrite in coal and organic-rich shales; (B) sphalerite grains; and (C)

infiltrations containing ammonium nitrate [52], the transport of
Arsenic from river waters to estuarine systems [53], the impact of
NOx from ship engines dissolving the facades of a Historical Palace
House due to the formation of soluble nitrate compounds [54],
the transformation of inorganic mineral pigments to other min-
eral phases due to atmospheric SO2 impact [55] or organic oxalic
acid excreted by microorganisms [56].

Fig. 5B shows the molar fraction diagram obtained when
pyrite, in amount equivalent amount to 145 mM (in a
carbonate–hydrogensulphide environment), is subjected to a
continuous hydrogen peroxide attack, like in the experimental
setup conditions used for samples 2–6. As seen the pyrite oxidation
first promotes the appearance of sulphate in solution, to form the
soluble Fe(II)–sulphate complex, as well as the precipitation of
siderite. As the oxidation proceeds, the siderite fraction decreases
while the soluble Fe(II)–sulphate complex increases until it
reaches a state in which all the oxidised pyrite becomes the soluble
Fe(II)–sulphate. In this step of the oxidation process, gypsum is
formed by reaction of the freshly oxidised sulphate species and

the calcium ions released by the acid attack in the calcite phase.

When all the pyrite has been oxidised, the added hydrogen per-
oxide starts oxidising Fe(II) to Fe(III). If sulphate ions are available in
sufficient quantities, hydrogen–jarosite can be saturated but only
if specific conditions are fulfilled.
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Fig. 4. SEM images (A) gypsum crystals in a massive association with new small jarosite c
of the H2O2 oxidation); (B) barite; (C) K-feldspar in an association with small jarosite crys

Fig. 5. (A) Variability of pH versus S concentration content in CMRs for some of the
analysed samples; (B) theoretical modelling of pyrite oxidation as a function of the
hydrogen peroxide addition in a carbonate beadrock.
rystals formed during the oxidative process by H2O2 (obtained after the first 3 min
tals (SEM/EDX).

The chemical modelling shows that carbonate is required
in the near environment to neutralise the excess of hydrogen
ions produced during the oxidation reaction. If that carbon-
ate is not available, jarosite is not formed and the prediction
gives hematite as the stable Fe(III) solid phase (we have exper-
imentally detected several hematite crystals in all the analysed
CMRs).

The second chemical condition required for hydrogen–jarosite
to saturate is that sulphate must reach a given concentration in
the solution around the CMR solid materials. The sulphate ions
enter the system by two routes. In one, sulphate is released by the
Fe(II)–sulphate complex when the Fe(II) is oxidised to Fe(III), break-
ing the stable sulphate complex. In the other process sulphate is
released by the gypsum solid phase (gypsum is partially soluble in
water) giving a solubility near to 1800 mg/L; these two sources of
soluble sulphate ions give the high sulphate concentration required
to saturate jarosite.

Predictions as to the chemical conditions resulting from the
thermodynamic model (jarosite formation after gypsum precipi-
tation) were made experimentally, as can be observed in Fig. 4B,
where new jarosite crystals have formed on gypsum surfaces.

Few of the other metal sulphides produce so many hydrogen
ions as the oxidation of pyrite. In our samples, the increase in %S is
accompanied by a systematic increase in the total acidity (Fig. 5B).
Thus, the principal sulphide compound in the CMRs must be pyrite
because it is the compound promoting the greatest formation of
soluble protons after its oxidation.

High sulphide oxidation rates were found in samples with low

pH (<3), increasing the elements’ mobilization into the medium.
Our current results indicate that the efficiency of H2O2 treatment
in partially oxidized CMRs depends on the proportions of Fe-oxides
and sulphides present in the sample.
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Fig. 6. Concentration of metals as a function of SO4
2−

During the oxidation of the CMRs with hydrogen peroxide, the
obilized fraction of metals is mainly attributed to the association

f metal sulphides with coals, like it is shown in Fig. 6.
The low Fe mobilization during the oxidation (see Fig. 6A) cor-

esponds to a group of samples that liberated into the solution less
han 8 mg L−1 of SO4

2−, which corresponds to the total oxidation
f 0.2% of pyritic sulphur; this group of samples presents a disso-
ution pH slightly acidic (>4.0), thus the Fe is quickly immobilized
nd must be present in low concentration in solution (most part of
he total Fe is as trivalent iron that precipitates as oxy-hydroxides
t such pH values). The remaining samples (with a total content
1.3% of pyritic sulphur) displayed linear behaviour with the sul-
hate concentration, adjusting with the theoretical release of 2 mol
f SO4

2− and 1 mol of Fe per mol of oxidized pyrite (see reaction
12)). This behaviour can be explained by the acid pH promoted

y the minerals phases having high pyrite concentration. As pyrite

ncreases the amount of both, the free protons and the dissolved
ulphate increase and, consequently the dissolved iron associated
o pyrite. When the dissolved sulphate reaches a concentration
trations during the oxidation of the CMRs with H2O2.

higher than 50 mg L−1 part of the iron is precipitated as jarosite
(see Fig. 5A) and the mobilized metal decreases to that theoretical
2:1 (sulphate:iron) ratio.

The Co presents practically the same trend like Fe (Fig. 6A),
although its mobilization is much lower than iron, probably due
to its mixed mode of occurrence in the CMR mineral and/or to its
lower presence in the sulphide minerals.

The principal source of Cd clearly seems to be the sulphide
phases displaying a mobilization pattern congruent with the
release of sulphates into the dissolution (Fig. 6B). The predomi-
nance of Cd2+ in the oxidized samples, during the experiment with
hydrogen peroxide, is evident from the slope of the linear behaviour
of this heavy metal.

The Pb release rate into the dissolution is a poor in comparison
with other common metal sulphides and shows great variations

(Fig. 6B), not showing any relationship to the sulphate (or any other
soluble species or element) concentrations, nor to the pH values.
The simulation conducted under oxidizing conditions of galena (the
most probable source of lead) shows the systematic precipitation
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f lead sulphate and this could be the cause of the possible immo-
ilization of the Pb liberated during the oxidation in almost all the
amples, even at the lowest pH values.

The mobilization of Mn follows a linear trend parallel to the
elease of SO4

2− (Fig. 6C), appearing clearly as a metal associated
ith the sulphide phases or dissolved Mn–carbonate species. It is

mportant to highlight the high acidity in the oxidation of these
amples, which favoured the mobilization of Mn because the pre-
ipitation of its Mn(III) or Mn(IV) oxide needs only pH ∼ 4 and it
s expected to continue mobilized for as long as the pH remains
cidic (<3), but it would precipitate in a river course where the
nitial discharged solution, containing the dissolved manganese, is
eutralised.

The mobility results for Ni (its mobility increases as the amount
f oxidised sulphate increases, like it is shown in Fig. 6C) seems to
e conditioned by the presence of different sulphides containing Ni

ike millerite (sulphides that contains variable ratios of Ni, As and
n) and pyrrotite (iron sulphide that can contain even 3–5% of Ni).
n the same way, Zn mobilization follows a co-linear trend, with
he release of sulphates in all the types of materials (Fig. 6C), but
he zinc solubility increases when the pH decreases values.

The Cu mobilization presents a nearly constant concentration
ndependently of the range of sulphide concentration in the sam-
les. The absence of any relationship between the released copper
nd the solubilised sulphate could be an indication of the forma-
ion of secondary copper sulphate precipitates that gives a constant
issolved copper concentration.

. Conclusions

The accelerated weathering procedure based on Fenton’s Reac-
ion has shown the release of toxic metals from the sulphide
ractions associated with coal residues. The use of SEM/EDX, TEM,
RD, ICP-MS and ICP OES analyses were conducted on various sam-
les from the Santa Catarina coal region with the aim of improving
he understanding of the mineralogy and geochemistry of CMRs.
he measurements were conducted on the original materials as
ell as on the materials left after applying the accelerated oxidation

y hydrogen peroxide.
Accordingly with the theoretical predictions by geochemical

odelling, the experimental results demonstrate the effective oxi-
ation of pyrite, as well as the other metal sulphides, by hydrogen
eroxide within a short time period complete after 72 h. In terms
f relative mobility (% of total metal released during the test), Cu,
o, Cd and Zn appear as metals of high mobility, liberating prac-
ically all total content. The released concentration of Ni and Mn
ncreases as sulphate increases but a considerable concentration of
oth metals remains immobile in the solid phases. The Fe presents
relatively lower release, because it suffers processes of further

mmobilization after pyrite oxidation, even at lower pH values, due
o secondary mineral precipitation, such as jarosite; this fact con-
iderably limits its mobility. Finally, Pb presents a practically null
obility and it does not represent a risk of potential contamina-

ion even in samples with high sulphide concentrations due to the
ossible formation of insoluble lead sulphate.

These results demonstrate that in restoration practice the selec-
ive management of spoils can be considered to offer the best
rotection against contamination of surface and subsurface waters
nd is the method which should be applied in the future construc-
ion of dump facilities.
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