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Abstract

The present study examines the processes that control the oxidation attenuation of a pyrite-rich sludge (72 wt% pyrite)
from the Iberian Pyrite Belt by the buffer capacity of a fly ash from Los Barrios power station (S Spain), using saturated col-
umn experiments. In addition, in order to understand the behaviour of both materials inside these experiments, a fly-ash
leaching test and flow-through experiments with pyritic sludge were carried out. The fly-ash leaching test showed that after
leaching this material with a slightly acid solution (Millipore MQ water; pH 5.6) the pH raised up to 10.2 and that the metals
released by the fly-ash dissolution did not increase significantly the metal concentrations in the output solutions. The flow-
through experiments with the pyritic sludge were performed at pH 9, 22 �C and O2 partial pressure of 0.21 atm, to calculate
the dissolution rate of this residue simulating the fly-ash addition. In the experiments Fe bearing oxyhydroxides precipitated
as the sludge dissolved. In two non-stirred experiments the iron precipitates formed Fe-coatings on the pyrite surfaces pre-
venting the interaction between the oxidizing agents and the pyrite grains, halting pyrite oxidation (this process is known
as pyrite microencapsulation), whereas in two stirred experiments, stirring hindered the iron precipitates to coat the pyrite
grains. Thus, based on the release of S (aqueous sulphate) the steady-state pyritic sludge dissolution rate obtained was
9.0 ± 0.2 · �11 mol m�2 s�1.

In the saturated column experiments, the sludge dissolution was examined at acidic and basic pH at 22 �C and oxygen-sat-
urated atmosphere. In a saturated column experiment filled with the pyritic sludge, pyrite oxidation occurred favourably at
pH approx. 3.7. As the leachates of the fly ash yielded high basic pH, in another saturated column, consisting of an initial
thick layer of fly-ash material and a layer of pyritic sludge, the pyrite dissolution took place at pH approx. 10.45. In this
experiment, iron was depleted completely from the solution and attenuation of the sludge oxidation was produced in this
conditions. The attenuation was likely promoted by precipitation of iron-bearing phases upon the pyritic surface forming
Fe-coatings (of ferrihydrite and/or Fe(III) amorphous phases) that halted the pyrite oxidation (as in non-stirred flow-through
experiments). Results suggest that buffering capacity of fly ash can be used to attenuate the pyrite-rich sludge oxidation.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Iberian Pyritic Belt (IPB) (SW Iberian Peninsula) is
one of the largest metallogenetic provinces of massive poly-
metallic sulphide in the world. As a consequence, a consid-
erable amount of mining waste dispersed in mine tailings
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and mounds exist all over the region. Pyrite is the most
abundant mineral in the massive sulphur deposits and in
the sulphide-rich mining waste. In addition to pyrite, other
minor metallic sulphides exist in mining waste (i.e., chalco-
pyrite CuFeS2, galena PbS, sphalerite ZnS, arsenopyrite
AsFeS) that when oxidize release metals and metalloids in
solution (i.e., Cu, Pb, Zn and As). The result of sulphide
oxidation processes is an extremely acid leachate containing
high concentrations of sulphate, iron and other heavy met-
als, known as Acid Mine Drainage (AMD) (Parker and
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Robertson, 1999). The AMD generation as a result of the
sulphide oxidative dissolution is the main pollution process
of natural watercourses in the IPB (Olı́as et al., 2004), and
in other mining environments with sulphide-rich residues.

A variety of treatments for the acid neutralization and
metal retention is widely undertaken to remediate AMD
contaminated sites. Several recent works report on different
experimental techniques and materials to be used to reme-
diate metal contamination. Jurjovec et al. (2002) studied
the effect that carbonate minerals produces on the neutral-
ization and metal retention processes of AMD in mine tail-
ings by means of column experiments. In rich-sulphide
mining wastes which do not contain acid neutralizing min-
erals, the addition of limestone is the most commonly em-
ployed treatment to the acid neutralization and metal
retention transported in AMD (Nicholson et al., 1988,
1990; Mylona et al., 2000; and others). Mylona et al.
(2000) showed the efficiency of limestone additive to rich-
pyrite residue in inhibiting acid generation in column exper-
iments. The presence of alkaline substances favours that
pyrite (and other minor sulphides) is oxidized at high pH
values, which has a double positive effect. On one hand,
acidity is neutralized and concentration of Fe released dur-
ing the oxidation is depleted. The Fe(III) produced by the
Fe(II) oxidation, a very fast process at alkaline pH (Singer
and Stumm, 1970), precipitates as ferric hydroxide, remov-
ing Fe (and other metals) from the solution. And on the
other hand, the precipitation of Fe-phases on pyrite surface
prevents further contact between oxidizing agents and the
pyrite, and the oxidation process halts at the time. This pro-
cess, described by Evangelou (1995), is known as pyrite
microencapsulation.

However, some investigations challenge the effectiveness
of the carbonate minerals addition to prevent the mining
waste oxidation (Hood, 1991; Evangelou and Huang,
1993; Evangelou et al., 1998; and others). These authors
propose that in near neutral and alkaline environments,
HCO3

� and CO3
2� react with pyrite surface and form some

weak Fe-carbonate complexes which accelerate non-micro-
bial pyrite oxidation rate. Vandiviere and Evangelou (1998)
and Evangelou (2001) used other alkaline reagents to study
the pyrite microencapsulation process. These authors pro-
pose the addition of a solution composed of hydrogen per-
oxide (H2O2) and sodium acetate (NaOAc) to a pyritic
waste. During the leaching process, H2O2 oxidizes pyrite
and releases Fe(III) which precipitates on pyritic surface
so that forming a coating on pyrite surfaces. NaOAc is used
to maintain the pH of about 6. The use of potassium dihy-
drogen phosphate (KH2PO4) or silicic acid (H4SiO4) in the
solution utilized to treat the pyrite oxidation favours that
the coating composition may be ferric phosphate or ferric
silicate. In both cases, this coating prevents oxidizing agents
dissolving the pyritic grains and oxidation is halted. How-
ever, the use of alkaline solutions implies a high economic
and environmental cost, because these reagents are ‘‘re-
sources’’ and not ‘‘residues’’.

The aim of the this work is to prove the efficiency of the
fly ash from Los Barrios power plant to attenuate the oxi-
dation of pyrite-rich residues. Fly-ash material has been
used as cement raw material, and as a partial replacement
for cement in concrete. However, the global production
of fly ash exceeds their potential uses (Manz, 1997). The
countries with a higher production of fly ash are China,
Russia and the United States of America, although only
around a 30% of the total production is utilized as a con-
struction material. Therefore, this material is an important
waste product and its potential use to treat AMD may rep-
resent a new application, in this case to neutralize another
waste product.

Querol et al. (2001a) conducted a study of major and
trace water soluble elements in six Spanish fly ashes by
means of leaching experiments. Solutions generated by
the leaching of fly ash were characterized by a very alkaline
pH (upper than 10) and relatively high concentrations of
Ca, Si, Al and S. At present, numerous investigations are
focused on the search of new applications for this residue
as an effective technique in metal retention processes in con-
taminated soils (Ayala et al., 1998; Brake et al., 2003; Der-
matas and Meng, 2003). Other studies are focused on the
use of fly ash to synthesize zeolites to be applicable as filter
material in water decontamination and gas retention
(Moreno et al., 2001; Querol et al., 2001b; Cama et al.,
2005).

In view of the potential use of the fly ash to attenuate the
acidity generated by the pyrite sludge aqueous oxidation,
the main objective of the present work is to understand
the processes that control the attenuation due to the fly-
ash buffer capacity. Thus the pyrite oxidation in alkaline
media is studied and compared to oxidation under acidic
conditions by means of column experiments. The strong
alkaline character of the fly ash to neutralize the acidity
and to reduce the high metal content of the sludge drain-
ages is examined by carrying out a column leaching test.
Moreover, non-stirred and stirred flow-through experi-
ments with pyritic sludge are carried out to obtain the pyr-
ite dissolution rate at alkaline pH.

2. EXPERIMENTAL METHODOLOGY

2.1. Sample characterization

Two samples were used in the present study: (1) pyritic
sludge collected from Cueva de la Mora tailings dam
(IPB), and (2) fly ash as a by-product derived from the coal
combustion in the Los Barrios power plant (Cádiz, S
Spain).

2.1.1. Pyritic sludge

The size particle ranges from 10 to 100 lm with a med-
ian size of 25 lm, as determined by laser diffraction. X-ray
diffraction (XRD) patterns show that the sludge is made up
of pyrite (FeS2; 72 wt%), barite (BaSO4; 10 wt%), quartz
(SiO2; 7 wt%), K–feldspar (KAlSi3O8, 6 wt%) and musco-
vite (KAl2(Si3Al)O10(OH, F)2; 4 wt%). Galena (PbS), chal-
copyrite (CuFeS2), sphalerite (ZnS) and arsenopyrite
(FeAsS) are present as minor phases that were identified
by means of scanning electron microscopy equipped with
an energy dispersive system for microanalysis (SEM-
EDS). The chemical composition analyzed with X-ray fluo-
rescence (XRF) shows high content of S and Fe (49.8 wt%
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SO3 and 30.5 wt% Fe2O3) with significant amounts of
potentially toxic elements such as Pb (0.8%), Zn (0.1%),
As (0.1%), Cu (0.08%), Sr (0.07%) and Sb (0.02%). Based
on the concentration of Pb, Cu, Zn and As, a proportion
of 0.9, 0.2, 0.2 and 0.2 wt% was estimated for galena, chal-
copyrite, sphalerite and arsenopyrite, respectively. The spe-
cific surface area is 1.44 ± 0.035 m2 g�1 as determined by
BET gas adsorption method. SEM images of the pyritic
sludge show that the grains are irregular with an angular
to sub-angular shape as a consequence of grounding the
raw material during the ore processing (Fig. 1a).

To get rid of secondary minerals (undetectable by
XRD) that likely formed as sulphide-oxidation products
such as copiapite ðFe2þFe3þ

4ðSO4Þ6ðOHÞ2 � 20ðH2OÞÞ and
other Fe–Cu and other metals hydrated sulphates, some
pyritic sludge was cleaned by flushing Millipore MQ
water (18.2 MX) repeatedly until the supernatant was col-
ourless. SEM images of the washed sludge reveal no
changes on grains morphology compared to those of
the untreated sludge, and the specific surface area of
the washed sludge and those of samples retrieved after
experiments are the same (within error) than the one of
the raw sludge.

2.1.2. Fly ash

Size distribution analysis obtained by laser diffraction
indicates that the particles have a median size of 40 lm,
and spherical shape as observed by SEM (Fig. 1b). The
BET-determined specific surface area is 0.63 ±
0.022 m2 g�1. XRD patterns reported by Querol et al.
(2001a) showed that Los Barrios fly ash is composed of
mullite (20.8 wt%), quartz (4.5%), lime (4.1%), anhydrite
(1.3%), K–feldspar (2.5%), magnetite (0.5%) and glass
(66.4%). The chemical composition measured by XRF
shows that Los Barrios fly ash is a residue rich in Si
(41.3 wt% SiO2), Al (27.5 wt% Al2O3), C (16 wt% CO2),
Ca (5 wt% CaO), and Fe (3.3 wt% Fe2O3) with minor ele-
ments (wt%): Sr (0.3%), Cl (0.02%), Cr (0.01%), Ni
(0.02%), Zn (0.01%), V (0.01%), Cu (0.01%), Co (0.01%)
and Sc (0.003%). The presence of high alkali concentration
contained in the most soluble phases (lime and glass phase)
accounts for the high acid neutralizing potential of the fly
ash.

After the experiments, the mineralogical composition of
reacted materials was determined using XRD and SEM-
EDS.
Fig. 1. SEM images of (a) pyri
2.2. Experimental setup

Non-stirred and stirred flow-through experiments were
used to obtain the dissolution rate of the pyrite-rich sludge
at basic pH (Fig. 2a), simulating the addition of an alkaline
substance (e.g., fly ash). Column experiments were con-
ducted to lixiviate the fly ash and to study the chemical evo-
lution of the pyritic sludge in contact with a fly-ash layer
(Fig. 2b–d). Input solutions passed through all experiments
(reactors and columns) with constant flow-rate of
0.050 ± 0.005 mL min�1 using a peristaltic pump. Output
solutions were collected every 24 h after passing through
a 0.45 lm Millipore Durapore filter. All the experiments
were performed at 22 �C and oxygen-saturated atmosphere
(atmospheric conditions).

2.2.1. Flow-through experiments

Flow-through experiments were carried out using flow-
through Plexiglass reactors (ca. 40 cm3 in volume). In the
non-stirred reactor cell the sample settled down at the bot-
tom cell, whereas in the stirred experiment the sample was
suspended by means of a stirred magnet bar in contact with
the powder. In both reactors a 0.45 lm Millipore Durapore
filter is placed at the upper part of the cell (Fig. 3). The res-
idence time in the flow-through experiments was 13 h
approximately. The flow-through experiments were con-
ducted using both raw and cleaned pyritic sludge (Table
1). Input solutions were prepared at pH 9 with Millipore
MQ water and analytical-grade sodium tetraborate decahy-
drate (Na2B4O7Æ10 H2O) and HCl reagents (Merck), to
avoid atmospheric CO2 interaction.

2.2.2. Column experiments

Three column experiments were carried out using Plexi-
glass columns: (1) a leaching test consisted of a saturated
column of ca. 5 cm3 of volume (0.56 cm in diameter and
5 cm in length) filled with fly ash (ca. 7.5 g); (2) a saturated
column of 2.5 cm in diameter and 18 cm in length (column
I) packed with a mixture of 10 wt% pyritic sludge and
90 wt% of inert quartz to ensure permeability and (3) a sat-
urated column of 2.5 cm in diameter and 24 cm in length
(column II) packed with a lower 6 cm thick layer of fly
ash and topped up with the same mixture of sludge and
quartz sand (1:10). In these experiments the input solution
was Millipore MQ water (18 MX; pH of ca. 5.6), circulating
through the columns continuously from bottom upwards.
tic sludge and (b) fly ash.



Fig. 2. Scheme showing the experimental design and the different types of experiments carried out: (a) flow-through experiments, (b) fly-ash
leaching test, (c) saturated column I (18 cm in length) and (d) saturated column II (24 cm in length). pH of input solutions was 9 in the flow-
through experiments and ca. 5.6 in the column experiments.

Fig. 3. Experimental design of the reaction cells used in the non-stirred and stirred flow-through experiments.
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The residence times in the experiments were approximately
1.6, 118 and 157 h in the leaching test, column I and column
II, respectively. Output solutions were collected every 24 h
after passing through a 0.45 lm Millipore Durapore filter.

2.3. Solutions

All input solutions were equilibrated with a constant O2

partial pressure of 0.21 ± 0.01 atm by means of Alphagaz
bottles for 12 h. Total concentrations of Al, As, Ba, Ca,
Cu, Fe, K, Mg, Na, Pb, S, Si and Zn of input and output
solutions were analysed with ICP-AES. The analytical error
in the concentrations was 4%. The detection limit for Fe
and S was determined to be 0.1, and 0.5 lM for the other
elements. Input and output solution pH was measured with
a Crison� combined glass electrode at room temperature
(22 ± 2 �C) using a by-pass cell to avoid CO2 interaction
with the atmosphere. The pH error is 0.02 pH units.



Table 1
Experimental conditions and results of the flow-through experiments

Experiment Initial mass
(g)

Sample Flow rate
(mL min�1)

Reactor Experimental
duration (h)

pH output S output
(lM)

R

(mol m�2 s�1)
Error
R (%)

LDP-25-1 1.008 Raw 0.048 Non-stirred 356 8.87 DL — —
LDP-25-2 1.008 Raw 0.050 Stirred 552 8.84 195.86 8.9E-11 15
LDP-25-3 1.002 Washed 0.053 Non-stirred 951 8.86 DL — —
LDP-25-4 1.008 Washed 0.044 Stirred 551 8.85 244.91 9.2E-11 15

DL means concentrations below of the detection limit of the ICP-AES.
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3. DISSOLUTION RATE AND EXPERIMENTAL

ERROR

The overall dissolution reaction of the pyrite in the pyri-
tic sludge (72 wt%), under the conditions studied, can be ex-
pressed as (Singer and Stumm, 1970):

FeS2 þ 3:5O2 þH2O! Fe2þ þ 2SO4
2� þ 2Hþ ð1Þ

The Fe(II) released is oxidized to Fe(III) according to Eq.
(2), and the Fe(III) is hydrolyzed to form ferric hydroxide
at pH greater than 3.5 (Eq. (3)).

Fe2þ + 0.25O2 + Hþ !Fe3þ+ 0.5H2O ð2Þ

Fe3þ + 3H2O!Fe(OH)3 + 3Hþ ð3Þ

In a flow-through experiment, the steady-state dissolution
rate of a mineral (mol m�2 s�1), R, can be calculated
according to the mass balance equation:

viR ¼
q

Amin

ðCi;output � Ci;inputÞ ð4Þ

where vi is the stoichiometry coefficient of the component i

in the dissolution reaction, Amin is the reactive surface area
(m2) of the mineral, q is the fluid volume flux through the
system (m3 s�1) and Ci,input and Ci,output are the concentra-
tions of component i in the input and output solutions
(mol m�3), respectively.

The pyritic sludge is constituted by a set of minerals;
nevertheless, its dissolution is controlled exclusively by pyr-
ite dissolution (Domènech et al., 2002). Hence, in the flow-
through experiments, using the release of total S (aqueous
sulphate) at steady state and based on Eq. (4) allows to
accurately compute the pyrite dissolution rate, since the
amount of S released by the rest of minor sulphides is prac-
tically negligible. The total surface area of pyrite (Apyrite) is:

Apyrite ¼ ABETmsludge%pyrite ð5Þ

where ABET is the BET surface area (m2 g�1), msludge is the
mass of sludge used in the experiments (g) and %pyrite is the
percentage of pyrite in the sludge (gpyriteg

�1
sludge).

The error in the calculated dissolution rate (DR) is esti-
mated by means of the Gaussian error propagation method
(Barrante, 1974), according to the equation:

DR ¼ Cj;out

Aminmj

� �2

� Dq2 þ q � Cj;out

A2
minmj

 !2

� DA2
min þ

q
Aminmj

� �2

� DC2
j;out

0
@

1
A

0:5

ð6Þ

Steady-state dissolution rates were calculated using the spe-
cific surface area value of 1.44 m2 g�1. The error in the cal-
culated rates was approximately 15% due to the uncertainty
of the BET surface area measurement (±14.9%).

Solution saturation indexes with respect to solid phases
(SI = log(IAP/KS), where SI is the saturation index, IAP is
the ion activity product and KS is the solid solubility prod-
uct), and aqueous speciation of the leachates were calcu-
lated using the equilibrium geochemical speciation/mass
transfer code PHREEQC (Parkhurst, 1995) and the data-
base of the speciation code MINTEQ.

4. RESULTS

4.1. Fly-ash leaching test

The leachates generated in the fly-ash leaching test
yielded a pH of 10.2 ± 0.26 and relatively high concentra-
tions of Ca, Si, Mg, Al and S (CCa >> CSi >
CAl � CMg � CS) compared to the rest of elements analysed
(Fig. 4). In the onset of the experiment the output pH
reached a value of 12.3, most probably due to lime dissolu-
tion, and then dropped rapidly to 10.2. Based on the vari-
ation in the output concentrations as a function with
time, the experimental run can be divided in three stages
(Fig. 4b). In the first 100 h all the output concentrations
reached a maximum except Mgout that was almost totally
depleted (stage A). This high release was likely due to fast
dissolution of glass, quartz, anhydrite, and lime caused by
the high pH and to the high reactivity of very soluble fly-
ash microparticles (Fig. 1b). A second stage (B) is charac-
terized by a gradual decrease of output concentrations with
time (100–400 h) due to exhaustion of microparticles, anhy-
drite, and glass dissolution (Si–Al–Ca–S bearing phase).
Thereafter, at stage C (400–800 h), the output concentra-
tions reached steady-state in which Ca concentration pre-
dominated over those of Si, Mg, Al and S (310, 120, 60,
35 and 25 lM, respectively) and pH was about 10.2. The
Ca source was from the glass dissolution. Release of Al,
Mg, Si, and S is also from glass dissolution, together with
quartz and mullite dissolution.

Calculations with PHREEQC show that the leachates
are supersaturated with respect to bayerite (Al(OH)3)
through the entire experiment (thermodynamic data from
Verdes et al., 1992), and supersaturated with respect to bru-
cite (Mg(OH)2) after 350 h (Fig. 4c). Likewise, the output
solutions are supersaturated with respect to some silicates
(e.g., nontronite, kaolinite and montmorillonite). Nonethe-
less, the experimental conditions do not favour silicate pre-
cipitation, and hence only Al and Mg concentrations could
be controlled by precipitation of bayerite and brucite



Fig. 4. Temporal variation in (a) pH, (b) output concentrations of Al, Ca, Mg, S and Si, (c) the saturation index of bayerite and brucite and
(d) the stoichiometric ratios S/Ca, S/Si and Si/Ca of the leachates in the fly-ash leaching test.
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respectively, as suggested by the results of the geochemical
modelling. Note that a likely little amount of such precipi-
tates is very difficult to identify by SEM images.

Based on the release of Ca, Si and S as fly ash dissolves,
one can estimate the stoichiometric ratios S/Ca, S/Si and
Si/Ca (Fig. 4d) that at steady state (stage C) are 0.09,
0.22 and 0.4, respectively.

4.2. Flow-through experiments

The variation of output S concentration as a function of
time in the flow-through experiments at pH 8.9 with pyritic
sludge is shown in Fig. 5. The experimental conditions and
steady-state values of pH, output sulphur concentrations
and dissolution rate are detailed in Table 1. Achievement
of steady state was verified by a series of constant sulphur
concentration that differed less than 5%.

4.2.1. Flow-through experiments with raw sludge

In the flow-through experiments with raw pyritic sludge,
the concentrations of S, Fe and minor metals are higher at
the onset of the experiment than in the rest of the experi-
ment. These high concentrations are probably produced
by the fast dissolution of secondary minerals formed during
the pyritic sludge oxidation in the tailings dam. In the non-
stirred flow-through experiment steady-state sulphur con-
centrations are below detection limit, whereas in the stirred
experiment the steady-state sulphur concentration is
196 lM (Fig. 5a). Hence, in the non-stirred experiment
the pyritic sludge dissolution is practically nil and in the
stirred one the steady-state dissolution rate based on sul-
phur release and Eq. (4) is 8.9 · 10�11 mol m�2 s�1 (Table
1). In both experiments, the output Fe concentrations are
below detection limit of the ICP-AES (0.1 lM) except in
the first leachates. In the PHREEQC calculations, Fe is
introduced with the low concentration of the ICP-AES
detection limit (0.1 lM of Fe), assuming that total Fe is
Fe(III) for the fast oxidation of Fe(II)–Fe(III) in highly
alkaline pH (Singer and Stumm, 1970).

According to the PHREEQC modelling results, solu-
tions are supersaturated with respect to ferrihydrite. Apply-
ing the law of mass action (Eq. (7)) and assuming that aH2O

equals 1 and logKeq equals �4.89, a dependence of the
Fe3+ activity with pH (Eq. (8)) is obtained:

Fe3þ+ 3H2O = Fe(OH)3 + 3Hþ ð7Þ
logðaFe3þÞ ¼ 4:891� 3 � pH ð8Þ

In Fig. 5b the plot of log iron activity vs. pH based on Eq.
(7) depicts ferrihydrite equilibrium (solid line) with respect
to log ðaþ3

Fe Þ and pH (supersaturation and undersaturation
above equilibrium and below equilibrium, respectively). It
is observed that the leachates are supersaturated with re-
spect to ferrihydrite, indicating that ferrihydrite precipita-



Fig. 5. Temporal variation in the output S concentration in the flow-through experiments at pH 9 with (a) raw pyritic sludge and (c) pre-
cleaned pyritic sludge. Representation of log ðaFeþ3 Þ vs. pH (line represents the equilibrium with ferrihydrite) in the flow-through experiments
at pH 9 with (b) raw pyritic sludge and (d) pre-cleaned pyritic sludge. In (a) and (c), the open symbols indicates S values used to calculate
average steady state.
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tion would account for the aqueous iron depletion. Concen-
trations of Cu, Pb, Zn and As in the leachates are detected
at the onset of the experiment and subsequently decrease
below detection limit. This metal depletion could be attrib-
uted to metal co-precipitation as ferrihydrite is being
formed (Webster et al., 1994), since precipitation of these
metal-hydroxides is unlikely at this pH.

4.2.2. Flow-through experiments with washed sludge

In the flow-through experiments using washed sludge
the temporal variation in concentrations of the output S,
Fe and the other metals is similar to that of the raw sludge
experiments with the exception of the initial leachates that
are less concentrated. This is due to the fact that highly sol-
uble secondary minerals and very reactive microparticles
were removed previously by washing the sludge. In the
non-stirred flow-through experiment, the steady-state out-
put S concentration is below detection limit (ICP-AES),
and thus the sludge dissolution rate is practically nil. In
the stirred experiment, the steady-state sulphur concentra-
tion is 245 lM (Fig. 5c) and the steady-state pyrite dissolu-
tion rate is 9.2 · 10�11 mol m�2 s�1 that is the same rate
within error than the rate obtained for the raw sludge.
Based on the equilibrium reaction of ferrihydrite dissolu-
tion Eq. (7) and the law of mass action Eq. (8) a plot of iron
activity with respect to pH shows supersaturation of the
solutions with respect to ferrihydrite in the experiments
with washed sludge (Fig. 5d). Ferrihydrite precipitation
and metal co-precipitation accounts for the depletion of
iron and the other metals (Cu, Pb, Zn and As), which only
are detected in the leachates at the beginning of both
experiments.

4.3. Saturated column experiments

4.3.1. Column I: sludge dissolution

The variation in output pH and output concentrations
of S, Fe and other metals as a function of time is shown
in Fig. 6. The pH of the leachate at the beginning of the
experiment is very low (1.75) and the output concentrations
of S, Fe, Cu, Zn and As are as high as 100, 60, 1.6, 0.8 and
0.2 mM, respectively. This high concentrations and very
acid pH are caused by fast dissolution of secondary miner-
als making up the sludge at the beginning of the experiment
(Fig. 6a,b). As the secondary minerals were completely dis-
solved, the pH increases and the output concentrations of S
and Fe decrease until steady state is reached after 100 h. At
steady-state pH and output concentrations of S and Fe are
3.70 and 140 and 38 lM, respectively (Fig. 6a,b). The oxi-
dation of minor sulphides (e.g., chalcopyrite (CuFeS2),
sphalerite (ZnS) and arsenopyrite (AsFeS)) produced low
release of Cu, Zn and As in solution such that CCu and
CAs are 0.32 and 0.44 lM, respectively, and Zn concentra-
tion is below detection limit after 165 h (Fig. 6c).



Fig. 6. Variation in (a) the pH, (b) output concentration of S and Fe (and Fe/S ratio), (c) output concentration of Cu, As and Zn in column I
with time. (d) logðaFeþ3 Þ vs. pH (line represents the equilibrium with ferrihydrite) in column I. The initial, high concentrations are omitted to
improve the figure.
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PHREEQC calculations show that the leachates are in
equilibrium with respect to ferrihydrite (Fig. 6d). Therefore,
during oxidation, some of the Fe(II) released is oxidized to
Fe(III) and precipitates as ferrihydrite until the leachates
reach equilibrium with respect to it, yielding a Fe/S ratio
of about 0.3, instead of 0.5 as expected from pyrite stoichio-
metry (Fig. 6b). The remaining aqueous iron is being trans-
ported through the column.

4.3.2. Column II: fly-ash and sludge dissolution

It was observed that pH of the first leachate is 2 and that
the output concentrations are high (e.g., [S], [Fe], [Cu], [Zn]
and [As] are 65, 30, 1, 0.35 and 0.1 mM, respectively) likely
due to fast dissolution of secondary minerals. In the subse-
quent leachates, output pH abruptly increased
(10 < pH < 12) and the output concentrations decreased,
yielding instead high concentrations of Ca, Si, Al and Mg
(Fig. 7a–d) as it was observed in the leachates of the fly-
ash experiment.

As steady state was attained after 1100 h, it was ob-
served that CCa > CS > CSi > CAl > CMg. Leaching the fly-
ash layer with a mildly acidic water (Millipore MQ water)
must produce an alkaline solution that enters the sludge
bed. At the beginning of the experiment, Ca concentrations
of the leachates are high due to fast dissolution of the sol-
uble phases present in the fly ash (anhydrite, lime) and
the high reactivity of the corresponding microparticles. As
these phases dissolve, Ca concentration decreases until stea-
dy state is reached. At this stage glass dissolution is taking
place and is the main source of aqueous Ca, Si, Al and Mg
whose concentrations are 470, 100, 90 and 10 lM, respec-
tively. Aqueous sulphur is released due to pyrite oxidation
and fly-ash leaching (anhydrite and glass). Based on the S
release, three stages can be distinguished during the exper-
iment (Fig. 7c). During the first 200 h (stage A), high output
S concentration corresponds to fast dissolution of second-
ary minerals (sludge) and soluble anhydrite (fly ash), as well
as the contribution of very reactive microparticles. From
200 to 1100 h (stage B) the gradual decrease of S concentra-
tion occurs as anhydrite and microparticles are being con-
sumed, glass dissolves and pyrite oxidizes. Finally, at the
third stage (C), the lowest concentrations of S are reached
at steady state (113 lM) and the sulphur source is from
glass dissolution and the pyrite oxidation. Aqueous iron
is only detected at the first leachate (pH 2). Thereafter,
the output Fe concentrations are below detection limit
(0.1 lM) (Fig. 7c). Concentrations of Cu, Zn and As due
to the oxidation of chalcopyrite (CuFeS2), sphalerite
(ZnS) and arsenopyrite (AsFeS), respectively, are relatively
lower than the concentrations of these metals in the leach-
ates from column I (Fig. 7d) and even below the detection
limit in some leachates (e.g., steady-state concentrations of
Cu and As are 0.05 and 0.18 lM, respectively, and Zn con-
centrations are below detection limit after 230 h). Introduc-
ing again Fe(III) (0.1 lM) in the modelling, PHREEQC
calculations show that all leachates but the first one are



Fig. 7. Temporal variation in (a) pH, (b) output concentration of Al, Ca, Mg and Si, (c) output concentration of S, (d) output concentration
of Cu, As and Zn in column II. (e) Representation of logðaFeþ3 Þ vs. pH (line represents the equilibrium with ferrihydrite) in column II. The
initial, high concentrations are not represented to improve the figure.
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supersaturated with respect to ferrihydrite (Fig. 7e). At this
high pH the precipitation of ferrihydrite accounts for the
absence of aqueous iron. The low concentrations of Cu
and As may be explained by co-precipitation with ferrihy-
drite. Moreover, the leachates are highly supersaturated
with respect to amorphous Al hydroxide (Al(OH)3).

5. DISCUSSION

5.1. Fly-ash dissolution in the leaching test

The main advantage of fly-ash addition in our experi-
ments is that its dissolution increased the pH to 10.2. The
only possible disadvantage of fly-ash utilization is the re-
lease of some toxic elements in solution during the leaching
(Querol et al., 2001a,b). However, these elements are re-
leased in much lower concentrations than in acid mine
drainage. Moreover, the alkaline pH also favours the deple-
tion of these metals due to the precipitation and/or co-pre-
cipitation/adsorption of metals oxyhydroxides. Overall, the
dissolution of the fly-ash material suggests that its capacity
to neutralize the sludge acidity is guaranteed by the result-
ing high pH, and that the low release of other metals does
not contribute to increase the contamination with addi-
tional metal concentrations to the waters contaminated by
acid mine drainage.
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5.2. Pyritic sludge dissolution at alkaline pH in the

flow-through experiments

As stated before, pyrite dissolution rate in the non-stir-
red flow-through experiments using raw or washed pyritic
sludge was practically zero at pH 9. The explanation is
that at this pH iron released by pyrite oxidation precipi-
tates as Fe oxyhydroxides (most probably ferrihydrite)
on the pyritic grains (Fig. 8). With time, Fe-precipitates
coat the pyrite surfaces and prevent any interaction be-
tween the grains and aqueous oxygen. Hence, pyrite oxi-
dation is halted (Fig. 9a). This mechanism is known as
microencapsulation and was described by Evangelou
(1995). However, in the stirred experiments at the same
pH, aqueous sulphur was detected, and hence it was pos-
sible to calculate the pyrite dissolution rate based on aque-
ous sulphur. It was observed that in the stirred
experiments Fe oxyhydroxides precipitation took place
as suspended particles, but not over the pyrite grains
(Fig. 9b). Stirring thus prevented the formation of Fe-
coating upon the grains, and the pyrite oxidation contin-
ued. At this point it is possible to state that the presence
of secondary minerals only affects the initial stage of pyr-
ite dissolution, and that the effective pyrite dissolution at
pH 9 depends on whether the Fe-precipitates coat the
pyritic grains, i.e., under non-stirring conditions the oxida-
tion process is halted, whereas at stirring conditions pyrite
dissolution is favored.

Pyrite dissolution kinetics has been a focus of previous
numerous investigations (Smith and Shumate, 1970;
McKibben, 1984; Nicholson et al., 1988; Moses and Her-
man, 1991; and others). In particular, Williamson and
Rimstidt (1994) proposed an empirical rate law of pyrite
dissolution that is expressed as

rðmol m�2 s�1Þ ¼ 10�8:19ð�0:1Þ½O2ðaqÞ�0:5ð�0:04Þ½Hþ��0:11ð�0:01Þ

ð9Þ

This rate law is valid for a wide range of dissolved oxygen
concentration and from pH 2 to 10. It is readily inferred
that pyrite oxidative dissolution is affected in different de-
gree by two environmental variables, the presence of dis-
solved oxygen and in a lesser extent by pH. Accordingly,
an increase in dissolved oxygen increases pyrite oxidation
and a decrease of pH decreases pyrite dissolution (e.g.,
the rate is faster at basic pH than at acid pH). This depen-
dency of the pyrite dissolution rate with the pH and dis-
Fig. 8. SEM images of Fe oxyhydroxides coating pyritic grains in (a) th
solved oxygen concentration was also shown by Holmes
and Crundwell (2000). In contrast, using the dissolution
rate of the pyritic sludge utilized by Domènech et al.
(2002) reported in Cama and Acero (2005) at pH 3 and
250 lM DO (1.0 ± 0.4 · �10 mol m�2 s�1) and the pyrite
dissolution rate obtained in the present study at pH 8.9
(9.0 ± 0.2 · �11 mol m�2 s�1), one can propose a non-exist-
ing pH-rate dependency. One could argue that some Fe
oxyhydroxide microparticles precipitated over the pyritic
grains, albeit not observed by SEM, attenuating the rate
by surface passivation. Nonetheless, this seems unlikely
since the amount of iron precipitated is less than 6% of
the iron that should be released. Therefore, a comparison
between the pyrite rate in the present study and the pyrite
rate obtained by Williamson and Rimstidt (1994) at pH
8.9, calculated using Eq. (9) (9.7 · �10 mol m�2 s�1), yields
that the dissolution rate in the present study is lower by a
factor of 11. It is important to note the different specific sur-
face area used to normalize the rates in each study.
Although this difference does not eliminate the discrepancy
regarding the pH-rate dependency, could explain the rela-
tive, distinct rates values.
5.3. Pyritic sludge dissolution in the saturated column

experiments

5.3.1. Column I

In the columns, pyrite oxidation is taking place under
saturated conditions and atmospheric oxygen partial pres-
sure (e.g., 250 lM DO). In column I an output pH of 3.7
demonstrates that pyrite dissolution acidifies the solution
passing through the column as expected (see Eq. (1)). Un-
der these conditions and in accordance with the pyrite oxi-
dative dissolution reaction (Eq. (1)) and the corresponding
Keq (logKeq = 205.11), pyrite aqueous oxidation is taking
place at highly undersaturated conditions with respect to
pyrite. According to the stoichiometry of this reaction if
aqueous oxygen is consumed totally, the maximum concen-
tration of S and Fe than can be released during pyrite oxi-
dation is 143 and 71.4 lM, respectively. Therefore,
according to the sulphur concentrations and pH, pyrite dis-
solved in the saturated porous medium until DO was totally
consumed.

The Fe concentration in the leachates was lower than
stoichiometrically expected, owning to aqueous sulphur
concentration, and this iron deficit was likely due to fer-
e LDP-25-1 experiment and (b) the LDP-25-3 experiment.



Fig. 9. Sketch drawn that shows (a) the mechanism of pyrite microencapsulation by Fe oxyhydroxide coating in the non-stirred flow through
experiments, and (b) the absence of iron coating on pyrite grains in the stirred experiments. In this case Fe is precipitating as oxyhydroxides
suspended particles.
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rihydrite precipitation. The ferrihydrite precipitation is
produced after the oxidation of Fe(II)–Fe(III) by DO
(Eq. (2)). However, the amount of DO consumed by this
reaction is lower than the amount consumed by the pyr-
ite oxidation (1 mole of pyrite is oxidized by 3.5 mol of
DO and produces 1 mol of Fe(II), which is oxidized to
1 mol of Fe(III) consuming only 0.25 mol of DO). The
amount of DO consumed during the Fe(II) oxidation in
column I probably explains that the S concentrations ob-
tained in the leachates (140 lM), although very similar,
are slightly lower than the concentrations that should
be obtained according to the stoichiometry of the pyrite
oxidation (143 lM). After dismantling the column, Fe-
coatings over pyritic grains were not observed along the
column, probably due to the low amount of Fe
precipitated.
5.3.2. Column II

Unlike column I, pyrite oxidative dissolution in column
II is taking place at alkaline pH (10.45) after the input solu-
tion went through the fly-ash layer and dissolved it. Assum-
ing that pyrite oxidation should be faster at alkaline pH
than at acid pH according to Eq. (9), pyrite oxidation
should be faster in column II than it is in column I. Based
on the DO concentration (250 lM), the maximum concen-
tration of S and Fe releasable by pyrite oxidation cannot be
higher than 143 and 71.4 lM, respectively. Nevertheless, it
is important to highlight that all aqueous iron is depleted by
ferrihydrite precipitation at pH 10.45. This process (see
Eqs. (2) and (3)) implies the consumption of approx. 17
of 250 lM of DO. The available amount of DO to oxidize
the pyrite would be approx. 233 lM, which would suppose
a maximum S production of 135 lM.
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The steady-state leachates had a sulphur concentration
of about 113 lM, representing ca. 80% of the maximum
sulphur concentration expected for a total DO consump-
tion. Nonetheless, in column II it must be considered that
S was released by both the pyrite oxidation and the fly-
ash leaching. At steady state, the amount of S released by
fly-ash leaching can be estimated from the release of Ca
and Si, based on the stoichiometric ratios (S/Ca, S/Si and
Si/Ca) established in the fly-ash leaching test. Accordingly,
35% of total aqueous sulphur is released by fly-ash leaching
(40 lM) and the rest by pyrite oxidation (70 lM). The mix-
ture of sludge and sand was the same in both columns, and
therefore the DO consumption should be equal, but faster
in column II than in column I, since pyrite oxidation is fas-
ter at alkaline pH. This implies that S concentration of the
leachates would be the sum of the maximum concentration
released in the oxidation process (135 lM), plus the concen-
tration resulting from the fly-ash leaching (40 lM), yielding
a total S concentration of 175 lM. However, the lower stea-
dy-state sulphur concentration obtained (113 lM) must be
the sum of S following the fly-ash dissolution (40 lM)
and the 50% of the maximum S concentration released in
the sludge oxidation (ca. 70 lM). Since the leachates are
undersaturated with respect to any S-phase (e.g., jarosite
or schwertmannite), and no other phase precipitates along
the column that might retain part of the S released in solu-
tion, a feasible explanation accounting for the sulphur def-
icit is that pyrite oxidation is attenuated at high pH.

The proposed attenuation mechanism is that the iron
precipitates as Fe oxyhydroxides together with other metals
(co-precipitation) over the pyritic grains forming coatings.
These Fe-bearing phases (Fig. 10) (similar to the ones ob-
served in the non-stirred flow-through experiment at pH
9) that rapidly grow in thickness, would obstruct DO to
Fig. 10. SEM images of Fe oxyhydroxides coating pyritic grains in satu
grains coated with Fe-phases; (c) detail of (b), and (d) EDS patterns (see
reach the surfaces and thus halt pyrite dissolution. This re-
sults in an overall attenuation of the pyrite oxidation pro-
cess, that is to say a process of microencapsulation. Due
to the small size of the newly formed phases covering the
pyrite grains, a quantification of their chemical composition
was impossible. Fig. 10d shows the EDS pattern of a raw
pyrite grain before the experiment (P1; Fig. 10a) and a pyr-
ite grain with the coating from the column II, collected after
the experiment (P2, P3, P4; Fig. 10b,c). The EDS patterns
of P2, P3 and P4 show a progressive Fe enrichment with re-
spect to the EDS pattern of P1. In addition, when the elec-
tron beam from SEM hit in a progressively oblique way on
the coated pyrite surface, it was observed an increase in Fe
with respect to S in the EDS patterns, given that the excita-
tion zone is much more superficial and it does not penetrate
in the pyrite grain. Therefore, the phases covering the pyrite
grains are Fe-bearing phases, likely ferrihydrite as sug-
gested by chemical equilibrium calculations.

In a column, encapsulation of pyrite grains would pro-
gress in the flux direction (from the bottom to the top in
column II). The reason that pyrite was still oxidizing was
the existence of a non-coated pyrite fraction. After 1500 h
microencapsulation was partially affecting the pyritic sludge
as indicates an output sulphur concentration of 113 lM
(70 lM from pyrite oxidation), since the remaining sludge
was still oxidizing. At the end of the experiment, ochre pre-
cipitates, indicating the presence of Fe-bearing phases, were
observed visually in approximately 75% of the column. The
remaining upper 25% consisted of a small non-coated
sludge fraction that did not consume all available aqueous
oxygen. With time, all pyrite grains will be microencapsu-
lated and then oxidation halts completely.

Therefore, the use of fly ash to minimize the environ-
mental impact of pyrite-rich sludge is beneficial. The addi-
rated column II. (a) Pyrite grains before the experiment; (b) pyrite
comments in text).
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tion of fly ash to such field residues can potentially contrib-
ute to improve the quality of the acid drainage and the
development of mechanisms that prevent the AMD produc-
tion by means of (1) attenuation of pyrite oxidation by Fe-
bearing coatings in a short term, as has been discussed in
this paper and (2) isolation of the mining waste from weath-
ering by the formation of a rigid crust (hardpan) made up
of precipitated minerals in the interface pyrite-rich sludge/
fly ash in a medium term, as has been discussed elsewhere
(Pérez-López et al., 2005). Moreover, if alkalinity-generat-
ing potential of the fly ash was exhausted, the growth of this
crust that is facilitated by the cementation of the fly ash
would guarantee the isolation of the mining waste.

A full-scale application of the use of fly ash to mitigate
AMD was carried out in sulphide mine tailings in Falun,
Sweden (Hallberg et al., 2005). The addition of a fly-ash
cover upon the tailings favoured the formation of a hard-
pan that reduces the permeability and oxygen diffusion,
resulting in a decrease of the pyrite oxidation rate.
6. CONCLUSIONS

Oxidative dissolution of pyritic tailings from the Iberian
Pyrite Belt was studied using non-stirred and stirred flow-
through experiments at 22 �C, atmospheric conditions and
pH 8.9 (simulating the addition of an alkaline substance).
In these conditions, the Fe released during the pyrite oxida-
tion precipitates as ferric oxyhydroxide (ferrihydrite and/or
Fe3+ amorphous phases). If non-stirred conditions are
maintained, the Fe-bearing precipitates form a coating over
the pyritic grains that prevents the pyrite dissolution as dis-
solved oxygen cannot diffuse through the coating to reach
the pyrite surface. This Fe-bearing coating formation on
pyrite grains that is known as microencapsulation is readily
identified by SEM images. Nonetheless if stirring condi-
tions are maintained, Fe-precipitates do not coat the grains
and pyrite oxidative dissolution keeps on going.

The main conclusion deduced from these kinetic experi-
ments is that the addition of a substance (e.g., fly ash) that
favours the pyrite sludge dissolution in alkaline conditions
can induce pyrite microencapsulation in a relatively short
term. The prevention of pyrite oxidation contributes to the
inhibition of acid mine drainage production, becoming a sig-
nificant advance in the restoration of numerous sources of
AMD pollution. Likewise, the column experiments in the
present paper show that the fly-ash is an acidity neutralizing
material, whose leaching before sludge dissolution attenu-
ates pyrite oxidation by microencapsulation of pyrite grains.

The potential use of fly ash to attenuate the pyrite oxida-
tion is not limited to its capacity to encapsulate the pyrite
grains in a short term, but it can also promote a hardpan
in the interface between the fly ash and the pyrite sludge in
a medium term that ensures the total neutralization of the
mine residues. Therefore, the utilization of fly ash to treat
mine residues at the Iberian Pyrite Belt would be beneficial.
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