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A series of incubation and leaching experiments were performed to assess the feasibility of three indus-
trial by-products (red gypsum (RG), sugar foam (SF) and ashes from the combustion of biomass (ACB)) to
reduce the leachability of Cu, Pb, Zn and As in a sediment of Sio Domingos mine (Portugal). The changes
in the element solid phase speciation were also evaluated by applying a sequential extraction proce-
dure. All amendments significantly reduced the leachability of Zn and Cu, whereas the treatment with
RG +SF+ACB also decreased the mobility of As. The reduction in Cu leachability was especially remark-
able. This could be due to the great affinity of carbonates (included in SF and SF+ACB amendments) to
precipitate with Cu, and maghemite and rutile (RG amendment) for acting as relevant sorbents for Cu.
Pb was the least mobile element in the sediment and none of the treatments reduced its mobility. The
sequential extraction reveals that the amendments induced a significant decrease in the concentration of
elements associated with the residual fraction. Cu, Pb and As are redistributed from the residual fraction
to the Al, Fe, and Mn hydr(oxides) fraction and Zn from the residual fraction to the water/acid soluble,
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exchangeable and bound to carbonates pool.
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1. Introduction

The oxidation of sulfide wastes produces an extremely acid
drainage with a high content of potentially toxic elements in solu-
tion, known as acid mine drainage (AMD). Generation of this AMD
is the main pollution process of natural watercourses in the Iberian
Pyrite Belt (IPB) [1] and in other mining environments with sulfide-
rich residues. The IPB is one of the largest metallogenetic provinces
of massive sulfides in the world, located in the southwest of the
Iberian Peninsula. In particular, the Sdo Domingos mine, in Mér-
tola (Beja District, South Portugal), is one of the most emblematic
Portuguese mining districts in the IPB.

Sdo Domingos mine was exploited mainly for Cuand S, although
the ore was rich in other trace elements such us As, Pb, Zn and Mn
[2]. The activity of this mine ceased in 1968, but it is still active from
the contamination point of view. The large-scale exploitation of this
deposit between 1857 and 1966 produced enormous waste dumps,
around 5 Mt, where oxidation of pyrite and associated sulfides is
resulting in AMD production [3]. The final acid discharge with a
high content of metals and metalloids from Sio Domingos reaches
the Chanza river, the main tributary of the Guadiana river, causing
part of its pollution [4].
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Although some proposals have been suggested to reduce the
environmental impact associated with the AMD generation on the
river basins of the IPB, treating the acidic waters is a short-term
solution to the problem. The extreme acidity and high concen-
tration of metals (mainly Fe) of these drainages rapidly saturate
the treated systems [3]. However, recent investigations have been
focused on direct treatment of the mine residues, as sources of this
type of drainages. Specifically, the use of amendments to stabilize
trace elements in sediments offers the following advantages over
other remediation techniques: (1) this method is cost-effective, (2)
it can be applied in situ on a large scale and (3) it has a lower envi-
ronmental impact than other physical and chemical treatments.
Experiments carried out by Pérez-L6pez et al. [5,6] showed how the
addition of fly ash material to a pyrite-rich mining residue favors
the acid neutralization and metal retention in AMD. Mylona et al.
[7], using column experiments, proved the efficiency of limestone
in inhibiting acid generation in a pyrite-rich residue. Davis et al.
[8] demonstrated that lime amendment represents a viable long-
term method to mitigate acid generation in tailings. They studied
how lime amendments in tailings deposited in the Clark Fork River
facilitated alteration of pyrite into ferrihydrite, a process which
sequesters high concentrations of As, Cu, Pb and Zn. Fernandez-
Caliani and Barba-Brioso [9] assessed the potential value of a waste
sludge generated during the processing of marble stone for reme-
diation of acid mine soils. They showed that in the abandoned mine
site of Tharsis (Spain) this amendment, joint with lime, significantly
reduced the water-soluble concentrations of Cu, Zn, Pb and Cd one
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month after the amendment application, remaining extremely low
throughout the one-year monitoring period. Khan and Jones [10]
evaluated the effectiveness of green waste compost, sewage sludge,
lime and diammonium phosphate on the phytoavailability of heavy
metals in a cooper mine tailing site at Parys Mountain, North Wales
(UK). They concluded that the extractability and phytoavailability
of Pb, Zn and Cu decreased with time after amendment applica-
tions. Pérez de Mora et al. [11] reduced the leaching of Cd, Cu and
Zn in a soil affected by the Aznalcéllar (Spain) mine accident using
sugar beet lime, biosolid compost and municipal waste compost as
amendments. Abbottetal.[12] assessed the potential co-utilization
of coal fly ash and lime-stabilized biosolids for mine spoil recla-
mation. This study demonstrated that in an abandoned coal mine
located in Tennessee, the leachate concentrations of Cu, Ni and Zn
were reduced by the application of these amendments.

In previous studies, we have evaluated the use of several indus-
trial by-products (red gypsum, RG; sugar foam, SF; and ashes from
combustion of biomass, ACB) as single and combined amendments
to reduce the mobility and availability of Pb, Zn, Ni, As and Se in
metal and metalloid spiked acidic soils [13,14]. Our experiments
show that the most effective treatments to reduce the leachabil-
ity of both metalloids (As and Se) are ACB and RG. In the case of
the three metals (Pb, Zn and Ni), SF and a mixture of RG and ACB
(RG+ACB) gave the best results. Pursuing this further, the objec-
tive of this study is to ascertain the feasibility of these by-products
as immobilizing agents of toxic elements present in a sediment
of Sdo Domingos mine. Specifically, this study aims: (i) to prove
the effectiveness of the amendments in reducing the mobility of
Cu, Pb, Zn and As and (ii) to describe the changes in the element
solid phase speciation produced by the application of the amend-
ments. This may result in a decrease of the potential leachability
of the elements which remain in the soil matrix after the leaching
procedures.

2. Materials and methods
2.1. Sediment

An alluvial superficial sediment was collected from an area of
Sdo Domingos mine located near a small pond containing acid
water. The sediment was sampled at four points (2 kg per point).
All these samples were air-dried, crushed and sieved through a
2-mm mesh. To obtain a homogeneous sample, the four samples
of the sediment were mixed prior to characterization and use in
subsequent experiments. Table 1 summarizes the most important
physical, chemical and mineralogical properties of the sediment.
Soil pH was measured in deionized water (pHy ), in a 1:2.5 suspen-
sion and electrical conductivity (EC) in a 1:5 suspension. Organic C
(OC)was determined by wet digestion [15]. The exchangeable bases
were extracted with 1M NH40Ac (at pH 7) [16]. The Al, Fe, Si and
Mn contents in the poorly crystalline and amorphous fraction of the
soils (Alox, Feox, Siox, MNox) were extracted with 0.2 M ammonium
oxalate +0.2 M oxalic acid solution at pH 3 [17]. The supernatants
from each extraction were separated by centrifuging, acidified with
HNO3; (pH~2) and stored in polyethylene containers at 4°C until
analysis. Analyses were performed in triplicate. The Ca, Mg, Na, K,
Al, Fe, Si and Mn were determined by inductively coupled plasma-
atomic emission spectrometry (ICP-OES) on a PerkinElmer OPTIMA
4300DV. The texture was analyzed using the Bouyoucos method
[18]. The total content of Fe, S, Mn, Cu, Pb, Zn and As in the sediment
was analyzed by ICP-OES, with previous digestion of the sample in
a mixture of concentrated HNO3 and HCI [19]. The mineralogical
composition of the total (<2 mm) and clay (<2 pwm) fractions of the
sediment was identified by X-ray powder diffraction (XRD) with a
Philips X'Pert diffractometer with graphite-monochromated Cu-Ko
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Some physical, chemical and mineralogical properties of the sediment.
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2 pH in water (1:2.5).

b EC, electrical conductivity.

¢ 0OC, organic carbon.

d Extracted with 1M NH40Ac (at pH 7).

¢ Al Fe, Si and Mn oxalate-extractable content.
f Fe, S, Mn, Cu, Pb, Zn and As total content.

& Semi-quantitative mineralogical composition (relative %). Q, quartz; Al, albite; HJ, hidroniojarosite; PbJ, plumbojarosite; I, illite; K, kaolinite; G, gypsum; nd, no detected.
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radiation. The XRD patterns were obtained from random powder
mounts and various oriented aggregates of the clay fraction (air-
dried, ethylene glycol-solvated, heated to 300 °C for 3 h, and heated
to 550°C for 3 h). Semi-quantitative estimates of the mineral con-
tents were obtained from random powder and oriented aggregated
patterns using the intensity factors given by Shultz [20].

2.2. Industrial by-products

Red gypsum (RG) is a waste from the industrial production of
titanium dioxide (TiO;). Sugar foam (SF) is produced by the sugar
manufacturing industry. Ashes from combustion of biomass (ACB)
originate in the cellulose production process.

Samples of RG, SF and ACB supplied by the companies Tiox-
ide Europe S.A., Azucarera Ebro S.A. and ENCE S.A. respectively,
were dried at 45°C (RG) and 105°C (SF and ACB) and processed
by acid digestion and alkaline fusion [21]. The resulting standard
solutions were analyzed for major and trace elements by ICP-OES,
ICP-MS and ion chromatography. The chemical composition of the
by-products is listed in Table 2. RG is rich in Ca and sulfate ions and
because of its industrial origin from ilmenite (FeTiOs3), it contains
Fe and Ti. Regarding the trace elements, Ba, Cr and Cu are present at
the largest concentrations among the elements analyzed in all by-
products. In addition, RG and ACB are rich in Ni and Zn. ACB is also
rich in Pb. However, the heavy metal contents are much less than
those established by the European Community, Council Directive
86/278/EEC on the Use of Sewage Sludge in Agriculture [22] and
constitute no environmental hazard at the rates normally used in
farming.

The mineralogical composition of the by-products was identi-
fied by X-ray diffraction from random powder patterns. Gypsum is
the main component of RG and is accompanied by small propor-
tions of iron and titanium minerals. An XRD study of the RG residue
after dissolution of gypsum revealed the presence of maghemite
(7y-Fe203) and rutile (TiO,). SF consists mainly of calcium carbon-
ate (CaC0s3) and traces of calcium oxide (CaO). ACB contains SiO;, a
small proportion of calcium carbonate and traces of calcium oxide.

2.3. Incubation and leaching experiments

Portions of 150g of sediment were evenly blended with the
industrial by-products as single (SF), double (SF+ACB) and triple
(RG +SF+ACB) treatments. Three additional portions were main-
tained untreated as a control. The single SF treatment was added
at 1% (w/w). In the treatments of SF+ACB and RG +SF+ACB, the
amount of by-product was calculated to add similar amounts of Ca
as in the SF treatment. Also, inert quartz sand, with a median grain
size of 1-2 mm, was used to decrease the time of the experiments.
All experiments were done in triplicate.

All these sediment samples (treated and control) were
uniformly re-packed to a bulk density of 1.25gcm™3 in 6.3 cm-
diameter and 10cm-length columns and maintained at room
temperature (25 °C+ 2) adding 50 ml of deionized water to the sur-
face of the columns every day, in partial volumes of 10 ml. The
duration of the experiments was 40 days, and the leachates of each
column were collected every two days. These leaching conditions
provided non-saturated environments during the entire time of the
experiments, keeping all the columns in oxidizing conditions.

After the incubation period, the columns were then dismantled
and the sample homogenized and oven-dried (50°C). The quartz
sand was separated from the sediment. In order to determine the
total element content of the treated and control samples they were
digested in a mixture of concentrated HNO3 and HCl [19] and the
resulting solutions were analyzed for Pb, Cu, Zn, and As using ICP-
OES on a PerkinElmer OPTIMA 4300DV instrument.

2.4. Study of the leachates

The leachates were filtered through 0.45 wm pore cellulose
nitrate filters. Acidity of the samples was measured in deionized
water (pHyw ) in a 1:2.5 suspension and electrical conductivity (EC)
in a 1:5 suspension. Later, the samples were acidified with HNO3
(pH~ 2)and stored in polyethylene containers at 4 °C until analysis.
The concentrations of Zn, Mn, Cu and Pb were determined by flame
atomic absorption spectrometry on a PerkinElmer 1100B. The con-
centration of As was analyzed by means of graphite furnace atomic
absorption spectrometry on a PerkinElmer 4110 ZL Zeeman AA.

The weight of each column (150g) was used to estimate the
amount of element leached per kg of sediment. The percentage
of element concentration recovered after the leaching procedure
was calculated with respect to the total concentration contained in
the samples before these experiments were executed. Additionally,
the percentage of retention of each toxic element in each treated
column was calculated with respect to the control columns.

2.5. Element speciation in the sediment solid phase

The changes of the element solid phase speciation, resulting
from the application of the amendments, were identified using
samples of the dismantled columns (three columns per treat-
ment) after the incubation period. A three-step sequential chemical
extraction scheme proposed by the Standards Measurement and
Testing Programme of the European Commission (BCR-SM&T) [23]
was done in duplicate taking 0.75 g of subsamples from each col-
umn. This procedure delineates the following operationally defined
fractions: (1) water/acid soluble and exchangeable fraction (FI, step
1), (2) reducible fraction (bound to Al, Fe and Mn (hydr)oxides) (FII,
step 2), and (3) oxidizable fraction (bound to sulfides and organic
matter) (FIII, step 3). A brief summary of the reagents and extracting
conditions is given in Table 3. The element content in the residual
fraction (R) was calculated as the difference between the total ele-
ment concentration in the sediment and the sum of all previous
fractions. The residual fraction corresponds to those metals or met-
alloids strongly associated with crystalline structures of minerals
(somehow bound to the mineral matrix) which are only soluble in
mixtures of strong acids. Therefore, these elements are unlikely to
be released from the sediment. The results were expressed as the
percentage of extraction of each fraction with respect to the total
content of elements in each sample.

2.6. Statistical analysis

To examine the statistical significance of the differences found
in the percentages of extraction of the BCR-SM&T sequential extrac-
tion procedure, a two-way analysis of variance (ANOVA), including
treatment and element, was performed. In the case of FII and FIII,
the other fractions (FI and FII, respectively) were introduced as
covariates. Later, the effect of the treatment in the percentages of
extraction, for each element and fraction, was examined by one-
way (treatment) analysis of variance (ANOVA) and the Bonferroni
post hoc pair-tests. All statistical analyses were done using the
statistic package SPSS v.17.0 (SPSS, Inc., Chicago, IL).

3. Results and discussion

3.1. Temporal evolution of pH and conductivity of the leachates
and their influence in the retention of the toxic elements

The pH of the leachates remained fairly constant during the
entire time of the experiments, both in control and in most of
the treated columns (Fig. 1). In control samples the mean value
of pH was 3.4, whereas in treated samples this value increased as
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Table 2
Chemical composition of the by-products used (RG, red gypsum; SF, sugar foam; ACB, ashes from combustion of biomass).
RG (gkg™) SF(gkg1) ACB (gkg™!)
Al, 05 83+04 13.4+0.7 60.1+3
Ca0 248 +12 424413 17145
Fe304 128+6 53+0.3 16.3+0.8
K>0 0.2+0.01 3.0+£0.2 320+1.6
MgO 82+04 18.6+0.9 30.0+1.5
MnO 3.8+0.2 0.3+0.02 63+0.3
Na, O 0.7 +0.04 0.9+0.05 154+0.8
P,0s 0.84+0.04 14.6 £0.7 11.9+0.6
Si0, 49+02 30.8+2.2 353+25
TiO, 60.2+3.0 0.3+0.02 20.2+0.1
F- <0.03 0.08 +0.004 <0.1
S04%- 425+21 81.4+05 36.9+2.2
LOI 205+10 464 +23 252+13
RG (mgkg1) SF(mgkg) ACB (mgkg1)

As 10.3+0.5 <25 7.1+0.7
B 6.4+0.3 <25 <2.5
Ba 13.9+0.7 53.3+5.3 396 +40
Be <24 <0.4 1.3+0.1
Cd <2.4 <0.4 <0.4
Co 12.1+0.6 09+0.1 53+0.5
Cr 95.2+4.8 135+14 36.9+3.7
Cu 17.1+0.9 12.0+1.2 45.8+4.6
Mo 54+03 <04 8.7+0.9
Ni 61.7+3.1 52+05 177 +£18
Pb 28.1+14 31+03 79.0+7.9
Se <24 <25 <2.5
Zn 388+19 193+19 204+20

2 LOJ, loss on ignition (45-1000°C).

Table 3

The BCR-SM&T sequential extraction scheme used for operational speciation of elements.

Fraction Soil phases Extractant Shaking time and temperature

FI Water/acid soluble and exchangeable 40 ml of 0.11 M CH3COOH 16 h at room temperature

FII Bound to Al, Fe, and Mn hydr(oxides) 40 ml of 0.5M HONH, HCI (pH 2) 16 h at room temperature

FIIl Bound to organic 10 ml of 8.8 M H,0, (pH 2) 1h at room temperature and 1h at 85°C

matter and sulfides

10ml of 8.8 M H,0, (pH 2)
50 ml of 1 M NH40AC (pH 2)

1hat85°C
16 h at room temperature

aresult of the treatments. The highest pH (7.4) was observed after
the SF+ACB treatment, due to the effect of the calcium carbon-
ate contained in the sugar foam and the high liming power of the
ACB by-product [24]. The lowest pH value (6.0) was detected in
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Fig. 1. pH temporal evolution of the leachates in the control and treated columns
(n=3). SF, sugar foam; ACB, ashes from combustion of biomass; RG, red gypsum.

columns treated with RG +SF+ACB, due to the addition of RG and
as a consequence of the extent of the opposing reactions of AI3*
and H* exchange by CaZ*, and ligand exchange of OH~ by SO42-, as
previously reported by Smith et al. [25] and Alcordo and Rechcigl
[26].

During our leaching experiments, the industrial by-products
dissolution neutralized the acidity of the sediment (Fig. 1) and
favored the retention of the elements Zn and Cu present in the
sediment. These results coincide with the findings of Pérez-Lépez
et al. [6] in soils of the IPB treated with coal combustion fly
ash. The increase of the pH favors the hydrolysis of metals, and
this not only promotes their precipitation as hydroxides [27],
but it also means that hydroxylated species (MOH*) are pref-
erentially adsorbed as compared to the non hydrolyzed ones
(M2*) [28]. There is also an increase of negative charges on vari-
able charge minerals such as Fe and Al oxides [29], rising the
sorption capacity of metals and consequently diminishing their
mobility [30].

The temporal evolution in electrical conductivity (EC) was sim-
ilar in all columns, treated and untreated (data not shown). In
the first step of the experiment, the EC decreased quickly in a
short period of time, and then the values decreased with a slope
near to zero until a steady state was achieved. The highest val-
ues of EC were observed in samples treated with RG+SF+ACB
(8.2mScm1), as a result of the leaching of sulfates present in red
gypsum.
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Table 4
Mean percentages of retention, with respect to the control, of Zn, Cu and As in the
treated columns after the incubation experiments (n=6).

Treatment Zn Cu As
SF2 91.7 98.6 b
SF+ACB 929 98.2 -
RG +SF+ACB 78.6 96.2 344

2 SF, sugar foam; ACB, ashes from the combustion of biomass; RG, red gypsum.
b % Leached higher than in the control.

3.2. Temporal evolution in Zn, Cu, Pb, and As concentrations in
the leachates and effect of the treatments in the leachability of the
toxic elements

Zn concentrations in the leachates of all columns showed a
two-phase time-dependent behavior, with a quick decrease until
a steady state was reached (Fig. 2). Pérez-Lopez et al. [5] showed a
similar temporal evolution of the Zn concentration in the leachates,
when a fly ash material is added to a pyrite-rich mining residue. In
our experiments the concentrations of this metal were much lower
in the leachates of all treated samples than in the control ones. In
the first leachate, Zn concentrations in columns treated with SF,
SF+ACB and RG +SF+ACB were 4.3, 3.8 and 10.2 mgkg~1, respec-
tively, whereas in the control sample this value was 40.1 mgkg~!.
At the end of the incubation period, a steady state of around
0.01 mgkg~! was achieved in all the treated samples. Conse-
quently, in the treatments with SF, SF+ACB and RG +SF+ACB, the
leachability of Zn decreased 91.7%, 92.9% and 78.6%, respectively,
with respect to the control samples (Table 4). These results agree
with the ones obtained by Mylona et al. [7]. They studied the
effectiveness of small amounts of limestone in inhibiting acid gen-
eration from a pyrite concentrate material and found a reduction
in between 44% and 72% of dissolved amount of Zn as compared
with the control, when the limestone content varied between 6 and
29 wt%. In our amended samples and due to the presence of calcium
carbonate in the SF by-product, the coprecipitation of hydrotalcite-
like compounds, such us Zn/Al-HTLC, can occur. Something similar
was reported by Julliot et al. [31]. They showed, by means of EXAFS
spectroscopy, in smelter-impacted soils from northern France, the
formation of Zn/Al-HTLC in near-neutral pH conditions. The rapid
formation and large capacity to sequester metal ions of these com-
pounds suggest that HTLC may play an important role as a sink of Zn
[32]. However in our case, the XRD analyses of the amended sam-
ples did not prove the presence of any new crystalline phase (data
not shown). On the other hand, the increase in pH in the treated
samples could favor the retention of Zn, according to the findings
of Binay et al. [33]. They studied the leaching of elements from
Indian coal fly ash and observed a higher solubility of Zn at low pH.
McBride et al. [34] indicated the important role of pH in control-
ling the solubility of Zn in contaminated soils. Also, Clemente et al.
[35] demonstrated that the addition of lime and organic amend-
ments (cow manure and compost) successfully increased soil pH,
resulting in a significant decrease of Zn solubility and promoting
the natural attenuation of a recently contaminated soil by the toxic
spill of pyrite residue at Aznalcéllar (Spain).

Temporal evolution in Cu concentrations was similar to the
behavior of Zn (Fig. 2). Fernandez-Caliani and Barba-Brioso [9] also
observed a quick decrease in the Cu concentrations until a steady
state was reached, when a waste sludge joint with lime was applied
in an abandoned mine of Tharsis (Spain). In our experiments, the
highest amounts of Cu leached were observed in control samples
and all the treatments were effective in reducing the leachabil-
ity of Cu. SF and SF+ACB-treated columns presented the lowest
concentrations of Cu in the first leachates, with values of 0.10
and 0.14 mg kg1, respectively, whereas in the control samples this

value was 13.7mgkg~'. Therefore, both treatments reduced the
leachability of this element up to 98%, with respect to the control
(Table 4). This could be due to the great affinity of carbonates to
precipitate with Cu, according to Kabata-Pendias and Pendias [36],
who demonstrated that liming is an effective technique in decreas-
ing the mobility of Cuin contaminated soils. Cu concentration in the
first leachate of the column treated with RG + SF+ ACB decreased to
0.5mgkg~1, favoring the retention of Cu up to 96.2%, with respect
to the control (Table 4). Maghemite (yFe; O3 ) and rutile (TiO3 ), com-
ponents of the RG by-product, could act as relevant sorbents for Cu
in agreement with the findings of Vega et al. [37], who found that Fe
and Mn oxides increase the adsorption of Cu, in mine soils of Gali-
cia (Spain). This also coincides with Kim et al. [38], who studied the
effect of several factors (pH, temperature, TiO, concentration) in
the adsorption of Cu?* in the surface of titanium dioxide.

The use of a simulated laboratory weathering technique, led
to Abbott et al. [12] to conclude that the application of a lime-
stabilized biosolid (LSB) to an acid mine spoil (AMS) is useful for the
retention of Cu and Zn. The LSB-amended AMS leachate concentra-
tions of Cuand Zn where depressed relative to the unamended AMS
leachates by several orders of magnitude. Also Pérez de Mora et al.
[11] found that the use of sugar beet lime and stabilized composts
(municipal waste and biosolid composts) were an effective reme-
diation option for reducing the acidity of leachates as well as Cu
and Zn leaching in a moderately contaminated soil under semiarid
conditions. Incorporation of amendments reduced leaching of Cu
and Zn between 40% and 70% in comparison to the untreated soil.

The concentrations of Pb were very low in the leachates of
both control and treated samples (Fig. 2) and none of the treat-
ments were effective for reducing the leachability of this metal.
In the control samples Pb amounts decreased from 0.09 mgkg~!
in the first leachate, to a non-detectable content (<0.005 mgkg~1)
by the end of the incubation period (Fig. 2). These low concentra-
tions of Pb could be due to the great stability of plumbojarosite
(PbFeg[(OH)g(SO4)212) at the pH (3.4) of the untreated samples,
according to the studies of Chapman et al. [39] in acid mine drainage
streams. Pb concentrations were not detected in the last leachates
of allamended samples. The amount of Pb leached was higherin the
amendment samples than in the control ones (Fig. 2), due to the low
stability of plumbojarosite at the pH of the sediment by-products
mixtures [40]. This is indicated as well by Davis et al. [8], when
they assessed the efficacy of lime amendments for the geochemical
stabilization of mine tailings.

Temporal evolution in As concentration was different as a
function of the type of treatment. In control samples, the con-
centrations of As leached within the first 600 h of the incubation
period were very similar (~0.20 mgkg~!). After which, the val-
ues decreased gradually until reaching 0.02mgkg~! in the last
leachate (Fig. 2). Arsenic concentrations increased in the leachates
of SF+ ACB-treated samples from 0.02 to 2.30 mg kg~! at the end of
the experiment. In SF-treated samples the variation in the As con-
centrations was not very significant. Neither of these treatments,
SF+ACB and SF, was effective, due to the increase in pH result-
ing from the addition of carbonates. These results agree with the
findings of Clemente et al. [35], who stated the increase in the sol-
ubility of As at basic pH, in soils affected by an accidental pyrite
tailing spill from the Aznalcéllar mine (Spain) and amended with
lime and organic by-products. RG + SF+ ACB was the only effective
treatment for reducing the leachability of As. In this case, its con-
centrationincreased weakly in the first leachates reaching the value
of 0.18 mgkg~! (600 h) and then its concentration remained con-
stant (~0.05mgkg~1) until the end of the experiment. Therefore,
this treatment favored the retention of As up to 34.4%, with respect
to the control (Table 4). This result demonstrates the benefits of
the application of the joint amendment of RG+SF+ACB in reduc-
ing As leachability. Other amendments, as the mixture of waste
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Fig. 2. Temporal evolution of the concentration of Zn, Cu, Pb and As in the leachates of control and treated columns (n = 3). SF, sugar foam; ACB, ashes from combustion of

biomass; RG, red gypsum.

sludge, produced in the processing of marble stone, and lime were
no effective for As immobilization in the mine of Tharsis (Spain), as
reported by Fernandez-Caliani and Barba-Brioso [9].

Although it has not been confirmed in this work, the addition
of calcium from these by-products could induce the formation of
stable precipitates of Ca-As with different solubility, as farmacol-
ite minerals (CaHAsO4-2H;0) [41]. On the other hand, maghemite
(yFe203) and rutile (TiOy), components of the RG by-product,
could act as relevant sorbents for As, in agreement with the find-
ings of Hartley et al. [42], who found that maghemite increases
the adsorption of As. Further, O'Reilly et al. [43] and Pena et al.
[44] demonstrated that arsenate can be sorbed onto micron-
sized particles of rutile, proving this mineral is effective for As
removal. Another mechanism that cannot be disregarded for reduc-
ing As mobility in the samples treated with RG+SF+ACB, could
be the formation of an amorphous iron arsenate (FeAsO4-2H,0)
[45,46]. Additionally, the retention through ligand exchange of
the As species for OH, and OH~ in the coordination spheres
of surface structural Fe atoms [47] could be considered. More-
over, the presence of substantial amounts of SO42~ could cause
a decrease in the adsorption of As considering that As com-
petes with sulfate for sorption/coprecipitation sites [45]. This
competitive sorption between sulfate and arsenate ions for the
sorption sites could lead As anions toward more specific sorption
positions [48].

3.3. Effect of the treatments in the speciation of the toxic elements

The addition of the amendments induced a significant decrease
in the percentage of Zn, Cu, Pb and As associated to the residual
fraction (R), with respect to the control (Table 5). This fraction cor-
responds to those elements strongly associated with crystalline
compounds, which are therefore unlikely to be leached. Neverthe-
less, the increase of pH as a result of the treatments (Table 6) favored
the dissolution of some crystalline compounds present in the sed-
iment, and the subsequent release of the toxic elements contained
in those phases.

The amount of Pb and As associated to the water/acid soluble
and exchangeable fraction (FI), both in treated and control sam-
ples, was very low (Table 5). These results agree with the ones
observed in the studied leachates, where a low leachability of Pb
and As was detected, despite the high concentration of both ele-
ments in the sediment. A high percentage of Pb and As was found
in the residual fraction (R), whereas the percentage in the reducible
fraction (FII), bound to Fe and Mn (hydr)oxides was lower (Fig. 3).
The observed decrease of Pb in the residual fraction of the treated
samples, with respect to the control, could be explained by the dis-
solution of plumbojarosite (PbFeg[(OH)g(S04)2 ]2), stable at acid pH
[40], which could be dissolved at the pH of the treatments (Table 6).
Abbott et al. [12] indicated that in an acid mine spoil Pb was pri-
marily bound to the carbonate and residual fractions, averaging
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Table 5

Element distribution in the sediment solid phase as estimated by the sequential
extraction procedure after the incubation experiments. Percentage respect to the
total amount in each sample (n1=6).

Control SF? SF+ACB RG+SF+ACB PSEP

Zn  FI° 11.4 18.9° 204" 16.9° 1.19
FIl 8.8 16.9° 13.9° 14.4° 1.08
FIII 23.1 21.9 20.9 21.6 151

R 56.7 423 449 47.1° 1.58
Cu FI 7.4 6.8 7.8 7.1 0.29
FII 7.1 17.3° 14.8 13.5° 0.87
FIII 7.9 7.1 7.6 7.5 1.12

R 77.8 68.9° 69.7° 71.9° 0.66

Pb FI <0.1 -4 <0.1 <0.1 0.01
FII 4.1 9.5 7.4 8.1 0.48
FIII - - - - -

R 95.9 90.5 92.6° 91.8° 0.57
As FI - - 0.1 0.5 0.01
FII 52 12.1 9.8 8.1 0.18

FIII - - - 1.0° 0.002

R 94.8 87.9 90.1° 90.4 0.001

* Indicate statistically significant differences with the control to each fraction and
element (p<0.05).

a SF, sugar foam; ACB, ashes from combustion of biomass; RG, red gypsum.

b PSE, pooled standard error (p <0.05) for each element and fraction and within
the same row.

¢ FI, water/acid soluble and exchangeable fraction; FII, bound to Al, Fe and Mn
(hydr)oxide fraction; FIII, bound to organic matter and sulfides fraction; R, residual
fraction.

d not detected.

20% and 74% of the total content, respectively. The application of a
lime-stabilized biosolid and a coal-fly ash produced minor effects
on the distribution of Pb in these two fractions. The stability of
Pb-bearing phases illustrated by the selective extraction results is
consistent with the data of the leachate analyses, where Pb was
below detectable levels throughout the study [12].

In SF+ACB and RG + SF + ACB-treated samples, the percentage of
As extracted in the water/acid soluble and exchangeable fraction
(FI) increased significantly with respect to the control (Table 5).
At the pH raised by the treatments (Table 6), the solubility of As
could increase by the competitive sorption between the anions and
negative surface sites in the sediment [48].

The distribution of Cu in the FI and FIII fractions was not affected
by the addition of the amendments (Table 5). Nevertheless, the
amount of Cu bound to Al, Fe and Mn (hydr)oxides (FII fraction)
was greater in all treated samples than in the control ones (Fig. 3).
In all samples, the higher content of Cu was found in the residual
fraction (~70%) (Fig. 3).

Table 6
pHy values for the sediment-by-products mixtures and control, before the applica-
tion of the sequential extraction procedure (n==6).

Treatments pPHw
Control? 35
SEP 6.9
SF+ACB 7.2
RG +SF+ACB 6.1

2 Sediment without by-products.
b SF: sugar foam; ACB: ashes from biomass combustion; RG: red gypsum.
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In the treated samples, a considerable percentage of Zn was
found in the fraction bound to Fe and Mn (hydr)oxides (FII), whereas
in the control samples, the majority of Zn content was in the
residual fraction. The amount of Zn associated with the oxidiz-
able fraction (FIII) was similar in the treated and control samples
(Table 5), and higher than in the other toxic elements (Fig. 3). The
water/acid soluble and exchangeable pool of Zn (FI) increased sig-
nificantly in comparison to the control (Table 5). FI fraction not
only represents the water/acid soluble and exchangeable fraction,
but also includes a fraction associated with carbonates according
to Kartal et al. [49], who studied the fractionation of metals in
street sediment samples by using the BCR sequential extraction
procedure. To confirm that Zn could be associated to carbonates,
the treated samples (in a 1:4 suspension) were kept at pH 4 and
5, during 18 h, using an autoburette. To maintain these pH val-
ues, solutions of HNO3 0.5M and NaOH 0.2N, were used. The
low concentrations of Cu, As and Pb extracted at pH 4 (data not
shown) proved that these elements are bound to amorphous Fe
(hydr)oxides, which are stable at that pH value [46,50]. How-
ever, the high amounts of Zn extracted at pH 4 (data not shown)
explained its retention as carbonates, soluble at acid pH, such as
hydrozincite (Zns5(CO3),(OH)g) or smithsonite (ZnCO3) [40]. Zn
bound to amorphous Fe (hydr)oxides are stable at that pH value
[51]. However, our XRD results on the amended samples did not
confirm the presence of Zn carbonates. Abbott et al. [12] found a
significantly increase (by 10-15%) of the Zn content associated to
the carbonate fraction at the expense of both the exchangeable-
soluble and residual fraction of an acid mine spoil amended with a
lime-stabilized biosolid.

4. Conclusions

The present study evaluates the potential use of three indus-
trial by-products (red gypsum, RG; sugar foam, SF; and ashes
from the combustion of biomass, ACB) in reducing the leacha-
bility of Cu, Zn, Pb and As in a sediment of the Sio Domingos
mine (Portugal). Our results have been compared, wherever pos-
sible, with the ones published by other authors. The application
of the treatments (SF, SF+ACB and RG +SF+ACB) neutralized the
acidity of the sediment, and significantly reduced the leachability
of Zn and Cu. In all amended samples, and due to the presence
of calcium carbonate in the SF by-product, coprecipitation of Zn-
hydrotalcite-like compounds can occur. SF and SF + ACB treatments
reduced the leachability of Cu up to 98% as a consequence of the
great affinity of carbonates, to precipitate with Cu. In addition, in
the RG + SF + ACB-treated samples, maghemite (-yFe,;03) and rutile
(TiO3), components of the RG by-product, could further act as rel-
evant sorbents for Cu. This treatment was the only effective one
for reducing the leachability of As. Although not confirmed in this
work, the addition of calcium from the by-products could induce
the formation of stable precipitates of Ca-As with different solu-
bility, as farmacolite minerals (CaHAsO4-2H;0). On the other hand,
maghemite and rutile could also act as relevant sorbents for As. Pb
was the least mobile toxic element in the sediment and none of the
treatments were effective for reducing its leachability.

Theresults of the sequential extraction procedure reveal that the
amendments induced a significant decrease in the concentration
of elements associated with the residual fraction. The increase of
pH as a result of the treatments favored the dissolution of some
crystalline compounds present in the sediment, and the subsequent
release of the toxic elements contained in those phases. Cu, Pb and
As are redistributed from the residual fraction to the Al, Fe, and
Mn hydr(oxides) fraction and Zn from the residual fraction to the
water/acid soluble, exchangeable and bound to carbonates pool.

In summary, both SF and its mixture with ACB and RG are feasi-
ble treatments in reducing the potential leachability of toxic anions
and cations in mine environments. However, the mechanisms that
are induced in the sediments treated with these amendments pro-
duced a redistribution of toxic elements from an inert fraction,
from the point of view of the contamination, to more mobile frac-
tions. Therefore, this increase of the concentration of contaminants
into more mobile fractions could enhance the effectiveness of other
remediation strategies of contaminated areas, such as phytoreme-
diation, in which the toxic elements must be in solution.
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