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a b s t r a c t

Geochemical modelling of leaching of oxyanion forming elements such as arsenic (As) and selenium (Se) is
frequently not successful. A consistent thermodynamic dataset of As and Se was therefore composed, not
only including precipitation, but also adsorption and solid solution, and was applied to the pH-dependent
leaching behaviour of As and Se in an alkaline residue with a pH 11.1 from the lime treatment of sulphuric
acid wastewaters from the production of non-ferrous metals. The As and Se content ranged up to 6.7 wt%
and 0.29 wt%, respectively and speciation analysis showed that 96.3% of As occured as arsenate whereas
Se speciation comprised 79% selenate and 21.0% selenite. XRD and SEM/EDX analysis showed that arsen-
ate occurred as rauenthalite (Ca3(AsO4)2·10H2O), associated with gypsum, the most important mineral.
odelling
eaching
recipitation
dsorption
olid solution

Arsenate and arsenite concentrations were only slightly below equilibrium with rauenthalite and calci-
umarsenite (CaHAsO3), respectively and consideration of adsorption and solid solution only marginally
improved model predictions. Selenate (SeVI) and selenite (SeIV), on the other hand, were far from equi-
librium with their corresponding calcium metalate. The application of solid solutions and adsorption of
SeVI and SeIV oxyanions with gypsum, calcite and ettringite significantly improved model predictions but
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missing thermodynamic d
surface exchange with cal

. Introduction

Geochemical modelling is often used to understand and predict
eaching of toxic contaminants in soils and sediments but, more
ecently, it has also been successfully applied to highly alkaline
pH > 11) waste products from industrial processes (e.g. [1–3]) to
nderstand and control the leaching behaviour of heavy metals
uch as Cu, Pb and Zn. Modelling of oxyanion forming metal and
etalloid elements such as As and Se, however, has been less suc-

essful because during leaching studies of alkaline wastes, these
lements have received much less attention compared to other
eavy metals such as Cu, Pb and Zn due to a frequently much
ower total concentration [4–6]. The concentration found in waste
eachates, on the other hand, can be high relative to their total con-
ent, because oxyanions are much more soluble in alkaline matrices
ompared to heavy metals [7]. Especially in realistic situations such
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(
b
a
t
m

•

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.02.016
nd especially the lack of a comprehensive model for solid solution and
nd ettringite still hampered efficient modelling.

© 2008 Elsevier B.V. All rights reserved.

s landfills, where the liquid-to-solid ratio is low, high concentra-
ions can be found in porewaters. Because the knowledge still lacks
ow to reduce leaching, a better understanding of the geochemical

ate of As and Se is needed because most chemical forms can cause
dverse health effects and even death [8,9]. Moreover, the Euro-
ean Directive 1999/31/EC on landfilling of waste has recently been
omplemented by the Council Decision 2003/33/EC, establishing
riteria and procedures for the acceptance of waste at landfills that
nclude both As and Se [10].

Multiple redox states are possible in the case of As and Se
nd the predominating species in alkaline pore solutions, being
rsenates (HxAsVO4

x−3) and arsenites (HxAsIIIO3
x−3) or selenates

HxSeVIO4
x−2) and selenites (HxSeIVO3

x−2) [7], are often thought to
e in equilibrium with their corresponding calcium metalates in
lkaline solid wastes, where calcium is the most important mul-

ivalent cation [2,11,12]. However, predictions based on calcium

etalate precipitation usually fail for a number of reasons:

Lack of knowledge of the redox state although this is crucial
because calcium arsenites and calcium selenates are much more

http://www.sciencedirect.com/science/journal/03043894
mailto:Geert.Cornelis@cit.kuleuven.be
dx.doi.org/10.1016/j.jhazmat.2008.02.016
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soluble compared to calcium arsenates and selenites, respectively
[11,12].
The use of inconsistent thermodynamic data that does not
account for soluble aqueous complexes such as CaAsO4

−,
CaHAsO4 or CaH2AsO4

+.
The occurrence of other geochemical mechanisms such as
adsorption and solid solution formation that are seldom taken
into account.

In soils, surface complexation with iron and aluminium oxides
sually is considered to be the dominant mechanism control-

ing oxyanion behaviour but in alkaline matrices, the surface of
hese oxides is predominantly negatively charged and adsorption
f oxyanions thus is not favoured. Much progress has been made in
he study of solid solution formation and adsorption of oxyanions
o common minerals of alkaline matrices. It is, for example, well
nown that arsenate and selenate can be incorporated in ettrin-
ite (Ca6[Al(OH)6]2(SO4)3·26H2O) [12,13], gypsum (CaSO4·2H2O)
14,15]. Moreover, arsenite and selenate can be taken up in the
tructure of calcite (CaCO3) [14,16–18], whereas selenite inter-
cts with calcite and ettringite through surface exchange reactions
12,19,20]. This knowledge has, however, only rarely been applied
n leaching studies and geochemical models (e.g. [2,21]).

The goal of the present study is to compose a consistent ther-
odynamic dataset for As and Se that can be used to model these

lements in alkaline matrices and to investigate the importance
f adsorption and solid solution, next to simple precipitation, in
etermining the leaching behaviour of As and Se. These models
re then applied to an alkaline waste (pH > 11) resulting from the
hysicochemical treatment of wastewaters from the production of
on-ferrous metals such as Se. The most common production pro-
esses, smelting or roasting of copper anode slime, generate highly
cidic (0 < pH < 1.35) wastewaters rich in sulphuric acid [22] that
ontain considerable amounts of Se (up to 10 mg/l) and very high
mounts of As (up to 2000 mg/l). Addition of lime and FeCl3 to pre-
ipitate As is a common treatment procedure in case of these high
s concentrations [23]. This sludge represents a relatively simple,

hough realistic, alkaline matrix composed of a limited amount of
inerals. The only management option is landfilling because leach-

ng of As and Se is very high and European standard leaching values
or landfilling of hazardous wastes (25 mg/l for As and 7 mg/l for Se)
egularly are not met, which not only invokes considerable costs,
ut also poses a severe threat to the environment. The production
f the sludge is significant because the world’s annual consumption
f Se in 2004 was estimated at 2700 tonnes and is expected to have
ncreased more recently, given the permanent high demands from
hina [24].

. Experimental

.1. Waste material

A sample of water treatment sludge from non-ferous metals pro-
uction was obtained at an industrial site where it is produced by
dding lime and FeCl3 to the sulphuric acid wastewater. Lime is
dded until the suspension reaches a pH between 10.5 and 11.5. In
settling tank, the sludge is separated from solution and is brought

o a moisture content of about 50% in a press after which it is stored
pen to the ambient atmosphere. Residence time of the sludge
ithin the water treatment is only several hours.
.2. Total content and leachability

Total elemental content was determined by digestion with
oncentrated HNO3. Metal concentrations in the digest were

b
d

L
s
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etermined with Inductively Coupled Plasma Mass Spectrometry
ICP-MS, Thermo X-series I). Leaching of metals was tested using
he EN 12457-2 standard test: 10 g of dry material was agitated in
00 ml distilled water (liquid-to-solid ratio, L/S = 10) for 24 h. After
ltration over a 0.45 �m membrane filter, element concentrations
ere measured with ICP-MS. In order to evaluate the pH depen-
ence of metal leaching, a set of tests based on the EN-12457-2
tandard test was used. Various volumes of concentrated HNO3 or
OH 60% (w/w) were added to distilled water in order to obtain dif-

erent leachate pH levels after 24 h on a flat-bed shaker. Metal and
etalloid concentrations were determined in the filtrate with ICP-
S. Sulphate was quantified with ion chromatography (IC) (Dionex

CS-2000 with a 2-mm AS-18 column and KOH mobile phase gradi-
nt). Filtrates of a second pH-dependent leaching test were used to
etermine redox speciation of As and Se as a function of pH. The fil-
rates were diluted 1:1 with 0.1 M citrate in Nalgene cryo-vials that
ere stored in a freezer prior to speciation analysis. In these solu-

ions, total As and Se concentration were determined with ICP-MS.
sIII and SeIV were quantified with Hydride Generation Inductively
oupled Optical Emission Spectroscopy (HG-ICP-OES) (Ciros CCP,
PECTRO Analytical Instruments) and AsV and SeVI concentrations
ere calculated as the difference with total As and Se. Speciation

f total As and Se (soluble + insoluble) was determined by agitating
ludge samples at L/S = 200 and pH 1 for 24 h. In these conditions,
ll minerals were dissolved. Astotal and Setotal in the extracts were
gain measured using ICP-MS. The extracted amounts of As and Se
ere equal to the total amount determined by digestion. The AsV

nd SeIV concentrations were determined by quantifying AsO4
3−

nd SeO3
2− in the extracts using IC (AS-18 anion exchange column

ith a KOH mobile phase gradient) and AsIII and SeVI concentrations
ere then calculated as the differences Astotal–AsV and Setotal–SeIV.

Carbonate content was determined by adding 60 ml of distilled
ater and 40 ml of 5 M HCl to 5 g dry sludge. The formed CO2 was

tripped out using a flow of N2-gas. This gas stream was led through
wo absorption bottles, each containing 50 ml of 1 M NaOH. After
h reaction time, the carbonate concentration in the absorption
ottles was determined by titration with 0.5 M HCl.

.3. Mineralogy

To reduce the gypsum content 5 g of the samples was washed
or 24 h in 1 l water (L/S = 200) and the resulting sludge was filtrated
nd dried. Mineralogy of original and washed sludge samples was
etermined using X-ray diffraction (XRD) (Philips PW1130/90 Co
�) with a 0.05◦ step size and 1 s acquisition time. Scanning elec-

ron microscopy (SEM) on the original samples in combination with
nergy dispersive spectrometry spot measurements (EDS) (Philips,
L 30 SEM FEG) provided additional information.

. Modelling in PHREEQC

.1. Model inputs

All model calculations were performed using the hydrogeo-
hemical model PHREEQC, version 2.12.5.669 [25]. The leaching
odel for As and Se was evaluated by applying model calculations

o pH-dependent leaching. Total amounts of Na, Mg, Al, Ca, Fe, Ba,
s, Se, S, Si and CO3

2− were used as model inputs. The Cl− ion was
ot used as an input in the model but was used to compensate for
harge imbalances. Other elements such as Zn and Pb were ignored

ecause in preliminary model calculations it was observed that they
id not have a significant effect on modelled results.

The total redox speciation of As and Se was estimated from the
/S = 200 at pH 1 extracts. Speciation of redox sensitive elements
uch as As, Se, Fe and S was made independent of the redox potential
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Table 1
Thermodynamic data of soluble species of As and Se

Reaction log K Source

AsV

AsO4
3− + H+ = HAsO42− 11.8 [34]

HAsO4
2− + H+ = H2AsO4

− 6.99 [34]
H2AsO4

− + H+ = H3AsO4
0 2.30 [34]

AsO4
3− + Ca2+ = CaAsO4

− 6.22 [32]
4.36 [33]

HAsO4
2− + Ca2+ = CaHAsO4

0 2.69 [32]
2.66 [33]

H2AsO4
− + Ca2+ = CaH2AsO4

+ 1.06 [32]
1.30 [33]

AsO4
3− + Fe3+ = FeAsO4

0 18.9 [32]
HAsO4

2− + Fe3+ = FeHAsO4
+ 6.45 [32]

H2AsO4
− + Fe3+ = FeAsO4

2+ 4.04 [32]
AsO4

3− + Fe2+ = FeAsO4
− 7.06 [32]

HAsO4
2− + Fe2+ = FeHAsO4

0 3.54 [32]
H2AsO4

− + Fe2+ = FeAsO4
+ 2.68 [32]

AsO4
3− + Al3+ = AlAsO4

0 18.9 [32]
HAsO4

2− + Al3+ = AlHAsO4
+ 6.45 [32]

H2AsO4
− + Al3+ = AlAsO4

2+ 4.04 [32]
AsO4

3− + Mg2+ = MgAsO4
− 6.34 [32]

HAsO4
2− + Mg2+ = MgHAsO4

0 2.86 [32]
H2AsO4

− + Mg2+ = MgH2AsO4
+ 1.52 [32]

AsIII

AsO3
3− + H+ = HAsO32− 15.00 [34]

HAsO3
2− + H+ = H2AsO3

− 14.10 [34]
H2AsO3

− + H+ = H3AsO3
0 9.17 [34]

SeVI

SeO4
2− + H+ = HSeO4

− 1.80 [52]
HSeO4

− + H+ = H2SeO4 −2.01 [52]
SeO4

2− + Ca2+ = CaSeO4
0 2.00 [52]

SeO4
2− + 2Na+ = Na2SeO4

0 0.02 [55]
HSeO4

− + Na+ = NaHSeO4
0 0.01 [55]

SeO4
2− + Mg2+ = MgSeO4

0 2.2 [56]
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Table 2
Thermodynamic data of As and Se minerals

Reaction log K Source

AsV

FeAsO4 = Fe3+ + AsO4
3− −22.04 [58]

AsIII

CaHAsO3 = Ca2+ + HAsO3
2− −10.4033 Calculated from [51]

Ca(AsO2)2 + 2H2O = Ca2+ + 2H2AsO3
− −6.5195 [51]

SeVI

CaSeO4·2H2O = Ca2+ + SeO4
2− + 2H2O −4.20 [59]

Fe2(SeO4)3 = 2Fe3+ + 3SeO4
2− −23.19 [60]

Ca6Al2(SeO4)3(OH)12·26H2O + 12H+

= 6Ca2+ + 2Al3+ + 3SeO4
2− + 38H2O 73.40 [12]
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ing surface of HFO was calculated from the modelled amount of
ferrihydrite (Fe(OH)3(a)).

Surface exchange of arsenite and selenite with carbonate on cal-
cite was modelled using exchange constants from Roman-Ross et
al. [18] and empirical half-exchange reactions from Cowan et al.

Table 3
Minerals other than those listed in Table 2 which were allowed to precipitate during
model calculations

Reaction log K Source

Ca0.8SiO5H4.4 + 1.6H+ = 0.8Ca2+ + H4SiO4 + H2O 11.03 [62]
Ca1.1SiO7H7.8 + 2.2H+ = 1.1Ca2+ + H4SiO4 + 3H2O 16.66 [62]
Ca1.8SiO9H10.4 + 3.6H+ = 1.8Ca2+ + H4SiO4 + 5H2O 32.41 [62]
CaSO4·2H2O = Ca2+ + SO4

2− + 2H2O −4.58 [21]
Ca6Al2(OH)12(SO4)3·26H2O + 12H+

= 6Ca2+ + 2Al3+ + 3SO4
2− + 38H2O 56.85 [63]

Ca(OH)2 + 2H+ = Ca2+ + 2H2O 74.0928 [29]
CaCO3 = Ca2+ + CO3

2− −8.48 [25]
e
SeO3

2− + H+ = HSeO3
− 8.54 [52]

HSeO3
− + H+ = H2SeO3

0 2.70 [52]
SeO3

2− + Ca2+ = CaSeO3
0 3.17 [57]

y disregarding all redox reactions during leaching given their slow
inetics [26,27]. All S was assumed to occur as sulphate. The FeII/FeIII

atio was not experimentally determined but it was assumed that
ll soluble Fe at pH 8.4, where a minimum was observed in the
H-dependent leaching behaviour, was FeII because at that pH, the
olubility of FeII is two orders of magnitude higher than the FeIII

olubility [28].

.2. Aqueous speciation

The PHREEQC database was supplemented with data from the
ore extensive Visual Minteq v. 2.32 database [29] and the most

ecent thermodynamic data of hydrolysis and soluble complexes
f As and Se-species available in the literature (Table 1). In case of
he aqueous complexes CaH2AsO4

+, CaHAsO4
0 and CaAsO4

−, two
atasets were found. Both datasets were independently used in two
onsecutive model calculations. A third model calculation was per-
ormed without these aqueous complexes because their existence
s disputed by some authors [30,31]. The species in Table 1 were all
btained at or corrected to zero ionic strength.

.2.1. Precipitation
Thermodynamic data of possible solids of AsIII, SeVI and SeIV
ere taken from the literature (Table 2). Selection of possible AsV

olids was largely based on mineralogical analysis as will be dis-
ussed further. Whenever solution composition data in equilibrium
ith the solids in Table 2 was available in the literature, solubil-

ty constants were recalculated according to the different aqueous

F
F
A
M

e
CaSeO3·H2O = Ca2+ + SeO3

2− + H2O −6.84 [12]
Ca(HSeO3)2·H2O = Ca2+ + HSeO3

− + H2O −5.96 Calculated from [50]
Fe2(SeO3)3 = 2Fe3+ + 3SeO3

2− −34.00 [61]

omplexation and hydrolysis datasets of As and Se in Table 1
ecause other datasets were used in the references of Table 2 whilst
alculating solubility products. In this way, a consistent thermody-
amic database was obtained. Activity corrections were performed
sing the Davies Equation.

The solubility products of calcium arsenates were recalculated
hree times for three consecutive model attempts: one attempt
ssuming no soluble complexes, a second one assuming soluble
omplexes according to the dataset of Whiting [32] and a third
ttempt assuming soluble complexes according to Bothe and Brown
33]. Hydrolysis data of Nordstrom and Archer [34] were used at all
imes.

Solubility data for amorphous iron arsenate and selenite were
mplemented rather than their crystalline analogues given the
hort equilibration times during sludge production (several hours).

list of matrix minerals considered during model calculations
ther than the precipitates in Table 2 is given in Table 3.

.2.2. Adsorption and surface exchange
Surface complexation of sulphate, arsenate, arsenite, selenite

nd selenite to amorphous iron oxides, also called hydrous ferric
xides (HFO) was modelled using the Diffuse Layer/Surface Com-
lexation Model (DL/SC) [35]. The thermodynamic data set used for
s and Se is shown in Table 4. Dzombak and Morel [35] recommend
sing 600 m2/g as a specific surface area and 0.2 mol active sites per
ol of Fe as charge density for HFO. The magnitude of the adsorb-
e(OH)3 (a)a + 3H+ = Fe3+ + 3H2O 4.891 [25]
e(OH)2 + 2H+ = Fe2+ + 2H2O 13.49 [25]
l(OH)3 (a)a + 3H+ = Fe3+ + 3H2O 10.8 [25]
g(OH)2 + 2H+ = Mg2+ + 2H2O 17.1 [29]

a (a) = amorphous.
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Table 4
Thermodynamic data used for adsorption modelling

Reaction log Kint Source

AsV

–FeOH + AsO4
3− + 3H+ = –FeH2AsO4 + H2O 29.88 [64]

–FeOH + AsO4
3− 2H+ = –FeHAsO4

− + H2O 24.81 [64]
–FeOH + AsO4

3− + H+ = –FeAsO4
2− + H2O 18.10 [64]

AsIII

–FeOH + AsO3
3− + 3H+ = –FeH2AsO3 + H2O 38.76 [64]

–FeOH + AsO3
3− + 2H + = –FeHAsO3

− + H2O 31.87 [64]

SeVI

–FeOH + SeO4
2− + H+ = –FeSeO4 + H2O 7.73 [35]

–FeOH + SeO4
2− = –FeOHSeO4

2− 0.8 [35]

SeIV

–FeOH + HSeO3
− + H+ = –FeSeO3 + H2O 12.69 [35]

–FeOH + HSeO3
− = –FeOHSeO3

2− + H+ 5.17 [35]

Table 5
Surface exchange reaction constants for arsenite and selenite exchange with car-
bonate on calcite surfaces

Exchange reaction log K Source

XCO3 + H3AsO3
0 = H2CO3 + XHAsO3 1.274 [18]

Half-exchange reaction
CO3

2− + 2X+ = X2CO3 12.5 [19]
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4.2. Mineralogy

Fig. 2 shows the XRD diffractogram of the original and washed
sample. Clearly, gypsum is the dominant mineral in the unwashed

Table 6
Characteristics of suspensions and total and leached (L/S = 10) amounts from the
sludge sample

pH 11.1
Eh (mV) 410

Element Total (mol/kg) Leacheda (mg/kg)

Ca 6.11 6935
As 0.899 38.03
AsIII/Astotal (%) 3.7
Se 0.036 19.53
SeIV/Setotal (%) 21.3
Fe 0.248 <LODb

Al 0.232 1.51
K 0.329 45.46
Na 0.471 2263
Mg 0.115 <LODb

Cu 0.029 <LODb

Zn 0.044 <LODb

Cd 0.005 2.07
Sb 0.011 7.00
Pb 0.014 <LODb

Ba 0.0006 <LODb

SO4
2− 4.16 1500

b

H+ + CO3
2− + X+ = XHCO3 16.76 [19]

SeO3
2− + 2X+ = S2SeO3 16.70 [19]

H+ + SeO3
2− + X+ = XHSeO3 16.92 [19]

19] (Table 5). Roman-Ross et al. [18] used a specific surface area of
.2 m2/g calcite and determined a maximum of 6 active sites/nm2

or H3AsO3
0 adsorption, which leads to 0.02 mol active sites per mol

alcite. The modelled amount of calcite was used as the adsorbing
urface in case of selenite adsorption because Cowan et al. [19] did
ot relate the empirical constant with the amount of active sites.

Selenite adsorption on ettringite was approximated using
distribution ratio, Rd = ([SeO3

2−]adsorbed/[SeO3
2−]aq)S, where

SeO3
2−]adsorbed is the adsorbed SeIV concentration in equilibrium

ith [SeO3
2−]aq in solution and S is the ettringite concentration

xpressed as g/l for which the modelled amount of ettringite was
sed in this case. A value of Rd = 0.18 m3/kg was taken from Baur
nd Johnson [12] who experimentally found a sorption maximum
f 0.3 mol selenite per kg ettringite which corresponds to the max-
mum of 0.038 mol available sites per mol ettringite which was set
n model calculations.

.2.3. Solid solution formation
Solid solution formation was considered for CaSO4/Ca3(AsO4)2,

a(SeO3,CO3), Ca(SeO4,CO3), Ca(SO4,SeO4)·2H2O, and Ca6Al2
SO4,SeO4)3(OH)12·26H2O. All solid solutions, except Ca(SO4,
eO4)·2H2O, were considered ideal in this study due to lack
f thermodynamic data to account for non-ideality. The activ-
ty coefficients of CaSeO4·2H2O and CaSO4·2H2O in the non-ideal
a(SO4,SeO4)·2H2O solid solution, on the other hand, were calcu-

ated by Fernandez-Gonzalez et al. [15] using the Lippman model
s described by Glynn [36]. A regular solid solution was consid-
red by Fernandez-Gonzalez et al. [15] in which all Guggenheim
arameters are set to 0 except the first one that was calculated to
e a0 = 2.238.

PHREEQC is not capable of calculating non-ideal solid solutions

f more than two components, so it was not possible to calcu-
ate SeVI concentrations in equilibrium with both the non-ideal
a(SO4,SeO4)·2H2O solid solution and the ideal Ca(SeO4,CO3) solid
olution. Three consecutive model calculations were therefore exe-
uted in case of SeVI:

S
C
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Considering precipitation only (Model 1).
Considering the non-ideal Ca(SO4,SeO4)·2H2O solid solution
combined with an ideal Ca6Al2(SO4,SeO4)3(OH)12·26H2O solid
solution (Model 2).
Considering ideal Ca(SO4,CO3,SeO4) and Ca6Al2(SO4,SeO4)3
(OH)12·26H2O solid solution (Model 3).

. Results and discussion

.1. Total and leachable amounts

Table 6 shows the total content of elements in the sludge and
he results of the EN 12457-2 test. The most abundant elements are
a, S, As, Al, Se, Fe, Na and K. The total content and leachability of
s and Se are high compared to other types of alkaline waste such
s coal fly ash [6,37] or cement-stabilised wastes [38] and both
s and Se leaching are above European standards for landfilling of
azardous waste (25 mg/kg and 7 mg/kg, respectively). The sludge
lso contain significant amounts of Pb, Zn, Cd and Cu but no leached
oncentrations of these elements were above European standards.

Based on the Eh–pH diagram of As [7], As is likely to occur pre-
ominantly in the pentavalent form at the measured Eh–pH values
Table 6) and from the Eh–pH diagram of Se, both SeVI and SeIV are
xpected, which is confirmed by the total speciation of As and Se in
able 6 and the pH-dependent redox speciation of As and Se of the
econd pH-dependent leaching test (Fig. 1). The carbonate content
f the samples used for this test had increased to 0.29 mol/kg and
he natural pH had decreased to 10.4 indicating that carbonation,
he reaction with atmospheric CO2, had occurred. This was taken
nto account when modelling pH-dependent speciation results but
t was assumed that redox speciation of As and Se was not altered

ith respect to the first test given the slow kinetics of redox reac-
ions of these elements in inorganic alkaline solid wastes [26,27].
i 0.089 <LOD
O3

2− 0.17 NAc

a Average leached amounts of three replicates at the pH indicated.
b Limit of detection.
c Not available.
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Fig. 1. Redox speciation of soluble (a) As and

ample, which is not surprising given the high calcium and sul-
hur content (Table 6). After washing at L/S = 200, the gypsum
eaks are significantly reduced and the minerals rauenthalite
Ca3(AsO4)2·10H2O) and calcite can be discerned. The presence of
alcite indicates that some carbonation of the alkaline material has
ccurred during storage, prior to sampling.

During SEM-EDS analysis, As was found to be scattered through-
ut the sample and large calcium arsenate crystals appeared to be
carce. Fig. 3a shows a notable exception of platy crystals of a cal-
ium arsenate with a molar Ca:As:O ratio of 3:2:24. Given the fact
hat a large spot size had to be used to collect enough counts for

DS analysis, counts for lighter elements such as oxygen or car-
on were probably also collected from the underlying supporting

ayer and the actual oxygen content of the mineral in Fig. 3a proba-
ly is lower because the most hydrated calcium arsenate known

ig. 2. XRD-diffractograms of original (gray) and washed samples (black).
= gypsum, R = rauenthalite, C = calcite.

n
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Fig. 3. SEM image and EDS spot analysis of (a) calcium arsenates, m
in the second pH-dependent leaching test.

s phaunoxite (Ca3(AsO4)2·11H2O, Ca:As:O = 3:2:19). The crystals
n Fig. 3a are, however, most likely rauenthalite (Ca:As:O = 3:2:18)
ecause the occurrence of large amounts of phaunouxite would

ead to a distinct peak at 2� = 8.9◦ in the XRD diffractogram and the
ehydration of phaunoxite to rauenthalite at room temperature is
known reaction [39].

The formation of hydrated calcium arsenates of the form
a3(AsO4)2·xH2O has been reported in synthetic CaO–As2O5 mix-
ures with pH-values similar to the “natural” pH of the sludge
ample (11.1) [31,33,40–45] but only Guerin et al. [40] found rauen-
halite to precipitate whereas others found no higher hydration
umbers than 4.25. It has been postulated that precipitation of cal-
ium arsenates with high hydration numbers such as rauenthalite
r phaunouxite indicates alkaline conditions with high levels of dis-
olved As and a low Ca availability [41]. Ca can indeed be expected
o be less available in gypsum sludges compared to synthetic
aO–As2O5 mixtures due to the precipitation of gypsum and calcite.

n conjunction with the high pH, the precipitation of rauenthalite
s thus likely to occur.

In most cases, As was not found as large calcium arsenate crys-
als, but associated with gypsum crystals (Fig. 3b). This may either
ndicate a CaSO4/Ca3(AsO4)2 solid solution or small rauenthalite
rystals precipitated on a larger gypsum phase, or both. No conclu-
ion can be drawn based on these experimental results. However,
t has been stated that arsenate interaction with gypsum mainly
ccurs through solid solution formation, especially at high pH [14].
onahue and Hendry [26] also found that As was associated with
ypsum minerals in their samples and suggested a solid solution of
alcium arsenate in gypsum.
.3. Mineral selection

Rauenthalite clearly dominates the arsenate mineralogy at the
atural pH but does not necessarily do so at other pH values. In

ost likely rauenthalite (b) a gypsum crystal. ND: not detected.
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Table 7
Recalculated solubility products of selected calcium arsenates from solubility data
from [33]

Reactions Association constant dataset, log Kso

None Whiting [32] Bothe and
Brown [33]

Ca3(AsO4)2·10H2O

C

E

s
a
i
r
b
(
n
C
[
C
a
[
a
w
c
c
a
b
w
i

C
p
i
[

4

4

t
a
a
i
g
s

Fig. 5. Modelling of pH-dependent total As leaching considering aqueous complex-
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B
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d
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C
e
c
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a
u
f
o
cium arsenates. In this case, using the dataset of Whiting [32] gives

F
s

= 3Ca2+ + 2AsO4
3− + 10H2O −20.19 −21.58 −21.46

aHAsO = Ca2+ + HAsO4
2− −4.57 −4.84 −4.85

xplanation of the three different data sets, see paragraph on modelling in PHREEQC.

ynthetic CaO–As2O5 mixtures, CaHAsO4·H2O is stable in the most
cidic (pH < 6) conditions whereas Ca4(AsO4)2(OH)2·4H2O precip-
tates in the most alkaline (pH > 12) mixtures [42–44]. However, in
eal systems where Ca is less available, the latter solid has not yet
een detected. In AsV spiked cements that have a relatively high pH
>12.5), arsenate mineralogy is usually dominated by calcium arse-
ates with a lower Ca:As ratio than Ca4(AsO4)2(OH)2·4H2O such as
a5(AsO4)3OH, Ca3(AsO4)2·xH2O, CaNaAsO4·7.5H2O and CaHAsO4
11,45–48]. The Na content of the sludge is too low relative to the
a and As content to allow significant CaNaAsO4·7.5H2O formation
nd Ca5(AsO4)3OH formation is inhibited in the presence of Mg ions
42,43]. Rauenthalite and CaHAsO4 were therefore the only calcium
rsenates considered for modelling and their solubility products
ere recalculated from solution compositions in equilibrium with

alcium arsenates taken from Bothe and Brown [33] (Table 7). In
ase of rauenthalite, the solubility product was calculated from

solution composition in equilibrium with Ca3(AsO4)2·4.5H2O
ecause no solution composition in equilibrium with rauenthalite
as available in the literature but the solubility of the 4.5 hydrate

s highly similar to that of rauenthalite [43].
Although no arsenite or selenium minerals could be detected,

aHAsO3, CaSeO3·H2O and CaSeO4·2H2O were assumed to have
recipitated because they are the most stable calcium arsen-

te, selenite, and selenate, respectively at ambient conditions
46,49–51].

.4. Modelling results

.4.1. Prevailing minerals
As can be seen in Fig. 4, the most important minerals at the unal-

ered pH are predicted to be gypsum, rauenthalite, calcite, ettringite
nd amorphous iron oxides. Ettringite was not detected during XRD

nalysis, probably due to peak overlap and the absence of a single
ntense peak, contrary to calcite. Amorphous compounds like HFO
enerally do not show peaks in an XRD diffractogram. Fig. 4 also
hows that the present mineral selection leads to an accurate pre-

t

b
f

ig. 4. (a) Modelled pH-dependent presence of the most important minerals in the sludg
ludge sample.
tion constants for CaAsO4
− , CaHAsO4

0, and CaH2AsO4
+of Whiting [32], Bothe and

rown [33] and none at all. In case of the Whiting dataset, modelling results are
epicted both with and without considering solid solutions. In other cases, no solid
olutions were considered.

iction of the leaching behaviour of Ca, the most important matrix
lement, up to pH 12.5.

.4.2. Arsenic
Fig. 5 shows the result of As leaching modelling. Using the

ataset without aqueous Ca–AsV complexes leads to an underes-
imation of four orders of magnitude, which suggests that such
omplexes do exist. Raposo et al. [31] found no evidence of the
ormation of such complexes when performing an acid titration
f a 1 mM AsO4

3− solution with or without the addition of 1 mM
a2+ but these authors only titrated up to pH 10, whereas the differ-
nce between experimental and modelled results when no aqueous
omplexes are considered, is most pronounced at pH > 10 (Fig. 5).

When the dataset with association constants calculated by
othe and Brown [33] for CaAsO4

−, CaHAsO4
0, and CaH2AsO4

+

re used, As-minerals at alkaline pH are predicted to be oversat-
rated by two orders of magnitude. Donahue and Hendry [26] also
ound that the implementation of aqueous complexation constants
f Bothe and Brown [33] leads to prediction of oversaturation of cal-
he best fit with experimental results.
Applying solid solution formation with gypsum, as suggested

y Donahue and Hendry [26] and Fernandez-Martinez et al. [14],
urther improved prediction of the experimental results (Fig. 5).

e expressed as g/l (L/S = 10) and (b) the modelled pH-dependent Ca leaching in the
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Fig. 6. Modelling of AsV and AsIII leaching in the second pH-de

he incorporation of AsV in ettringite, which is a likely mechanism
n alkaline matrices [13], could however not be taken into account,
ecause the solubility of the arsenate analogue of ettringite has not

et been determined. Adsorption to iron oxides, when applied, did
ot alter results significantly.

Modelling of pH-dependent AsV and AsIII leaching as a func-
ion of pH was executed on speciation results from the second

ig. 7. Modelling of pH-dependent total Se leaching of the first test. Model 1: pre-
ipitation only, Model 2 for SeVI and surface adsorption of selenite on calcite and
ttringite, Model 3 for SeVI and surface adsorption of selenite on calcite and ettrin-
ite.
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Fig. 8. Modelling of SeVI and SeIV leaching in t
nt leaching test with and without considering solid solutions.

H-dependent test as shown in Fig. 6. In case of AsV, the dataset
f Whiting [32] was used because it gave the best results when
odelling total As leaching. Modelling with and without consid-

ring solid solution are depicted but a poor fit with experimental
esults is observed in both cases at pH > 7. The fit was even poorer
hen the CaSO4/Ca3(AsO4)2 solid solution was taken into account.

ernandez-Martinez et al. [14] found that the incorporation of arse-
ate in gypsum significantly distorts its crystal structure, which
uggests that the best way to describe the interaction of arsenate
ith gypsum would be through non-ideal solid solution forma-

ion. Why including solid solution worsens the fit for AsV, whereas
t improves the fit for total As (Fig. 5) could not be explained but
t appears that solid solution formation as a leaching controlling

echanism is much less important compared to calcium arsenate
recipitation. Calcium arsenates are sparingly soluble compared to
ther calcium metalates in alkaline matrices and, although gypsum
s an exceptionally abundant mineral in this sample, it is much more
oluble than calcium arsenates and will therefore not incorporate
uch arsenate.
A similar observation can be made in Fig. 6 where the AsIII leach-

ng is very well predicted but consideration of AsIII adsorption on
alcite does not significantly improve model predictions. Calcium
rsenites are quite stable in an alkaline environment [51] but the
imited differences between the two models (with/without calcite
dsorption) can also be ascribed to the relatively low calcite (Fig. 4)
nd AsIII (Table 6) content.
.4.3. Selenium
Metal selenites and selenates are relatively soluble compared to

ther metal–oxyanion compounds and are thus more likely to be

he second pH-dependent leaching test.
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ontrolled by processes other than precipitation, such as adsorp-
ion and solid solution formation [12]. This is evident from Fig. 7,
howing the modelled leaching behaviour of total Se in the first pH-
ependent leaching test. The three solid solution models for SeVI as
entioned in the previous section were applied together with or
ithout SeIV adsorption to calcite and ettringite. Clearly, the fit of
odelled results is less satisfactory compared to that obtained for
s which can for a large part be attributed to the lack of up-to-date

hermodynamic data of Se [52].
When only precipitation was considered (Model I for SeVI),

eVI was predicted to be in equilibrium with BaSeO4 rather than
aSeO4·2H2O, illustrating the high solubility of the latter solid
ven in this calcium-rich matrix. The solubility of CaSeO4·2H2O
s reduced significantly by forming a solid solution with gypsum
Model 2 for SeVI) but this is probably not the only mechanism that
ontrols SeVI leaching, especially at alkaline pH. As is suggested
y Fig. 8, interactions with calcite further lower SeVI solubility at
H > 5.5 whereas solid solution formation of selenate with ettrin-
ite was quantitatively much less important (Model 2 for SeVI).
aur and Johnson [12] found a relatively low affinity of selenate for
ttringite although solid solution formation is a plausible mecha-
ism. The interaction with calcite, as suggested by Staudt et al. [16],

s in this case much more important. However, the approach used
n this study, where calcium selenate forms an ideal solid solu-
ion with calcite, probably is an approximation that can explain
he lack of fit with experimental results since Fernandez-Martinez
t al. [14] found that replacement of trigonal CO3

2− ions by tetra-
edral SeO4

2− oxyanions significantly deforms the calcite crystal
tructure and Staudt et al. [16] found that selenate partitioning at
alcite surfaces is dependent on the pathway by which this process
roceeds.

The solubility of CaSeIVO3·H2O, on the other hand, is much lower
elative to that of CaSeVIO4·2H2O but Fig. 8 suggests that SeIV is
ot in equilibrium with CaSeO3·H2O at pH > 7.5. Ca2+ and CO3

2−,
ather than H+ and −OH, are the potential determining ions for cal-
ite surfaces [53], which enable this mineral to sorb oxyanions at
uch higher pH values compared to iron oxides. Cheng et al. [20]

ound that selenite is selectively adsorbed by exchange with CO3
2−

n calcite surfaces by forming a two-dimensional solid solution
f the form Ca(SeO3)x(CO3)1−x. Moreover, ettringite has reactive
Ca–OH2 and Ca2–OH surface sites that can sorb anions at high
H [13] and has also proven to be an effective adsorbent for selenite
12]. The fit with experimental results is, however, not perfect. The

odel of Cowan et al. [19], which is used for the adsorption of SeIV

n calcite is based on empirically defined half reactions and mod-
lling adsorption by application of a distribution ratio, as was done
n case of adsorption of selenite to ettringite, does not incorporate
ompetitive effects of other sorbing anions. Again, lack of funda-
ental models for adsorption with minerals occurring in alkaline

esidues hampers efficient modelling of the leaching behaviour but
hese results suggest that the presence of ettringite significantly
nfluences the leaching of SeIV and that calcite is an important sink
or both selenite and selenate in the investigated matrix. The pres-
nce of calcite is especially of interest with respect to leaching
f AsIII, SeVI and SeIV at alkaline pH when considering carbona-
ion, which greatly affects oxyanion leaching behaviour in alkaline

atrices (e.g. [54]) because contrary to AsV, carbonation will not
ecessarily invoke higher AsIII, SeVI or SeIV leaching values.

. Conclusion
The leaching behaviour of As and Se in alkaline gypsum matri-
es is controlled by precipitation of calcium metalates and most
ikely also by adsorption and solid solution with abundant minerals.
he leaching behaviour of arsenic was reasonably well predicted

[

[
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hen precipitation of rauenthalite was considered as a controlling
echanism but only if a consistent dataset was used that contained

ssociation constants of soluble Ca–AsV aqueous complexes from
hiting [32]. Indications have been found that CaSO4/Ca3(AsO4)2

olid solution formation and arsenite adsorption to calcite further
ecrease AsV and AsIII leachability below calcium metalate satura-
ion but the effect of these mechanisms is relatively limited due
o the already low solubility of calcium arsenate and arsenite in
lkaline matrices.

In case of Se, lack of thermodynamic data hampers efficient
odelling but it appears that the relatively high solubility of sele-

ium precipitates enables adsorption and solid solution to gain
mportance as controlling mechanisms relative to arsenic. It is sug-
ested that the development of an efficient model for oxyanion
nteraction with matrix minerals of alkaline matrices can further
mprove model efforts of selenium leaching behaviour since calcite

ay be an important sink for both selenite and selenate and ettrin-
ite for selenite in both the investigated matrix and other alkaline
atrices.
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