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bstract

The recycling potential of municipal solid waste incinerator (MSWI) bottom ash may be limited by the leaching of antimony (Sb). Therefore,
reatment methodologies need to be developed. The pH-dependent leaching behaviour of this oxyanion-forming element in fresh and weathered
ottom ash is, however, not understood. Sb leaching was investigated in a wide range of both pH and extent of carbonation. Sb came close to
quilibrium with calcium antimonate (Ca[Sb(OH)6]2) at acid and neutral pH. Therefore, adsorption experiments with synthetic calcite (CaCO3),
ttringite (Ca6Al2(SO4)3(OH)12·26H2O), gypsum (CaSO4·2H2O), and portlandite (Ca(OH)2) and adsorption modelling to hydrous ferric oxides
HFO) and amorphous aluminium minerals (AAM) were conducted to investigate which minerals decrease Sb leaching below equilibrium with
alcium antimonate. At pH > 12, calcium antimonate comes into solution due to portlandite formation, but the subsequent increase in Sb leaching
s reduced due to strong interaction of Sb with portlandite and ettringite. Ettringite appears to be an important host mineral for Sb at the natural
H of mildly weathered bottom ash (11.8) because a minimum in leaching is observed. When pH is decreased below 10.5, ettringite dissolves
nd Sb comes into solution, approaching equilibrium with calcium antimonate near pH 9. Gypsum showed no affinity for Sb. The interaction of

alcite with Sb was not clear. Adsorption modelling suggested that HFO, rather than AAM, control Sb leaching when pH < 9. During carbonation,
b leaching first increased, most likely due to dissolution of ettringite. Then, Sb leaching decreased, since the pH became low enough to allow
orption by HFO.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Although landfilling is the predominant solid waste manage-
ent option for many European countries, municipal solid waste

s increasingly being incinerated because the waste volume is
educed down to 10%, waste-to-energy conversion is possible,
nd some of the produced residues are recyclable [1]. MSWI
ottom ash technically has a high recycling potential. However,
he leaching of heavy metals sometimes does not comply with
egal leaching requirements [2].
Few European countries include Sb in environmental leg-
slation [2] but international attention steadily increases, since
b is regarded as a potentially harmful element [1,3,4]. At the
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uropean level, new leaching criteria for acceptance on landfills
ere published in a council decision (2003/33/EC) that include

tandards for Sb [2]. In Flanders, an informal limit value advises
hat Sb leaching should not exceed 0.1 mg/kg for recycling of
ranular material in construction applications. At present, bot-
om ash does not comply with this or with European regulations
2]. Hence, in order to allow safe deposition or recycling of

SWI bottom ash, treatment methodologies need to be applied.
owever, it is not known how Sb will be affected, since the
echanisms, which determine its leaching behaviour, are not

et understood.
Sb is assumed to occur as the pentavalent Sb(OH)6

− oxyan-
on in bottom ash leachates and it has been established that it is

ot in equilibrium with any known Sb-compound [5,6]. Hence,
orption or solid solution phenomena control Sb leaching. Amor-
hous iron oxides, frequently referred to as hydrous ferric oxides
HFO), and amorphous aluminium minerals (AAM) have a high
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dsorption potential for oxyanions and are the most important
hases controlling Sb leaching in soils [7]. They are believed to
lay an important role in bottom ash too, but only when pH is
ower than 9, as is the case in highly weathered bottom ash [5,6].
t is not known which mechanism controls Sb-leachability at the
natural” alkaline pH (11,12) of fresh or mildly weathered bot-
om ash. Ettringite is likely to be an important host mineral for
b [6,8] because it occurs in large quantities in bottom ash [9]
nd various oxyanions can be efficiently immobilised by substi-
uting sulphate in its structure [10–12]. Portlandite, calcite and
ypsum also occur in relatively high amounts in MSWI bottom
sh [9] and are known to interact with oxyanions such as arsenate
AsO4

3−) or selenite (SeO3
2−) [13–17].

Aging will affect the mineralogy of bottom ash. The most
mportant changes occurring during weathering of MSWI bot-
om ash that have been identified, are a drop in pH, accompa-
ied by the formation of calcite, the dissolution of metastable
hydr)oxides (e.g. portlandite, ettringite), the precipitation of
ypsum and aluminosilicates, and the neoformation of Al and
e oxides [5,18,19]. This complex weathering sequence results

n highly weathered bottom ash with adsorption of Sb mainly
o neoformed aluminium oxides [5]. However, the effect of car-
onation alone on Sb leaching is not understood. Previously, it
as been shown that during carbonation, Sb leaching will rapidly
ncrease followed by a slow decrease as a function of carbon-
tion time [8]. The drop in pH, as a result of the carbonation
eactions, may allow Sb(OH)6

− to be adsorbed by HFO and/or
AM.
The aim of the present paper is to improve understanding of

he mechanisms controlling pH-dependent Sb leaching in fresh
nd weathered MSWI bottom ash. At first, the carbonation reac-
ion was accelerated to study the effect of carbonation on Sb
eaching. Then, adsorption to HFO and AAM was modeled to
xplain why Sb leaching can decrease upon prolonged acceler-
ted carbonation as observed by Van Gerven et al. [8]. Finally,
he interaction of Sb with several major minerals in MSWI bot-
om ash at neutral to alkaline pH, that have a known affinity
or oxyanions (calcite, ettringite, gypsum, and portlandite), was
tudied. Thus, Sb leaching in a wide range of both pH and weath-
ring degree is investigated.

. Experimental

.1. Bottom ash

The used bottom ash already underwent an on-site treatment
fter quenching. The light organic fraction and the fraction larger
han 50 mm were separated from the main stream by wet sieving.
his stream was then further sieved into 0–2, 2–6 and 6–50 mm

ractions. The smallest fraction was separated in a sand fraction
0.1–2 mm) and a sludge fraction (0–0.1 mm). Since the sand
raction is the largest one and it usually does not comply with
lemish leaching limit values, it was studied in this paper. It
s not expected that wet sieving results in a dramatic shift in
ineralogy compared to the original bottom ash. Most proba-

ly, only the content of soluble salts and organic matter will be
uch lower compared to the original bottom ash, since both are
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i
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olubilized during wet sieving. For the sake of convenience, the
and fraction is hereafter denominated bottom ash. After collec-
ion, the bottom ash was dried at 40 ◦C and stored in a closed
ucket to slow down transformation reactions. Prior to carbon-
tion experiments, the bottom ash was ground to a particle size
f less than 2 mm.

.2. Accelerated carbonation

Carbonation experiments were performed in a CO2 incuba-
ion chamber (Sanyo MCO-17AI) to control CO2-percentage at
0% and temperature at 37 ◦C during carbonation. These param-
ters were chosen, since in a previous experiment they lead to
he most pronounced effect on Sb leaching [8]. On the bottom of
he chamber, a water tub was placed to keep constant atmosphere
umidity.

Five large plastic plates containing 400 g of bottom ash,
rought to initial moisture content of 6% with distilled water,
ere prepared. The bottom ash was spread out on plastic trays

o obtain a layer thickness of less than 0.5 mm. These trays were
laced in the CO2 chamber. After 2 and 6 h and 1 and 7 days, a
ray was removed from the chamber for analysis. It was verified
hat the 6% moisture content remained constant throughout the
xperiment.

.3. Determination of total metal concentration and
eaching concentration

The total metal content was determined by digesting 0.1 g of
ry material with concentrated HNO3, HClO4 and HF consec-
tively. After digestion, the metal content was measured in the
esulting liquid sample with Inductively Coupled Plasma Mass
pectrometry (ICP-MS, Thermo, Xi series).

Leaching of metals was tested using the EN 12457-2 test.
bout 10 g of dry material was agitated in 100 ml distilled water

or 24 h. After filtration over a 0.45 �m filter, the metals in the
ltrate were measured with ICP-MS.

In order to evaluate the pH dependence of metal leaching,
set of tests based on the EN-standard was used. Various vol-
mes of concentrated HNO3 or KOH 60% (w/w) were added
o distilled water in order to obtain different leachate pH levels
fter 24 h. Metal concentration was determined with ICP-MS,
ulphate concentration with ion chromatography (Dionex ICS-
000 with an AS-18 column).

To evaluate possible equilibrium with calcium antimonate
Ca[Sb(OH)6]2), the saturation index was calculated in all
eachates using the lowest solubility product found in literature
log Ksp = −12.55, [20]).

Sb-speciation in bottom ash leachates (L/S = 10) was anal-
sed using high pressure liquid chromatography coupled to
CP-MS with a 4 mm Dionex AS-17 column and 0.1 M EDTA
t pH 4.7 as the mobile phase at a flow of 1 ml/min using In
s an internal standard. All sample preparation was performed

n a N2-atmosphere. Bottom ash suspensions (L/S = 10) were
haken with degassed water for 24 h after which the supernatant
as filtrated over 0.45 �m nylon filters and immediately diluted

n 0.05 M EDTA to prevent reduced Sb-species from being
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xidized upon exposure to the ambient atmosphere. During pre-
iminary testing, it was verified that SbIII species dissolved in
.05 M EDTA remained unoxidized for at least 48 h. Hence,
he Sb speciation in the bottom ash leachates, diluted in 0.05 M
DTA, could be analysed using this technique.

.4. Adsorption by HFO and AAM

Adsorption of Sb to HFO and AAM was modelled using a pre-
iously described method [6,21]. Ascorbate-extractions of iron
Asc(Fe)) according to the method of Ferdelman et al. described
y Kostka and Luther [22] were used to estimate the HFO content
f bottom ash. Acid ammonium oxalate extraction in the dark
23] of aluminium (Oxal(Al)) was used to estimate the quantity
f AAM. Al and Fe concentrations in extracts were measured
ith ICP-MS.
The Diffuse Layer/Surface Complexation Model (DL/SC)

24] for sorption of Sb on HFO was used in which the intrinsic
onstants are estimated on the basis of linear free-energy rela-
ionships. To include sorption on AAM, some assumptions had
o be made, since thermodynamic data are generally lacking.
he molecular weight of 89 g HFO/mol Fe recommended by
zombak and Morel [24] was used to calculate both the HFO

s well as the AAM content in carbonated and uncarbonated
ottom ash. In addition, thermodynamic data used for sorption
n HFO were also used for AAM.

The DL/SC model is available in the geochemical speciation
rogram Visual Minteq (version 2.32) [25]. The aqueous species
SbO3

0 (pKa = 2.72) [24] was added to the standard thermody-
amic database. The maximal experimental leaching value from
ncarbonated bottom ash between pH 8 and 10 was chosen to be
he Sb fraction available for adsorption, based on the assump-
ion that in this pH range, both adsorption by HFO and AAM or
olid solution formation by calcium bearing minerals are mini-
al. To allow comparison with experimental leaching data, all

nput parameters were recalculated to represent ion or sorbent
oncentrations in bottom ash suspensions at L/S = 10 l/kg.

.5. Occurrence of calcium bearing minerals in bottom ash

The quantity of calcite was estimated on the basis of carbonate
ontent. About 60 ml of distilled water and 40 ml of 5 M HCl was
dded to 5 g of dry bottom ash. The formed reaction gas, which
ontains CO2, was stripped out using a flow of N2-gas and was
ed through two absorption bottles, each containing 50 ml of 1 M
aOH. After 2 h of reaction time, the carbonate concentration

n the absorption bottles was determined by titration with 0.5 M
Cl.
The exact mineralogy of bottom ash is hard to reveal using

onventional methods such as XRD, due to the complex com-
osition of this residue. Therefore, it was chosen to estimate the
uantity of calcium bearing minerals in uncarbonated bottom ash
y modelling the pH-dependent leaching of Ca, Al and sulphate

n Visual Minteq. This approach was based on the assumption
hat the leaching of these matrix components in bottom ash is
ontrolled by the minerals calcite, gibbsite (Al(OH)3), ettringite,
ypsum and portlandite as proposed by Meima and Comans [19].
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otal concentrations of Ca, Al and sulphate leachability at pH 3
ere used as inputs together with the calcite content calculated

rom carbonate measurements.

.6. Adsorption experiments with calcium bearing minerals

Commercially available gypsum and calcite powders were
sed. XRD-analysis (Philips PW1130/90 with a Co-lamp) con-
rmed that these powders were pure gypsum and calcite, respec-

ively. Calcite-free portlandite was formed by immersing freshly
ombusted lime in double deionised water. The resulting suspen-
ion was immediately filtered and vacuum dried at 40 ◦C. Subse-
uently, the powder was ground to a particle size <1 mm. XRD
nalysis confirmed a pure and calcite-free portlandite phase.

Portlandite was allowed to react with Al2(SO4)3·18H2O to
roduce ettringite according to the method of Atkins et al. [26].
RD analysis confirmed an ettringite phase with only a slight

alcite impurity.
Suspensions with a liquid-to-solid (L/S) ratio of 50, 100, 200

nd 500 of calcite, ettringite, gypsum or portlandite were pre-
ared and allowed to fully equilibrate with the solution. All
ctions with portlandite suspensions were performed in a N2-
tmosphere to avoid carbonate formation. Due to the relatively
igh solubility of portlandite and gypsum, suspensions of these
wo minerals were equilibrated in presaturated solutions. About
g/l of solid was agitated in water and soluble Ca was mea-

ured at regular time intervals with ICP-MS. The suspension was
onsidered to be in equilibrium when a constant Ca concentra-
ion was reached. The resulting supernatant was separated from
he solid with 0.45 �m membrane filters. Different quantities
f fresh portlandite and gypsum were again added to 500 ml of
resaturated solution to obtain the correct L/S ratio. Calcite and
ttringite were added to 500 ml ultrapure water. Portlandite and
alcite suspensions were prepared in gas-tight glass jars, filled
ith a N2-atmosphere in the case of portlandite and a 0.5 bar CO2

tmosphere in the case of the calcite suspension. Ettringite and
ypsum suspensions were left open to the ambient atmosphere.
ll suspensions were agitated until a constant Ca concentration
as reached.
SbV was then added to a total concentration of 100 ppb in

uspensions and blanks. Samples were taken under continuous
tirring after 1, 3 and 7 days in which the Sb concentration was
easured with ICP-MS. Uptake by calcium bearing minerals
as calculated from the concentration difference with the blank.

. Results and discussion

.1. Characterization of uncarbonated bottom ash

Table 1 shows the results of the destruction and EN-leaching
ests of uncarbonated bottom ash. Although the total Sb-
oncentration is well above the Flemish indicative value of
0 mg/kg, it is probably still an underestimation since SbF5,

hich can be formed during destruction with HF, is highly
olatile. The pH of the leachate of the EN test was 10.8, which
ndicates a mildly weathered bottom ash. During storage prior to
ampling, the bottom ash already underwent carbonation due to
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Table 1
Total and leachable (EN 12457-2) element concentration in uncarbonated bottom
ash (mg/kg)

Element Total Leachable

Fe 99299 5.70
Ca 70692 2421
Al 27735 723
Cd 7975 0.010
Cr 96.8 0.50
Cu 3248 6.72
Ni 304 0.040
Zn 7975 3.92
Pb 1710 0.62
M
S

c
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F

o 18.7 0.68
b 132.6 0.17

ontact with atmospheric CO2. Sb leaching (0.17 ± 0.03 mg/kg)
xceeds the Flemish indicative value for recycling (0.1 mg/kg)
ut complies with the European limit value for landfilling of
on-hazardous waste (0.7 mg/kg).

Speciation analysis indicated that all leachable Sb at the nat-
ral pH of uncarbonated bottom ash occurred as SbV. It was
reviously postulated that Sb in bottom ash leachates should
lways occur as SbV [6]. Given the Eh values typically measured
n leachates (100–250 mV [18]), Sb(OH)6

− should indeed dom-
nate Sb speciation in alkaline bottom ash leachates according
o Eh–pH diagrams [7].

.2. Accelerated carbonation

Fig. 1 shows the evolution of Sb leaching as a function
f carbonation time. The same trend was observed in a pre-
ious experiment [8]. A sudden increase from 0.17 up to

.67 mg/kg after 24 h was followed by a gradual decrease down
o 1.23 mg/kg after 7 days, still higher than the EU-limit value for
on-hazardous waste. The pH, carbonate content, Asc(Fe), and
xal(Al) evolution as a function of carbonation time are given in

f
a
p

ig. 2. The evolution of pH, carbonate content, Asc(Fe), and Oxal(Al) as a function o
ig. 1. Sb leaching as a function of carbonation time (DM refers to dry material).

ig. 2. As a result of the carbonation reaction, a sudden decrease
n pH was observed from 11.8 to 9.0 after 24 h followed by a

ore gradual decrease to 8.6. Fully carbonated bottom ash has a
H of 8.5, since it is controlled by calcite only [19]. The calcite
ontent was 30.6 g/kg in uncarbonated bottom ash, increased to
3.3 g/kg after 6 h carbonation and remained relatively constant,
hich also indicates that in this case, carbonation was virtually

omplete after 7 days.
No significant change in the amount of Asc(Fe) and Oxal(Al)

as found between differently carbonated fractions, on aver-
ge 3.9 g Fe/kg and 24.6 g Al were extracted. The amount of
xal(Al) corresponds well to what previously has been found in
ighly weathered bottom ash [5] but the amount of HFO in the
resent material is higher than what was found in highly weath-
red samples by Meima [5] (1 g Fe/kg) since during weathering,
FO are transformed to more crystalline iron oxides.

.3. pH-dependent leaching
Fig. 3 shows the evolution in pH-dependent leaching as a
unction of carbonation time. At the “natural” pH of uncarbon-
ted bottom ash (10.8), a minimum in leaching is found. When
H is decreased, Sb leaching increases to reach a maximum

f carbonation time. Vertical lines indicate standard deviation (three replicates).
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Sb can only be solubility controlled. No clear explanation can be
given as to why there is some variation in available Sb between
the materials with a different degree of carbonation. Further-
more, as stated above, the variations in HFO and AAM content

Table 2
ig. 3. pH-dependent leaching of Sb from uncarbonated and carbonated MSW
vailable Sb for adsorption by HFO and AAM are indicated with circles.

etween pH 7 and 9. A further decrease in pH now results in
decline in Sb leaching until another minimum is reached at

H 5. Sb leaching largely is controlled by adsorption and solid
olution phenomena because Fig. 3 shows that Sb concentrations
pproached equilibrium with calcium antimonate at neutral and
cid pH values only. Especially at high pH, Sb is far from equi-
ibrium.

It can be argued that Sb-speciation is not necessarily pentava-
ent at low pH. The Eh of bottom ash typically varies between
00 and 250 mV [18], which implies that, according to its Eh–pH
iagram [7], at pH-values below 8 SbV theoretically can be
educed to SbIII. However, SbIII is easily oxidized to SbV in
he presence of HFO [27], and reduction of SbV to SbIII is a rel-
tively slow reaction [28]. It is therefore assumed that soluble Sb
s pentavalent, independent of pH, as also previously proposed
y Meima and Comans [6].

Accelerated carbonation clearly has an effect on the pH-

ependent leaching behaviour. Compared to uncarbonated bot-
om ash, the minimum in leaching at alkaline pH is less
ronounced compared to carbonated fractions. Alternatively,
he leaching at acid pH is much less pronounced in the 7

I

A
H
A

m ash. Sb in equilibrium with Ca[Sb(OH)6]2 is indicated with the dotted line.

ays carbonated bottom ash compared to uncarbonated bottom
sh.

.4. Adsorption modelling

The input parameters for the adsorption model are summa-
ized in Table 2. From Fig. 3 it can be seen that the available
b fractions (i.e. maximal leaching value between pH 8 and
0) were always close to equilibrium with calcium antimonate.
ndeed, when adsorption and solid solution controls are lacking,
nput parameters for adsorption modelling of uncarbonated bottom ash

vailable Sb (�mol/l) 1.043
FO (g/l) 0.741
AM (g/l) 8.906
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the subsequent competition of bicarbonate with antimonate for
sorption to HFO since bicarbonate also forms inner-sphere com-
plexes with HFO [30]. In addition, the low quality of fit at pH < 4
ig. 4. Experimental and modelled pH-dependent leaching behaviour of Sb fr
ines represent predicted leaching values assuming only HFO as adsorbents, th
dsorbents.

ere not significant. Modelling was therefore only performed
sing the parameters of uncarbonated bottom ash (Table 2).
dsorption was first modelled assuming adsorption by HFO
nly and subsequently assuming adsorption by both HFO and
AM. Meima and Comans [6] advocate the latter but it can be

een in Fig. 4 that the addition of AAM as sorbent makes the fit
f model calculations with experimental data worse. Assuming
orption by HFO only, provides an excellent fit between pH 6
nd 9.5 for uncarbonated bottom ash. Sb forms strong inner-
phere complexes with iron oxides [29], but the adsorption of
b by AAM has not yet been investigated thoroughly. These
esults suggest minor sorption of Sb by AAM but more exact
odels need to be developed for adsorption of Sb to both HFO

nd AAM, given the many assumptions made for Sb sorption to
AM and given the fact that adsorption modelling of Sb to HFO

s based on free-energy relationships [24]. During weathering,
FO are gradually transformed to more crystalline Fe-oxides,

hich have a much smaller specific surface and hence, show less

trong adsorption of trace components [5]. It was demonstrated
hat in highly weathered bottom ash, adsorption to AAM rather
han to HFO controls Sb leaching [5]. F
carbonated and carbonated MSWI bottom ash suspensions at L/S = 10. Solid
ed lines represent predicted leaching values assuming both HFO and AAM as

Experimental and modelled results correspond less satis-
actory below pH 6 and diversion between experimental and
odelled results increases with carbonation time. This is most

robably due to the dissolution of calcite at pH < 6 (Fig. 5) and
ig. 5. The occurrence of Ca-bearing minerals in uncarbonated bottom ash.
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s most likely caused by the fact that the DL/SC model in Visual
inteq does not account for the dissolution of HFO. In prelimi-

ary experiments (results not shown) it was found that after 24 h,
FO started to dissolve below pH 4 thereby releasing adsorbed
b into solution.

After 24 h of carbonation, Sb leaching again decreased. HFO
nd AAM content did not change significantly with carbonation
ime. Adsorption modelling, however, indicated that near a pH
f 8.6, HFO surfaces start to develop enough positive charge
o adsorb Sb(OH)6

−. A leaching concentration of 1.25 mg/kg
t pH 8.6 was predicted by the model, which corresponds quite
ell with the experimental value of 1.27 mg/kg at this pH. Car-
onation therefore lowered pH enough to allow adsorption by
FO.

.5. Interaction of Sb with calcium bearing minerals

.5.1. Occurrence of calcium bearing minerals
Fig. 5 shows the modelled occurrence of calcium-bearing

inerals in uncarbonated bottom ash as a function of pH. On
weight basis, ettringite appeared to be the most important
a-bearing mineral at the natural pH of uncarbonated bottom
sh (i.e. pH 10.8) followed by calcite. Piantone et al. [9] con-
rmed this experimentally. These authors also found significant
mounts of anhydrite (CaSO4), which is a relatively soluble
ineral (pKsp = 4.36) and is probably completely dissolved in

ottom ash suspensions of L/S = 10. In carbonated bottom ash
ractions, the amount of ettringite is expected to be much lower
ince upon reaction with CO2, ettringite dissolves and is trans-
ormed into calcite.
.5.2. Adsorption experiments
Fig. 6 shows the Sb removal from solution by calcite, ettrin-

ite, gypsum and portlandite as a function of time. The Sb
oncentration found in solution depends on L/S in the case of

w
t
S
a

Fig. 6. The uptake of SbV by calcite, ettringite, gypsu
Materials A137 (2006) 1284–1292

ttringite and portlandite. The Ca concentration in solution did
ot, since the suspensions were in equilibrium with the calcium
earing precipitate prior to Sb addition. The resulting Sb removal
an hence not be explained by simple precipitation as calcium
ntimonate because in that case, Sb removal would be indepen-
ent of L/S. Furthermore, equilibrium calculations showed that
alcium antimonate saturation was not attained. Thus, it is evi-
ent that Sb interacted with ettringite and portlandite through
dsorption, solid solution formation or both.

In the case of calcite, no relation developed between the Sb
ptake and L/S although calcium antimonate saturation was not
ttained. Adsorption of oxyanions like selenite by calcite sur-
aces is known to be a complex mechanism because not only
y pH and ionic strength influence it, but also calcium and car-
onate concentrations in solution, since these ions are potential
etermining for the calcite surface [31,32]. It has been postu-
ated earlier that calcite should at least have some affinity for
ntimony ions [20,33]. Further experiments will be conducted
n which pH, Ca and carbonate content will be varied. Gypsum
howed no affinity for Sb. Interactions of oxyanions with gyp-
um are not well studied and gypsum, to date, has only been
hown to interact with arsenate [14].

More trace ions are incorporated at high precipitation rates
f a particular mineral [34]. When mineral suspensions are,
owever, fully equilibrated, solid solution formation is slow
ompared to adsorption reactions. Stable suspensions of ettrin-
ite, for example, dissolve and precipitate at a very slow rate:
0−12.2 to 10−11.5 mol/m2/day whereas adsorption reactions on
he other hand are comparably fast [35]. Care was taken in
he adsorption reactions to maximize equilibrium of the sus-
ensions prior to Sb addition to have at least some indication

hich reaction mechanism prevails. As a rule of thumb, adsorp-

ion reactions can be considered completed after 24 h [12].
b uptake by portlandite mounts to 76% within 24 h (Fig. 6)
nd then stays relatively constant as a function of time. It is

m and portlandite as a function of time and L/S.
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herefore hypothesized that Sb interacts with portlandite mainly
y surface adsorption. In the case of ettringite, still a consid-
rable increase of Sb removal is observed after 24 h. Hence,
t appears that the Sb(OH)6

− anion adsorbed on the ettrin-
ite surface but also formed a solid solution, given the fact
hat adsorption on ettringite can be considered complete after
4 h [12].

.5.3. Implications for Sb leaching from MSWI bottom ash
The minimum in Sb leachability at the natural pH of mildly

eathered bottom ash (i.e. pH 10.8) can be explained by the
nteraction of Sb with ettringite. During weathering of a freshly
uenched bottom ash (pH > 12) portlandite dissolves and ettrin-
ite precipitates [19]. Sb can be incorporated during ettringite
recipitation and thus its solubility is lowered below calcium
ntimonate saturation. When an alkaline solution is added to
ncrease the alkalinity above pH 12, soluble calcium precipi-
ates as portlandite and calcium antimonate comes into solution.
n Fig. 3 it can, however, be seen that in this pH region, Sb is
ar from equilibrium with calcium antimonate. Interaction with
oth portlandite and ettringite decreases the soluble Sb concen-
ration well below the saturation limit. In carbonated fractions,
he minimum at pH 10.8 is less pronounced than in uncarbonated
ottom ash since Ca is not present as ettringite or portlandite but
s calcite.

When carbonation proceeds, ettringite dissolves and trans-
orms into gypsum and calcite. In Figs. 1–3 it can be seen that
hen pH is lowered below 10.8 by adding acid as well as by

arbonation, Sb leaching increases, reaching a maximum around
H 9. Because gypsum will not immobilize Sb, Sb approaches
alcium antimonate saturation. The influence of calcite is not
lear.

. Conclusion

At neutral to alkaline pH, calcium bearing minerals play an
mportant role in the mechanisms controlling Sb leaching from
oth uncarbonated and carbonated bottom ash. Portlandite and
ttringite limit Sb solubility at pH > 12. With portlandite dis-
olving at pH < 12, ettringite remains the only important host
ineral for Sb at 10.8, the natural pH of mildly weathered

ottom ash. When the pH is lowered below 10, ettringite dis-
olves too and calcite and gypsum become the main calcium
earing minerals. Because these minerals show a much less
ronounced interaction with Sb or none at all, Sb approaches
quilibrium with calcium antimonate. Carbonation of MSWI
ottom ash will thus result in an elevated Sb leachability, which
xceeds the European leaching limit value for non-hazardous
aste.
When pH is lowered to below 9, HFO and AAM surfaces start

o develop enough positive charge to adsorb Sb(OH)6
− and Sb-

eachability decreases again. This is the case in fully carbonated
ottom ash: the pH is lowered enough to allow adsorption on

riginally present HFO. The model results suggest that, con-
rary to naturally weathered bottom ash [5], AAM appear not to
e relevant as adsorbents for Sb in uncarbonated or artificially
arbonated bottom ash.
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[1] J. Schmid, A. Elser, R. Ströbel, M. Crowe, Dangerous substances in waste,
report no. 38, EEA, 2000.

[2] T. Van Gerven, D. Geysen, L. Stoffels, M. Jaspers, G. Wauters, C. Vande-
casteele, Management of incinerator residues in Flanders (Belgium) and
in neighbouring countries. A comparison, Waste Manage. 25 (2005) 75–
87.

[3] U.S. Public Health Service, Toxicological profile for Antimony, TP-91/02,
U.S. Public Health Service, 1992.

[4] S.B. Goldhaber, Trace element risk assessment: essentiality vs. toxicity,
Regul. Toxicol. Pharmacol. 38 (2003) 232–242.

[5] J.A. Meima, Geochemical modelling and identification of leaching pro-
cesses in MSWI bottom ash, Implications for the short-term and long-term
release of contaminants, PhD Thesis, University of Utrecht, The Nether-
lands, 1999.

[6] J.A. Meima, R.N.J. Comans, Reducing Sb-leaching from municipal solid
waste incinerator bottom ash by addition of sorbent minerals, J. Geochem.
Expl. 62 (1998) 299–304.

[7] M. Filella, N. Belzile, Y. Chen, Antimony in the environment: a review
focused on natural waters. II. Relevant solution chemistry, Earth-Sci. Rev.
59 (2002) 265–285.

[8] T. Van Gerven, E. Van Keer, S. Arickx, M. Jaspers, G. Wauters, C.
Vandecasteele, Carbonation of MSWI-bottom ash to decrease heavy
metal leaching, in view of recycling, Waste Manage. 25 (2005) 291–
300.

[9] P. Piantone, F. Bodénan, L. Chatelet-Snidaro, Mineralogical study of sec-
ondary mineral phases from weathered MSWI bottom ash: implications
for the modelling and trapping of heavy metals, Appl. Geochem. 19 (2004)
1891–1904.

10] P. Kumarathasan, G.J. McCarthy, D.J. Hasset, D.F. Pflughoeft-Hasset,
Oxyanion substituted ettringites: synthesis and characterization; and their
potential role in immobilization of As, B, Cr, Se and V, Mater. Res. Soc.
Symp. Proc. 178 (1990) 83–104.

11] S.C.B. Myneni, S.J. Traina, T.J. Logan, G.A. Waychunas, Oxyanion
behaviour in alkaline environments: sorption and desorption of arsenate
in ettringite, Environ. Sci. Tech. 31 (1997) 1761–1768.

12] I. Baur, C.A. Johnson, Sorption of selenite and selenate to cement minerals,
Environ. Sci. Tech. 37 (2003) 3442–3447.

13] E.E. van der Hoek, P.A. Bonouvrie, R.N.J. Comans, Sorption of As and Se
on mineral components of fly ash: relevance for leaching processes, Appl.
Geochem. 9 (1994) 403–412.

14] G. Roman-Ross, G. Cuello, D. Tisserand, L. Charlet, Arsenic removal
by gypsum and calcite: the continuum between adsorption and
solid-solution phenomenon, Geochim. Cosmochim. Acta 66 (2002)
A646.

15] E.J. Reardon, C.J. Warren, M.Y. Hobbs, Reduction of trace element con-
centrations in alkaline porewaters by dedolomitization, Environ. Sci. Tech.
27 (1993) 310–315.

16] S. Goldberg, R.A. Glaubig, Anion sorption on a calcareous, montmoril-
lonitic soil—arsenic, Soil Sci. Soc. Am. J. 52 (1988) 1297–1300.

17] S. Goldberg, R.A. Glaubig, Anion sorption on a calcareous, montmoril-
lonitic soil—selenium, Soil Sci. Soc. Am. J. 12 (1988) 954–958.

18] C. Zevenbergen, R.N.J. Comans, Geochemical factors controlling the
mobilization of major elements during weathering of MSWI bottom ash, in:
J.J.J.M. Goumans, H.A. van der Sloot, T.G. Aalbers (Eds.), Environmental
Aspects of Construction with Waste Materials, Elsevier, Amsterdam, 1994,
pp. 179–194.

19] J.A. Meima, R.N.J. Comans, Geochemical modeling of weathering reac-
tions in municipal solid waste incinerator bottom ash, Environ. Sci. Tech.
31 (1997) 1269–1276.

20] C.A. Johnson, H. Moench, P. Wersin, P. Kugler, C. Wenger, Solubility
of antimony in samples taken from shooting ranges, J. Environ. Qual. 34

(2005) 248–254.

21] J.A. Meima, R.N.J. Comans, Application of surface complexa-
tion/precipitation modeling to contaminant leaching from weathered
municipal solid waste incinerator bottom ash, Environ. Sci. Tech. 32 (1998)
688–693.



1 dous

[

[

[

[

[

[

[

[

[

[

[

[

292 G. Cornelis et al. / Journal of Hazar

22] J.C. Kostka, G.W. Luther, Partitioning and speciation of solid phase iron
in saltmarsh sediments, Geochim. Cosmochim. Acta 7 (1994) 1701–
1710.

23] M.L. Jackson, C.H. Lim, L.W. Zelazny, Oxides hydroxides, and alumi-
nosilicates, in: A. Klute (Ed.), Methods of Soil Analysis, Part 1-Physical
and Mineralogical Methods, 2nd ed., SSSA, Madison, Wisconsin, 1996,
pp. 113–118.

24] D.A. Dzombak, F.M.M. Morel, Surface Complexation Modeling: Hydrous
Ferric Oxide, John Wiley and Sons, New York, 1990.

25] J.P. Gustafsson, Visual MINTEQ, A Geochemical Assesment Model for
Environmental Systems: Version 2.32, KTH, Stockholm, 2005.

26] M. Atkins, D. Macphee, A. Kindness, F.P. Glasser, Solubility properties of
ternary and quaternary compounds in the CaO–Al2O3–SO3–H2O system,
Cem. Concr. Res. 21 (1991) 991–998.

27] N. Belzile, Y.-W. Chen, Z. Wang, Oxidation of antimony(III) by amor-

phous iron and manganese oxyhydroxides, Chem. Geol. 174 (2001) 379–
387.

28] M. Filella, N. Belzile, Y. Chen, Antimony in the environment: a review
focused on natural waters. I. Occurrence, Earth-Sci. Rev. 57 (2003)
125–176.

[

[

Materials A137 (2006) 1284–1292

29] A.C. Scheinost, A. Rossberg, C. Hennig, D. Vantelon, R. Kretzschmar,
C.A. Johnson, Quantitative antimony speciation in Swiss shooting range
soils, Geochim. Cosmochim. Acta 68 (Suppl. S) (2004) A521.

30] C.M. Su, D.L. Suarez, In situ infrared speciation of adsorbed carbonate on
aluminium and iron oxide, Clays Clay Min. 45 (1997) 814–825.

31] S.L.S. Stipp, Toward a conceptual model of the calcite surface: hydra-
tion, hydrolysis, and surface potential, Geochim. Cosmochim. Acta 19–20
(1999) 3121–3131.

32] C.E. Cowan, J.M. Zachara, C.T. Resch, Solution ion effects on the surface
exchange of selenite on calcite, Geochim. Cosmochim. Acta 54 (1990)
2223–2234.

33] G. Fohrman, Untersuchungsergebnisse zur mobilität und remobilisierung
von Kupfer und Antimon in wasserwirtschaftlich relevanten, porösen Lock-
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