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a b s t r a c t

Long-term leaching of Ca, Fe, Mg, K, Na, S, Al, As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Zn, Mo, Sb, Si, Sn, Sr, Ti,
V, P, Cl, and dissolved organic carbon from two different municipal solid waste incineration (MSWI) air-
pollution-control residues was monitored during 24 months of column percolation experiments; liquid-
to-solid (L/S) ratios of 200–250 L/kg corresponding to more than 10,000 years in a conventional landfill
were reached. Less than 2% of the initially present As, Cu, Pb, Zn, Cr, and Sb had leached during the course
of the experiments. Concentrations of Cd, Fe, Mg, Hg, Mn, Ni, Co, Sn, Ti, and P were generally bellow
1 �g/L; overall less than 1% of their mass leached. Column leaching data were further used in a two-step
geochemical modeling in PHREEQC in order to (i) identify solubility controlling minerals and (ii) evaluate
their interactions in a water-percolated column system over L/S of 250 L/kg. Adequate predictions of pH,
alkalinity, and the leaching of Ca, S, Al, Si, Ba, and Zn were obtained in a simultaneous calculation. Also,
Modeling it was suggested that removal of Ca and S together with depletion of several minerals apparently caused
dissolution of ettringite-like phases. In turn, significant increase in leaching of oxyanions (especially Sb
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. Introduction

Municipal solid waste incineration (MSWI) with energy recov-
ry is one of today’s major technologies to deal with increasing
mounts of municipal solid waste. Necessary cleaning of flue
ases however generates an additional stream of residues, i.e. air-
ollution-control (APC) residues [1]. In Denmark, about 90,000
etric tons of APC residues are annually produced from approx-

mately 3,000,000 metric tons of municipal solid waste [2]. APC
esidues contain high concentrations of different pollutants which
ake them potentially hazardous [3,4]; therefore, APC residues

re often landfilled or stored underground after various kinds of
re-treatment.

The main concern with respect to utilization and/or landfilling
f MSWI residues is the release of elements (e.g. salts and heavy
etals) when in contact with water, i.e. leaching. In order to avoid

ontamination of the environment and, more recently, also to pro-

ide an adequate input for a life-cycle assessment of these residues,
he leaching of salts and metals should be quantified prior to any
tilization [5,6]. Further, this quantification needs to be done both

n a short- and long-term perspective to include both immediate
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nd end-of-life impacts. Short-term leaching quantification (<100
ears) may be done using leaching data, both laboratory and full-
cale, often combined with geochemical modeling [7,8]. Long-term
eaching quantifications (centuries to millennia) on the other hand,
ely largely on forward modeling as even accelerated laboratory
est cannot provide the full dataset. However, some input data are
till necessary to set-up and validate a model. It should be realized
hat analyses of the total composition does not provide adequate
nformation as no direct relationship between material composi-
ion and leaching has been shown for most elements [9]. Hence, a
escription of the actual leaching behavior determined by leaching
xperiments is preferred.

Despite the differences in solid composition and structural
roperties, it is generally accepted that leaching from both major
ypes of MSWI residues (i.e. bottom ashes and APC residues)
s governed by the following processes: dissolution/precipitation
f minerals, (in)organic complexation, and sorption on reac-
ive surfaces [10–12]. Consequently, three groups of elements
an be distinguished based on predominant leaching behavior:
vailability-controlled elements, solubility-controlled elements,
nd complexation/sorption-controlled elements (please refer to

ection 3 for further details). Various combinations of the above
ontrolling processes occur due to competition and the overall
eaching control for a given element may thus vary in time. Never-
heless, leaching of many elements is usually expected to decrease
ith time. This assumption is largely based on observations from

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jrh@env.dtu.dk
dx.doi.org/10.1016/j.jhazmat.2008.05.011
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Nomenclature

akermanite Ca2MgSiO7
anhydrite CaSO4
barite BaSO4
calcite CaCO3
diaspore AlOOH
ettringite Ca6Al2(SO4)3(OH)12·32H2O
Friedel’s salt Ca4Al2Cl2(OH)12·4H2O
gypsum CaSO4·2H2O
halite NaCl
hydrophilite CaCl2
lime CaO
monosulphate Ca4Al2O6(SO4)·6H2O
portlandite Ca(OH)2
powellite CaMoO4
strätlingite Ca2Al2(SiO2)(OH)10·3H2O
sylvite KCl
willemite Zn2SiO4
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Table 1
Elemental composition of untreated residues determined by ICP-AES after
microwave assisted digestion with HCl/HF/HNO3

Element FA SD

DMa % 98.8 95.3
Al g/kg 35.7 ±0.4 18.3 ±0.2
Si g/kg 90 ±2 63 ±2
Ca g/kg 181 ±3 331 ±3
Fe g/kg 13.8 ±0.2 9.7 ±0.1
Mg g/kg 14.1 ±2 7.8 ±1
K g/kg 50 ±2 17.1 ±1
Na g/kg 42.3 ±1 16 ±1
As mg/kg 380 ±50 80 ±20
Ba mg/kg 1120 ±70 620 ±40
Cd mg/kg 240 ±40 100 ±17
Cr (total) mg/kg 700 ±80 200 ±25
Ni mg/kg 67.4 ±9 37.5 ±5
Cu mg/kg 1170 ±160 500 ±70
Mo mg/kg 28 ±5 9 ±2
Sb mg/kg 1170 ±90 340 ±40
Zn g/kg 31.7 ±4 9.1 ±1.3
Pb g/kg 6.8 ±0.9 2.1 ±0.3
S g/kg 57 ±2 35 ±2
Sr mg/kg 400 ±27 500 ±34
P g/kg 10 ±1 3.4 ±0.2
Clb g/kg 122 ±4 173 ±5
B
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zincite ZnO
“Cr-ettringite” Ca6Al2(CrO4)3(OH)12·26H2O

elatively short-term leaching experiments with bottom ashes
8,13]. However, even though bottom ashes are likely comparable
ith APC residues from the leaching-control point-of-view, differ-

nces exist. APC residues have much higher “natural” pH, alkalinity,
nd total content of metals and readily soluble salts [14,15] while
he DOC content is lower [1]. This makes APC residues less “stable”
rom a leaching point of view. Moreover, long-term leaching data
or APC residues are de facto unavailable due to their treatment
ptions (e.g. landfills, back-filling of mines). Full-scale leaching data
or a period of up to 20 years can sometimes be obtained in case of a
andfill [16]. However, such landfills most often contain other waste
ypes as well thereby making it impossible to “isolate” leaching
rom the APC residues. Twenty years of leaching often corresponds
o a liquid-to-solid (L/S) ratio less then 1 L/kg (please refer to Sec-
ion 3 for further details). In standardized laboratory percolation
xperiments, L/S 10 L/kg is usually an end-point [8,17]. Such low-
/S-ratio data are not suited for long-term leaching predictions
ecause only a small fraction of even major elements leach within
/S 10 L/kg. Thus, potentially important processes (e.g. depletion of
ontrolling mineral phase) may be overlooked. In other words, only
minor fraction of the total pollution potential from APC residues

s described by current research. This limited knowledge is insuf-
cient for setting up and validating leaching prediction models

ocusing on evaluating the long-term environmental consequences
f utilizing or landfilling of APC residues.

The objectives of this paper are: (i) to provide an insight in
ong-term leaching from two types of APC residues based on high-
esolution percolation data, (ii) to identify and explain the overall
ontrolling processes by means of geochemical modeling, and
nally (iii) to investigate possible depletion of elements during the

ong-term experiments.

. Experimental

.1. Residue samples
Two APC residues collected at different Danish MSWI plants
ere used; both materials will be referred to as “residues” unless
oted otherwise. The first residue was a “pure” fly ash without
dded lime and the acid–gas neutralization products; it was col-
ected in an electrostatic precipitator. Herein, this residue will be

w
a
e
a
u

rb mg/kg 1400 ±15 900 ±10

a Determined after drying 500 g of material at 105 ◦C.
b Determined using XRF on non-digested subsample.

eferred to as the “FA-residue”. The latter material was a semi-dry
PC residue, i.e. a mixture of fly ash, unreacted lime, and acid–gas
eutralization products collected in a baghouse filter. Analogically,

t will be referred to as the “SD-residue”. In agreement with Chan-
ler et al. [1] both FA- and SD-residue were very fine, dusty mate-
ials with particles smaller than 1 mm and moisture contents of
.2% and 4.7%, respectively. Elemental composition was determined
y inductively coupled plasma atomic emission spectrometry (ICP-
ES) after total digestion in HCl/HF/HNO3 (Table 1). Chloride (Cl)
nd bromide (Br) were determined using X-ray fluorescence (XRF)
n non-digested subsamples. The FA-residue was characterized by
ower pH and higher amounts of pollutants than the SD-residue.
his is primarily because contaminants in the SD-residue are
diluted” with unreacted lime and neutralization products.

.2. Column experiments

Residues were subjected to percolation experiments based on
he CEN/TS 14405 [17]. In order to obtain long-term leaching data,
tandardized experiments were extended over 24 months. L/S
atios of 207 L/kg and 245 L/kg were reached for the FA- and the SD-
esidue, respectively. This corresponded to more than 10,000 years
n a typical landfill. A longer leaching period was the only deviation
rom the standardized procedure as flow velocity was maintained
etween 10–14 mL/h. Plexiglass columns with an inner diameter
f 50 mm and length of 300 mm were used. All other equipment
as made of either high-density polyethylene or glass and rinsed

n a weak solution of HNO3 (p.a.) before use. Laboratory routine
onsisted of several operations: filling the columns, equilibration,
ampling of eluates, and sample treatment. First, a thin layer of
cid-washed sand was placed at the bottom of the column. Residues
ere then added in successive layers (20–30 mm each) and gently

ompacted with a rammer. The total height of residues in column
as about 280 mm. Another layer of acid-washed sand was added
t the top of the column. Saturation was done from the bottom of
ach column in the way that eluent (i.e. distilled water stored in
n open-air container) was allowed to slowly soak into the column
sing a difference in hydrostatic pressure between the column and
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he container with eluent. After the column was fully saturated, one
eek of leachate recirculation ensured the initial equilibration; for
etails we refer to the CEN/TS 14405 procedure. Thereafter, more
luent was introduced to the column in an up-flow direction at the
ow rate of 10–14 mL/h. The “equilibrated” leachate corresponding
o L/S 0.1 L/kg was collected from the outlet at the top of the column.
eachate samples were then taken frequently to avoid large sample
olumes that would average the measured solution concentrations.

.3. Leachate treatment

Leachates were filtrated through 0.45 �m polypropylene filters;
H and conductivity were measured immediately after filtration.
iltrates were then split in two sub-samples; one was acidified with
NO3 (p.a.) and used to determine the solution concentrations of
a, S, Fe, Mg, K, Na, Al, As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Zn,
o, Sb, Si, Sn, Sr, Ti, V, and P by ICP-AES. It was assumed that S and
measured by ICP-AES equalled to SO4

2− and PO4
2− respectively.

he non-acidified fraction was used to determine concentrations
f chloride and DOC by ion chromatography and carbon analyzer,
espectively. Moreover, total alkalinity was determined by titration
ith 0.1 M H2SO4 (p.a.) to an end-point at pH 4.5.

.4. Removal of elements

Removal of elements during the leaching experiments was cal-
ulated from their leaching curves using cumulative Simpson’s
ntegration with uneven spacing [18].

.5. Modeling of solubility controlling minerals

Minerals which may possibly control leaching of major elements
ere identified according to the approach of Meima and Comans

10]. Speciation of eluate samples was calculated in PHREEQC [19]
ssuming oxidizing conditions (pH + pe = 15); pH was fixed at value
easured in eluates. The thermodynamic database used by Astrup

t al. [7] was amended with new phases given in Table 2.
Generally, analytically determined concentrations of all ele-

ents were entered as components in solution and saturation
ndices (SI) for all minerals included in the database were cal-
ulated. This way, an indication of whether a given mineral is
recipitated or close to equilibrium under the solution conditions
as obtained. Minerals with −1 < SI < +1 were considered to be the
otential solubility controlling minerals. The occurrence of those

inerals under the experimental conditions was cross-checked
ith recent mineralogy studies [15,20–23]. It should be noted that

onic strength (I) of the initial few leachate samples was I > 4 for
oth the FA- and the SD-column. This is outside the scope of the
avies equation used in PHREEQC to calculate activity coefficients;

u
c
t
c
p

able 2
hanges to PHREEQC thermodynamic database in addition to those made by Astrup et al.

hase Reaction

riedel’s salt Ca4Al2Cl2(OH)12·4H2O + 12H+ = 4Ca2+ + 2Al3+ + 2C
trätlingite Ca2Al2(SiO2)(OH)10·3H2O + 10H+ = 2Al3+ + 2Ca2+ +
ttringite Ca6Al2(SO4)3(OH)12·32H2O + 12H+ = 6Ca2+ + 2Al3+

r-ettringitea Ca6Al2(CrO4)3(OH)12·26H2O + 12 H+ = 6Ca2+ + 2Al
onosulphate Ca4Al2O6(SO4)·6H2O + 12H+ = 4Ca+2 + 2Al+3 + SO4

2

r-monosulphatea Ca4Al2(CrO4)(OH)12·9H2O + 12H+ = 4Ca2+ + 2Al3+ +
o-monosulphatea Ca4Al2(MoO4)(OH)12·10H2O + 12H+ = 4Ca2+ + 2Al3

a-arsenate(I)a Ca3(AsO4)2·3.66H2O = 3Ca2− + 2AsO4
3− + 3.66H2O

a-arsenate(II)a Ca3(AsO4)2·4.25H2O = 3Ca2+ + 2AsO4
−3 + 4.25H2O

a-arsenate(III)a Ca5(AsO4)3OH = 5Ca2+ + 3AsO4
3− + OH−

a-arsenatea Ba3(AsO4)3 = Ba2+ + HAsO4
2−

a-H-arsenatea BaHAsO4·H2O = Ba2+ + HAsO4
2− + H2O

a-Sb-OHa Ca[Sb(OH)6]2 = Ca2+ + 2Sb(OH)6
−

a Names used in this study; does not necessarily reflect proper mineral names.
Materials 162 (2009) 80–91

owever, in our previous study [12] we have shown that using the
itzer equation did not result in the prediction of different solubility
ontrolling minerals, and that the limited range of thermodynamic
ata available for the Pitzer equation made this approach imprac-
ical for calculating activity coefficients of such complex systems.
urther, the ionic strength decreased rapidly with removal of salts
i.e. within L/S 2 L/kg) after which the Davies equation was fully
pplicable. On this basis, we have chosen to use the Davies equation
o calculate activity coefficients for all eluate samples.

.6. Percolation modeling

.6.1. General description of the scenario
Results of the solubility-control modeling for Ca, S, Al, Si, Ba, and

n in the SD-column were further evaluated using a simple percola-
ion scenario in PHREEQC; pH and alkalinity were modeled as well.
n order to do this, 1 kg of a hypothetical initial mineral assem-
lage containing a number of solubility controlling minerals was
reated. This initial assemblage contained the above elements and
as derived (discussed later) from the total composition shown

n Table 1. A one-cell column containing the mineral assemblage
as set-up and distilled water equilibrated with atmospheric CO2

open-air tank; pH ∼5.6) was shifted through the column in 250
teps to simulate percolation. Each step/shift replaced 1 L of solu-
ion which was in contact with 1 kg of solids and hence each step
as equal to L/S 1 L/kg. For the sake of simplicity only 1-D trans-
ort of eluent (forward flow) was used while neither dispersivity
or dual-porosity were considered.

.6.2. Initial mineral assemblage
Currently, there is no general approach to specify the exact

mount of a particular mineral from the total mass of a specific
lement determined by sample digestion. In our approach, we
ssumed that portlandite (Ca[OH]2) will likely determine pH of the
ystem and thus leaching of other elements. Therefore, in the first
tep, the amount of portlandite in the SD-column was derived to
atch the decrease in both Ca and alkalinity which was observed

etween L/S 150 and L/S 175 L/kg (discussed later); 3 mol of port-
andite per 1 kg of initial mineral assemblage (mol/kg) were found
ppropriate. Similarly, the amount of gypsum (CaSO4·2H2O) was
dapted to match the decrease in S between L/S 25 and 50 L/kg;
his time, about 0.2 mol/kg were found appropriate. These amounts
f Ca and S did not account for the entire solid mass; the resid-

al mass was thus distributed between other possible solubility
ontrolling minerals. Of course, amounts of other constituents in
hese minerals had to be considered as well and the whole pro-
edure was therefore an iteration process. In the end, 3 mol of
ortlandite, 0.2 mol of gypsum, 2.6 mol of calcite (CaCO3), 0.35

[7]

log k Refs.

l− + 16H2O −27.6 [41]
11H2O + H4SiO4 49.44 [52]
+ 3SO4

2− + 44H2O 57.45 [53]
3+ + 3CrO4

2− + 38H2O 60.54 [50]
− + 12H2O 72.57 [53]
CrO4

2− + 21H2O 71.62 [54]
+ + MoO4

2− + 22H2O 71.66 [55]
−21.0 [56]
−21.0 [56]
−38.04 [56]
−23.53 [57]
−5.60 [57]
−12.55 [58]
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oles of ettringite (Ca6Al2[SO4]3[OH]12·32H2O), 0.022 mol of aker-
anite (Ca2MgSiO7), 0.005 moles of barite (BaSO4), and 0.14 mol of

incite (ZnO) formed the mineral assemblage. All these minerals are
ommonly identified in APC residues [15,22,24]. Compared with the
otal mass of Ca, S, Al, Si, Ba, and Zn in the SD-residue this accounted
or 96% of Ca, 116% of S, 103% of Al, 2% of Si, 110% of Ba, and 101% of
n respectively. The mineralogy of APC residues is unquestionably
uch more complicated. However, for a first approximation this

ssemblage was found to be sufficient.

.6.3. Determination of sorption sites
As outlined in Section 1 and described in detail in Section 3, the

orption on reactive surfaces is important mechanism controlling
eaching from APC residues. In this work we accounted for sorp-
ion to hydrous iron (hyd)oxides (HFO) and hydrous aluminium
hydr)oxides (AlO) using the generalized two-layer model of Dzom-
ak and Morel [25]. Amounts of amorphous HFO and amorphous
lO were obtained by independent extractions according to Kostka
nd Luther [26], and Blakemore et al. [27] respectively. Similarly to
ijkstra et al. [28] we considered HFO and AlO to be equal in the
odel. Accordingly, the extracted amounts were added up assum-

ng that 1 mol of Fe ∼1 mol of Al and recalculated to kg of HFO/kg
f solid phase; a gram formula weight of 89 g HFO/mol Fe was used
25]. In the end 6.2 and 5.9 g of HFO/kg of solids were obtained for
he FA- and the SD-residue, respectively.

.6.4. Percolation simulation
During the percolation, portlandite was kept in equilibrium with

he solution whereas, in agreement with the speciation calculations
erformed for the early eluates, both gypsum, calcite and ettrin-
ite were kept slightly oversaturated. Furthermore, monosulphate
Ca4Al2O6[SO4]·6H2O) and diaspore (AlOOH) which were not con-
idered to be present in the initial assemblage were allowed to
recipitate if needed. These phases were suggested by the speci-
tion calculations to be present at later L/S ratios. Monosulphate
as recently been reported to form from ettringite at low sulphate
oncentrations [29]. In the end, developments in pH, alkalinity, and
olution concentrations of Ca, S, Al, Si, Ba, and Zn in the SD-column
ere obtained over the L/S ratio of 250 L/kg.

Sorption to HFO/AlO was tested in preliminary calculations (not
hown). Including the previously discussed amounts of reactive
urfaces in the preliminary modeling exercise, however, showed
inimal influence on leaching of considered elements. Therefore,

orption to HFO/AlO was omitted in the further percolation mod-
ling. Similarly, complexation with DOC was neglected as well as
he interaction between DOC and the considered elements were
imited.

. Theory

.1. Leaching control

As outlined in Section 1, three major groups of elements can
e distinguished based on their predominant leaching behavior:
vailability-controlled elements, solubility-controlled elements,
nd complexation/sorption-controlled elements.

The availability-controlled elements can basically be seen as
eadily-soluble compounds. Their release is not limited by solu-
ility constraints as the solution concentrations are well below
ineral solubility (e.g. Cl and NaCl). Leaching of readily-soluble
ompounds is characterized by high initial solution concentrations;
.e. tens to hundreds of grams per liter. Then, rather fast decreases
n solution concentrations occur and depletion is assumed [4,20].

Release of solubility-controlled elements is limited by mineral
olubility (e.g. Ca and CaSO4). Hence, leaching of the solubility-

c
l
u
e
d

Materials 162 (2009) 80–91 83

ontrolled elements is characterized by relatively stable solution
oncentrations over long periods of time [30]. Mineral depletion
as been suggested by geochemical modeling [31], although not
bserved in leaching experiments.

Finally, there are sorption/complexation-controlled elements
mostly metals). At the high pH levels observed in leachates from
PC residues (pH >11), metal cations (e.g. Pb2+, Ni2+, Cd2+) tend to
orb to reactive surfaces such as HFO/AlO whereas metal oxyan-
ons (e.g. CrO4

2−, MoO4
2−) stay mobile [25,32]. In addition, many

etals have high affinity for complexation with DOC and their
eaching has been shown to vary proportionally to the amount of
OC [33]. Still, sorption to HFO/AlO or complexation with DOC are
ot the only processes controlling the leaching of metals. It has
een reported that significant amounts of metals (both cations and
nions) may be immobilized by substitution in hydrated cement
hases such as ettringite [29,34] and thus become rather solubility-
ontrolled.

.2. L/S ratio

The L/S ratio is defined as volume of a liquid in contact with dry
olid material. There are two major applications of L/S ratio within
field of leaching quantification. Firstly, multiplying determined

olution concentrations (mg/L) with L/S ratio of an experiment
L/kg) will result in expressing outputs of any leaching scenario
s mass released per kilogram of solid phase (mg/kg). This ensures
roper comparison of results obtained for the same material in dif-

erent leaching experiments as well as reciprocal comparison of
ifferent leaching scenarios (e.g. landfill versus column). Secondly,
ssuming knowledge of hydrological conditions in an arbitrary sce-
ario (e.g. landfill) allows us to recalculate any L/S ratio to leaching
ime. For instance, it takes approximately 100 years to reach L/S
atio of 2 L/kg in a conventional landfill which is roughly 10 m thick,
as a dry bulk density of 1.3 kg/dm3, and the annual precipitation

s about 150–250 mm [35].

. Results and discussion

.1. General overview

Results of column leaching experiments are discussed in follow-
ng sections. Fig. 1 shows pH, conductivity, alkalinity, and solution
oncentrations of readily soluble compounds (i.e. Na, K, and Cl)
s functions of the L/S ratio. Solution concentrations of Ca, SO4

2−

shown as S), Al, and Si are shown in Fig. 2. Leaching of Ba, Sr, Cu,
b, and Zn is shown in Fig. 3 while As, Cr, Sb, V, and Mo are shown
n Fig. 4. Leaching of Cd, Fe, Mg, Hg, Mn, Ni, Co, Sn, Ti, and P from
oth materials was generally found below the associated detection

imits (in mg/L): Cd (5 × 10−5), Fe (2 × 10−2), Mg (1.4 × 10−1), Hg
2 × 10−5), Mn (9 × 10−4), Ni (6 × 10−4), Co (2 × 10−4), Sn (5 × 10−4),
i (2 × 10−2), and P (1 × 10−2) respectively. These elements are
herefore not shown graphically nor discussed. Finally, results for
ercolation modeling of pH, alkalinity, Ca, S, Al, Si, Ba, and Zn are
hown in Fig. 5.

In order to provide a scale for which to relate the leaching data
n a long-term perspective, leaching criteria for waste acceptable
t landfills for inert-, non-hazardous, and hazardous waste were
ncluded in the Figures where appropriate. The limit values are
ased on leaching from the CEN/TS column test, specifically the

oncentrations detected in leachates at L/S 0.1 L/kg [6]. In the fol-
owing text these acceptance criteria are referred to as “limits”
nless stated otherwise. An overview of limits for the considered
lements can be found in Table 3 together with their associated
etection limits.
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.2. pH
Generally, pH in the FA-column was lower than in the SD-
olumn during the course of the experiments except for a period
etween L/S 70 and 100 L/kg where pH in the SD-column decreased
o a minimum of pH 10.7 (Fig. 1).

able 3
imit values for waste acceptance at landfills for inert-, non-hazardous-, and haz-
rdous waste [6]. Detection limits (DL) of the used ICP-AES and ion chromatography
re shown as well

lement Inert (mg/L)a Non-hazardous
(mg/L)a

Hazardous
(mg/L)a

DL (mg/L)

s 0.06 0.3 3 1 × 10−3b

a 4 20 60 1 × 10−3

r (total) 0.1 2.5 15 9 × 10−4

u 0.6 30 60 1 × 10−3

o 0.2 3.5 10 1 × 10−3

b 0.15 3 15 6 × 10−4

b 0.1 0.15 1 1 × 10−4

n 1.2 15 60 4 × 10−3

hloride 460 8.5 × 103 15 × 103 1c

ulphate 1.5 × 103 7.0 × 103 17 × 103 0.5c

a Limit values are based on concentrations obtained at L/S 0.1 L/kg during the
EN/TS column test.
b A higher limit of quantification applies to samples with high chloride levels.
c Ion chromatography was used.
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on of L/S ratio. Leaching data for FA and SD are represented by open spheres and
aste is indicated by combined black dashed line if needed.

The somewhat lower pH in the FA-column (10.2 < pH < 11.8)
ould likely be explained by an absence of portlandite which in
urn is caused by a significantly lower content of lime (CaO) in
he FA-residues; accordingly, during speciation calculations port-
andite was found undersaturated in the initial leachates (SI < −1.3).
nstead, similarly to other studies [7,8,12,29] gypsum, monosul-
hate, calcite, and ettringite were found either close to equilibrium
r oversaturated. Thus, these minerals were assumed to control pH
n the FA-column.

Higher pH of the SD-residue (11.2 < pH < 12.4) can likely be
ttributed to the large amounts of unreacted lime added dur-
ng the flue gas cleaning [1,4]. Consequently, lime dissolves and
eachate becomes oversaturated with portlandite which may pre-
ipitate. SI of portlandite was SI ∼1 in the early eluates from
he SD-column; this was consistent with data obtained from
H-dependent leaching experiments on the same material [12].
issolution of portlandite explains high pH values which in some
ases were close to pH 12.5; i.e. corresponding to a pH of a solu-
ion in equilibrium with portlandite. Variations in the pH curve
bserved in the SD-column between L/S 75 and 125 L/kg corre-

ponded to an apparent depletion of portlandite (SI < −1 at L/S
0 L/kg) from the mobile zone that was probably followed by
n opening of stagnant zones and subsequent reaction of pre-
iously entrapped portlandite with the eluent. Accordingly, late
luates were again found saturated with portlandite (SI ∼0.2 at L/S



J. Hyks et al. / Journal of Hazardous Materials 162 (2009) 80–91 85

F ata for
l r was
d

1
w
p
F
o
w

4

s
H
c
L
h
h

4

6
B
A
l
e
c
a
u

r
c
a
w
t
t

d
a
i
f
c
(

c
c
w
a
g
e

4

i
w
t
a
i
1

b
s
F
t
C
L
a

ig. 2. Solution concentrations of Ca, S, Al, and Si as function of L/S ratio. Leaching d
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ashed line.

25 L/kg). We believe that equilibrium with soluble phase which
as previously depleted may simply be explained by existence of
referential flow patterns and/or dual porosity [36]. Similarly to the
A-column gypsum and calcite were found close to equilibrium or
versaturated. In addition, strätlingite (Ca2Al2[SiO2][OH]10·3H2O)
as found close to equilibrium in initial leachates.

.3. Conductivity

Conductivity curves basically reflected leaching of the readily
oluble compounds which are discussed later (see Na, K, and Cl).
igh initial values of 190 mS/cm (FA-column) and 160 mS/cm (SD-
olumn) decreased by more than one order of magnitude within
/S 3 L/kg. Then, stable values were observed, although somewhat
igher in the case of the SD-residue. This also corresponded to
igher leaching of chloride in the SD-column.

.4. Alkalinity

Total alkalinity determined in initial leachates was about
and 42 meq/L for the FA- and the SD-residue, respectively.

oth values were fully comparable with those observed by
strup et al. [37] for similar types of residues. Alkalinity of

eachates from the FA-columns was calculated using a min-
ral assemblage of gypsum, ettringite and calcite (no portlandite
onsidered); calculated pH and alkalinity were found to 11.04
nd 4.7 meq/L, i.e. in fair agreement with the measured val-
es.

As indicated above, portlandite was likely present in the SD-
esidue and dissolution of portlandite in the SD-column may have

aused higher alkalinity. Thus, when portlandite was added to the
bove mineral assemblage; an alkalinity of 38 meq/L and pH 12.38
ere obtained. Again, this is fully comparable with our experimen-

al data. Apparently, dissolution of portlandite caused about seven
imes higher alkalinity in the leachates from the SD-residue. Hence,

N
t
C
d
A

FA and SD are represented by open spheres and diamonds, respectively. Detection
te acceptable at landfills for non-hazardous waste (non-haz.) is indicated by black

epletion of portlandite from the system would eventually lead to
decrease of alkalinity in the SD-column to the level observed

n the FA-column since presence of portlandite was the only dif-
erence in the considered mineral assemblages. Such a decrease
an be seen in the SD-column between L/S 150 and 200 L/kg
Fig. 1).

Today, alkalinity is usually not determined during column per-
olation experiments. However, as outlined above, alkalinity curve
an be used to estimate amount of portlandite in the system
hich can in turn be used to mimic initial mineral assemblage

nd further to describe pH development. Therefore, regarding later
eochemical modeling, monitoring of alkalinity during percolation
xperiments should be considered.

.5. Na, K, and Cl

Leaching curves of Na, K, and Cl from both residues are shown
n Fig. 1. Initial release of Na, K, and Cl from the FA-column
as about 58 × 103 mg/L, 39 × 103 mg/L and 117 × 103 mg/L respec-

ively. For the SD-column about 14.5 × 103 mg/L, 17.5 × 103 mg/L
nd 87.5 × 103 mg/L of Na, K, and Cl was measured. The leach-
ng of chloride thereby exceeded limits for hazardous-waste (i.e.
5 × 103 mg/L) by a factor of 6–8 in either material.

In general, high initial leaching of Na, K, and Cl was likely caused
y dissolution of the readily soluble salts such as halite (NaCl) and
ylvite (KCl). Accordingly, concentrations of Na, K, and Cl in the
A-column showed an excellent fit when compared on a mole-
o-mole basis. The quotient of the sum of Na+ and K+ (mol/L) to
l− (mol/L) was close to 1 during the initial leaching, i.e. between
/S 0 and L/S 5 L/kg. In the SD-column such “balance” resulted in
large fraction of “free” Cl−. In other words there was not enough

a+ and K+ to match Cl−. As discussed above, the SD-residue con-

ains large amounts of lime which dissolves rapidly. Hence, “free”
a+2 and Cl− may form hydrophilite (CaCl2) which dissolves imme-
iately; hydrophilite was determined experimentally in untreated
PC residues [20,38]. Indeed, when halite, sylvite, and hydrophilite
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high L/S could be observed. The shape of the leaching curve was
similar to that of SO4

2− (SO4
2− is shown as S) indicating that both

elements could be controlled by the same mineral (e.g. gypsum).
The leaching of SO4

2− from the FA-columns was between 4.2 × 103

and 6.7 × 103 mg/L at L/S < 2 L/kg; i.e. almost level with the limits

Table 4
Fractions of different elements (% of their initial mass) leached during the course of
the column experiments (i.e. L/S 207 L/kg for the FA-residue and L/S 245 L/kg for the
SD-residue) as calculated by cumulative Simpson’s integration with uneven spacing
[18]

Element Removed
mass

FA SD Element Removed
mass

FA SD

Na % ∼65 ∼103 Sr % ∼41 ∼71
K % ∼82 ∼115 Cr % <1 <1
Cl % ∼53 ∼64 Mo % ∼34 ∼38
ig. 3. Solution concentrations of Ba, Sr, Cu, Pb, and Zn as function of L/S ratio. Le
etection limits (DL) are indicated by wide grey dashed line where appropriate. L

ndicated by short grey dashed line and black dashed line (non-hazardous), respect

ere considered to dissolve simultaneously an excellent mole-to
ole fit was obtained. Similarly to the FA-column this happened
ithin L/S 5 L/kg.

Interestingly, solution concentrations of Na, K, and Cl were found
onstant in the first three samples from both columns; i.e. at L/S 0.1,
.2, and 0.5 L/kg. This would suggest solubility control to take place
espite both halite and sylvite being calculated to be undersatu-
ated (−1.5 < SI < −0.5). As discussed previously, those saturation
ndices were calculated using the Davies equation and since the
ctivity coefficients of Na+, K+, and Cl− are known to increase rapidly
t I > 0.7 [39] the actual solubility of these phases decreases. Lower
olubility would consequently cause an apparent undersaturation
f these minerals in our system.

Overall, typical availability-control leaching behavior was
bserved for Na, K, and Cl in both columns during the initial L/S
0 L/kg. A slight “tailing” of Cl appeared in both columns; i.e.,
he solution concentrations decreased slowly after L/S 5 L/kg even
hough dissolution of Cl-containing compounds was not expected
o be limited by solubility constrains. Tailing could be attributed
o an existence of mobile and stagnant zones and slow diffusion-
ontrolled transfer of mass between these zones; as mentioned

n the pH discussion. Another reason for lower mobility of chlo-
ide could be precipitation of Friedel’s salt (Ca4Al2Cl2[OH]12·4H2O)
hich often forms in cementious systems [40,41]. In either case,

nly about a half of the total chloride was removed during the
ourse of our experiments as indicated in Table 4.

C
S
S
A
A
B

data for FA and SD are represented by open spheres and diamonds, respectively.
g criteria for waste acceptable at landfills for inert and non-hazardous waste are

.6. Calcium (Ca) and sulphate (SO4
2−)

Concentrations of Ca in leachates from the FA-residue were
ound relatively stable between 0.8 × 103 and 1.0 × 103 mg/L
ithin the initial L/S 50 L/kg (Fig. 2). Then, a slow decrease towards
a % ∼39 ∼68 Sb % ∼1 <1
% ∼104 ∼59 Cu % <1 <1

i % < 1 < 1 Cd % <1 <1
l % < 1 < 1 Pb % ∼1.6 ∼1.1
s % < 1 < 1 Zn % < 1 ∼3
a % ∼3.5 ∼24 V % ∼4.4 ∼3.7
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Fig. 4. Solution concentrations of As, Cr, Sb, V, and Mo as function of L/S ratio. Leaching data for FA and SD are represented by open spheres and diamonds, respectively.
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or non-hazardous waste. Such high concentrations could not be
xplained by dissolution/precipitation of common S-containing
inerals like gypsum or anhydrite (CaSO4) as the Ca-S molar ratio
as found to 5:1. Between L/S 2 and 150 L/kg, solution concentra-

ions of Ca and SO4
2− from the FA-column showed an excellent fit

n a mole-to-mole basis (not shown) and thus gypsum (SI ∼0.1)
as considered to govern release of both Ca and SO4

2−. After L/S
50 L/kg gypsum is likely being depleted (SI < −1).

As indicated previously, high initial concentrations of Ca
∼37 × 103 mg/L) in the SD-column were probably caused by disso-
ution of the excess lime injected in the flue-gas-cleaning system.
n addition, based on the speciation calculations portlandite (SI
1) and gypsum (SI ∼0.1) were suggested to control leaching of
a and SO4

2− from the SD-column. More specifically, Ca concen-
rations between L/S 5 and 150 L/kg were in good agreement with
alculated equilibrium with portlandite which varied somewhat
ithin this L/S range. Local “depletion” of portlandite (SI < −1)

ikely caused the aforementioned pH decrease between L/S 70 and
00 L/kg (see Section 4.2). In addition, slight changes in alkalinity
an be observed as well. After L/S 100 L/kg, portlandite was again in

quilibrium with the solution (SI >0) and consequently an increase
n pH could be observed after L/S 100 L/kg in the SD-column.
s outlined previously, this behavior is believed to be caused by
epletion of portlandite from the mobile zone and later opening of
ew mobile zone due to removal of mass from the column. After L/S

t
c
n
s
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g criteria for waste acceptable at landfills for inert, non-hazardous, and hazardous
dashed line, respectively.

50 L/kg, a second “depletion” of portlandite took place. This time, a
ignificant drop in alkalinity to the level of the FA-residue (no port-
andite) could be observed; moreover, pH decreased as well. The
eaching of SO4

2− corresponded to equilibrium with gypsum up to
/S 50 L/kg. After L/S 50 L/kg, a one order of magnitude decrease in
ulphate concentrations could be observed; concentrations corre-
ponded to equilibrium with ettringite. Hence, a lack of gypsum
ombined with solubility control via a less soluble mineral (e.g.
ttringite) could explain the observed leaching behavior. Ettringite
as also suggested to be the controlling mineral in pH-static

eaching experiments performed on same material [12]. After L/S
50 L/kg an increase in SO4

2− could be observed simultaneously
ith a Ca decrease (depletion of portlandite). This indicates an

nhanced dissolution of ettringite because of lack of Ca.
Compared to the initial amount in the solid phase (Table 1)

bout 39% and 68% of Ca was calculated to be removed from the FA-
nd the SD-residue respectively (Table 4). Similarly, approximately
04% and 59% of S were calculated to be removed from the FA- and
he SD-residue. Although more than three orders of magnitude
ecreases in SO4

2− solution concentrations were observed during
2−
he experimental period, total depletion of SO4 from the FA-

olumn seems unlikely. Standard analytical uncertainties should
aturally be considered, and the removed fractions (Table 4)
hould be seen more as indicators of possible depletion rather
han exact values.
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.7. Aluminum (Al) and Silicium (Si)

As can be seen in Fig. 2 the initial concentrations of Al in the FA-
olumn decreased by one order of magnitude to 5 × 10−2 mg/L and
tayed at this level until L/S 50 L/kg after which a 20-fold increase
n solution concentrations occurred; stable concentrations about
mg/L were observed between L/S 75 and 200 L/kg. In contrast, con-
entrations of Al in leachates from the SD-column remained below
he detection limit of 2 × 10−2 mg/L until L/S 175 L/kg. At this point,
n increase to the level observed for the FA-residue occurred. From
he speciation calculations, dissolution of ettringite was suggested
o cause the observed behavior. Further, stable solution concentra-
ions after L/S 50 L/kg (FA-column) and L/S 175 L/kg (SD-column)
uggested solubility control; leachates from both columns were
ound in equilibrium with diaspore. Hence, precipitation of dias-
ore could explain the observed concentration plateau.

The leaching of Si showed patterns similar to those of Al: i.e. sta-
le and detectable concentrations (∼5 mg/L) in leachates from the
A-residue whereas leachates from the SD-column were below the
etection limit of 0.2 mg/L until L/S 150 L/kg. Again, a late increase in

eaching from the SD-residue matched the concentrations observed
n case of the FA-column, i.e. around 6 mg/L. Dissolution of aker-

anite or strätlingite caused by a depletion of other Ca-containing
inerals is believed to explain this behavior. Both minerals were

lso suggested to control the Si leaching from bottom ashes and
PC residues [12,42].

Overall, an increase in solution concentrations of both Al and
i was observed in the late stage of the leaching sequence in both
olumns. This increase appeared to be related with a decrease in
a concentrations; most pronounced in the SD-column (Fig. 2).
hus, leaching of Al can be linked to dissolution of ettringite due to
epletion of Ca in the portlandite–gypsum system. This dissolution

s followed by precipitation of diaspore which would control the
l solution concentrations around 1 mg/L. Overall, throughout the
ntire 2 years leaching period, less than 1% of the initial amount of
i and Al has leached from either column (Table 4).

.8. Barium (Ba) and Strontium (Sr)

Leaching of Ba from both residues had a similar pattern except
oncentrations were more than one order of magnitude higher in
ase of the SD-residue: i.e. 0.8 mg/L in the FA- and 20 mg/L in the SD-
olumn, respectively (Fig. 3). Notably, the latter reached the upper
imits for non-hazardous waste (Table 3). In either case, high initial
oncentrations were followed by a decrease within L/S 25 L/kg after
hich an increase occurred again; this being more pronounced in

he SD-column. There appeared to be a relation between leaching of
a and S; and again this was more pronounced in the SD-column. It
an be seen that the drop in S concentrations at L/S 50 L/kg resulted
n an increase in Ba concentrations. Vice versa, a slow increase in
concentrations at late L/S ratios (dissolution of ettringite) caused
ecrease in Ba concentrations again. Barite, Ba(Ca)SO4 solid solu-
ion, Ba(S,Cr)O4 solid solution, and Ba(Sr)SO4 solid solution [43–45]
ere suggested from the speciation calculations to control the solu-

ion concentrations. Accordingly, an interaction between gypsum,
ttringite, and barite could be a likely explanation of S, Al, and Ba
eaching.

Similarly to Ba the leaching patterns of Sr were almost identi-
al in both columns (Fig. 3). Yet again, Sr solution concentrations
n the early eluates from the SD-column were twenty-fold of those

n the FA-column: i.e. 210 mg/L and 9 mg/L, respectively. The only

ineral found in our database that could explain Sr concentra-
ions above 100 mg/L was SrF2. Despite the initial difference both
eaching curves reached the same level (5 ± 2 mg/L) at L/S 2 L/kg.
rom that point on, both curves slowly decreased with increasing

(
fi
A

Materials 162 (2009) 80–91

/S ratio. Finally after L/S 200 L/kg, concentrations about 0.1 mg/L
ere detected. The resemblance between both curves suggested

dentical controlling processes after L/S 2 L/kg. As mentioned in
he Ba discussion, Ba(Sr)SO4 solid solution was found within the
I boundaries; moreover, its solubility was close to the Sr con-
entrations observed at L/S 2 L/kg. Accordingly, slow depletion of
a(Sr)SO4 solid solution from the mobile zone is suggested to cause
he presented leaching of Sr after L/S 2 L/kg.

Overall, during the course of the experiments about 3.5% and 41%
f initially present Ba and Sr was released from the FA-residues.
n accordance with the higher initial concentrations of both ele-

ents in leachates from the SD-column the total released mass of
a and Sr was significantly higher in case of the SD-residues; i.e.
4% and 71%, respectively (Table 4). In both cases these high values
re comparable with the leaching of Ba and Sr in batch pH-static
xperiments [12]. Apparently, a significant fraction of particularly
r is “available” at natural pH of both residues; at pH >11.

.9. Copper (Cu)

Initial solution concentrations of Cu were about 0.02 mg/L and
.2 mg/L in the FA- and the SD-residue, respectively (Fig. 3); i.e.
ithin the limits for inert waste. Initial Cu leaching resembled the
ash-out of DOC (not shown graphically) which is commonly sug-

ested to be the major process controlling Cu via complexation
12,46–48]. DOC in eluates from the FA-column decreased from 6
o 1 mg/L within L/S 10 L/kg. Analogically, DOC in the SD-column
ecreased from 41 to 3 mgl/L within the same L/S range. Similarly
or both materials, leaching of Cu decreased rapidly during the ini-
ial leaching period and stayed around 1–6 �g/L for the rest of the
xperiments. This level could also be explained by solubility of
u(OH)2(s) which has been suggested to control the leaching of
u from APC residues at pH >10 [12]. In total, less than 1% of Cu was

eached from either residue (Table 4).

.10. Lead (Pb)

Release of Pb from both residues was identical up to L/S 30 L/kg
Fig. 3). Limits for non-hazardous waste were nearly exceeded as the
olution concentrations were found close to 3 mg/L. High leaching
f Pb at high levels of salts pointed to inorganic complexation [1,12];
n addition, sorption to HFO/AlO can be used to explain the leaching
f Pb [8]. Between L/S 5 and 50 L/kg, the leaching of Pb from both
A- and SD-residue decreased below the limits for inert waste. At
/S 50 L/kg a one order of magnitude increase in Pb concentrations
ould be observed in the FA-column. This corresponded with the
reviously mentioned behavior of Ca, S, and Al (i.e. ettringite dis-
olution). Gougar et al. [29] reported incorporation of Pb2+ in the
ttringite structure. Hence, a mobilization of Pb due to dissolution
f its bearing phase appeared to be a plausible explanation since
esorption of Pb2+ from HFO/AlO surfaces is not expected at pH >10
32]. Only a little increase in the leaching of Pb could be observed in
he SD-column. In addition, Al concentrations were found below the
etection limit. Thus, both substitution to ettringite and sorption
o HFO/AlO could be the controlling processes. The final leached
mounts corresponded to 110 mg/kg for the FA- and 22 mg/kg for
he SD-residue, respectively. This was approximately 1.6% and 1.1%
f the total mass of Pb in solid phase.

.11. Zinc (Zn)
Initial leaching of Zn from both materials was rather alike
Fig. 3) and solution concentrations between 5 and 10 mg/L classi-
ed both residues acceptable to landfills for non-hazardous waste.
fter L/S 5 L/kg, concentrations leveled at 0.2 and 1 mg/L in FA-
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nd SD-column, respectively. In accordance with recent studies,
incite and also willemite (Zn2SiO4) were suggested to possibly
ontrol the solution concentrations [7,12]. A concentration decrease
bserved after L/S 170 L/kg in both residues could be caused by
wo different mechanisms. Firstly, it could be linked with changes
n pH between L/S 125 and 250 L/kg (see Fig. 1). Solubility of
incite is 2.85 × 10−2 mmol/L (or 1.8 mg/L) at pH 12.4 and about
.71 × 10−3 mmol/L (or 0.25 mg/L) at pH 11.5. Secondly, as the
ffect of pH was not clearly pronounced in the FA-column, the late
ecrease in Zn concentrations may also indicate practical depletion
f available Zn. The total leached amount corresponded to only 1%
nd <3% for the FA- and the SD-residue, respectively.

.12. Leaching of oxyanions

At high pH and oxidizing conditions arsenic (As), chromium
Cr), antimony (Sb), vanadium (V), and molybdenum (Mo) are
ikely to form oxyanions: AsO4

3−, CrO4
2−, Sb(OH6)−, VO4

3−, and
oO4

2− [32,39]. As such, they become rather mobile since sorp-
ion to HFO/AlO can be excluded. In addition, no “simple” solubility
ontrolling minerals are generally suitable to explain the observed
olution concentrations [42]. In this study, the leaching behavior of
s, Cr, Sb, and V was significantly different between the two materi-
ls; consequently these elements are discussed separately for each
esidue. The release of Mo showed no difference between the two
olumns and is therefore discussed together for both residues.

.12.1. Leaching of As, Cr, Sb, and V from the FA-residue
Concentrations of As, Cr, Sb, and V in leachates from the FA-

esidue were, contrary to the SD-residue, above their detection
imits in all analyzed samples (Fig. 4). The initial leaching period
as characterized by decreases in Cr and Sb concentrations, while
was increasing until L/S 2 L/kg and then decreasing afterwards.

he concentrations in all samples were below limits for inert waste.
bove L/S 50–100 L/kg, an increase in solution concentrations of

ll four elements was observed. In case of Cr and Sb this increase
orresponded well with Al release. Late leaching of oxyanions has
een suggested [49], however linked with significant changes in pH
hich was not the case in our experiments. Cr, Sb and V appeared

o reach a concentration plateau at L/S >125 L/kg whereas this

i
a
L
a
t

ig. 5. Results of forward percolation modeling compared with experimental data for the
hile model predictions are expressed in form of associated lines (see legend). Grey dash
Materials 162 (2009) 80–91 89

as not observed for As. Notably, solution concentrations of Cr,
b, and V exceeded the values observed during the initial leach-
ng period as well as limits for non-hazardous waste in the case
f Sb. Today, no limits are set for V. However, release profile pre-
ented here suggests that the long-term leaching of V may be of
mportance.

Based on the speciation calculations two possible minerals were
uggested to control Cr release: Cr-containing analogue of ettrin-
ite (Ca6Al2[CrO4]3[OH]12·26H2O) and Ba(S,Cr)O4 solid solution
44,50]. The solubility of the latter phase could explain the level
bserved between L/S 100 and 200 L/kg. For Sb, no suitable mineral
as found within the SI range of −1 < SI < 1 as all Sb-containing min-

rals were found undersaturated by several orders of magnitude.
elease curves of As and V were found slowly decreasing towards
/S 100 L/kg where an increase in the leaching was observed again.
n accordance with Saikia et al. [34], Ca3(AsO4)2 and Ca3(VO4)2
ere found within the considered SI interval.

As mentioned previously, ettringite was suggested to form
n the leaching system. This mineral could affect the release of
he abovementioned oxyanions by substitution of anions (e.g.
sO4

3−, CrO4
2−, Sb[OH6]−, and VO4

3−) in its structure [29,34]. Thus
ssuming substitution, precipitation of ettringite would result in
ncorporation of oxyanions hence lower their solution concentra-
ions; vice versa, ettringite dissolution enhanced by the exhaustion
f major elements would lead to increased solution concentrations
f the substituting oxyanions, as these would stay in solutions as
free” ions at high pH levels observed in these systems.

.12.2. Leaching of As, Cr, Sb, and V from the SD-residue
It could be seen in Fig. 4 that in case of the SD-residue the initial

olution concentrations of As, Cr, Sb, and V decreased rapidly within
/S 5 L/kg. Between L/S 10 and 150 L/kg solution concentrations of
ll four elements were found below their detection limits (shown
n Table 3). However, at L/S 150 L/kg an increase in the leaching of
b and V was detected; somewhat lower concentration levels than

n the FA-column were reached. Arsenic concentrations increased
s well, although not as dramatically and also at somewhat higher
/S ratio of 175 L/kg. The leaching of Cr did not appear to be
ffected at all and its solution concentrations were found close to
he detection limit.

SD column. Experimental data in figure (A), (B), and (C) are represented by points
ed line in figure (C) (not shown in legend) refers to a detection limit (DL) of Al.
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.12.3. Molybdenum (Mo)
Leaching curve of Mo was identical for both materials; solution

oncentrations decreased during the initial period and then leveled
t 1 × 10−2 mg/L. The initial release of Mo from the FA-residue lev-
led with the limits for hazardous waste whereas the SD-residue
ould be considered inert waste (Fig. 4). Unlike other oxyanions,
oO4

2− is not linked with the precipitation/dissolution of ettrin-
ite as it has been shown unfavorable for substitution due to a
ifference in size compared with SO4

2− [51]. In accordance with
revious studies [12,33], powellite (CaMoO4) was shown plausi-
le to explain the high initial concentrations in the FA-residue (i.e.
round 10 mg/L). Complexation with the fulvic part of DOC and/or
omplexation on HFO/AlO has recently been suggested as possi-
le controlling processes for Mo [47]; Mo release curves in these
xperiments were in fact comparable with the curves for Cu (Fig. 3).

.13. Results of percolation modeling for the SD-column

An adequate fit between modeled and measured data was
btained for pH and alkalinity (Fig. 5); the observed decreases are
redicted in both cases. Further, excellent model predictions were
btained for Ca, S, Ba and Zn while the leaching of Al and Si was
redicted generally well, i.e. within one order of a magnitude.

These predictions were accomplished using a rather “simple”
et of minerals; the modeled L/S ratio would correspond to over
0,000 years in typical landfill. For the sake of simplicity, only
he solubility-controlled elements were considered thus both DOC
omplexation and sorption to HFO/AlO could be omitted. More-
ver, percolation was set-up using default parameters in PHREEQC
i.e. assuming equilibrium) and no parameter fitting was used. As
alculated from the leaching curves, between 20% and 40% of ini-
ially present mass was removed within L/S 2 L/kg, primarily due to
emoval of readily soluble salts. Such removal of solids will influ-
nce flow conditions in the column because of dynamic changes
n porosity. This issue was not considered in our modeling exer-
ise.

Nevertheless, in spite of being a simplified system, the mod-
ling provided useful insight. Overall, the interaction between
ortlandite, gypsum and ettringite was shown crucial as these
inerals influenced both pH and leaching of major elements

i.e. Ca and S), which in turn had an impact on the remain-
ng elements. Calcite played limited role at pH >10.5 in the
ortlandite–gypsum–ettringite governed system. Similarly, the ini-
ial pH of the eluent (i.e. pH of distilled water before entering the
olumns) had only negligible effect (modeled, not shown) due to
he huge acid-neutralization capacity of the residues [37].

. Conclusions

Leaching from two different APC residues was monitored during
4 months of laboratory percolation experiments. Standard-based
olumn test was extended up to L/S 250 L/kg (i.e. >10,000 years
n a typical landfill). In addition, the leaching data was subjected
o a two-step geochemical modeling approach. At first, possible
olubility-controlling minerals were identified. Next, a hypothetical
ineral assemblage was defined to comply with total composition

ata, and the leaching of Ca, S, Al, Si, Ba, and Zn was modeled in
implified percolation scenario. Based on the mineral assemblage
he pH and alkalinity was also modeled. Finally, the removal of

lements was calculated from the leaching curves by numerical
ntegration. Specific conclusions are:

pH did not change dramatically during the entire leach-
ing period and was controlled by dissolution/precipitation
Materials 162 (2009) 80–91

of (i) the gypsum-ettringite system (FA-residue) and (ii) the
portlandite–gypsum–ettringite system (SD-residue)
Leaching of Ca, S, Al, Si, Ba, and Zn was controlled by dissolu-
tion/precipitation of the following minerals: portlandite, gypsum,
ettringite, diaspore, akermanite, monosulphate, strätlingite,
barite and zincite. These minerals were suggested by speciation
calculations and further confirmed by forward geochemical mod-
eling of the release from the SD-column over L/S 250 L/kg
Depletion of some of the above considered minerals may enhance
dissolution of the other minerals which in turn results in
increased leaching of many elements. An example of such behav-
ior could be increased leaching of oxyanions (especially Sb and
Cr) at high L/S ratios possibly due to dissolution of ettringite-like
phases
Substantial amounts of Na, K, Cl, Ca, S, Ba, Sr, and Mo were calcu-
lated to be removed based on the observed leaching data
The leaching of Cd, Fe, Mg, Hg, Mn, Ni, Co, Sn, Ti, and P was mostly
found below detection limits of used ICP-AES analysis
About 97–99% of the total content of metals (i.e. As, Cu, Cd, Pb,
Zn, Cr, and Sb) remained in the solid material after 2 years of col-
umn leaching, corresponding to more than 10,000 years in typical
landfill

Finally, according to European environmental policy both
esidues are classified as hazardous waste based on their composi-
ion. However, according to the leaching-based classification only
few parameters exceeded the limits for non-hazardous landfills.
he major problem was high leaching of salts (chloride and sul-
hate); in addition, few metals (e.g. Pb and Ba) were found close to
he upper limits for non-hazardous waste. An easy technical solu-
ion could be a simple pre-washing of the residues. A significant
raction of Na, K, and Cl will obviously be removed while Pb can be
emoved as well; a rather significant fraction of Pb was shown to
e easily removable during wash-out of salts likely due to inorganic
omplexation [1,12]. As for Ba, it is probable that some fraction of
a will be removed together with sulphate. Hence, the pre-washing
tep may eventually result in changing the category to “non-
azardous”. Overall, it is clear that environmental impacts from

eaching should not be related to total composition of the residues.
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