Journal of Hazardous Materials 162 (2009) 80-91

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Long-term leaching from MSWI air-pollution-control residues:
Leaching characterization and modeling

Jiri Hyks*, Thomas Astrup, Thomas H. Christensen

Technical University of Denmark, Department of Environmental Engineering, Building 115, 2800 Lyngby, Denmark

ARTICLE INFO ABSTRACT

Article history:

Received 17 December 2007

Received in revised form 7 March 2008
Accepted 5 May 2008

Available online 9 May 2008

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

I<‘.?yword5:. . 1 ng/L; overall less than 1% of their mass leached. Column leaching data were further used in a two-step
Air-pollution-control residues . .. . L\ . o . . ..

Leaching geochemical modeling in PHREEQC in order to (i) identify solubility controlling minerals and (ii) evaluate
Heavy metals their interactions in a water-percolated column system over L/S of 250 L/kg. Adequate predictions of pH,
Oxyanions 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
and Cr) was observed at late stage of leaching experiments.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Municipal solid waste incineration (MSWI) with energy recov-
ery is one of today’s major technologies to deal with increasing
amounts of municipal solid waste. Necessary cleaning of flue
gases however generates an additional stream of residues, i.e. air-
pollution-control (APC) residues [1]. In Denmark, about 90,000
metric tons of APC residues are annually produced from approx-
imately 3,000,000 metric tons of municipal solid waste [2]. APC
residues contain high concentrations of different pollutants which
make them potentially hazardous [3,4]; therefore, APC residues
are often landfilled or stored underground after various kinds of
pre-treatment.

The main concern with respect to utilization and/or landfilling
of MSWI residues is the release of elements (e.g. salts and heavy
metals) when in contact with water, i.e. leaching. In order to avoid
contamination of the environment and, more recently, also to pro-
vide an adequate input for a life-cycle assessment of these residues,
the leaching of salts and metals should be quantified prior to any
utilization [5,6]. Further, this quantification needs to be done both
in a short- and long-term perspective to include both immediate

* Corresponding author. Tel.: +45 4525 1498; fax: +45 4593 2850.
E-mail address: jrh@env.dtu.dk (J. Hyks).

0304-3894/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.05.011

and end-of-life impacts. Short-term leaching quantification (<100
years) may be done using leaching data, both laboratory and full-
scale, often combined with geochemical modeling [7,8]. Long-term
leaching quantifications (centuries to millennia) on the other hand,
rely largely on forward modeling as even accelerated laboratory
test cannot provide the full dataset. However, some input data are
still necessary to set-up and validate a model. It should be realized
that analyses of the total composition does not provide adequate
information as no direct relationship between material composi-
tion and leaching has been shown for most elements [9]. Hence, a
description of the actual leaching behavior determined by leaching
experiments is preferred.

Despite the differences in solid composition and structural
properties, it is generally accepted that leaching from both major
types of MSWI residues (i.e. bottom ashes and APC residues)
is governed by the following processes: dissolution/precipitation
of minerals, (in)organic complexation, and sorption on reac-
tive surfaces [10-12]. Consequently, three groups of elements
can be distinguished based on predominant leaching behavior:
availability-controlled elements, solubility-controlled elements,
and complexation/sorption-controlled elements (please refer to
Section 3 for further details). Various combinations of the above
controlling processes occur due to competition and the overall
leaching control for a given element may thus vary in time. Never-
theless, leaching of many elements is usually expected to decrease
with time. This assumption is largely based on observations from
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Nomenclature

akermanite Ca,MgSio;

anhydrite CaS04

barite BaSOg4

calcite CaCO3

diaspore AIOOH

ettringite C36A12(504)3(0H)12~32H20

Friedel’s salt CayAl;Cly(0OH)12-4H,0
gypsum CaS04-2H,0

halite NaCl

hydrophilite CaCl,

lime Cao

monosulphate CazAl;06(S04)-6H,0
portlandite Ca(OH),

powellite CaMoO4

stréitlingite C32A12(5i02 )(0H)]03H20
sylvite KCl

willemite Zn,Si0y4

zincite Zn0

“Cr-ettringite” CagAly(CrO4)3(0OH);3-26H,0

relatively short-term leaching experiments with bottom ashes
[8,13]. However, even though bottom ashes are likely comparable
with APC residues from the leaching-control point-of-view, differ-
ences exist. APC residues have much higher “natural” pH, alkalinity,
and total content of metals and readily soluble salts [14,15] while
the DOC content is lower [1]. This makes APC residues less “stable”
from a leaching point of view. Moreover, long-term leaching data
for APC residues are de facto unavailable due to their treatment
options (e.g. landfills, back-filling of mines). Full-scale leaching data
for a period of up to 20 years can sometimes be obtained in case of a
landfill [16]. However, such landfills most often contain other waste
types as well thereby making it impossible to “isolate” leaching
from the APC residues. Twenty years of leaching often corresponds
to a liquid-to-solid (L/S) ratio less then 1L/kg (please refer to Sec-
tion 3 for further details). In standardized laboratory percolation
experiments, L/S 10L/kg is usually an end-point [8,17]. Such low-
L/S-ratio data are not suited for long-term leaching predictions
because only a small fraction of even major elements leach within
L/S 10L/kg. Thus, potentially important processes (e.g. depletion of
controlling mineral phase) may be overlooked. In other words, only
a minor fraction of the total pollution potential from APC residues
is described by current research. This limited knowledge is insuf-
ficient for setting up and validating leaching prediction models
focusing on evaluating the long-term environmental consequences
of utilizing or landfilling of APC residues.

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

2. Experimental
2.1. Residue samples

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

Table 1
Elemental composition of untreated residues determined by ICP-AES after
microwave assisted digestion with HCI/HF/HNO5

Element FA SD

DM? % 98.8 953

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 423 +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 glkg 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
cb g/kg 122 +4 173 +5
Br mg/kg 1400 +15 900 +10

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

referred to as the “FA-residue”. The latter material was a semi-dry
APC residue, i.e. a mixture of fly ash, unreacted lime, and acid-gas
neutralization products collected in a baghouse filter. Analogically,
it will be referred to as the “SD-residue”. In agreement with Chan-
dler et al. [1] both FA- and SD-residue were very fine, dusty mate-
rials with particles smaller than 1 mm and moisture contents of
1.2% and 4.7%, respectively. Elemental composition was determined
by inductively coupled plasma atomic emission spectrometry (ICP-
AES) after total digestion in HCI/HF/HNO3 (Table 1). Chloride (Cl)
and bromide (Br) were determined using X-ray fluorescence (XRF)
on non-digested subsamples. The FA-residue was characterized by
lower pH and higher amounts of pollutants than the SD-residue.
This is primarily because contaminants in the SD-residue are
“diluted” with unreacted lime and neutralization products.

2.2. Column experiments

Residues were subjected to percolation experiments based on
the CEN/TS 14405 [17]. In order to obtain long-term leaching data,
standardized experiments were extended over 24 months. L/S
ratios of 207 L/kg and 245 L/kg were reached for the FA- and the SD-
residue, respectively. This corresponded to more than 10,000 years
in a typical landfill. A longer leaching period was the only deviation
from the standardized procedure as flow velocity was maintained
between 10-14 mL/h. Plexiglass columns with an inner diameter
of 50 mm and length of 300 mm were used. All other equipment
was made of either high-density polyethylene or glass and rinsed
in a weak solution of HNOs3 (p.a.) before use. Laboratory routine
consisted of several operations: filling the columns, equilibration,
sampling of eluates, and sample treatment. First, a thin layer of
acid-washed sand was placed at the bottom of the column. Residues
were then added in successive layers (20-30 mm each) and gently
compacted with a rammer. The total height of residues in column
was about 280 mm. Another layer of acid-washed sand was added
at the top of the column. Saturation was done from the bottom of
each column in the way that eluent (i.e. distilled water stored in
an open-air container) was allowed to slowly soak into the column
using a difference in hydrostatic pressure between the column and
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the container with eluent. After the column was fully saturated, one
week of leachate recirculation ensured the initial equilibration; for
details we refer to the CEN/TS 14405 procedure. Thereafter, more
eluent was introduced to the column in an up-flow direction at the
flow rate of 10-14 mL/h. The “equilibrated” leachate corresponding
toL/S 0.1 L/kg was collected from the outlet at the top of the column.
Leachate samples were then taken frequently to avoid large sample
volumes that would average the measured solution concentrations.

2.3. Leachate treatment

Leachates were filtrated through 0.45 pm polypropylene filters;
pH and conductivity were measured immediately after filtration.
Filtrates were then split in two sub-samples; one was acidified with
HNO3 (p.a.) and used to determine the solution concentrations of
Ca, S, Fe, Mg, K, Na, Al, As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Zn,
Mo, Sb, Si, Sn, Sr, Ti, V, and P by ICP-AES. It was assumed that S and
P measured by ICP-AES equalled to SO42~ and PO42~ respectively.
The non-acidified fraction was used to determine concentrations
of chloride and DOC by ion chromatography and carbon analyzer,
respectively. Moreover, total alkalinity was determined by titration
with 0.1 M H,SO4 (p.a.) to an end-point at pH 4.5.

2.4. Removal of elements

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

2.5. Modeling of solubility controlling minerals

Minerals which may possibly control leaching of major elements
were identified according to the approach of Meima and Comans
[10]. Speciation of eluate samples was calculated in PHREEQC [19]
assuming oxidizing conditions (pH + pe = 15); pH was fixed at value
measured in eluates. The thermodynamic database used by Astrup
et al. [7] was amended with new phases given in Table 2.

Generally, analytically determined concentrations of all ele-
ments were entered as components in solution and saturation
indices (SI) for all minerals included in the database were cal-
culated. This way, an indication of whether a given mineral is
precipitated or close to equilibrium under the solution conditions
was obtained. Minerals with —1 <SI<+1 were considered to be the
potential solubility controlling minerals. The occurrence of those
minerals under the experimental conditions was cross-checked
with recent mineralogy studies [15,20-23]. It should be noted that
ionic strength (I) of the initial few leachate samples was >4 for
both the FA- and the SD-column. This is outside the scope of the
Davies equation used in PHREEQC to calculate activity coefficients;

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

2.6. Percolation modeling

2.6.1. General description of the scenario

Results of the solubility-control modeling for Ca, S, Al, Si, Ba, and
Zn in the SD-column were further evaluated using a simple percola-
tion scenario in PHREEQC; pH and alkalinity were modeled as well.
In order to do this, 1kg of a hypothetical initial mineral assem-
blage containing a number of solubility controlling minerals was
created. This initial assemblage contained the above elements and
was derived (discussed later) from the total composition shown
in Table 1. A one-cell column containing the mineral assemblage
was set-up and distilled water equilibrated with atmospheric CO,
(open-air tank; pH ~5.6) was shifted through the column in 250
steps to simulate percolation. Each step/shift replaced 1L of solu-
tion which was in contact with 1 kg of solids and hence each step
was equal to L/S 1L/kg. For the sake of simplicity only 1-D trans-
port of eluent (forward flow) was used while neither dispersivity
nor dual-porosity were considered.

2.6.2. Initial mineral assemblage

Currently, there is no general approach to specify the exact
amount of a particular mineral from the total mass of a specific
element determined by sample digestion. In our approach, we
assumed that portlandite (Ca|OH],) will likely determine pH of the
system and thus leaching of other elements. Therefore, in the first
step, the amount of portlandite in the SD-column was derived to
match the decrease in both Ca and alkalinity which was observed
between L/S 150 and L/S 175 L/kg (discussed later); 3 mol of port-
landite per 1kg of initial mineral assemblage (mol/kg) were found
appropriate. Similarly, the amount of gypsum (CaSO4-2H,0) was
adapted to match the decrease in S between L/S 25 and 50L/kg;
this time, about 0.2 mol/kg were found appropriate. These amounts
of Ca and S did not account for the entire solid mass; the resid-
ual mass was thus distributed between other possible solubility
controlling minerals. Of course, amounts of other constituents in
these minerals had to be considered as well and the whole pro-
cedure was therefore an iteration process. In the end, 3 mol of
portlandite, 0.2 mol of gypsum, 2.6 mol of calcite (CaCOs3), 0.35

Table 2

Changes to PHREEQC thermodynamic database in addition to those made by Astrup et al. [7]

Phase Reaction log k Refs.
Friedel’s salt CayAl;Cl(OH) 2-4H, 0 + 12HY =4Ca?* + 2A13* +2C1- + 16H,0 —27.6 [41]
Stritlingite CayAl,(Si05)(OH)10-3H20 + 10H* = 2A13* +2Ca?* + 11H,0 + H4Si04 49.44 [52]
Ettringite CagAly(SO4)3(OH)12-32H,0 + 12H* = 6Ca2* + 2A13* +35042~ +44H,0 57.45 [53]
Cr-ettringite? CagAly(CrO4)3(OH)12-26H,0 + 12 H = 6Ca2* + 2A13* +3Cr0,42- +38H,0 60.54 [50]
Monosulphate CayAly06(S04)-6H,0 + 12H* =4Ca*2 + 2A1"3 + 5042~ + 12H,0 72.57 [53]
Cr-monosulphate? CayAly(CrO4)(OH)12-9H,0 + 12H* =4Ca?* + 2A13* + CrO42~ +21H,0 71.62 [54]
Mo-monosulphate? CayAly(Mo04)(OH)13-10H,0 + 12H* =4Ca?* + 2A13* + Mo04%~ +22H,0 71.66 [55]
Ca-arsenate(I)? Ca3(As04)2-3.66H,0=3Ca% +2As043~ +3.66H,0 -21.0 [56]
Ca-arsenate(II)? Ca3(As04);-4.25H,0=3Ca%* + 2As0, 3 +4.25H,0 -21.0 [56]
Ca-arsenate(IIT)2 Cas(AsO4)30H=5Ca?" +3As043~ +OH~ —38.04 [56]
Ba-arsenate?® Ba3(AsO4)3 =Ba?* + HAsO4%~ —23.53 [57]
Ba-H-arsenate?® BaHAsO4-H,0=Ba?* +HAsO42~ +H,0 —5.60 [57]
Ca-Sb-OH? Ca[Sb(OH)g]» = Ca2* +2Sb(OH)s~ —12.55 [58]

2 Names used in this study; does not necessarily reflect proper mineral names.
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moles of ettringite (CagAl;[SO4]3[OH]12-32H,0), 0.022 mol of aker-
manite (Ca;MgSiO7), 0.005 moles of barite (BaSQO4 ), and 0.14 mol of
zincite (ZnO) formed the mineral assemblage. All these minerals are
commonly identified in APC residues [15,22,24]. Compared with the
total mass of Ca, S, Al, Si, Ba, and Zn in the SD-residue this accounted
for 96% of Ca, 116% of S, 103% of Al, 2% of Si, 110% of Ba, and 101% of
Zn respectively. The mineralogy of APC residues is unquestionably
much more complicated. However, for a first approximation this
assemblage was found to be sufficient.

2.6.3. Determination of sorption sites

As outlined in Section 1 and described in detail in Section 3, the
sorption on reactive surfaces is important mechanism controlling
leaching from APC residues. In this work we accounted for sorp-
tion to hydrous iron (hyd)oxides (HFO) and hydrous aluminium
(hydr)oxides (AlO) using the generalized two-layer model of Dzom-
bak and Morel [25]. Amounts of amorphous HFO and amorphous
AlO were obtained by independent extractions according to Kostka
and Luther [26], and Blakemore et al. [27] respectively. Similarly to
Dijkstra et al. [28] we considered HFO and AlO to be equal in the
model. Accordingly, the extracted amounts were added up assum-
ing that 1 mol of Fe ~1 mol of Al and recalculated to kg of HFO/kg
of 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
the FA- and the SD-residue, respectively.

2.6.4. Percolation simulation

During the percolation, portlandite was kept in equilibrium with
the solution whereas, in agreement with the speciation calculations
performed for the early eluates, both gypsum, calcite and ettrin-
gite were kept slightly oversaturated. Furthermore, monosulphate
(CagAl;06[S04]-6H,0) and diaspore (AIOOH) which were not con-
sidered to be present in the initial assemblage were allowed to
precipitate if needed. These phases were suggested by the speci-
ation calculations to be present at later L/S ratios. Monosulphate
has recently been reported to form from ettringite at low sulphate
concentrations [29]. In the end, developments in pH, alkalinity, and
solution concentrations of Ca, S, Al, Si, Ba, and Zn in the SD-column
were obtained over the L/S ratio of 250 L/kg.

Sorption to HFO/AIO was tested in preliminary calculations (not
shown). Including the previously discussed amounts of reactive
surfaces in the preliminary modeling exercise, however, showed
minimal influence on leaching of considered elements. Therefore,
sorption to HFO/AIO was omitted in the further percolation mod-
eling. Similarly, complexation with DOC was neglected as well as
the interaction between DOC and the considered elements were
limited.

3. Theory
3.1. Leaching control

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

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

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

controlled elements is characterized by relatively stable solution
concentrations over long periods of time [30]. Mineral depletion
has been suggested by geochemical modeling [31], although not
observed in leaching experiments.

Finally, there are sorption/complexation-controlled elements
(mostly metals). At the high pH levels observed in leachates from
APC residues (pH >11), metal cations (e.g. Pb2*, Ni2*, Cd%*) tend to
sorb to reactive surfaces such as HFO/AIO whereas metal oxyan-
ions (e.g. CrO42~, Mo042~) stay mobile [25,32]. In addition, many
metals have high affinity for complexation with DOC and their
leaching has been shown to vary proportionally to the amount of
DOC [33]. Still, sorption to HFO/AIO or complexation with DOC are
not the only processes controlling the leaching of metals. It has
been reported that significant amounts of metals (both cations and
anions) may be immobilized by substitution in hydrated cement
phases such as ettringite [29,34] and thus become rather solubility-
controlled.

3.2. L/S ratio

The L/S ratio is defined as volume of a liquid in contact with dry
solid material. There are two major applications of L/S ratio within
a field of leaching quantification. Firstly, multiplying determined
solution concentrations (mg/L) with L/S ratio of an experiment
(L/kg) will result in expressing outputs of any leaching scenario
as mass released per kilogram of solid phase (mg/kg). This ensures
proper comparison of results obtained for the same material in dif-
ferent leaching experiments as well as reciprocal comparison of
different leaching scenarios (e.g. landfill versus column). Secondly,
assuming knowledge of hydrological conditions in an arbitrary sce-
nario (e.g. landfill) allows us to recalculate any L/S ratio to leaching
time. For instance, it takes approximately 100 years to reach L/S
ratio of 2 L/kg in a conventional landfill which is roughly 10 m thick,
has a dry bulk density of 1.3 kg/dm3, and the annual precipitation
is about 150-250 mm [35].

4. Results and discussion
4.1. General overview

Results of column leaching experiments are discussed in follow-
ing sections. Fig. 1 shows pH, conductivity, alkalinity, and solution
concentrations of readily soluble compounds (i.e. Na, K, and Cl)
as functions of the L/S ratio. Solution concentrations of Ca, SO42~
(shown as S), Al, and Si are shown in Fig. 2. Leaching of Ba, Sr, Cu,
Pb, and Zn is shown in Fig. 3 while As, Cr, Sb, V, and Mo are shown
in Fig. 4. Leaching of Cd, Fe, Mg, Hg, Mn, Ni, Co, Sn, Ti, and P from
both materials was generally found below the associated detection
limits (in mg/L): Cd (5 x 107>), Fe (2 x 1072), Mg (1.4 x 10~'), Hg
(2x107),Mn (9 x 1074), Ni (6 x 10~4), Co (2 x 1074),Sn (5 x 10~%),
Ti (2x1072), and P (1 x 10~2) respectively. These elements are
therefore not shown graphically nor discussed. Finally, results for
percolation modeling of pH, alkalinity, Ca, S, Al, Si, Ba, and Zn are
shown in Fig. 5.

In order to provide a scale for which to relate the leaching data
in a long-term perspective, leaching criteria for waste acceptable
at landfills for inert-, non-hazardous, and hazardous waste were
included in the Figures where appropriate. The limit values are
based on leaching from the CEN/TS column test, specifically the
concentrations detected in leachates at L/S 0.1 L/kg [6]. In the fol-
lowing text these acceptance criteria are referred to as “limits”
unless stated otherwise. An overview of limits for the considered
elements can be found in Table 3 together with their associated
detection limits.
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Fig. 1. pH, conductivity, alkalinity and solution concentrations of Na, K, and CI as function of L/S ratio. Leaching data for FA and SD are represented by open spheres and
diamonds, respectively. Leaching criteria for waste acceptable at landfills for hazardous waste is indicated by combined black dashed line if needed.

42. pH

Generally, pH in the FA-column was lower than in the SD-
column during the course of the experiments except for a period
between L/S 70 and 100 L/kg where pH in the SD-column decreased
to a minimum of pH 10.7 (Fig. 1).

Table 3

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

Element Inert (mg/L)? Non-hazardous Hazardous DL (mg/L)
(mg/L)! (mg/L)*
As 0.06 0.3 3 1x10-3P
Ba 4 20 60 1x10-3
Cr (total) 0.1 2.5 15 9% 104
Cu 0.6 30 60 1x10-3
Mo 0.2 35 10 1x10-3
Pb 0.15 3 15 6x104
Sb 0.1 0.15 1 1x 104
Zn 1.2 15 60 4x103
Chloride 460 8.5x 103 15 x 10° e
Sulphate 1.5 x 10° 7.0 x 103 17 x 10? 0.5¢

2 Limit values are based on concentrations obtained at L/S 0.1L/kg during the
CEN/TS column test.

b A higher limit of quantification applies to samples with high chloride levels.

¢ lon chromatography was used.

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

Higher pH of the SD-residue (11.2<pH<12.4) can likely be
attributed to the large amounts of unreacted lime added dur-
ing the flue gas cleaning [1,4]. Consequently, lime dissolves and
leachate becomes oversaturated with portlandite which may pre-
cipitate. SI of portlandite was SI ~1 in the early eluates from
the SD-column; this was consistent with data obtained from
pH-dependent leaching experiments on the same material [12].
Dissolution of portlandite explains high pH values which in some
cases were close to pH 12.5; i.e. corresponding to a pH of a solu-
tion in equilibrium with portlandite. Variations in the pH curve
observed in the SD-column between L/S 75 and 125L/kg corre-
sponded to an apparent depletion of portlandite (SI<-1 at L/S
80L/kg) from the mobile zone that was probably followed by
an opening of stagnant zones and subsequent reaction of pre-
viously entrapped portlandite with the eluent. Accordingly, late
eluates were again found saturated with portlandite (SI ~0.2 at L/S
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125L/kg). We believe that equilibrium with soluble phase which
was previously depleted may simply be explained by existence of
preferential flow patterns and/or dual porosity [36]. Similarly to the
FA-column gypsum and calcite were found close to equilibrium or
oversaturated. In addition, strdtlingite (CayAl,[SiO,][OH]19-3H,0)
was found close to equilibrium in initial leachates.

4.3. Conductivity

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

4.4. Alkalinity

Total alkalinity determined in initial leachates was about
6 and 42meq/L for the FA- and the SD-residue, respectively.
Both values were fully comparable with those observed by
Astrup et al. [37] for similar types of residues. Alkalinity of
leachates from the FA-columns was calculated using a min-
eral assemblage of gypsum, ettringite and calcite (no portlandite
considered); calculated pH and alkalinity were found to 11.04
and 4.7meq/L, i.e. in fair agreement with the measured val-
ues.

As indicated above, portlandite was likely present in the SD-
residue and dissolution of portlandite in the SD-column may have
caused higher alkalinity. Thus, when portlandite was added to the
above mineral assemblage; an alkalinity of 38 meq/L and pH 12.38
were obtained. Again, this is fully comparable with our experimen-
tal data. Apparently, dissolution of portlandite caused about seven
times higher alkalinity in the leachates from the SD-residue. Hence,

depletion of portlandite from the system would eventually lead to
a decrease of alkalinity in the SD-column to the level observed
in the FA-column since presence of portlandite was the only dif-
ference in the considered mineral assemblages. Such a decrease
can be seen in the SD-column between L/S 150 and 200L/kg
(Fig. 1).

Today, alkalinity is usually not determined during column per-
colation experiments. However, as outlined above, alkalinity curve
can be used to estimate amount of portlandite in the system
which can in turn be used to mimic initial mineral assemblage
and further to describe pH development. Therefore, regarding later
geochemical modeling, monitoring of alkalinity during percolation
experiments should be considered.

4.5. Na, K, and Cl

Leaching curves of Na, K, and CI from both residues are shown
in Fig. 1. Initial release of Na, K, and Cl from the FA-column
was about 58 x 103 mg/L, 39 x 103 mg/L and 117 x 103 mg/L respec-
tively. For the SD-column about 14.5 x 103 mg/L, 17.5 x 103 mg/L
and 87.5 x 103 mg/L of Na, K, and Cl was measured. The leach-
ing of chloride thereby exceeded limits for hazardous-waste (i.e.
15 x 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
by dissolution of the readily soluble salts such as halite (NaCl) and
sylvite (KCl). Accordingly, concentrations of Na, K, and Cl in the
FA-column showed an excellent fit when compared on a mole-
to-mole basis. The quotient of the sum of Na* and K* (mol/L) to
Cl~ (mol/L) was close to 1 during the initial leaching, i.e. between
L/S 0 and L/S 5L/kg. In the SD-column such “balance” resulted in
a large fraction of “free” Cl~. In other words there was not enough
Na* and K* to match CI-. As discussed above, the SD-residue con-
tains large amounts of lime which dissolves rapidly. Hence, “free”
Ca*2 and CI~ may form hydrophilite (CaCl,) which dissolves imme-
diately; hydrophilite was determined experimentally in untreated
APC residues [20,38]. Indeed, when halite, sylvite, and hydrophilite
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were considered to dissolve simultaneously an excellent mole-to
mole fit was obtained. Similarly to the FA-column this happened
within L/S 5L/kg.

Interestingly, solution concentrations of Na, K, and Cl were found
constant in the first three samples from both columns; i.e.at L/S 0.1,
0.2, and 0.5 L/kg. This would suggest solubility control to take place
despite both halite and sylvite being calculated to be undersatu-
rated (—1.5<SI<-0.5). As discussed previously, those saturation
indices were calculated using the Davies equation and since the
activity coefficients of Na*, K*, and Cl~ are known to increase rapidly
at [>0.7 [39] the actual solubility of these phases decreases. Lower
solubility would consequently cause an apparent undersaturation
of these minerals in our system.

Overall, typical availability-control leaching behavior was
observed for Na, K, and Cl in both columns during the initial L/S
10L/kg. A slight “tailing” of Cl appeared in both columns; i.e.,
the solution concentrations decreased slowly after L/S 5L/kg even
though dissolution of Cl-containing compounds was not expected
to be limited by solubility constrains. Tailing could be attributed
to an existence of mobile and stagnant zones and slow diffusion-
controlled transfer of mass between these zones; as mentioned
in the pH discussion. Another reason for lower mobility of chlo-
ride could be precipitation of Friedel’s salt (CazAl,Cl;[OH];2-4H,0)
which often forms in cementious systems [40,41]. In either case,
only about a half of the total chloride was removed during the
course of our experiments as indicated in Table 4.

4.6. Calcium (Ca) and sulphate (S04%~)

Concentrations of Ca in leachates from the FA-residue were
found relatively stable between 0.8 x 10? and 1.0 x 10° mg/L
within the initial L/S 50 L/kg (Fig. 2). Then, a slow decrease towards
high L/S could be observed. The shape of the leaching curve was
similar to that of SO42~ (S042- is shown as S) indicating that both
elements could be controlled by the same mineral (e.g. gypsum).
The leaching of SO42~ from the FA-columns was between 4.2 x 103
and 6.7 x 103 mg/L at L/S<2L/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 FA SD Element Removed FA SD
mass mass

Na % ~65 ~103  Sr % ~41 ~71
K % ~82 ~115 Cr % <1 <1
Cl % ~53 ~64 Mo % ~34 ~38
Ca % ~39 ~68 Sb % ~1 <1
S % ~104 ~59 Cu % <1 <1
Si % <1 <1 «d % <1 <1
Al % <1 <1 Pb % ~1.6 ~1.1
As % <1 <1 Zn % <1 ~3
Ba % ~3.5 ~24 V % ~44  ~3.7
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for non-hazardous waste. Such high concentrations could not be
explained by dissolution/precipitation of common S-containing
minerals like gypsum or anhydrite (CaSO4) as the Ca-S molar ratio
was found to 5:1. Between L/S 2 and 150 L/kg, solution concentra-
tions of Ca and SO42~ from the FA-column showed an excellent fit
on a mole-to-mole basis (not shown) and thus gypsum (SI ~0.1)
was considered to govern release of both Ca and SO42~. After L/S
150L/kg gypsum is likely being depleted (SI<—1).

As indicated previously, high initial concentrations of Ca
(~37 x 103 mg/L) in the SD-column were probably caused by disso-
lution of the excess lime injected in the flue-gas-cleaning system.
In addition, based on the speciation calculations portlandite (SI
~1) and gypsum (SI ~0.1) were suggested to control leaching of
Ca and SO42~ from the SD-column. More specifically, Ca concen-
trations between L/S 5 and 150 L/kg were in good agreement with
calculated equilibrium with portlandite which varied somewhat
within this L/S range. Local “depletion” of portlandite (SI<-1)
likely caused the aforementioned pH decrease between L/S 70 and
100 L/kg (see Section 4.2). In addition, slight changes in alkalinity
can be observed as well. After L/S 100 L/kg, portlandite was again in
equilibrium with the solution (SI >0) and consequently an increase
in pH could be observed after L/S 100L/kg in the SD-column.
As outlined previously, this behavior is believed to be caused by
depletion of portlandite from the mobile zone and later opening of
new mobile zone due to removal of mass from the column. After L/S

150 L/kg, a second “depletion” of portlandite took place. This time, a
significant drop in alkalinity to the level of the FA-residue (no port-
landite) could be observed; moreover, pH decreased as well. The
leaching of SO42~ corresponded to equilibrium with gypsum up to
L/S 50L/kg. After L/S 50 L/kg, a one order of magnitude decrease in
sulphate concentrations could be observed; concentrations corre-
sponded to equilibrium with ettringite. Hence, a lack of gypsum
combined with solubility control via a less soluble mineral (e.g.
ettringite) could explain the observed leaching behavior. Ettringite
was also suggested to be the controlling mineral in pH-static
leaching experiments performed on same material [12]. After L/S
150L/kg an increase in SO42~ could be observed simultaneously
with a Ca decrease (depletion of portlandite). This indicates an
enhanced dissolution of ettringite because of lack of Ca.

Compared to the initial amount in the solid phase (Table 1)
about 39% and 68% of Ca was calculated to be removed from the FA-
and the SD-residue respectively (Table 4). Similarly, approximately
104% and 59% of S were calculated to be removed from the FA- and
the SD-residue. Although more than three orders of magnitude
decreases in SO42~ solution concentrations were observed during
the experimental period, total depletion of SO42~ from the FA-
column seems unlikely. Standard analytical uncertainties should
naturally be considered, and the removed fractions (Table 4)
should be seen more as indicators of possible depletion rather
than exact values.
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4.7. Aluminum (Al) and Silicium (Si)

As can be seen in Fig. 2 the initial concentrations of Al in the FA-
column decreased by one order of magnitude to 5 x 10~2 mg/L and
stayed at this level until L/S 50 L/kg after which a 20-fold increase
in solution concentrations occurred; stable concentrations about
1 mg/Lwere observed betweenL/S 75 and 200 L/kg. In contrast, con-
centrations of Al in leachates from the SD-column remained below
the detection limit of 2 x 10~2 mg/L until L/S 175 L/kg. At this point,
an increase to the level observed for the FA-residue occurred. From
the speciation calculations, dissolution of ettringite was suggested
to cause the observed behavior. Further, stable solution concentra-
tions after L/S 50 L/kg (FA-column) and L/S 175 L/kg (SD-column)
suggested solubility control; leachates from both columns were
found in equilibrium with diaspore. Hence, precipitation of dias-
pore could explain the observed concentration plateau.

The leaching of Si showed patterns similar to those of Al: i.e. sta-
ble and detectable concentrations (~5 mg/L) in leachates from the
FA-residue whereas leachates from the SD-column were below the
detection limit of 0.2 mg/Luntil L/S 150 L/kg. Again, a late increase in
leaching from the SD-residue matched the concentrations observed
in case of the FA-column, i.e. around 6 mg/L. Dissolution of aker-
manite or stratlingite caused by a depletion of other Ca-containing
minerals is believed to explain this behavior. Both minerals were
also suggested to control the Si leaching from bottom ashes and
APC residues [12,42].

Overall, an increase in solution concentrations of both Al and
Si was observed in the late stage of the leaching sequence in both
columns. This increase appeared to be related with a decrease in
Ca concentrations; most pronounced in the SD-column (Fig. 2).
Thus, leaching of Al can be linked to dissolution of ettringite due to
depletion of Ca in the portlandite-gypsum system. This dissolution
is followed by precipitation of diaspore which would control the
Al solution concentrations around 1 mg/L. Overall, throughout the
entire 2 years leaching period, less than 1% of the initial amount of
Si and Al has leached from either column (Table 4).

4.8. Barium (Ba) and Strontium (Sr)

Leaching of Ba from both residues had a similar pattern except
concentrations were more than one order of magnitude higher in
case of the SD-residue: i.e.0.8 mg/Lin the FA- and 20 mg/Lin the SD-
column, respectively (Fig. 3). Notably, the latter reached the upper
limits for non-hazardous waste (Table 3). In either case, high initial
concentrations were followed by a decrease within L/S 25 L/kg after
which an increase occurred again; this being more pronounced in
the SD-column. There appeared to be a relation between leaching of
Ba and S; and again this was more pronounced in the SD-column. It
can be seen that the drop in S concentrations at L/S 50 L/kg resulted
in an increase in Ba concentrations. Vice versa, a slow increase in
S concentrations at late L/S ratios (dissolution of ettringite) caused
decrease in Ba concentrations again. Barite, Ba(Ca)SO4 solid solu-
tion, Ba(S,Cr)04 solid solution, and Ba(Sr)SO4 solid solution [43-45]
were suggested from the speciation calculations to control the solu-
tion concentrations. Accordingly, an interaction between gypsum,
ettringite, and barite could be a likely explanation of S, Al, and Ba
leaching.

Similarly to Ba the leaching patterns of Sr were almost identi-
cal in both columns (Fig. 3). Yet again, Sr solution concentrations
in the early eluates from the SD-column were twenty-fold of those
in the FA-column: i.e. 210 mg/L and 9 mg/L, respectively. The only
mineral found in our database that could explain Sr concentra-
tions above 100 mg/L was SrF,. Despite the initial difference both
leaching curves reached the same level (5+2mg/L) at L/S 2L/kg.
From that point on, both curves slowly decreased with increasing

L/S ratio. Finally after L/S 200L/kg, concentrations about 0.1 mg/L
were detected. The resemblance between both curves suggested
identical controlling processes after L/S 2L/kg. As mentioned in
the Ba discussion, Ba(Sr)SO4 solid solution was found within the
SI boundaries; moreover, its solubility was close to the Sr con-
centrations observed at L/S 2 L/kg. Accordingly, slow depletion of
Ba(Sr)S0O4 solid solution from the mobile zone is suggested to cause
the presented leaching of Sr after L/S 2 L/kg.

Overall, during the course of the experiments about 3.5% and 41%
of initially present Ba and Sr was released from the FA-residues.
In accordance with the higher initial concentrations of both ele-
ments in leachates from the SD-column the total released mass of
Ba and Sr was significantly higher in case of the SD-residues; i.e.
24% and 71%, respectively (Table 4). In both cases these high values
are comparable with the leaching of Ba and Sr in batch pH-static
experiments [12]. Apparently, a significant fraction of particularly
Sr is “available” at natural pH of both residues; at pH >11.

4.9. Copper (Cu)

Initial solution concentrations of Cu were about 0.02 mg/L and
0.2mg/L in the FA- and the SD-residue, respectively (Fig. 3); i.e.
within the limits for inert waste. Initial Cu leaching resembled the
wash-out of DOC (not shown graphically) which is commonly sug-
gested to be the major process controlling Cu via complexation
[12,46-48]. DOC in eluates from the FA-column decreased from 6
to 1 mg/L within L/S 10L/kg. Analogically, DOC in the SD-column
decreased from 41 to 3 mgl/L within the same L/S range. Similarly
for both materials, leaching of Cu decreased rapidly during the ini-
tial leaching period and stayed around 1-6 p.g/L for the rest of the
experiments. This level could also be explained by solubility of
Cu(OH);(s) which has been suggested to control the leaching of
Cu from APC residues at pH >10 [12]. In total, less than 1% of Cu was
leached from either residue (Table 4).

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
solution concentrations were found close to 3 mg/L. High leaching
of Pb at high levels of salts pointed to inorganic complexation[1,12];
in addition, sorption to HFO/AIO can be used to explain the leaching
of Pb [8]. Between L/S 5 and 50L/kg, the leaching of Pb from both
FA- and SD-residue decreased below the limits for inert waste. At
L/S 50L/kg a one order of magnitude increase in Pb concentrations
could be observed in the FA-column. This corresponded with the
previously mentioned behavior of Ca, S, and Al (i.e. ettringite dis-
solution). Gougar et al. [29] reported incorporation of Pb2* in the
ettringite structure. Hence, a mobilization of Pb due to dissolution
of its bearing phase appeared to be a plausible explanation since
desorption of Pb%* from HFO/AIO surfaces is not expected at pH >10
[32]. Only a little increase in the leaching of Pb could be observed in
the SD-column. In addition, Al concentrations were found below the
detection limit. Thus, both substitution to ettringite and sorption
to HFO/AIO could be the controlling processes. The final leached
amounts corresponded to 110 mg/kg for the FA- and 22 mg/kg for
the SD-residue, respectively. This was approximately 1.6% and 1.1%
of the total mass of Pb in solid phase.

4.11. Zinc (Zn)

Initial leaching of Zn from both materials was rather alike
(Fig. 3) and solution concentrations between 5 and 10 mg/L classi-
fied both residues acceptable to landfills for non-hazardous waste.
After L/S 5L/kg, concentrations leveled at 0.2 and 1 mg/L in FA-
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and SD-column, respectively. In accordance with recent studies,
zincite and also willemite (Zn,SiO4) were suggested to possibly
control the solution concentrations [7,12]. A concentration decrease
observed after L/S 170L/kg in both residues could be caused by
two different mechanisms. Firstly, it could be linked with changes
in pH between L/S 125 and 250L/kg (see Fig. 1). Solubility of
zincite is 2.85 x 10~2 mmol/L (or 1.8 mg/L) at pH 12.4 and about
3.71 x 103 mmol/L (or 0.25mg/L) at pH 11.5. Secondly, as the
effect of pH was not clearly pronounced in the FA-column, the late
decrease in Zn concentrations may also indicate practical depletion
of available Zn. The total leached amount corresponded to only 1%
and <3% for the FA- and the SD-residue, respectively.

4.12. Leaching of oxyanions

At high pH and oxidizing conditions arsenic (As), chromium
(Cr), antimony (Sb), vanadium (V), and molybdenum (Mo) are
likely to form oxyanions: AsO43~, CrO42~, Sb(OHg)~, VO43~, and
Mo042- [32,39]. As such, they become rather mobile since sorp-
tion to HFO/AIO can be excluded. In addition, no “simple” solubility
controlling minerals are generally suitable to explain the observed
solution concentrations [42]. In this study, the leaching behavior of
As, Cr, Sb, and V was significantly different between the two materi-
als; consequently these elements are discussed separately for each
residue. The release of Mo showed no difference between the two
columns and is therefore discussed together for both residues.

4.12.1. Leaching of As, Cr, Sb, and V from the FA-residue
Concentrations of As, Cr, Sb, and V in leachates from the FA-
residue were, contrary to the SD-residue, above their detection
limits in all analyzed samples (Fig. 4). The initial leaching period
was characterized by decreases in Cr and Sb concentrations, while
V was increasing until L/S 2 L/kg and then decreasing afterwards.
The concentrations in all samples were below limits for inert waste.
Above L/S 50-100L/kg, an increase in solution concentrations of
all four elements was observed. In case of Cr and Sb this increase
corresponded well with Al release. Late leaching of oxyanions has
been suggested [49], however linked with significant changes in pH
which was not the case in our experiments. Cr, Sb and V appeared
to reach a concentration plateau at L/S >125L/kg whereas this

pH, Alkalinity
JUE 23 v

13
& I
12 0
Tn
10

L/S (Likg)

Alkalinity (meg/L)

89

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

Based on the speciation calculations two possible minerals were
suggested to control Cr release: Cr-containing analogue of ettrin-
gite (CagAly[CrO4]3[0OH]12-26H,0) and Ba(S,Cr)04 solid solution
[44,50]. The solubility of the latter phase could explain the level
observed between L/S 100 and 200 L/kg. For Sb, no suitable mineral
was found within the SIrange of —1 <SI < 1 as all Sb-containing min-
erals were found undersaturated by several orders of magnitude.
Release curves of As and V were found slowly decreasing towards
L/S 100 L/kg where an increase in the leaching was observed again.
In accordance with Saikia et al. [34], Ca3(AsO4), and Ca3(VOy4);
were found within the considered SI interval.

As mentioned previously, ettringite was suggested to form
in the leaching system. This mineral could affect the release of
the abovementioned oxyanions by substitution of anions (e.g.
AsO43~,Cr042-,Sb[OHg]~, and VO43-)inits structure [29,34]. Thus
assuming substitution, precipitation of ettringite would result in
incorporation of oxyanions hence lower their solution concentra-
tions; vice versa, ettringite dissolution enhanced by the exhaustion
of major elements would lead to increased solution concentrations
of the substituting oxyanions, as these would stay in solutions as
“free” ions at high pH levels observed in these systems.

4.12.2. 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
solution concentrations of As, Cr, Sb, and V decreased rapidly within
L/S 5L/kg. Between L/S 10 and 150 L/kg solution concentrations of
all four elements were found below their detection limits (shown
in Table 3). However, at L/S 150 L/kg an increase in the leaching of
Sb and V was detected; somewhat lower concentration levels than
in the FA-column were reached. Arsenic concentrations increased
as well, although not as dramatically and also at somewhat higher
L/S ratio of 175L/kg. The leaching of Cr did not appear to be
affected at all and its solution concentrations were found close to
the detection limit.
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Fig. 5. Results of forward percolation modeling compared with experimental data for the SD column. Experimental data in figure (A), (B), and (C) are represented by points
while model predictions are expressed in form of associated lines (see legend). Grey dashed line in figure (C) (not shown in legend) refers to a detection limit (DL) of Al
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4.12.3. Molybdenum (Mo)

Leaching curve of Mo was identical for both materials; solution
concentrations decreased during the initial period and then leveled
at 1 x 10-2 mg/L. The initial release of Mo from the FA-residue lev-
eled with the limits for hazardous waste whereas the SD-residue
could be considered inert waste (Fig. 4). Unlike other oxyanions,
Mo042- is not linked with the precipitation/dissolution of ettrin-
gite as it has been shown unfavorable for substitution due to a
difference in size compared with SO42~ [51]. In accordance with
previous studies [12,33], powellite (CaMo00O,4) was shown plausi-
ble to explain the high initial concentrations in the FA-residue (i.e.
around 10 mg/L). Complexation with the fulvic part of DOC and/or
complexation on HFO/AIO has recently been suggested as possi-
ble controlling processes for Mo [47]; Mo release curves in these
experiments were in fact comparable with the curves for Cu (Fig. 3).

4.13. Results of percolation modeling for the SD-column

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

These predictions were accomplished using a rather “simple”
set of minerals; the modeled L/S ratio would correspond to over
10,000 years in typical landfill. For the sake of simplicity, only
the solubility-controlled elements were considered thus both DOC
complexation and sorption to HFO/AIO could be omitted. More-
over, percolation was set-up using default parameters in PHREEQC
(i.e. assuming equilibrium) and no parameter fitting was used. As
calculated from the leaching curves, between 20% and 40% of ini-
tially present mass was removed within L/S 2 L/kg, primarily due to
removal of readily soluble salts. Such removal of solids will influ-
ence flow conditions in the column because of dynamic changes
in porosity. This issue was not considered in our modeling exer-
cise.

Nevertheless, in spite of being a simplified system, the mod-
eling provided useful insight. Overall, the interaction between
portlandite, gypsum and ettringite was shown crucial as these
minerals influenced both pH and leaching of major elements
(i.e. Ca and S), which in turn had an impact on the remain-
ing elements. Calcite played limited role at pH >10.5 in the
portlandite-gypsum-ettringite governed system. Similarly, the ini-
tial pH of the eluent (i.e. pH of distilled water before entering the
columns) had only negligible effect (modeled, not shown) due to
the huge acid-neutralization capacity of the residues [37].

5. Conclusions

Leaching from two different APC residues was monitored during
24 months of laboratory percolation experiments. Standard-based
column test was extended up to L/S 250L/kg (i.e. >10,000 years
in a typical landfill). In addition, the leaching data was subjected
to a two-step geochemical modeling approach. At first, possible
solubility-controlling minerals were identified. Next, a hypothetical
mineral assemblage was defined to comply with total composition
data, and the leaching of Ca, S, Al, Si, Ba, and Zn was modeled in
simplified percolation scenario. Based on the mineral assemblage
the pH and alkalinity was also modeled. Finally, the removal of
elements was calculated from the leaching curves by numerical
integration. Specific conclusions are:

e pH did not change dramatically during the entire leach-
ing period and was controlled by dissolution/precipitation

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, stratlingite,
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
residues are classified as hazardous waste based on their composi-
tion. However, according to the leaching-based classification only
a few parameters exceeded the limits for non-hazardous landfills.
The major problem was high leaching of salts (chloride and sul-
phate); in addition, few metals (e.g. Pb and Ba) were found close to
the upper limits for non-hazardous waste. An easy technical solu-
tion could be a simple pre-washing of the residues. A significant
fraction of Na, K, and CI will obviously be removed while Pb can be
removed as well; a rather significant fraction of Pb was shown to
be easily removable during wash-out of salts likely due to inorganic
complexation [1,12]. As for Ba, it is probable that some fraction of
Ba will be removed together with sulphate. Hence, the pre-washing
step may eventually result in changing the category to “non-
hazardous”. Overall, it is clear that environmental impacts from
leaching should not be related to total composition of the residues.
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