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bstract

Leaching of heavy metals from MSWI bottom ash exceeds some of the Flemish limit values for recycling the material as granular construction
pplication. In particular, leaching of Cu, Zn and Pb often exceeds the limit value, with Cu being the most critical. In order to recycle bottom
sh, treatment is therefore required. The bottom ash studied was divided on-site into four fractions using a large-scale wet sieving installation: a
ludge fraction (Ø 0–0.1 mm), a sand fraction (Ø 0.1–2 mm) and two gravel fractions (Ø 2–6 and 6–50 mm). The two gravel fractions complied
ith the limit values after 3 months of natural ageing. The sand and sludge fraction did not reach the limit value for Cu. Four weeks of accelerated

arbonation resulted in an important decrease of Cu leaching from these two fractions, although the limit value is still exceeded. In view of applying
arbonation as one of the treatment methods in an integrated industrial application, two tests were additionally performed. The use of stack gas as
arbonating medium was verified by setting up an accelerated carbonation experiment at the incineration plant. Also, the depth of carbonation was

easured in a 10 cm thick sample of the sand fraction after different periods of treatment. After 3 months of natural ageing only the upper 4 cm

nderwent a significant carbonation, while after one week of accelerated carbonation the total sample was carbonated. A model was developed to
redict these experimental results.

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

Bottom ash is the most important residue originating in the
rate furnace of a municipal solid waste incinerator (MSWI) as
t accounts for 80–90% of the total weight of all the residues.
lthough incineration enables to reduce the volume of the
riginal waste by up to 90%, the produced amounts of bottom
sh are still substantial. In Flanders (the northern part of Bel-
ium, 5.95 million inhabitants) 3.2 million tons of municipal
olid waste was collected in 2003 [1]. Roughly 1 million
ons were incinerated, resulting in 270,000 tons of bottom
sh.

Treatment of this bottom ash is important in view of sus-
ainable waste management. Bottom ash can replace the sand
r gravel fraction in concrete bricks or can be used as such

n foundations [2]. For bottom ash to be recycled, it must
omply with strict regulations, consisting of civil-technical
nd environmental requirements. In practice, the latter appear
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o be a problem as leaching of MSWI bottom ash exceeds
ome of the limit values for heavy metals, so that treatment is
equired.

Various treatment options applicable to waste incineration
esidues prior to their reuse or final disposal have been proposed
3], such as size separation, magnetic separation, washing, age-
ng/weathering, carbonation, chemical extraction, sintering, . . .

he most commonly used method is natural ageing of bottom ash
which includes reactions as oxidation, carbonation, neutrali-

ation of pH, dissolution, precipitation and sorption – through
torage in stockpiles open to the atmosphere for a period of 1–3
onths [4]. Carbonation has been recognised as one of the most

mportant ageing processes [5] and involves the absorption of
O2 by an initially alkaline material, which causes the pH to
ecrease and calcite to precipitate [6]. The carbonation reaction
an be accelerated using a gas with a higher CO2 percentage
han air. Using the CO2 from the stack gas of MSW incinerators
ight be an interesting option [7]. To introduce the CO2 needed
or carbonation, there are several possibilities: leading the CO2-
ich gas in counter-current over a thin layer of bottom ash on a
oving belt, or blowing the gas through tubes in the bottom ash

eaps [8].

mailto:stefanie.arickx@cit.kuleuven.be
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Nomenclature

C
g
CO2

CO2 concentration in the gas phase (mol/m3
g)

Cl
CO2

CO2 concentration in the liquid phase (mol/m3
l )

Cl
Ca(OH)2

Ca(OH)2 concentration in the liquid phase

(mol/m3
l )

Deff effective diffusion coefficient (m3
g/mtot s)

k pseudo-first order reaction rate constant of
the reaction: CO2 + Ca(OH)2 ↔ CaCO3 + H2O
(m3

g/m3
l s)

kr second order reaction rate constant of the reaction:
CO2 + Ca(OH)2 ↔ CaCO3 + H2O (m3

l /mol s)
RCa(OH)2 reaction term (pseudo-first order reaction in

Ca(OH)2 as the CO2 concentration is assumed
constant) (mol/m3

tot s)
RCO2 reaction term (pseudo-first order reaction in CO2

as the Ca(OH)2 concentration is assumed con-
stant) (mol/m3

tot s)
x depth measured from the upper part of the reci-

pient (m)

Greek symbols
εair fraction of pores filled with air in the wet bottom

ash (m3
g/m3

tot)
εwater fraction of pores filled with water in the wet bot-

tom ash (m3
l /m3

tot)
ρabsolute absolute density (bottom ash) (kg/l)
ρdry dry bulk density (bottom ash + air) (kg/l)
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ρwet wet bulk density (bottom ash + air + water) (kg/l)

In this paper, natural ageing and accelerated carbonation
re studied on the different fractions of bottom ash in order
o evaluate their potential for decreasing heavy metal leaching.
ccelerated carbonation was also performed on the sand fraction
sing the stack gas of the incinerator. In addition, the velocity of
arbonation in a 10 cm layer of bottom ash fraction was investi-
ated. A model for the carbonation reaction was developed and
valuated.

. Materials and methods

.1. Materials

The MSWI bottom ash used in this study underwent an on-
ite treatment after quenching. This wet treatment – consisting
f various cut, sieve and wash units – separated the light organic
raction and the fraction larger than 50 mm from the main stream,
nd sent these back into the incinerator. The main stream again
ent through a wet sieving process to produce three fractions: Ø
–2, 2–6 and 6–50 mm. Magnets removed ferrous material from

he gravel fractions (Ø 2–6 and 6–50 mm). The eddy current
echnique was used to separate non-ferrous material from the
–50 mm gravel fraction. The smallest fraction (Ø 0–2 mm) was
eparated in a sand fraction (Ø 0.1–2 mm) and a sludge fraction

a
e
2
A
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Ø 0–0.1 mm). The weight percentages of the sludge, sand and
ravel fractions (Ø 2–6 and 6–50 mm) were 8%, 32%, 14% and
7%, respectively. After collection, the four fractions were dried
t 50 ◦C for 9 days and stored in closed buckets to slow down
urther transformation reactions.

.2. Characterization

The moisture content of each bottom ash fraction was deter-
ined by weighing a sample, drying the sample at 105 ◦C for

4 h and weighing it again.
Leaching of metals from the bottom ash fractions was tested

sing the EN 12457-2 test. In this test, 10 g of dry material
as stirred in 100 ml of distilled water for 24 h. The NEN
343 column test, formally required in Flanders as a compli-
nce test for recycling as granular construction material, was
lso performed on the sand fraction to compare both tests. In
he NEN 7343 test a column was filled with material and per-
olated with distilled water (acidified to pH 4) from bottom to
op. The eluate was collected in seven fractions, corresponding
o a total liquid to solid ratio (L/S) of 10 and requiring 3
eeks of testing. The procedure of both tests has already been
escribed in more detail elsewhere [9]. After filtration of the
eachates over a 0.45 �m membrane, the metals in the eluates
ere measured with a VG PlasmaQuad PQ-2 Plus ICP-mass

pectrometer.
In order to evaluate the pH dependence of metal leaching from

ncarbonated and carbonated (4 weeks) sand fraction, different
olumes of concentrated HNO3 or 1 M NaOH were added to the
eachant to obtain different leaching pH’s at the end of the EN
2457-2 test.

.3. Natural ageing experiments

Samples of dried sand and gravel fractions were rehumidified
o their original moisture content. As the dried sludge fraction
as too solid to work with, natural ageing experiments were
ot performed on this fraction. Samples of 25 ± 1 g sand frac-
ion and 50 ± 1 g gravel fraction (Ø 2–6 mm) were spread out in
everal Petri-dishes (Ø 90 mm), which resulted in layers of ca. 3
nd 6 mm thickness, respectively. Samples of 120 ± 1 g gravel
raction (Ø 6–50 mm) were put in glass recipients (∅ 50 mm),
esulting in layers of ca. 7 cm thickness. The Petri-dishes and
lass recipients were placed in contact with atmospheric air
CO2 percentage of 0.03 vol.%) in the laboratory. After 1, 2,
, 4, 8 and 13 weeks, samples were removed and their mois-
ure content was determined. Metal leaching was subsequently
ested using the EN 12457-2 test. After filtration, leachates were
nalysed to determine pH and metal concentrations (using ICP-
S).
To study the depth of carbonation as a function of time, sam-

les of sand fraction were put in several glass recipients of 10 cm
eight (Ø 100 mm) and also placed in contact with atmospheric

ir in the laboratory. After 2, 4, 7 and 12 weeks, a glass recipi-
nt was taken and the sample of 10 cm height was divided into
0 subsamples, each consisting of a subsequent layer of 0.5 cm.
s carbonation is accompanied by a decrease of the leachate
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H, the latter parameter can be used to evaluate the extent of
arbonation.

.4. Accelerated carbonation experiments

Accelerated carbonation tests were carried out in a Sanyo
CO-17AI chamber to control the CO2-percentage and the tem-

erature in the atmosphere. The following optimal parameters
ere used: 10% CO2 and 50 ◦C. The same amounts of sam-
les and the same testing procedure (determination of moisture
ontent, EN 12457-2 leaching test, filtration and determination
f pH and metal concentrations in the eluates) were used as
n the natural ageing experiment. Samples were removed from
he chamber after 1, 2, 3 days and 1, 2, 3, 4 weeks. Additional
amples were taken of the sand fraction after 1, 2, 3 and 6 h.
s the accelerated carbonation experiment was performed on

resh bottom ash samples (with their initial ash moisture con-
ent), the experiment was also performed on samples of 25 ± 1 g
ludge fraction, which resulted in layers of ca. 3 mm thickness
n several Petri-dishes (Ø 90 mm). More details about the accel-
rated carbonation experiments and the determination of the
ptimal parameters are provided in former research [10].

As the stack gas of the incinerator contains 10% CO2, its use
s carbonating medium was verified by setting up an experiment
t the incineration plant. More information about the flue gas
reatment process of the particular incineration plant is pro-
ided elsewhere [11]. Stack gas (temperature 112 ◦C, humidity
1 vol.%) was pumped (flow rate 0.339–0.369 m3/min) through
column (Ø 48 mm, length 209 mm) packed with 481.6 g

f sand fraction. After 1, 2, 3 days and 1, 2, 3, 4 weeks the
olumn content was mixed and a sample of ca. 50 g was taken.
fterwards, the remaining material was mixed and loaded back

nto the column. The removed sample was replaced by inert
ilica wool. During the experiment, some problems occurred
aused by condensation of the stack gas on the bottom ash.
his condensate increased the resistance of the packed column,
hich resulted in several short interruptions of the experiment

nd a fluctuating flow rate of the stack gas through the packed
olumn. A condensate sample was collected each time a sample
f sand fraction was taken. After determining the moisture
ontent, the samples of sand fraction were leached using the EN
2457-2 test. In the filtered eluates and the condensate samples
H and metal concentrations were determined.

The carbonation rate was studied on samples of sand fraction
ut in glass recipients of 10 cm height (Ø 100 mm) in the CO2
hamber. After 1, 2, 3 days and 1, 2, 3, 4 weeks, a glass recipient
as taken and tested in the same way as in the similar natural

geing test.

.5. Modelling of the carbonation rate (see Nomenclature
ist)

.5.1. Model

Carbonation, the reaction of CO2 and Ca(OH)2 leading to

aCO3 and H2O, is controlled by two mechanisms: CO2 diffu-
ion from the air through the porous system up to the reaction
ront (at each particle) and the reaction of diffused CO2 with
Materials B137 (2006) 235–243 237

a(OH)2 after dissolution in the thin water film surrounding
ach particle [7,8,12,18]. These two mechanisms correspond to
he first and second term in Eq. (1), the differential equation
escribing the carbonation process.

air
∂C

g
CO2

∂t
= Deff

∂2C
g
CO2

∂x2 − RCO2 (1)

A constant porosity εair and effective diffusion coefficient
eff are assumed. The reaction term RCO2 is modelled as a

econd order reaction in CO2 and Ca(OH)2 with both concen-
rations in the liquid phase (RCO2 = εwaterkrC

l
CO2

Cl
Ca(OH)2

).
he porosity εwater is essential for unit conformity. The
O2 concentration in the liquid phase is converted into the
orresponding value in the gaseous phase using the Henry’s law
temperature: 25 ◦C for natural ageing experiment and 50 ◦C
or accelerated carbonation experiment). Assuming a constant
a(OH)2 concentration in the reaction term RCO2 (this means

hat whenever some dissolved Ca(OH)2 reacts with CO2, new
a(OH)2 dissolves), the reaction kinetics becomes pseudo-first
rder (RCO2 = εwaterkC

g
CO2

) and Eq. (1) may be integrated
nalytically.

As the objective of the model is to calculate pH, a second
ifferential equation Eq. (2) needs to be integrated. The reaction
erm RCa(OH)2 is identical to RCO2 except for the assumption here
f a constant CO2 concentration (instead of constant Ca(OH)2
oncentration in RCO2 ).

∂Cl
Ca(OH)2

∂t
= −RCa(OH)2 (2)

From here, pH can be easily calculated as the assumption is
ade that pH is controlled by the dissolution of Ca(OH)2. As pH

ontrol is not exerted by Ca(OH)2 for carbonated materials, but
ather by CaCO3, deviations from experimental and predicted
H values can be expected, particularly for the higher carbona-
ion degrees. However, as the model was used to calculate not
nly pH for carbonated materials, but also for uncarbonated and
artly carbonated materials, the assumption of pH control by
a(OH)2 was considered valid for a simple model. An iterative

cheme is developed to solve the differential system of Eqs. (1)
nd (2) and implemented in Matlab.

.5.2. Determination of the model parameters
Several parameters need to be determined for the differential

ystem of Eq. (1) and (2) to be solved. Both porosities (εair = 0.51
nd εwater = 0.22) were calculated from the dry bulk density
ρdry = 0.66 kg/l), wet bulk density (ρwet = 0.88 kg/l) and abso-
ute density of the bottom ash fraction (ρabsolute = 2.41 kg/l) by
qs. (3) and (4). The dry and wet bulk densities were determined
y weighing a volume of 1 l of non compacted dry respectively
et sand fraction. The absolute density was measured with a
ycnometer according to BS 812 [13].

air = Vair
Vair + Vwater + Vbottom ash

= (1/ρwet) − (ρdry/ρwet)(1/ρabs) − ((ρwet − ρdry)/ρwet)

(1/ρwet)
(3)
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water = Vwater

Vair + Vwater + Vbottom ash
= ((ρwet − ρdry)/ρwet)

(1/ρwet)
(4)

Other parameters were taken from literature: the effective dif-
usion coefficient Deff [14] and the Henry constants [15]. The
ffective diffusion coefficient of CO2 in pores is known to be
trongly correlated with the relative humidity. As no specific
nformation was available for the bottom ash used, the effec-
ive diffusion coefficient of CO2 in concrete pores was assumed
1E−8 m2/s). Further research should determine the exact effec-
ive diffusion coefficient in the bottom ash sand fraction. The
nitial CO2 concentration was calculated using the ideal gas law,
ssuming the presence of 0.03% CO2 in air. The initial Ca(OH)2
oncentration was calculated by means of the initial pH. One
arameter, the reaction rate constant kr, was considered as the
nly degree of freedom and used to fit the experimental results.

. Results and discussion

.1. Characterization of the bottom ash fractions

Immediately after sampling, the bottom ash fractions had
moisture content (m/m) of 39.6% (Ø 0–0.1 mm), 26.6% (Ø

.1–2 mm), 5.0% (Ø 2–6 mm) and 4.4% (Ø 6–50 mm). After
rying in view of storage, the moisture content (m/m) was about
.0%, 2.5%, 0.4% and 0.1%, respectively. As shown in Table 1,
lemish leaching limit values are exceeded for Cu, Zn, Pb, Cd,
i, Ba, Mo and Sb. For the latter three elements, however, limit
alues have only been informally proposed. The leaching con-

entrations of Cu, Zn and Pb – the three metals mostly exceeding
imit values – were initially exceptionally high for this type of
ottom ash. Leaching values of different batches of fresh sand
raction usually range from 3 to 7 mg/kg dry matter (DM) for

t
2
a
i

able 1
eaching concentrations (mg/kg DM) and leachate pH of fresh bottom ash fractions (

imit values (regulated metals and non-regulated metals) for recycling of granular ma

Flemish limit value Sludge fraction (Ø 0–0.1 mm) Sand fraction (Ø

H 12.9 12.1 ± 0.2

egulated metals
As 0.8 <0.01 <0.01
Cd 0.03 0.035 <0.01
Cu 0.5 217.40 38.85 ± 3.39
Cr 0.5 0.27 0.16 ± 0.06
Hg 0.02 n.a. n.a
Ni 0.75 4.03 0.17 ± 0.06
Pb 1.3 18.78 7.62 ± 1.78
Zn 2.8 21.61 3.76 ± 0.79

on-regulated metals
Ba 1.6 7.18 7.46 ± 0.53
Co 0.25 <0.01 <0.01
Mo 0.2 2.41 1.12 ± 0.12
Sb 0.1 0.08 0.47 ± 0.20
Se 0.04 <0.01 <0.01
V 0.8 0.62 0.54 ± 0.11

.a., not analysed. The values of the sand fraction are given as an average of 15 sam
alue are in bold.
Materials B137 (2006) 235–243

u and from 0.5 to 3 mg/kg DM for Zn and Pb. Cu leaching is
he most critical and will therefore be focused on.

Table 2 compares the metal concentrations obtained with
he two different leaching tests performed on the sand fraction
stored and 2 weeks carbonated). For Pb and Cu leaching, the
ifference between the two tests seems important. This is pro-
ably due to the heterogeneous character of the sand fraction (see
lso Table 1), which manifests itself most using the one-stage
xtraction test (small sample amount). However, as both tests
ave a similar effect on metal leaching and taking into account
he long test duration and the large sample volume needed for
he column test, the use of the one-stage extraction test (EN
2457-2) is justified.

.2. Natural ageing

During natural ageing, the leachate pH of samples of sand
raction gradually decreases from 12.1 to 10.7 (after 3 months).
heir moisture content (m/m) decreases from 26.6% (at the
tart) to 2.4% after 1 week and then gradually decreases fur-
her to 2%. The effect of natural ageing on Cu leaching for
amples of sand fraction is shown in Fig. 1. Three months of
atural ageing is clearly not sufficient for Cu to reach its limit
alue of 0.5 mg/kg DM in these samples. Moreover, the leaching
f Cr increases from 0.2 mg/kg DM to 1.1 mg/kg DM. Leach-
ng of Zn and Pb decreases within the first week to below
he limit value. Other (informally regulated) metals such as

o, Sb and Ba still exceed their limit value after 3 months of
geing.

The gravel fractions show a more fluctuating pH path. During

he first week, the moisture contents (m/m) decrease from 5% (Ø
–6 mm) and 4% (Ø 6–50 mm) to 0.8% and 0.4%, respectively,
nd then remain constant. Table 3 [16] shows the average leach-
ng values of the two gravel fractions after 3 months of natural

October 2003) using the EN 12457-2 extraction test, together with the Flemish
terial in construction applications

0.1–2 mm) Gravel fraction (Ø 2–6 mm) Gravel fraction (Ø 6–50 mm)

9.7 9.2

<0.01 <0.01
<0.01 <0.01
2.40 0.72
0.04 0.04
n.a. n.a.
0.04 0.02
0.09 0.08
0.18 0.20

2.11 1.02
<0.01 <0.01
0.28 0.18
0.67 0.59
<0.01 <0.01
0.46 0.18

ples, together with the standard deviation. Measurements exceeding the limit
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Table 2
Leaching concentrations (mg/kg DM) and leachate pH of stored (March 2004) and carbonated (during 2 weeks) bottom ash sand fraction obtained by two different
leaching tests (NEN 7343 column test and EN 12457-2 one-stage extraction test) together with the Flemish limit values (regulated and non-regulated metals) for
recycling of granular material in construction applications

Flemish limit value Stored sand fraction Carbonated sand fraction

NEN 7343 EN 12457-2 NEN 7343 EN 12457-2

pH 11.7–12.5 12.1 7.6–8.4 8.6

Regulated metals
Cu 0.5 39.22 ± 0.92 29.26 ± 1.79 7.98 ± 0.41 8.14 ± 0.48
Zn 2.8 2.97 ± 0.43 2.81 ± 0.21 1.76 ± 0.06 1.63 ± 1.10
Pb 1.3 12.39 ± 1.10 4.8 ± 0.07 0.09 ± 0.01 0.60 ± 0.71
Cr 0.5 0.02 ± 0.01 0.08 ± 0.02 0.02 ± 0.01 0.05 ± 0.02
Ni 0.75 0.17 ± 0.01 0.12 ± 0.06 0.30 ± 0.04 0.22 ± 0.03

Non-regulated metals
Mo 0.2 1.00 ± 0.01 0.75 ± 0.02 0.72 ± 0.02 0.52 ± 0.01
Sb 0.1 0.17 ± 0.01 0.32 ± 0.03 0.98 ± 0.03 0.95 ± 0.02
V 0.8 0.19 ± 0.04 0.23 ± 0.03 0.37 ± 0.01 0.33 ± 0.01
Ba 1.6 5.19 ± 0.24 6.15 ± 0.46 0.56 ± 0001 1.16 ± 0.23

T . Mea

a
t
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a
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F
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t
a

he values are given as an average of two samples with their standard variation

geing. As they comply with the limit values after natural ageing,
hey are used as granular material in foundations.

The results of the natural ageing test to study the carbonation

ate as a function of time, are shown in Fig. 2(a). The results
fter 7 weeks of natural ageing are not given as Fig. 2(a) would
ecome unclear. After 3 months of natural ageing, only the upper

ig. 1. Cu leaching as a function of time during natural ageing (sand fraction,
ovember 2003–February 2004).

able 3
verage leaching concentrations (mg/kg DM) of the gravel fractions after 3
onths of natural ageing for the period April 2002–May 2003 (at the incinerator

lant)

As Cd Cr Cu Hg Ni Pb Zn

lemish limit
value

0.8 0.03 0.5 0.5 0.02 0.75 1.3 2.8

ravel fraction
(Ø 2–6 mm)

0.02 <0.01 0.03 0.34 – 0.03 0.03 0.03

ravel fraction
(Ø 6–50 mm)

0.02 <0.01 0.04 0.32 – 0.04 0.04 0.10

o
n
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surements exceeding the limit value are in bold.

cm underwent significant carbonation. The modelled result of
his natural ageing test is shown in Fig. 2(b). In spite of the many
ssumptions made (see Section 2.5), the model predicts the trend
f pH decrease. As the model only takes into account the carbo-
ation reaction, the correspondence between experimental
esults and modelling indicates that carbonation is indeed one
f the most important reactions in the natural ageing process.
owever, the simple model cannot predict the experimental

esults accurately. Besides the limits of the model itself (mainly
he assumption of the pH control by Ca(OH)2 dissolution and the
ssumed effective diffusion coefficient), this implies that also
ther reactions (for example adsorption on newly formed min-
rals, complexation, hydrolysis and dissolution/precipitation
3,4,17–20]) must play a role in the ageing process.

.3. Accelerated carbonation

.3.1. Laboratory scale experiments
Fig. 3(a) and (b) show the time evolution of the leachate

H and moisture content (m/m) of sludge and sand fraction
amples subjected to accelerated carbonation. Within the first
4 h an important pH decrease occurs, afterwards the pH slowly
ecreases further to around 8.5. The moisture content (m/m)
ecreases during the first 3 days from 39.6% (sludge fraction)
nd 26.6% (sand fraction) to 13.8% and 6.5%, respectively,
nd then remains constant. The overall influence of accelerated
arbonation on Cu leaching is significant (Fig. 4): from 40 to
mg/kg DM for the sand fraction and from 217 to 21 mg/kg
M for the sludge fraction, with the main decrease taking place
ithin the first 24 h. However, leaching still exceeds the Fle-
ish limit value of 0.5 mg/kg DM. A similar evolution of pH

nd Cu leaching for the sand fraction is already described else-

here [21]. Accelerated carbonation has very little influence on

he gravel fractions because they consist of more inert material,
uch as SiO2, hence the lower leachate pH of the fresh fractions
Table 1).
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Fig. 2. (a) Experimental results of natural ageing test; (b) modelled results of natural ageing test. The results after 7 weeks are not given.
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Fig. 3. pH and moisture content as a function of time durin

To explain the change of Cu leaching from samples of sand
raction exposed to accelerated carbonation for different periods
f time (Fig. 4), several parameters have to be considered. As
arbonation causes the pH to decrease and metal carbonates
o form, these two parameters were investigated. Fig. 5 shows
he Cu leaching as a function of pH, both for uncarbonated and
arbonated (during 4 weeks) sand fraction. The experimental
esults in the pH range from 8 to 12 suggest that both pH
ecrease and carbonate formation are important factors. How-

ver, as calculations with the geochemical speciation program
isual Minteq cannot explain Cu leaching completely [18],
ther factors must be taken into account. Complexation with
rganic material [22–24] and sorption to Al-/Fe-oxides [22,25]

ig. 4. Cu leaching as a function of time during accelerated carbonation (sand
nd sludge fraction, October 2003).

s

3

f

elerated carbonation: (a) sludge fraction, (b) sand fraction.

re two factors that are reported to influence Cu leaching but
hat are not considered in the Visual Minteq calculations. These
actors are still under investigation.

For the other regulated metals (Zn, Pb, Ni and Cr), the limit
alues are complied with within the first hours of accelerated
arbonation. For the amphoteric elements Zn and Pb, this is
aused by the pH decrease as a consequence of carbonation.
oth pH decrease and carbonate formation cause Ni leaching to
ecrease. Cr, forming chromate, behaves as oxyanion and has a
pecific leaching behaviour [10].
.3.2. Use of stack gas from the incinerator
Accelerated carbonation was also performed using stack gas

rom the incinerator. As already mentioned in Section 2.4 the

Fig. 5. pH-variation test of Cu (sand fraction).
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Table 4
Experiment at the incineration plant (use of stack gas) vs. CO2 chamber: pH and
leaching of metals (mg/kg DM) as a function of time

Time
(days)

pH Cu Cr Ni Pb Zn Ba Mo Sb V

Incineration plant
0 11.9 36.0 0.2 0.1 5.3 2.7 7.6 1.9 0.7 0.2
1 10.5 16.0 0.2 0.1 0.1 0.2 1.4 1.2 1.9 0.3
2 10.4 15.8 0.2 0.1 0.1 0.1 1.4 1.2 1.9 0.3
3 9.7 13.2 0.1 0.2 0.1 0.2 1.3 1.2 1.8 0.3
7 9.6 4.6 0.2 0.1 1.0 1.6 0.8 0.2 1.3 0.2

14 9.1 3.8 0.2 0.1 0.3 0.8 0.9 0.2 1.4 0.1
21 8.9 5.4 0.1 0.1 0.7 1.4 0.7 0.1 1.2 0.1
28 8.6 4.3 0.1 0.1 0.3 0.7 0.5 0.1 1.3 0.1

CO2 chamber
0 12.5 38.0 0.2 0.2 8.3 3.8 7.5 1.1 0.5 0.6
1 9.2 14.8 0.3 0.3 1.4 2.9 2.1 1.1 2.3 1.2
2 8.7 9.9 0.1 0.1 0.1 0.4 1.6 0.9 1.6 0.9
3 7.9 8.9 0.2 0.2 1.2 2.4 1.9 0.8 1.4 0.9
7 7.9 6.8 0.1 0.2 0.2 0.7 1.5 0.7 1.2 0.8

14 8.4 5.1 0.1 0.2 0.1 0.6 1.4 0.7 0.9 0.8
21 8.6 5.2 0.1 0.1 0.2 0.8 1.5 0.7 1.1 0.8
28 8.6 4.0 0.1 0.1 0.1 0.5 1.3 0.6 0.8 0.7
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considering the reaction rate constant as degree of freedom limit
tack gas had a high percentage of humidity (21 vol.%), which
esulted in condensate formation on the bottom ash. Heavy
etal concentrations and pH were measured in these conden-

ate samples. The pH ranged from 7.0 to 7.9. Heavy metal
oncentrations were high in the first condensate sample, but
he total concentration of each of the heavy metals decreased
o less than 1 ppm in the subsequent samples and thus negligi-
le. As the first sample consisted of only 120 ml, it was not
aken into account either. However, this condensate problem
as to be dealt with when one wants to perform accelerated
arbonation with the stack gas as it causes an amount of waste-
ater. Collecting the water in the stack gas before leading it
ver the bottom ash would be an appropriate solution. Due
o the water in the stack gas, the moisture content (m/m) in
he samples periodically taken from the column increases from
6.6% at the start to 33.7% after 1 day and 36.2% at the end
f the experiment (4 weeks). The Table 4 shows the evolu-
ion of pH and Cu leaching of the different samples of sand
raction (without taking into account the condensate samples)
n comparison with the results obtained in the CO2 chamber.
he decrease of pH and Cu leaching is slightly faster in the
O2 chamber, but the results appear comparable. This conclu-

ion is also applicable to the leaching of the other regulated
etals (also shown in Table 4). Although accelerated carbona-

ion cannot yet improve the leaching characteristics of the sand
raction enough to comply with Flemish regulation, the avai-
ability of CO2 containing gas is an important advantage of this
reatment technique from an industrial point of view. Besides,
ther benefits could be considered if the (totality of) bottom ash
as treated using stack gas from the incinerator: a part of the

O2 would be removed from the stack gas (Kyoto Protocol)
nd the accelerated carbonation treatment would significantly
educe storage duration. Moreover, it would ensure that the

t
i
t

Fig. 6. Accelerated carbonation (moving belt) (after [8]).

upplied bottom ash is totally carbonated and stabilized before
euse [26].

.3.3. Study of the carbonation rate
The practical set-up for accelerated carbonation can be

chieved in different ways. In Fig. 6, one option (leading the
tack gas in counter-current over a layer of bottom ash on a
oving belt) is shown. In this process several parameters influ-

nce the carbonation rate, namely the thickness of the layer of
ottom ash, the velocity of the moving belt (or the residence
ime of the bottom ash on the belt) and the CO2 percentage in
he flue gas. For this reason, the study of the carbonation rate in
10 cm thick sample of sand fraction was performed. After one
eek of accelerated carbonation, the total sample was carbo-
ated (Fig. 7(a)).

Modelling of this test would allow variation of the different
arameters and calculation of the optimal parameters without
aving to perform new experimental tests. Fig. 7(b) shows the
odelled results of the accelerated carbonation test. As in the

ase with the natural ageing test, the model predicts the trend
f pH decrease, however, not accurately. The deviations from
xperimental and modelled results appear to be particularly
elevant for the higher carbonation degrees, which may probably
e explained by the assumption of pH control by Ca(OH)2
issolution. Presumably, better prediction by the model could
e obtained if the amount of carbonate species formed instead of
H was taken as the control variable of the carbonation process.
owever, also other assumptions made, mainly the constancy
f the Ca(OH)2 concentration in the reaction term RCO2 (to
implify the model as no numerical integration methods were
eeded), the assumed effective diffusion coefficient, taking into
ccount only the global reaction of CO2 with Ca(OH)2 and
he use of this model. Hence calculation of optimal parameters
s not yet performed in this stage of the development of
he model.
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Fig. 7. (a) Experimental results of accelerated carbonat

. Conclusions

Leaching concentrations of Cu, Zn, Pb, Mo, Sb and Ba –
ith Cu being the most critical – are too high in different size

ractions of bottom ash in Flanders.
Three months of natural ageing is an adequate treatment for

he gravel fractions in view of recycling. However, it is not suf-
cient for the sand and sludge fraction to comply with the limit
alues. Cu and Cr leaching still exceed the limit value after
his treatment. Accelerated carbonation may have potential for
he treatment of the bottom ash sand and sludge fraction. Cu
eaching decreases significantly within 4 weeks of accelerated
arbonation, with the main decrease taking place within the first
4 h, but the limit value is not complied with. However, all other
egulated metals besides Cu, do reach the limit value using the
ccelerated carbonation technique. It has been shown that acce-
erated carbonation can be performed using stack gas from the
ncinerator. Thus, the bottom ash quality is improved and at
he same time the emission of the greenhouse gas is lowered.
ossibly a combination of accelerated carbonation with other

echniques (e.g. extraction or heating) in an integrated treatment
nstallation could result in a Cu leaching to below the limit value.

The carbonation reaction was modelled, to study the velocity
f carbonation in view of an industrial application. In spite of the
any assumptions made (pH control by Ca(OH)2 dissolution,

ffective diffusion coefficient derived from concrete materials,
onsideration of the reaction coefficient as a degree of freedom),
he model shows that carbonation is indeed a major reaction
n the ageing process of bottom ash. The model shows a pH
ecrease similar to the experimental results, but the assumptions
rovided above need to be modified or removed for the model
o become applicable.
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