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Abstract

During bottom ash weathering, carbonation under atmospheric conditions induces physico-chemical evolutions leading to the pacification
of the material. Fresh bottom ash samples were subjected to an accelerated carbonation using pure CO2. The aim of this work was to quantify
the volume of CO2 that could be sequestrated with a view to reduce greenhouse gas emissions and investigate the possibility of upgrading
some specific properties of the material with accelerated carbonation. Carbonation was performed by putting 4 mm-sieved samples in a CO2
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hamber. The CO2 pressure and the humidity of the samples were varied to optimize the reaction parameters. Unsieved materia
ested. Calcite formation resulting from accelerated carbonation was investigated by thermogravimetry and differential scanning c
TG/DSC) and metal leaching tests were performed. The volume of sequestrated CO2 was on average 12.5 L/kg dry matter (DM) for unsie
aterial and 24 L/kg DM for 4 mm-sieved samples. An ash humidity of 15% appeared to give the best results. The reaction was
ccelerated at high pressure but it did not increase the volume of sequestrated CO2. Accelerated carbonation, like the natural phenome
educes the dangerous nature of the material. It decreases the pH from 11.8 to 8.2 and causes Pb, Cr and Cd leaching to decrease
ould reduce incinerator CO2 emissions by 0.5–1%.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The objective of integrated waste management is to deal
ith society’s waste in an environmentally and economically
ustainable way. Moreover, the consequences resulting from
he increasing concentration of human-induced greenhouse
ases are central to the debate over global change. There is
considerable discussion at scientific and industrial levels

bout how to limit emission the best.
Under this framework of integrated waste management,

hermal treatment represents an appropriate option for reduc-
ng the amount of waste to be landfilled. Besides it allows
aste hygienization[1]. The major advantage of this process

s the dramatic reduction of the waste volume, typically by
0%[2], as well as the energy recovery from burnable waste.

∗ Corresponding author. Tel.: +33 4 72 43 88 41; fax: +33 4 72 43 87 17.
E-mail address: eva.rendek@insa-lyon.fr (E. Rendek).

However, the incineration of municipal solid waste g
erates solid residues, bottom ash and fly ash, as we
atmospheric emissions containing about 12% (v/v, dry
of CO2 [3].

These emissions are treated to reduce main pollu
content (HCl, HF, CO, NOx, etc.) but the totality of CO2 is
released to the atmosphere. As for solid residues, in
European countries bottom ash and fly ash are separate
to management. About 50% or more of stockpiled munic
waste incinerator bottom ash is used as a secondary bu
material or for similar purposes, in road sub-bases
the construction of embankments, wind and noise bar
and other civil engineering structures[4–8]. In France
for 64% of MSWI bottom ash, a period of weathering
required before reuse and MSWI bottom ash is sto
during several months on weathering areas[9]. Actually,
MSWI bottom ash is incinerated at high temperatures
thereafter cooled rapidly. The material is then unstable u
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atmospheric conditions. Weathering will therefore stabilize
the material by changing its mineralogical characteristics.
It will have some positive effects as decreasing heavy metal
leaching[10–12]. Carbonation has been recognized to be
an important step in weathering process[13–15]. It involves
the CO2 dissolution in water at initially alkaline conditions.
This causes pH to decrease and calcite to precipitate until
the material is in equilibrium with CO2. Moreover, heavy
metals (Cd, Cr, Pb, Zn) can be trapped in the newly formed
minerals. Calcite is the predominant newly formed mineral
during bottom ash maturation, combined with aluminium
hydroxides and various sulfates[11,12].

On weathering areas, the CO2 source is the atmospheric
CO2. However, it has been proved that the natural carbon-
ation process can be accelerated, using different sources of
CO2 and a few methods have already been experimented at
laboratory scale on different MSWI bottom ash and other cal-
cic residue[14–19]. Moreover, accelerated carbonation may
represent a proper pre-treatment stage prior to either recycling
or landfilling bottom ash[1]. The carbon dioxide source can
be either pure CO2 or any other CO2-rich gas such as certain
industrial emissions. Consequently, using bottom ash CO2
sequestration capacity to treat industrial emissions could be
another interesting possibility of ash utilization. This process
could both help reducing the greenhouse effect and reducing
bottom ash storage duration by accelerating weathering reac-
t
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Table 1
Chemical composition in major elements of MSWI samples (wt.%)

Element wt.%

SiO2 49.3
CaO 16.3
Al2O3 7.5
Fe2O3 7.6
MnO 0.1
MgO 2.6
Na2O 6.0
K2O 1.1
TiO2 0.6
P2O5 1.2
TOC 1.5
S tot 0.3
Cl 0.4

laboratory over a period of three years showed that this com-
position is quite constant[14,15].

2.2. Determination of water content

The water content of bottom ash was tested by weighting
a sample, drying the sample at 105◦C for 24 h and weighting
it again.

2.3. Accelerated carbonation of bottom ash

The experiments were performed at room temperature in
a high pressure vessel. It consisted in a metallic cylinder of
150 mL internal volume connected to an industrial grade CO2
container. CO2 pressure in the reaction chamber was moni-
tored through manometers with a pressure range of 1–20 bar.

About 100 g of MSWI bottom ash were weighted and
introduced in the vessel. After removing the air initially
present in the chamber, the chosen CO2 pressure was estab-
lished. The sample was removed after determined reaction
times, weighted and reintroduced in the vessel. Each exper-
iment was stopped when the sample weight remained con-
stant, that is to say when the carbonation reaction had ended.

Several parameters were tested to characterize carbonation
efficiency:

•
•
•

few
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ions[14–17].
To this end, we first investigated accelerated carbon

eaction using pure CO2. The objective of the present wo
as to quantify the volume of CO2 that could be removed an
ptimize the carbonation reaction in order to understand

he possibilities and limitations are with a view to techn
pplication.

. Materials and methods

.1. Bottom ash description

The bottom ash used in this study came from a MS
acility in France. This plant is equipped with an ene
ecovery system. The facility is located in the metropol
rea of Lyon and began to operate in 1989. In 2003, it han
80,000 t of mainly household waste stream and prod
oth electricity power (40,000 MWh) and heat to a dis
eating system (100,000 MWh). The resulting solid resid
onsisted in 43,200 t of bottom ash and 4140 t of fly ash
ected by electrostatic filters. The temperature at the
lters is about 250◦C. At present the two residue strea
re collected and managed separately. After combusti
50◦C, bottom ash is dropped into a water quench tank. A
uenching, a magnetic separation is performed.

Samples for experiments have been taken from open
ge piles in a weathering area after only a few day
eathering. Their chemical composition in major elem
as analyzed (Table 1). Previous studies carried out in o
reaction time;
carbon dioxide pressure (2, 3, 5, 7, 11, 17 bar);
moisture content of ash.

Samples were sieved through a 4 mm-sieve. For a
xperiments, unsieved material was also tested.

The initial humidity of bottom ash was 25% (w/w). Diffe
nt samples ranging from 5% to 25% moisture content
repared by drying fresh material at 105◦C. Drying duration
ad been determined by preliminary tests.

.4. Leaching tests

The leaching tests were performed at an initial liq
o solid ratio (L/S) of 10 L kg−1 with distilled water. Sam
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ples were rotated at 11 rpm during 24 h. After this leaching
time samples were filtered at 45�m and the pH was mea-
sured. Metal concentrations in the leachates were analyzed
by inductively coupled plasma and atomic emission spec-
trometry (ICP-AES) with a Jobin Yvon Horiba analyzer.

2.5. Thermal analyses

Using a Setaram LABSYS TG DSC 1600 thermal ana-
lyzer, two techniques of thermal analysis were applied, viz.
thermogravimetry (TG) and differential scanning calorimetry
(DSC). This apparatus allowed to record, as a function of tem-
perature, both the mass sample evolution (TG), and the heat
flow variation between the sample and a reference (DSC).
Thermograms provide information about chemical reactions
(e.g. oxidation and decomposition), physical processes (e.g.
vaporization, sublimation, desorption), and thermal behavior
(e.g. exothermic and endothermic reactions).

For these analyses, a mass of about 20 mg of the ash sam-
ple was placed inside an alumine crucible. The samples were
heated linearly at a heating rate of 10◦C/min to 1000◦C under
an inert atmosphere of argon. The temperature of the sample
and reference were recorded by a platinum/rhodium thermo-
couple (type S), and a high-precision balance registered the
potential weight loss due to evaporation/decomposition of the
s
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Fig. 1. Gain of carbonate content as a function of carbonation time for five
different CO2 pressures ranging from 2 to 17 bar (moisture content: 20%,
w/w).

whereVCO2 is the volume of absorbed CO2 (m3/kg DM)
at room temperature and for a CO2 pressure of 1× 105 Pa;
R = 8.1345 J K−1 mol−1; P the CO2 pressure (1× 105 Pa);T
is the ambient temperature (293 K);MCO2 the CO2 molar
weight (kg mol−1); mi the initial mass of the sample (kg);h
the moisture content of the sample (%).

3.2. Influence of CO2 pressure

In order to evaluate the effect of CO2 partial pressure on
the bottom ash carbonation, several experiments were per-
formed at pressures ranging from 2 to 17 bar. The moisture
content of samples was 20% (w/w).Fig. 1shows the amount
of formed carbonates as a function of carbonation time for
several pressures during the first 3 h.

From the shape of these curves, it is obvious that CO2 pres-
sure greatly influences the reaction kinetic. The duration to
obtain a complete carbonation ranges from 3 h 30 min under
17 bar to more than 2 days under 2 bar. In a recent paper, van
Gerven et al.[16] performed experiments of accelerated car-
bonation at CO2 partial pressures of 0.1 and 0.2 bar, and the
reaction was completed in less than one week. On weathering
areas, the CO2 partial pressure is only 0.00036 bar. In these
conditions, a much longer duration will be required for the
completion of the carbonation reaction. It has been demon-
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Thermal analyses were repeated three times, to test

les homogeneity and also the reproducibility of the ins
ent.

. Results and discussion

.1. Carbonation

Carbonation mechanism is often described as an at
wo steps process including a prior CO2 absorption in wate
ollowed by the carbonation reaction in aqueous med
19,20]. During the experiments, CO2 is dissolved in por
ater and reacts with some components of MSWI bo
sh to produce carbonated species. The main react
nown to be the portlandite (Ca(OH)2) carbonation in aque
us medium, which corresponds to the following expres

20–22]:

a(OH)2(aq)+ CO2(aq)→ CaCO3(s)+ H2O(l) (1)

The formation of solid calcite (CaCO3) induces an
ncrease in the sample mass, which can be directly li
o the amount of trapped carbon dioxide. The experime
ifference between the initial and the final mass (�m) can be
onverted in volume of absorbed CO2 per kg of dry matte
DM) using the expression above:

CO2 =
(

RT

P

)
× �m/MCO2

(100− h) × mi
(2)
trated that after a 7 months weathering period bottom
ould still absorb CO2 [15].

For a better comparison of these two experiments (2
7 bar), another plot is proposed onFig. 2 in which the time
as been normalized. Each time value has been divide

he duration required to have a complete reaction (210 m
7 bar and 3060 min for 2 bar) in order to plot the graphs
ame scale (ranging from 0 to 1) and show the entire reac
e can see that CO2 pressure has no effect on the total amo

f CO2 that reacts. Whatever the CO2 pressure, the maximu
nd limit change in mass is close to 3.2%, which corresp

o a volume of 24 L/kg DM of trapped CO2 Eq.(2). The CO2
ressure does not affect the carbonation equilibrium fro

hermodynamic point of view, but it plays a major role on
inetic of the whole process.
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Fig. 2. Gain of carbonate content as a function of normalized carbonation
time for CO2 pressures of 2 and 17 bars (moisture content: 20%, w/w).

The limit of CO2 solubility ([CO2]) in the pore water is
directly related to its partial pressure (PCO2) in the surround-
ing gaseous phase through Henry’s law:

[CO2] = kCO2 × P(CO2) (3)

wherekCO2 is Henry’s constant, only depending on the tem-
perature (kCO2 = 34.13 mol m−3 bar−1 at 20◦C).

Taking into account this relation, the calculation gives
[CO2] values ranging from 68 mol m−3 to 580 mol m−3,
respectively under 2 and 17 bar CO2 pressure. The increase
in CO2 concentration in the aqueous phase obviously accel-
erates the carbonation reaction. However, it does not change
the quantity of formed carbonates.

From our results, we can suppose that the slowest stage
of the reaction is the CO2 dissolution in the pore water and
its diffusion. As far as the amount of formed carbonates is
concerned, the limiting parameter seems to be the maximum
available calcium ions in aqueous medium, which strongly
depends on physico-chemical parameters of water (temper-
ature, pH, ionic strength, etc.) and on calcium speciation
(hydroxide, sulphate, chloride, phosphate, etc.). It seems that
among the different calcium species, the portlandite (cal-
cium hydroxide) is the main mineral that can be dissolved
and carbonated[15]. Bertos et al.[19] gave similar results
by submitting several waste materials of different Ca con-
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Fig. 3. TG/DSC curves of uncarbonated and carbonated bottom ash as a
function of temperature.

The DSC curves first present an endothermic effect at
90◦C accompanied by a mass loss of about 20%. It corre-
sponds to the sample dehydration.

Between 200◦C and 600◦C TG/DSC curves show a slight
decrease and an exothermic phenomenon. This is attributed
to the pyrolysis of the 1.5% of organic matter.

Then DSC curves present a small endothermic peak from
600◦C to 750◦C due to the dissociation of carbonates. It is
accompanied by a mass loss corresponding to the sample con-
tent in carbon dioxide according to the following dissociation
equation:

CaCO3(s)→ CaO(s)+ CO2(g) (4)

The latter is about 3.3% (DM) for fresh bottom ash and
about 6.2% (DM) for carbonated bottom ash. With those
results we can calculate the quantity of carbonates formed
during accelerating ageing.

The mass difference is about 2.9%. This value is in agree-
ment with the one obtained on the accelerated ageing set up,
where the gain of mass was about 3.2%. It confirms that the
gain of weight of samples was really due to a chemical car-
bonation and not to physical adsorption of CO2.

3.4. Influence of humidity

on-
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C con-
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d ation
r 15%
(

ken
i sum-
m reas,
ent to accelerated carbonation. It appeared that the d
f carbonation was strongly dependent upon the cal
ontent. However, some waste did not follow this tende
his has been attributed to a lack of calcium hydro
nd/or the deposit of certain components that might in
nce the effective diffusivity and reactivity of the carb
ioxide.

.3. Thermal analyses

Samples were analyzed by simultaneous TG/DSC b
nd after a complete carbonation. Curves showed a
epeatability whatever the carbonation conditions. Exam
f obtained curves are shown onFig. 3. The DSC curves a
lotted in mW per mg of material on the first axis, and
ass losses (in percentage) are plotted on the second
The effect of initial material moisture content on carb
tion was studied by testing 4 mm-sieved samples un
O2 pressure of 2 bar at ambient temperature. Moisture

ent of samples was measured before and after the expe
o make sure that it did not vary during carbonation.

Fig. 4shows the volume of absorbed CO2 as a function o
ottom ash moisture content after a complete carbonat

Moisture content is an important parameter of the r
ion. We can see that the reaction does not occur for to
ried samples. This result was expected since the carbon
eaction occurs in aqueous phase. An ash humidity of
w/w) seems to be the best option.

This result is particularly of interest and should be ta
nto account on the bottom ash weathering areas during

er when bottom ash piles are very dry and for covered a
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Fig. 4. Volume of absorbed CO2 for carbonated samples at 2 bar as a function
of bottom ash moisture content.

that are developing, where piles are protected from rain and
not regularly humidified.

Above 15% there is a decreasing tendency of volume of
trapped CO2. This could indicate that the reaction mainly
occurs in the pores of the solid matrix. Above this value, the
excess water is probably intergranular water. Then there is
less contact between bottom ash and dissolved CO2, whose
concentration in the aqueous medium only depends on exter-
nal CO2 pressure and temperature.

3.5. Influence of sieving

An experiment with unsieved MSWI bottom ash was car-
ried out in order to compare the results with 4 mm-sieved
samples. Both samples were tested at a pressure of 1 bar unti
a complete carbonation. They had the same initial moisture
content of 20%.

The volumes of absorbed CO2 were 24 L/kg DM for
the 4 mm fraction of bottom ash and 12.5 L/kg DM for the
unsieved sample. The sieved sample absorbs a larger quan
tity of CO2, nearly twice. Indeed the elementary composition
of bottom ash fractions varies according to size particles.
It has been shown that the Ca content increases and the S
content decreases in bottom ash fine fractions[23–25]. Dur-
ing bottom ash sieving, a part of glass, ceramics and other
materials that do not react with COis removed and the
p ation
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around 12 are in agreement with those of saturated calcium
hydroxide solutions.

It has been also suggested that gibbsite (Al(OH)3), gyp-
sum (CaSO4, 2H2O) and ettringite (Ca6Al2(SO4)(OH)12,
26H2O) have an influence on the alkalinity of fresh bottom
ash[26–28].

As already written (Section3.1), during ageing treat-
ment, portlandite reacts with dissolved CO2 to form calcite
(CaCO3). This phenomenon leads to a decrease in pH by
consuming the alkaline compounds. The final pH value is
governed by the dissolved hydrogenocarbonates (HCO3

−).
In the case of naturally aged bottom ash, the pH of the

material is reasonably well described by the presence of solid
calcite in equilibrium with dissolved atmospheric CO2 [29].

3.6.2. Trace element leaching
The effect of the accelerated ageing treatment was also

evaluated on the mobilization of some hazardous heavy
metals (Cr, Pb, Cd) in the leachates at their natural pH
(11.8 and 8.2).

Cr, Pb and Cd concentrations in fresh bottom ash leachates
were 0.022, 0.593 and 0.012 mg L−1, respectively. In car-
bonated bottom ash, Cr and Pb leachates concentrations
decreased to 0.005 and 0.026 mg L−1, respectively. The
Cd concentration was below the analytical detection limit
(4.6�g L−1). Accelerated carbonation had then a positive
e
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roportion of Ca increases, which enhances the carbon
eaction.

.6. Chemical changes of leachates

These experiments were performed in order to as
riefly the effects of accelerated carbonation on leach
nd compare them to the natural phenomenon effects.

.6.1. pH evolution
The leaching tests performed on both fresh and carbo

amples gave pH values of 11.8 and 8.2 for the respe
eachates.

The pore water of fresh bottom ash has generally
asic pH values, mainly due to the presence of disso
ortlandite (Ca(OH)2) [26,27]. Portlandite is formed in bo

om ash as a result of calcium oxide (CaO) hydrolysis a
xit of the furnace during the water quenching step. pH va
l

-

i

ffect on the leaching of these elements.
Two combined phenomena can explain those results.

H is a dominant parameter in metal leaching. After ac
rated ageing, the natural pH of bottom ash (8.2) is cl

o the minima of Cr, Pb and Cd solubility. Furthermore
as been shown that trace elements leaching is also re
y sorption in new formed minerals: Cd and Pb hav
trong affinity with calcite. They also form complexes with
nd Al (hydr)oxides. Some other metal-bearing new for
inerals have also been found in weathered bottom

uch as oxides, phosphates and sulphates of Cr an
11,20,21,30].

These experiments concerning both pH and trace elem
eaching confirm that the accelerated carbonation treat
as the same positive effects as natural weathering. C
uently, accelerated carbonation could contribute to upg
ome properties of bottom ash.

.7. Discussion and potential application

Taking into account that the incineration of 1 t
unicipal solid waste generates approximately 600 Nm3 of

esidual pure CO2 and about 250 kg of bottom ash, we c
stimate the CO2 sequestration potential of solid residu
alculations give a result of 0.5–1% of CO2 reduction by
ineralization under carbonates forms. This ratio can ap

elatively low, but the resulting short stabilization time
SWI bottom ash can give a benefit in the whole treatm
rocess, before reuse. If such a treatment is develope
ontact between bottom ash and emissions must be th
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step of gas treatment, in order to prevent the adsorption of
gaseous pollutants that could ban bottom ash from recycling.

To optimize the process, it would be better to keep a quite
constant moisture content at around 15% (w/w) and to grind
the material in order to increase the exchange surface.

The Kyoto Protocol will commit the Community and its
Member States to reducing their emissions of greenhouse
gases by 8% compared to 1990 levels in the period from 2008
to 2012. Member States should ensure that the operators of
certain specified activities hold a greenhouse gas emissions
permit and that they monitor and report their emissions of
greenhouse gases specified in relation to those activities. The
excess emissions penalty shall beD 100 for each tonne of car-
bon dioxide equivalent emitted by that installation for which
the operator has not surrendered allowances. The emissions
allowance trading is allowed under certain conditions[31].

It can be precised that CO2 emissions from waste thermal
treatment represent about 2% of French global CO2 emis-
sions[3]. The French MSWI bottom ash production is around
3 Mt (DM) per year[9]. According to our result, this would
represent a sequestration potential of about 73,000 t of car-
bon dioxide equivalent. This could correspond toD 7,300,000
savings if operators exceed their allowance or a benefit if they
can sale a part of it to other installations.

Another major advantage of this process would be a better
bottom ash stock management for the production of sec-
o
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gas that contains 35% CO2 could be a realistic technique for
the treatment of bottom ash.
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