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a b s t r a c t

Carbonation technology with CO2 absorption was used to enhance the stabilization of heavy metals in
fresh fly ash from a municipal solid waste incinerator (MSWI). The influence of fundamental parameters
affecting the stabilization of heavy metals, especially Pb and diffusivity and reactivity of CO2, was eval-
uated. The results indicated that the addition of 10% or more of water could remarkably accelerate the
eywords:
ccelerated carbonation technology (ACT)
unicipal solid waste incinerator (MSWI)

ly ash

absorption of CO2 and could also accelerate the stabilization of MSWI fly ash. The stabilization of MSWI
fly ash is not distinct within 1 d in the air atmosphere for low content of CO2 (0.03%). The result of the
XRD analysis indicated that CO2 could combine with Ca(OH)2 to form CaCO3 and CO2 could also combine
with heavy metal oxide to form heavy metal carbonate in the adsorption of CO2. The TGA analysis showed
that MSWI fly ash has the sequestration capability of 3% (w/w) CO2. The sequestration of CO2 has a large
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. Introduction

Integrated waste management is to deal with society’s waste in
n environmentally and economically sustainable method. Under
he framework of integrated waste management, thermal treat-

ent represents an appropriate option for reducing the amount
f waste to be landfilled. It also allows waste hygienization [1].

Municipal solid waste incineration (MSWI) fly ash is incinerated
t high temperatures and cooled rapidly afterwards. The material
s then unstable under atmospheric conditions. The incineration
f municipal solid waste generates solid residues, bottom ash and
y ash, as well as atmospheric emissions containing approximately
2% (v/v, dry gas) of CO2 [2].

For the alkalescence and heavy metal leaching, the MSWI fly
sh ranks within the list of national hazardous wastes. The estab-
ishment of emission standards has led to an improvement of air
ollution control (APC) systems for flue gas treatment, primarily
ue to more efficient separation technologies. However, this devel-
pment has increased both the amount and pollution potential of
PC residues. CO2 is one of the Kyoto gases. The consequences
esulting from the increasing concentration of human-induced

reenhouse gases are central to the debate over global change.
here is a considerable discussion at scientific and industrial levels
bout how to best limit the emission.

∗ Corresponding author. Tel.: +86 10 62783548, fax: +86 10 62773438.
E-mail address: jianguoj@tsinghua.edu.cn (J. Jianguo).
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able Pb can be converted into carbonated form in rich CO2 condition to be

© 2008 Elsevier B.V. All rights reserved.

.1. Stabilization of fly ash

Over the past three decades, the stabilization technology of
SWI has developed significantly [3]. However, regarding the con-

entional stabilization technologies, there are some problems that
annot be ignored, such as the long-term stabilization and the cost
f stabilization pharmacy. In addition, carbonation is one of the
mportant topics in recent research on long-term leaching of heavy

etals.

.2. Natural carbonation

Weathering will stabilize the material by changing its min-
ralogical characteristics. It will have some positive effects on
ecreasing heavy metal leaching [4,5]. Carbonation has been rec-
gnized to be an important step in the weathering process [6]. It
nvolves the CO2 dissolution in water at initially alkaline condi-
ions. This causes pH to decrease and calcite to precipitate until the

aterial is in equilibrium with CO2. Moreover, heavy metals can be
rapped in the newly formed minerals. Calcite is the predominant
ewly formed mineral during fly ash maturation [4,5].

.3. Accelerated carbonation technology
On weathering areas, the CO2 source is the atmospheric CO2.
owever, it has been proved that the natural carbonation pro-
ess can be accelerated, using different sources of CO2 and a few
ethods [7–9]. Moreover, accelerated carbonation may represent

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jianguoj@tsinghua.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.04.051
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Table 1
Main chemical composition of fly ashes (%)

CaO 38.7926
Cl 13.9484
SiO2 12.5811
SO3 8.6277
Na2O 6.865
K2O 4.9198
Al2O3 4.0613
Fe2O3 3.8176
MgO 2.3411
P2O5 1.1413
TiO2 1.0524
ZnO 0.7064
PbO 0.2833
Br 0.1693
CuO 0.169
Cr2O3 0.1388
MnO 0.1164
BaO 0.0904
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nO2 0.0819
rO 0.0774
iO 0.0188

proper pre-treatment stage prior to either recycling or landfill-
ng fly ash [1]. The carbon dioxide source can be either pure CO2 or
ny other CO2-rich gas such as incinerator emissions. Consequently,
O2 sequestration capacity could be another interesting possibility
f ash utilization. This process could help to reduce the green-
ouse effect and also reduce fly ash storage duration by accelerating
eathering reactions [9–11].

. Materials and methods

.1. Samples

.1.1. Fly ash description
The fly ash used in this investigation was sampled from a MSWI

acility in Shenzhen of China. The rate of water content of the fresh
y ash was 3%. It was sealed and remained in shadow in order to
e fresh when it was collected. The particle size distribution of ash
as below 212 �m, which was optimum for this experiment.

.1.2. X-ray fluorescence (XRF)-analysis
Their chemical composition in major elements was measured

nd analyzed (Table 1).
Table 1 reports that fly ash contained much CaO and Ca(OH)2

ecause of the injection of a vast scale of lime mortar. The alkalinous
nvironment was good for stabilization of the heavy metal. Besides,
y ash contained a great deal of chlorine, perhaps because of the
ichness of NaCl and KCl in the municipal solid waste.

.1.3. Leaching tests
Roll over leaching procedure (the method standard for leaching
f solid wastes in China, GB 5086.1-1997) was used in this experi-
ent. The leaching tests were performed at an initial liquid to solid

atio (L/S) of 10:1 with distilled water (pH 7). Samples were rotated
t 30(±2) rpm during 18 h. After this leaching time, samples were
ltered at 45 �m and the pH was measured. Metal concentrations

P
(
s

t

able 2
eavy metals content of fly ash (mg L−1)

eavy metals Pb

easured data 42.38
dentification standard for hazardous wastes 3
tandard for pollution control on the security landfill site 5
aterials 161 (2009) 1046–1051 1047

n the leachates were analyzed by inductively coupled plasma and
tomic emission spectrometry (ICP-AES). The results are in Table 2.

Table 2 indicates that concentration of Pb2+ was greater than the
dentification standard for hazardous wastes and the standard for
ollution control on the security landfill site (Chinese standard).
nd in the next study, the focal point was the stabilization of Pb2+.

From Tables 1 and 2 we can learn that Zn and Cr exist as a stable
tate for the large content while there is few leaching.

.2. Methods

.2.1. Carbonation experiment with different water–solid ratios
For the optimum water content, samples of fly ash of the selected

ize fraction (x < 212 �m) were carbonated with CO2 for 5 min in the
ame polythene bottles (1 L), at different water–solid ratios ranging
etween 0 and 0.7. Then the samples were rotated at 30(±2) rpm
uring 2 h for several times to fully react. From this segment, sam-
les W0–W7 were made and collected.

.2.2. Carbonation experiment with CO2 pressure experiment
For the optimum CO2 pressure, samples of dry ash and ash with

0% water were gassy with nitrogen, air, mixed gas A (10% CO2 and
0% N2), mixed gas B (50% CO2 and 50% N2) and pure carbon diox-

de, respectively, for 5 min in the polythene bottles (1 L). Then the
amples were rotated at 30(±2) rpm during 2 h for several times to
ully react. From this part, samples P1–P5 and Q1–Q5 were made
nd collected.

.2.3. Leaching tests
The above W0–W7, P1–P5 and Q1–Q5 went through leaching

ests. The method of leaching tests is given in Section 2.1.3.

.2.4. Mineralogy and microstructure analysis
The mineralogy and microstructure of carbonated and non-

arbonated ash were analyzed by X-ray diffractometer (XRD) and
canning electron microscopy (SEM), respectively. Accepted equip-
ents in this experiment were D/max-rB X-ray diffractometer

XRD) and S-4500 field emission scanning electron microscopy
SEM).

.2.5. Thermogravimetry analysis–differential thermal analysis
TGA–DTA)

At 1 atm of CO2 and 40 ◦C, TGA-DTA was done with the non-
arbonated ash. The figures of TGA and DTA of fresh fly ash and the
arbonated ash were gained.

. Results and discussion

.1. Influence of water–solid ratio

The samples with different water contents were carbonated.

b concentration and pH of leachate of fly ash are as follows
see Fig. 1). These experiments indicate that the optimum w/s ratio
hould be 0.1 or more.

It is known that water is necessary for the carbonation reac-
ion to proceed, and water content is an important parameter

Cu Cr Zn Ni Cd

0.366 0.063 3.856 0 0.006
50 10 50 10 0.3
75 12 75 15 0.5
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Fig. 1. Influence of water–solid ratio.

f the reaction. We can see that the reaction does not occur for
otally dried samples and the leaching concentration of heavy met-
ls Pb2+ are decreased with the increase of water–solid ratio. This
esult is expected, since the carbonation reaction occurs in the
queous phase. The optimum w/s ratio seems to be 0.1 or more.
he leaching concentration of heavy metals Pb2+ is below 10 mg/L
hen the water–solid ratio is 10–70%. And among them when the
ater–solid ratio is 50%, the leaching concentration of heavy metals

b2+ reaches the minimum 4.52 mg/L, which is below the Identifica-
ion Standard for Hazardous Wastes and the Standard for Pollution
ontrol on the Security Landfill Site.

The reaction mainly occurs in the pores of the solid matrix. Too
ittle water decreases the reaction activity of solid and gas, but too

uch water hinders the diffusion of CO2 into the pores of a solid.
ore water hydrates and solvates the CO2 and dissolves the Ca2+

ons from the solid phase to react and form calcium carbonate. At
ow w/s ratios, the material’s gas permeability is increased, and the
O2 effectively diffuses into the solid.

From Fig. 1, we can see that CO2 absorption and moisture added
ave no obvious effect on the pH of fly ash leachate, and the pH

s in equilibrium as 12.3. And this also shows that little CO2 has no
nough power to change the pH of the whole chemical equilibration
ystem of strong alkaline fly ash.

.2. Influence of CO2 pressure
The results can be seen in Fig. 2. It shows the pH of leachate and
he Pb leaching concentration of two kinds of samples which are
arbonated in such gases as N2, air, mixed gas A, mixed gas B, and
O2.

h
t
c

able 3
ajor compounds found in fly ash before and after carbonation

resh fly ash

uartz SiO2

ortlandite Ca(OH)2

alcium oxide CaO
alite NaCl
ehlenite Ca2Al2SiO7

inc oxide ZnO
alcite CaCO3

ylvite KCl
nhydrite CaSO4

ead oxide Pb3O4

alcium chloride hydroxide hydrate CaCl2·Ca(OH)2·(H2O)2
Fig. 2. Influence of CO2 pressure.

It is difficult to carbonate the ash without water, and the Pb
eleases are almost the same among these five kinds of gas.

However, with 20% water they are different. Using pure CO2 has
good result and brings a low Pb release. The Pb releases are below

he Identification Standard for Hazardous Wastes and the Standard
or Pollution Control on the Security Landfill Site. Too low content
f CO2 in the air makes the result not obvious. After treatment with
he CO2 in mixed gases, there are low leaching concentrations of
b, and maybe because of the limitation of bottle’s size, the results
how a little worse than that when the gas is pure carbon dioxide.
nd after we collect the carbonated fly ash and repeat the process

or thrice, the similar results are obtained as the pure CO2.
When water exists, CO2 (aq) hydrates to form H2CO3 and H2CO3

onizes to H+, HCO3
− and CO3

2−. This occurs almost instanta-
eously, making the pH fall by approximately 2 units. Then CO3

2−

ould combine with Pb2+ to form a stable carbonate mineral such
s PbCO3.

.3. Mineralogy changes

Table 3 shows the major mineral compounds identified by XRD
n fly ash, before and after carbonation, in order of decreasing rel-
tive concentration. The main alterations in the mineralogy of fly
sh resulting from carbonation at the optimal conditions identified
The intensity of the peaks corresponding to calcite and silica are
igher in the carbonated samples. They have very noisy signals due
o their heterogeneity and complex mineralogy. The presence of cal-
ite in the initial samples is due to partial, earlier weathering of the

Carbonated fly ash

Quartz SiO2

–
–
Halite NaCl
Gehlenite Ca2Al2SiO7

–
Calcite CaCO3

Sylvite KCl
Anhydrite CaSO4

–
–
Gypsum CaSO4·(H2O)2

Calcium silicate hydrate Ca1.5SiO3.5·xH2O
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sh. There is an increase in the degree of crystallinity in the diffrac-
ograms resulting from carbonation. In the non-carbonated sample,
here is some evidence of hydration by the existence of minor peaks
or portlandite Ca(OH)2, which are absent in the carbonated sample.

Heavy metal Pb and Zn mainly exist as oxide in the fly
sh—Pb3O4 or ZnO. With carbonation, CO2 could react with Pb3O4
nd ZnO to form other compounds, which could stabilize the heavy
etal in the ash. So after carbonation, Pb3O4 is missing; for the trace

mount, there is no detectable existence of Pb after the carbonation.
The richness of NaCl and KCl in the ash may correlate with the

avor of salt in China.
In hydrated systems, carbonation will produce some calcium

ilicate hydrate, and this binding material could also stabilize heavy
etal to a certain extent.

.4. Microstructure changes

Fig. 3 reveals distinct differences in the morphology between
arbonated and non-carbonated samples.

Fig. 3 illustrates this by showing fracture surfaces of fly
sh before and after carbonation. The appearance of the non-
arbonated ash is granular and rough, and individual grains are
learly visible. The carbonated sample reveals a less porous solid
here crystalline reaction products are clearly evident, and some
brous material fills in the pore space.

During carbonation, CO2 is sequestrated and the three poly-
orphs of calcium carbonate may be produced. The morphology of

alcite is characterized by small, tightly packed crystals of acicular
hape. Some microcracking is also noticeable caused by the vol-
me expansion during the reaction, or the thermal stresses during
ccelerated carbonation [12].

After carbonation, a calcite-rich matrix filling the pores of the
ystem can be observed when analyzing wastes containing heavy
etals. The residual non-carbonated grains are enveloped by a

ilica-rich decalcified rim which also encapsulates heavy metals
uch as Pb.

.5. Sequestration capability of CO2

The figure of TGA and DTA of fly ash is in Fig. 4.

The TG analysis shows that the fly ash has the sequestration

apability of 3% (w/w) CO2. Initially there is a steep rise in the
onsumption of the gas, which then slows down until the sample
s saturated. When carbonating the ash for 2 h, 90% of the reac-
ion takes place in the first 20 min at the speed of 0.88 L/kg min.

F
s

r

Fig. 4. TGA and DTA o
Fig. 3. SEM pictures of non-carbonated (a) and carbonated (b) fly ash.
or fly ash, the velocity of consumption of CO2 after 2 h is rather
low.

Hydraulic calcium silicates become rapidly activated by CO2,
esulting in a high consumption of the gas. During accelerated

f fresh fly ash.
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Table 4
Experiment conditions for sequential extraction procedure

Speciation Method

Exchangeable 5 g (dry weight) of sample from batch test was shaken for 1 h at room temperature with 100 mL of sodium acetate solution
(1 M NaAc, pH 8.2)

Bound to carbonates The residual from exchangeable fraction was shaken for 5 h at room temperature with 100 mL of 1 M NaAc adjusted to pH 5.0
with acetic acid

Bound to metal oxides The residual from bound to carbonate fraction was added with 100 mL of 0.04 M NH2OH·HCl (hydroxylamine hydrochloride)
in 25% (v/v) HAc. The mixture was heated to 96 ± 3 ◦C for 5 h with occasional agitation

Bound to organic matters The residual from bound to metal oxide fraction was added with 15 mL of 0.02 M HNO3 and 25 mL of 30% H2O2 adjusted to pH 2
with HNO3, and the mixture was heated to 85 ± 2 ◦C for 2 h with occasional agitation. A second 15 mL aliquot of 30% H2O2 (pH 2
with HNO3) was then added. The sample was heated again to 85 ± 2 ◦C for 3 h with intermittent agitation. After cooling, 25 mL
of 3.2 M MH4Ac in 20% (v/v) HNO3 was added and the sample was diluted to 100 mL and agitated continuously for 30 min

Residual 0.2 g (dry weight) of sample from bound to organic matter fraction was digested with 1 mL of HNO3 (70%), 3 mL of HCl (37%),
1 mL of H2O2 (30%) and 3 mL HF (48%) in Teflon FA vessel using microwave heating. The digested sample was diluted to 100 mL
with deionized distilled water

f met

c
e
h
m

Fig. 5. Speciation o
arbonation, the mixture is carbonated under a gaseous, CO2-rich
nvironment, which promotes rapid stiffening (in min) of the non-
ydrated product into an engineering medium. The theoretical
aximum CO2 uptake capacity upon carbonation can be calculated

a
u

C

Fig. 6. Speciation of metals
als in fresh fly ash.
s a function of the chemical composition of the original material
sing the Stenoir formula [2]:

O2 (%) = 0.785(CaO − 0.7SO3) + 1.09Na2O + 0.93K2O

in carbonated fly ash.
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Not all the Ca in Table 1 is CaO, therefore, according to the for-
ula, the theoretical maximum CO2 uptake capacity of the sample

sed in this investigation is less than 37.8%, and the result of the
xperiment is only 3% compared to the 6% mentioned regarding
urope [2]. The degree of carbonation is strongly dependent upon
alcium content, though the presence of certain components might
nfluence the effective diffusivity and reactivity of the CO2. Pertain-
ng to characteristics of solid waste and incinerator between China
nd Europe, the calcium content is different, leading to the diversity
f sequestration capability of CO2.

.6. Results of experiment of sequentially extraction procedure

Fresh fly ash and carbonated fly ash were treated in the experi-
ent condition for sequentially extraction procedure [13,14], seen

n Table 4, and the results are in Figs. 5 and 6.
Comparing Fig. 5 with Fig. 6, we can find so many differences

bout the speciation of metal between fresh fly ash and carbonated
y ash. The result indicates that there is 40% exchangeable form Pb
Ex Pb) in fresh ash, which is easy to leach under natural condi-
ions. While there is less than 1% Ex Pb and 70% carbonated form
b in carbonated ash, which indicates that Pb is stabilized for the
ecrease of harmful effect.

. Conclusion

In the future there will be increasingly large volumes of com-
ustion wastes to be managed. Due to their composition, MSWI
y ash can be made to react with CO2 to form materials with

mproved properties. Accelerated carbonation imparts chemical
nd mineralogical changes to the ash, which reduce their environ-
ental impact through cementation by carbonate precipitation.

his preliminary study shows the potential of using accelerated
arbonation for the treatment of fly ash. Three fundamental param-
ters controlling the carbonation reaction have been studied,
amely the ash water content, CO2 pressure, and reaction time.
he following optimum values are obtained.

The optimum water–solid ratio for the selected sample is 0.1 or
ore. The carbonation is better when the CO2 pressure is 100%. The

eaction time to get an optimum extent of carbonation for fly ash
s 2 h, and after that time the reaction is effectively slowed down.
Accelerated carbonation imparts considerable physical and
hemical changes in MSWI fly ash: the leaching of lead is markedly
educed. The amount of CaCO3 in the ash after accelerated car-
onation technology treatment is increased. The particles after
arbonation become coarser due to agglomeration. The carbonated

[

[

aterials 161 (2009) 1046–1051 1051

roduct is a solid of lower porosity, lower tortuosity and lower pore
rea with calcite infilling the pore space. The formation of calcium-
etal salts and metal silicate complexes has been confirmed.
The fly ash has the high sequestration capability of 3% (w/w)

O2.
The results of experiment for sequentially extraction procedure

ndicate that CO2 capture is critical for the change of modality char-
cteristics of Pb in fly ash. There is 40% Ex Pb to become carbonated
orm.
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