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The characteristics of municipal solid waste incineration (MSWI) fly ash, surface leaching toxicity and
successive leaching concentration of heavy metals from MSWI fly ash-cement hardened pastes were
studied. And, the relationships between leaching concentrations of heavy metals and leaching time were
also discussed. Experimental results showed that immobilization effect of cement on MSWI fly ash is
good. Even if MSWI fly ash-cement hardened pastes were damaged, the leaching toxicity is still in a safety
range. In early leaching stage, the surface leaching rate is relatively a little high, up to 10−5–10−4 cm d−1
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order of magnitude, in the later time of leaching, its rate rapidly declined, down to 10 . Most of leached
heavy metals are produced at early ages. The leaching concentration of heavy metals and leaching time
has strong positive relationships. In factual utilizing circumstances, heavy metals’ leaching from MSWI fly
ash-cement hardened pastes is a very slow and gradually diluting process. The leaching toxicity of heavy
metals is far lower than that of the National Standard of China, and minimum harmful matters can be
contained and released in the environment. Reusing of MSWI fly ash as partial replacement for cement
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in concrete mixes is poten

. Introduction

With the rapid development of municipal construction, man-
gement and treatment of municipal solid waste (MSW) has taken
ore and more importance. In China, it is estimated that 200
illion tons of MSW is generated annually, accounting for 29%

f the total world MSW production [1]. Landfills are known to
e the more expedient, inexpensive method to dispose of MSW.
owever, this simple method has caused various problems such
s groundwater pollution from landfill leachate, odor emission
nd soil contamination [2]. Moreover, spaces for landfills have
ecoming increasingly limited, especially in countries with a large
opulation. Thus, in recent years, municipal solid waste incinera-
ion (MSWI) has become a popular method to treat MSW in places

uch as Japan and several European countries as the method has
he merits of volume reduction up to 90% [3,4] and recovery of

uch of the energy in the waste [5,6]. During the incineration, most
SW is converted to combustion residues such as fly and bottom
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sh. Based on composition, incineration temperature and time, the
esidue varies from 5% to 30% of the weight before incineration.
he fly ash and scrubber ash from the MSW incinerator contain
arious hazardous element such as easily leachable heavy metals,
oluble salts and organic compounds, so it is regarded as a serious
hreat against surrounding [7,8]. Since these elements in fly ash are
resent in more soluble forms than in bottom ash, the latter is less

ikely to leach these elements [9], so the treatment and disposal of
y ash is more urgent and necessary.

At present, various methods of treating MSWI fly ash such as
elting, solidification/stabilization (S/S), acid extraction, vitrifica-

ion and sintering have been used to treat MSWI fly ash [10–15].
mong them, the most frequently applied approach to minimize

he environmental impact of MSWI fly ash is the S/S technology
hat gives also the possibility of reusing the final materials [16–18].
/S treatment often involves the addition of some additives to fix
r encapsulate hazardous materials inside agglomerate. In the past
ew decades, the most widely used S/S systems are the cement-
ased materials [19]. A major factor is that cement is easy to form

durable, monolithic material that will not easily leach hazardous

omponents under the disposal conditions [20,21]. American State
ureau of Environmental Protection refers to cement immobiliza-
ion as the best technology to dispose the poisonous and harmful
astes [22].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Main chemical composition of MSWI fly ash and OPC (wt.% by weight)

Sample SiO2 Fe2O3 Al2O3 Na2O K2O MgO CaO SO3 Cl− f-CaO Loss

OPCa 20.60 3.33 5.37 0.23 0.61 1.53 64.20 2.19 0.50 0.20 1.85
MSWIb fly ash 24.50 4.01 7.42 4.00 4.60

a Ordinary Portland Cement.
b Municipal solid waste incineration.
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Fig. 1. Particle size distribution of MSWI fly ash.

Although cement S/S is a technology applied for MSWI fly ash
reatment, it can also be oriented to promote its reuse. The poten-
ial for MSWI fly ash application in concrete is a replacement of
ement. Our previous study [23] confirms that the MSWI fly ash
ontains some quantities of typical cement minerals and has certain
ementitious activity. The incorporation of MSWI fly ash slightly
etards cement hydration, but the ettringite can be found during
he hydration process which is beneficial to strength development.

Therefore, in view of recycling of MSWI fly ash as a replace-
ent for cement in concrete mixes, the characteristics and heavy
etals content of MSWI fly ash, leaching toxicity and surface leach-

ng behavior of heavy metals from MSWI fly ash-cement hardened
astes were investigated in this research.

. Experimental

.1. Raw materials and preparation

MSWI fly ash was originated from Shanghai Yuqiao Wastes
ncineration Plant. Prior to mixing with cement, the MSWI fly
sh was ball-milled to specific surface of 360 m2/kg. A class P
I 52.5 Ordinary Portland Cement (OPC) from Anhui (province
n PR China) Conch Cement Co., Ltd. is used in this study. The
hemical compositions of MSWI fly ash and OPC are given in

able 1. The particle size distribution of MSWI fly ash is given
n Fig. 1. As shown in Fig. 1, more than 90% of particles have

smaller size of 40 �m, and the average particle size attains
1.25 �m.

G
s
h
p

able 2
eaching toxicity of MSWI fly ash

lement Leaching concentration
in the leachate (mg/L)

Content of heavy metals in
MSWI fly ash (mg/kg)

n 56.11 3269
b 26.47 1515
u 8.17 563.2
d 1.62 36.71
r 2.47 157.0
2.72 23.37 12.03 10.00 1.50 22.04

.2. Experimental

.2.1. Surface leaching toxicity of heavy metals in MSWI fly
sh-cement hardened pastes

The leachability of matrices is an important index to evaluate the
dsorption behavior and immobilizing effect. The leaching rates of
mmobilizing matrices were carried out by using the method rec-
mmended by the Chinese National Standard GB 7023-86 (national
tandard for long-term leach testing of solidified radioactive waste
orms). According to the standard method, the specimens contain-
ng 40% MSWI fly ash and 60% OPC were made into the cylinder
f 70 mm in diameter × 30 mm in height and cast and remained in
olds for 24 h, then, demoulded and kept in a curing room at a

emperature of 20 ± 2 ◦C and relative humidity at 90 ± 5% for 28 d.
hen, the specimens hung by a thread were immersed into the dis-
illed water solution in a 1000-mL-columned Teflon container at
5 ◦C for different duration times of 3, 7, 28 and 60 d (the ratio of
urface area of specimen to volume of distilled water is 1:10). The
eachability of matrices is expressed by the leaching rate R (cm d−1)
n the following equation.

i
n = Ai

n/Ai
0

(F/V)tn
(1)

here i is the heavy metals ion in MSWI fly ash-cement matrices,
i
n is the mass of leached heavy metals ion at certain period (g), Ai

0
s the mass of initial addition for heavy metals ion in the specimen
g), F is the surface area of the specimen (cm2), V is the volume of
he specimen (cm3) and tn is the leaching time.

Diffusion coefficient Da (cm2/s) was calculated by the following
quation.

a = �

[
Ai

n

Ai
0

V

F

1
�ti

]2

tn (2)

here Da is the apparent diffusion coefficient (cm2/s); V is the vol-
me (cm3); �ti is the total leaching time (s) and tn is the duration

eaching time.

.2.2. Leaching toxicity test of heavy metals in MSWI fly
sh-cement hardened pastes

20 mm × 20 mm × 20 mm cube specimens with 40% MSWI fly
B/T 1346-2001. Casting under sealed condition for 28 d, then
uccessive leaching concentrations of heavy metals in cement
ardened pastes of 4–72 h were tested. The leachate was pre-
ared based on Chinese National Standard GB 5086.2-1997 (solid

Leaching ratio (%) Leaching limit concentration of solid
wastes in China Standard (mg/L) [25]

17.2 50
17.5 3.0
14.5 50
44.1 0.3
15.7 1.5
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Fig. 2. XRD diffraction pattern of MSWI fly ash.

aste-extraction procedure for toxicity of solid waste-horizontal
ibration method). 100 g coarse grains below 5 mm were placed
nto a 2000-mL-lidded polythene bottle containing 1000 mL of
istilled water. The suspension was fixed onto a horizontal vibra-
or and shook at the frequency of 110 ± 10 times per min and
ith an amplitude of 40 mm. Then, the solution was filtrated with
medium-speed quantitative filter paper. The concentrations in

he filtrate (pH adjusted to 5.8–6.3 with sodium hydroxide or
ydrochloric acid) were determined by inductively coupled plasma
ICP).

. Results and discussion

.1. Characteristics of MSWI fly ash

.1.1. Analysis of chemical properties and components
In this study, MSWI fly ash is from scrubber after incineration

f MSW. As shown in Table 1, it is evident that its main chemical
ompositions are CaO, SiO2, Al2O3 and Fe2O3, which is quite sim-
lar to those of complementary cementitious materials presently
ommonly used such as granulated blast-furnace slag and fly ash
roduced by burning pulverized coal in power stations. As pre-
ented in Table 2, MSWI fly ash includes such harmful high content
eavy metal as Zn, Pb, Cu, Cd and Cr.

XRD diffraction pattern of MSWI fly ash was shown in Fig. 2.
e can find that the main minerals of MSWI fly ash include:

iO2, NaCl, KCl, CaSO4, etc., which is consistent with other research
24]. Fig. 3 is a picture of MSWI fly ash by scanning electron

icroscope. From it, we can know that MSWI fly ash has various

hapes, but is not mainly made up of spherical particles like coal
y ash and quite a few MSWI fly ash are amorphous. The MSWI
y ash seems to have same micrograph as silicon fume or calcined
lay.

t
m
c
v

able 3
urface leaching of heavy metals from MSWI fly ash-cement solidification body

lement Leaching concentration (mg/L) Leaching rate (×10

0–3 d 3–7 d 7–28 d 28–60 d 0–3 d 3–7 d

n 0.085 0.063 0.012 0.002 5.3 3.0
b 0.068 0.040 0.008 0.002 9.2 4.1
u 0.039 0.012 0.003 0.001 14.2 3.3
d 0.005 0.003 0.001 NDa 27.9 12.5
r 0.012 0.009 0.003 0.001 15.6 8.8

a Not detected.
Fig. 3. SEM figure of MSWI fly ash.

.1.2. Leaching toxicity of the heavy metals in the MSWI fly ash
Table 2 also provides an experimental result regarding leaching

oxicity of heavy metals in MSWI fly ash. As reported in Table 2,
t contains a certain amount of harmful heavy metals that can be
eached by water. The concentrations of Zn, Pb, Cd and Cr in the
eachate greatly exceed the allowable regulatory limit based on the
hinese National Standard GB 5085.3-1996 (identification standard

or hazardous wastes-identification for extraction procedure toxic-
ty). Accordingly, the MSWI fly ash is considered to be a hazardous
aste and must be solidified/stabilized.

.2. Surface leaching of heavy metals in MSWI fly ash-cement
ardened pastes

The leaching rate is a useful index to assess the security of
ardened pastes. Lower leaching rate value indicates higher safety.
he experimental test results are reported in Table 3. As shown in
able 3, leaching rates attain 10−4 cm d−1 order of magnitude at
arly leaching age of 0–3 d. The ratio of leaching rate is between
0% and 80% for 0–3 d, and between 18% and 36% for 3–7 d, which
he ratio of leaching rate at 0–7 d accounts for above 97% of total
eaching quantities. It reveals that most of leached heavy metals
re produced at early ages, which is caused by the weak mechani-
al solidification in the surface of matrices. Under water molecule
mmerging, the leaching behavior is mainly controlled by the leach-
ng rate of surface heavy metals ion of matrices. As the diffusion of
urface heavy metals, the leaching rate is increased rapidly, which
ather results in a high ratio of leaching rate at an early stage. In

he later course of leaching, with the dissolving of surface heavy

etals, together with the good compactness of pastes caused by
ement hydration, deep penetration of water molecules becomes
ery slow. When the penetration of water molecules attains certain

−5 (cm d−1)) Ratio of leaching rate (%)

7–28 d 28–60 d 0–3 d 3–7 d 7–28 d 28–60 d

0.11 0.012 62.93 35.62 1.31 0.14
0.15 0.025 68.27 30.42 1.11 0.19
0.16 0.034 80.25 18.65 0.90 0.19
0.80 NDa 67.70 30.30 1.94 –
0.56 0.120 62.20 35.10 2.23 0.48
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Table 4
Diffusion coefficient of heavy metals in different leaching periods

Element Da (m2/s)

0–3 d 3–7 d 7–28 d 28–60 d

Zn 8.95 × 10−14 6.57 × 10−14 2.16 × 10−15 5.29 × 10−16

Pb 2.67 × 10−13 1.23 × 10−13 2.58 × 10−14 5.56 × 10−15

C −13 −14 −14 −15
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3
a

u 6.35 × 10 8.03 × 10 2.62 × 10 4.45 × 10
d 2.46 × 10−12 1.18 × 10−12 6.86 × 10−13 –
r 7.74 × 10−13 5.81 × 10−13 3.38 × 10−13 5.73 × 10−14

epth, they cannot penetrate any more. This causes the leaching
ate is slow and the ratio of leaching rate is significantly decreased.
fter the balance is obtained, the increase of leaching concentration

f heavy metals becomes flat. Combined with Table 4, the diffusion
oefficient of different types of heavy metals is decreased with pro-
onging of cement pastes hydration, which also indicates that it is
ifficult for heavy metals to diffuse into surface in the later stage.

e
F
c

Fig. 4. Relationships between different types of heavy m
s Materials 164 (2009) 750–754 753

Therefore, the experimental results indicate that the long-term
esistance to heavy metals leaching capability of MSWI fly ash-
ement hardened pastes is better except early leaching quantity is
elatively higher. Additionally, in the later stage, calcium hydroxide
f hardened pastes surface gradually reacts with carbon dioxide dis-
olving in the water, which leads to the decrease of surface leaching
ate of hardened pastes. The neonatal calcium carbonate can form
membrane in the pastes surface, which further prevents heavy
etals in the pore migrating, thus resulting in the decreasing or

elaying of heavy metals leaching from pastes [26].

.3. Successive leaching toxicity of heavy metals in MSWI fly
sh-cement hardened pastes
The relationships between leaching concentration of differ-
nt types of heavy metals and leaching time are illustrated in
ig. 4(a–e). As displayed in Fig. 4, it appears that the leaching con-
entration of heavy metals in the pastes is increased as leaching

etals leaching concentration and leaching time.
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Table 5
Required leaching time reaching limit concentration

Element Leaching time reaching limit concentration (year)

Zn 1.08 × 1032

Pb 2.17 × 107
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C
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d 7.95 × 106

r 9.95 × 1044

a Infinite.

ime delays. In the beginning stage, the increasing extent is rela-
ively rapid, but it becomes slow in the later ages. The reason mainly
s that the leaching is controlled by surface heavy metals of pastes
n the beginning age, which results in significant increased leach-
ng rate. As dissolving of surface heavy metals, leaching process
as mainly controlled by the diffusion of capillary, which causes

he decreasing of leaching rate. In addition, the correlation coeffi-
ient of each equation is rather high, which further confirms that
eaching concentration is well correlated to leaching time.

Based on Fig. 4 and the allowable regulatory limit data reported
n Table 2, leaching time reaching limit concentration was cal-
ulated in Table 5. As presented in Table 5, under experimental
ondition (pH 5.8–6.3, the vibration frequency of 110 ± 10 times
er min), if heavy metals leaching from MSWI fly ash-cement
ardened matrices at this rate, the required time reaching the
llowable threshold is significantly long. As a matter of fact, com-
ared with the experimental condition, hardened pastes leaching

n situ is a slow and gradually diluting process and only few grains
re below 5 mm, so the heavy metals immobilizing of MSWI fly
sh-cement matrices could be more reliable in the practical envi-
onment. Therefore, the solidification capability of cement on heavy
etals in MSWI fly ash is better. Further investigation of the immo-

ilization/stabilization mechanism of cement on various types of
eavy metals in MSWI fly ash was needed.

. Conclusions

Surface leaching rates of heavy metals from MSWI fly ash-
ement hardened pastes at early stage attain 10−5–10−4 cm d−1

rder of magnitude, for 10−7 at later ages. The ratio of leaching rate
t 0–7 d accounts for above 97% of total leaching quantities. The dif-
usion coefficient of different types of heavy metals is decreasing
ith delaying of ages. The correlation of leaching concentration and

eaching time is better. Immobilization effect of cement on MSWI
y ash is good. Even if MSWI fly ash-cement hardened pastes were
amaged, the leaching toxicity is still in a safety range. The long-
erm resistance to heavy metals leaching capability of MSWI fly
sh-cement hardened pastes is better. It is likely to be used as partial
eplacement for cementitious material in concrete mixes.
cknowledgements
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