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a b s t r a c t

Municipal solid waste incinerator (MSWI) bottom ash was size fractionated into six fractions, with the
respective particle size of o0.45 mm, 0.45–1 mm, 1–2 mm, 2–4 mm, 4–8 mm and 48 mm. The contents
and fractionation of Cu, Zn, Cd in the size fractionated MSWI bottom ash were investigated. The results
showed the contents and fractionation of Cu, Zn and Cd varied among the different particle sizes, which
were related to their thermodynamic characteristics. High content of Cu was found in the bottom ash
with the particle size of o0.45 mm and 44 mm, due to its lithophilic property and the function of
entrainment. The content of Zn showed a relatively even distribution among the various particles. The
content of Cd showed a decreasing trend with the increase of the particle size, due to its high volatility.
Besides, the carbonate bound fraction of Cd showed a decreasing trend with the increase of the particle
size, while the carbonate bound fraction of Cu showed an increasing trend. The organic matter bound
fraction of Cu increased when the particle size increased. The results also showed the fine ash contained
a higher level of unstable Cd than the large ash, while the large ash had a higher level of unstable Cu
comparatively.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Due to the fast urbanization in China in recent years, landfill
sites have become a severe scarcity, which urged the government
to consider alternative methods to treat the municipal solid
waste (MSW). Incineration has the advantages of hygienic con-
trol, volume reduction, mass reduction, energy recovery, and
most important, it requires much less area than the landfill. Thus,
it has become an attractive way for the treatment of MSW (Chang
et al., 1998; Wan et al., 2006). Till 2009, there were 93 municipal
solid waste incinerators (MSWI) in China, with a total treatment
capacity of 71,253 t/d (National Bureau of Statistics of China,
2009).

As a result of the incineration, a large volume of bottom ash is
produced, which approximately corresponds to one-fifth of the
initial waste (Chimenos et al., 1999). MSWI bottom ash is generally
reused as secondary construction material, such as the road
coffering, brick-making and cement production (Yao et al., 2012;
Youcai et al., 2002). In China, some local government such as
Zhejiang province, have approved several projects to reuse the
MSWI bottom ash. However, MSWI bottom ash contains high level

of heavy metals, which may inhibit its potential beneficial reuse
(Belevi and Moench, 2000; Yao et al., 2010a, 2010b). According to
several field study reports, heavy metals in MSW were mostly
concentrated into bottom ash during the incineration process. For
example, Zhang et al. (2008) found that more than 80% of As, Cr,
Cu and Ni, 74–94% of Zn, and 46–79% of Pb remained in bottom ash
through their 2-year investigation in Shanghai, China. Belevi and
Langmeier (2000) reported that more than 90% of Cu, Cr, Ni and
more than 80% of Co were kept in the bottom ash based on a full
scale incinerators investigation in Switzerland. Therefore, it is of
significance to control the release of heavy metals from MSWI
bottom ash when it is reused.

A distinction could be made for the MSWI bottom ash accord-
ing to their physical forms. A part of the MSWI bottom ash is the
bulky goods and is kept at the bottom of the furnace all through
the incineration. The other is the ash precipitated from the furnace
wall, which is known as the grate sifting. The grate sifting usually
has a finer particle size. The bottom ash with different particle
sizes has different mechanical characteristics. It seems reasonable
to classify and reuse the bottom ash according to the particle sizes.
For example, bottom ash with a large particle size can be used for
road coffering while bottom ash with the small particle size can be
used for the cement production. In order to assess the potential
environmental impact of the reuse of the bottom ash, it is crucial
to characterize the heavy metals in the size fractionated bottom
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ash. Several literatures have reported the total contents of heavy
metals in the bottom ash. For example, Chimenos et al. (Chimenos
et al., 1999) studied the total contents of Pb, Zn, Cu, Mn, Sn, Cr, Ni
and Cd in the size fractionated bottom ash. However, the deter-
mination of the total contents of heavy metals in bottom ash is
unable to provide sufficient information to understand the envir-
onmental impact (Qu et al., 2008). The mobility of the heavy
metals is greatly related to their specific chemical forms and
binding states (Gleyzes et al., 2002). In this respect, the sequential
extraction procedure (SEP) is of great importance. It is more than a
relatively simple tool in relating heavy metals to mineralogical
species. It also gives detail information about their mobilization
and bioavailability. Some researchers have adopted the SEP to
explore the chemical property of the heavy metals in the bottom
ash. E.g. Zhao et al. (Zhao et al., 2008) used the SEP to investigate
the fractionation of the rare earth elements in the bottom ash. Yao
et al. (Yao et al., 2010a, 2010b) used the SEP to reveal the
fractionation and mobility of Cd, Co, As, Cr, Cu, Mn, Mo, Ni, Pb
and Zn in the bottom ash. However, the fractionation of the heavy
metals in the size fractionated bottom ash has been rarely
reported. As the bottom ash is likely to be used according to the
particles sizes, it is important to investigate the fractionation of
heavy metals in the size fractionated bottom ash.

In this study, the MSWI bottom ash was divided into six
classes: o0.45 mm, 0.45–1 mm, 1–2 mm, 2–4 mm, 4–8 mm and
48 mm. The total contents and fractionation distribution of the
Cu, Zn and Cd in the size fractionated MSWI bottom ash were
investigated. Cu was selected to represent the lithophilic metals,
Zn for the moderately volatile metals, and Cd for the volatile
metals. It aims to provide scientific reference for the pollution
control of MSWI bottom ash utilization.

2. Materials and methods

2.1. Sampling and sieving

MSWI bottom ash sample was taken from Green Energy MSWI plant in
Zhejiang province, East China (Fig. 1). The plant consisted of three parallel stoker

incinerators with a MSW treatment capacity of 650 t/d, which was equipped with
the wet extraction system for the bottom ash. The source MSW was collected from
several residential areas of Hangzhou without any industrial solid waste. The
operating temperature of the incinerators was 850–1100 1C, and the residence time
of the waste in the incinerator was about 50 min. Bottom ash was immediately
sampled after it is produced, cooled and magnetically separated. The sampling
period lasted for 5 days. Approximately 25 kg of the fresh bottom ash sample was
taken daily from the plant. Totally, a 125 kg bottom ash sample was obtained. The
bottom ash sample was stored in a hermetically closed container for a week. Then
the bottom ash sample was manually mixed by the shovel to homogenize it.

The sieving of the bottom ash was carried out by shaking with stainless steel
mesh screens to particle size classes of o0.45 mm, 0.45–1 mm, 1–2 mm, 2–4 mm,
4–8 mm and 48 mm, respectively. To determine the contents and fractionation of
the heavy metals, as well as the physical–chemical properties, 100 g sample was
taken for the different particle size classes of the bottom ash.

2.2. Bulk composition and physical–chemical properties analysis

The contents of individual elements in the bottom ash sample were analyzed
after the sample was digested according to the method described by Yamasaki
(1997). 0.5 g of air dried sample was weighed into a Teflon beaker. 2.5 mL HNO3

and 2.5 mL HClO4 were added and heated at 150 1C for 2–3 h. After cooling, 2.5 mL
HClO4 and 5 mL HF were added and heated at 150 1C for 15 min, and then 5 mL HF
was added until the residue became almost dry. The residue was dissolved using
5 mL HNO3 and diluted to 100 mL. The element concentrations in the solution were
determined by ICP-OES (Thermo Electron Corporation IRIS/AP, USA). The samples
were digested and analyzed in triplicate.

The loss on ignition (LOI), including LOI600 1C and LOI950 1C were determined by
heating the bottom ash samples at 600 1C and 950 1C respectively, according to the
Chinese standard GB7876-87. The value of (LOI600 1C—moisture content) indirectly
reflected the organic matter content in MSWI bottom ash, while the value of
(LOI950 1C–LOI600 1C) reflected the content of carbonate minerals. All the measure-
ments were conducted in triplicate.

2.3. Sequential Extraction Procedure (SEP)

The fractionation of Cu, Zn and Cd in the bottom ash sample was determined by
using SEP suggested by Tessier et al. (1979). It was performed according to the
following procedure:

Exchangeable (F1): 2.0 g of bottom ash was added with 16 mL of magnesium
chloride solution (1 M MgCl2, pH 7.0) and shaken for 1 h at room temperature;

Bound to carbonate (F2): The residue from the exchangeable fraction was
shaken with 16 mL of 1 M CH3COONa (pH 5.0) for 5 h at room temperature;

Bound to Fe–Mn oxides (F3): 20 mL of 0.04 M hydroxylamine hydrochloride
(NH2OH �HCl) in 25% (v/v) CH3COOH was added to the residue from the carbonate
fraction and heated at 9671 1C for 5 h with occasional agitation;

Bound to organic matters (F4): 6 mL of 0.02 M HNO3 and 10 mL of 30% hydrogen
peroxide (H2O2) (pH 2.0) were added to the residue from the Fe–Mn oxides fraction
and heated at 8571 1C for 2 h with occasional agitation. Another aliquot of 6 mL
30% hydrogen peroxide (H2O2) (pH 2.0) was added and heated again at 8571 1C for
3 h with intermittent agitation. After cooling to room temperature, 10 mL of 3.2 M
ammonium acetate (CH3COONH4) in 20% HNO3 was added and agitated continu-
ously for 30 min;

Residual fraction (F5): The residual fraction was determined by digestion of
residue from the fraction bound to organic matters, as described in Section 2.2.

The SEP was conducted in triplicate and heavy metal concentrations in the
solutions of each step were determined by ICP-OES (Thermo Electron Corporation
IRIS/AP, USA).

3. Results and discussion

3.1. Size distribution of the bottom ash

The size distribution of the bottom ash was illustrated in Fig. 2
(a). It showed a unimodal distribution, with the highest peak
located at the particle size of 4–8 mm. A higher mass percentage of
weight was observed in the bottom ash with large particle sizes.
The individual mass percentage of the particle size of 2–4 mm, 4–
8 mm and 48 mm was higher than 19%, while the individual
mass percentage of the particle size of o0.45 mm, 0.45–1 mm and
1–2 mm was all below 15%. Generally, the bottom ash could be
divided into two categories: (1) the incineration slag of the MSW,
including the inert substance unable to burn; and (2) the grate
sifting precipitated from the furnace wall during the incineration.Fig. 1. Map of sampling location.
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The slag is usually presented in the large particle size while the
grate sifting normally in the fine size. The results indicated that
the major proportion of the bottom ash was from the
incineration slag.

According to the size distribution of the bottom ash, the
cumulative mass percentage for the bottom ash was obtained, as
shown in Fig. 2(b). The mass median diameter (d50) can be
determined, which was 3.25 mm. Furthermore, the geometric
standard deviation (sg) calculated from (d84/d16)1/2 was 3.82,
where d84 and d16 represented the diameters at 84% and 16%,
respectively.

3.2. Particle distribution of heavy metals

The particle distribution of Cu was shown in Fig. 3(a). The
highest content of Cu in the bottom ash was observed in the
particle size of 48 mm, which was 1452.4 mg/kg dry wt. The
bottom ash with the particle size of 4–8 mm and o0.45 mm had a
comparable content of Cu, which was 594.3 and 597.0 mg/kg dry
wt., respectively. The bottom ash with the particle sizes of 0.45–
1 mm, 1–2 mm and 2–4 mm had a relatively low level of Cu, which
was below 450 mg/kg dry wt. It was thought that the bottom ash
with the particle size higher than 4 mm was mainly from the
incineration slag, while the bottom ash with the particle size of
o0.45 mm was generally from the grate sifting. The heavy metals
in the slag usually had not gone through the evaporation process
in the furnace, while the heavy metals in the fine ash might be
transferred to the raw gas and subsequently precipitated homo-
geneously. The high content of Cu in the bottom ash with the
particle size of 44 mm indicated that a considerable amount of
Cu was kept in the matrix of the incineration slag without the
evaporation process. This result could also be supported by the
high variation of the Cu content in the large ash (Fig. 3(a)).
However, the relatively high content of Cu was also found in the
bottom ash with the particle size of o0.45 mm, which was
inconsistent with the lithophilic property of Cu (Verhulst and
Buekens, 1996). It might be attributed to the function of the
‘entrainment of the particle matrix’, which meant some of the
Cu in the MSWwas entrained by the raw gas and precipitated with
the fine ash afterwards. This result could also be proved by the

fractionation of the Cu in the fine ash, which would be discussed
in the Section 3.3.

The content of Zn showed a relatively even distribution among
the various particles compared with that of Cu, which ranged from
1567 (48 mm) to 1754 mg/kg dry wt. (o0.45 mm), with the
average content of 1708.5 mg/kg dry wt. (Fig. 3(b)). The high
content of Zn in the bottom ash was probably due to the high
content of Zn in MSW, as observed by several previous studies
(Long et al., 2009a, Long et al., 2009b). The content of Zn was
slightly higher in the fine ash, which was consistent with the
thermodynamic characteristic of Zn. As is known, Zn has a
moderate volatility. The volatility of Zn was higher than that of
Cu, but lower than that of Cd. It started to form ZnCl2 (g) when the
temperature was above 280 1C, and twenty percent of Zn was
assumed to be volatilized at 800 1C (Verhulst and Buekens, 1996).
The moderate volatility of Zn resulted in its relatively even
distribution and the slight higher content in the fine ash.

The content of Cd was relatively low compared to that of Cu
and Zn. However, due to the high toxicity of Cd, it still needed
to be concerned. The content of Cd ranged from 13.4 to 23.4 mg/
kg dry wt. (Fig. 3(c)). The highest content of Cd was observed in
the particle size of 0.45–1 mm. The content of Cd in the fine ash
(o1 mm) was generally higher than that in the large ash,
which was consistent with the result of Chimenos et al.
(Chimenos et al., 1999). This result was not surprising as Cd
was a volatile element. It starts to volatilize at 300 1C and the
volatilization is complete at 400 1C (Verhulst and Buekens,
1996). It suggested most of the available Cd in the MSW would
be transferred to the raw gas under the furnace condition,
which was above 850 1C. The high content of Cd in the fine ash
was probably due to the precipitation of Cd from the raw gas,
which was rich in Cd.

Generally, bottom ash contained a high level of Cu, Zn and Cd.
The size distribution of these metals greatly depended on the
thermodynamic characteristic and transfer behavior of the metal
species. The high content of Cu was found in both the fine and the
large ash, which was due to its lithophilic character and entrain-
ment within the particle matrix. Zn showed an even distribution
due to its moderate volatility. The content of Cd was higher in the
fine ash because of its high volatility.

Fig. 2. Size distribution of the MSWI bottom ash.
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3.3. Fractionation of heavy metals in the bottom ash

The sequential fractionation of Cu, Zn and Cd in the size
fractionated bottom ash was exhibited in Fig. 4. Cu was mainly
presented as the residual fraction for all the particle sizes of
bottom ash, which accounted for 69.2%, 64.6%, 66.3%, 68.7%,
62.0% and 56.4% for the particle size of o0.45 mm, 0.45–1 mm,
1–2 mm, 2–4 mm, 4–8 mm and 48 mm, respectively (Fig. 4(a)).
It indicated that the mass ratio of the residual fraction showed a
decreasing trend with the increase of the particle size. The mass
ratio of the organic matter bound fraction of Cu was higher than
other species, due to its high affinity with the organic matter,
such as humic substance (Olsson et al., 2007). Generally, the mass
ratio of the organic matter bound of Cu increased with the
increase of the particle size. It accounted for 21.0% for the particle
size of o0.45 mm and it achieved 33.7% for the particle size
48 mm. This result was corresponding to the content of organic

matter in the various particle sizes (Fig. 5(a)). The incomplete
combustion of the incineration slag resulted in the relatively high
level of the organic matter in the large ash, while the fine ash was
mainly from raw ash containing a low level of organic matter. The
high level of organic matter provided better opportunity for the
complexation of the Cu with the organic matter. The Fe–Mn oxide
bound fraction of Cu showed an even distribution, which ranged
from 2.2% to 3.6%. The carbonate bound fraction showed an
upward trend with the increase of the particle sizes. This result
was surprising as the fine ash has a better opportunity to interact
with CO2 in the furnace, thus it should have a relatively high
content of carbonate bound fraction of Cu (Fig. 5(b)). This result
further proved that the Cu in the fine ash was mainly from the
entrainment of the particle matrix, other than evaporation.
Moreover, the exchangeable fraction of Cu decreased when the
particle size increased. It suggested that the fine ash had more
easily soluble Cu in the surface.

Fig. 3. Contents of Cu, Zn and Cd in the size fractionated MSWI bottom ash.
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The residual fraction of Zn showed a slight increase from 67.7%
to 71.1% with the increase of the particle size. Meanwhile, the
organic matter bound faction of Zn showed a decreasing trend
with the increase of the particle size, which ranged from 4.1% to
7.9%. No significant difference was observed for the Fe–Mn oxide
bound fraction and carbonate bound fraction among the various
particle sizes, ranging from 11.4% to 13.0% and 11.3% to 13.0%,
respectively. Besides, the exchangeable fraction of Zn was minimal,
ranging from 0.16% to 0.27%. Generally speaking, the fractionation
of Zn showed a more even distribution among the ash with
different particle sizes than that of Cu and Cd.

Compared with Cu and Zn, Cd showed a high mass percentage
of the exchangeable fraction and carbonate bound fraction. The
mass percentage of the exchangeable fraction of Cd in the ash
ranged from 8.3% to 17.6%, which increased with the increase of
the particle size. The mass percentage of the carbonate bound
fraction of Cd showed a decreasing trend, ranging from 20.6% to
31.3%. This result was distinct from that of Cu, but was consistent
with the intrinsic property of Cd as a volatile element. Most of the
Cd in the fine ash was from the evaporation. The evaporated Cd
was able to interact with CO2, forming the carbonate bound
fraction. Besides, the Fe–Mn oxide bound fraction of Cd decreased

when the particle size increased. The organic matter bound
fraction of Cd did not show an obvious trend, whose content
ranged 4.6%–8.3%. The residual fraction of Cd showed a decreasing
trend, ranging from 34.3% to 47.9%.

The results showed that the fractionation of Cu, Zn and Cd
varied among the different size particles, and was greatly
depended on the intrinsic property of the metal species and their
transfer behavior in the furnace. The lithophilic metal Cu showed
completely different sequential fractionation distribution com-
pared with the volatile metal Cd.

3.4. Implication

The exchangeable fraction and carbonate bound fraction are
considered as the unstable fraction under the acidic condition
(Gleyzes et al., 2002; Maiz et al., 2000; Udovic and Lestan, 2009).
These fractions are apt to leach out when the pH is low.
Unfortunately, more and more areas have become the acid rain
region. For example, the pH of the rain in the Southeastern China
is usually lower than 4.0 (Zhang et al., 2007). In such an acidic
condition, the exchangeable fraction and carbonate bound fraction
of the metals are assumed to be leached out from the bottom ash.
In the term of environmental protection, the total amounts of the
exchangeable fraction and carbonate bound fraction of Cu, Zn and
Cd in the size fractionated bottom ash were calculated, as
illustrated in Table 1. Furthermore, the Fe–Mn oxide bound
fraction has the potential bioavailability under the anoxic condi-
tion, and the organic matter bound fraction is unstable under the
oxidizing condition (Tessier et al., 1979). Therefore, the total
amounts of the exchangeable fraction, carbonate bound fraction
and Fe–Mn oxide bound fraction, as well as the total amounts of
the exchangeable fraction, carbonate bound fraction and organic
matter bound fraction of Cu, Zn and Cd in the various particle sizes
of bottom ash were also calculated (Table 1), in case the bottom
ash was reused in the acidic anoxic or acidic oxidizing condition.

According to the Table 1, the highest unstable amounts were
observed in the large ash for Cu. Zn showed a relatively even
distribution of unstable amounts among the particle sizes. The fine
ash contained the highest unstable amounts of Cd. Several studies
argued that the pollution threat of fine ash would be more serious
than that of the large ash due to its high specific surface area,
which allowed the fine ash to capture more pollutants (Chimenos
et al., 1999; Hjelmar, 1996). However, the results of the present
study indicated the large ash of the bottom ash could also be a
serious pollution source, especially for the lithophilic heavy
metals. In this respect, special attention should be paid to the
lithophilic heavy metals when the large ash is re-utilized. Mean-
while, special attention should be paid to the volatile heavy metals
when the fine ash is reused.

4. Conclusions

The contents and fractionation of Cu, Zn and Cd in the MSWI
bottom ash with different particle sizes were investigated. The
results revealed that both the contents and the fractionation of the
metals varied among the different particle sizes, which were
related to the thermodynamic characteristic and transfer behavior
of the metals. The volatile metal Cd showed a deceasing trend with
the increase of the particle size due to the evaporation process.
Moreover, Cd in the fine ash was apt to be present in the
carbonate-bound fraction, due to the interaction of CO2 and Cd
during evaporation process. On the contrary, the lithophilic ele-
ment Cu showed a different distribution pattern. A higher fraction
of Cu was presented as the organic matter bound fraction in the
large ash than the fine ash, as the large ash contained more

Fig. 4. Fractionation of Cu, Zn and Cd in the size fractionated MSWI bottom ash. F1:
exchangeable fraction; F2: carbonate bound fraction; F3: Fe–Mn oxide bound
fraction; F4: organic matter bound fraction and F5: residual fraction.
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organic matter. The present study also suggested that the large ash
contained more unstable lithophilic metals than the fine ash,
while the fine ash contained more unstable volatile metals than
the large ash. Therefore, special attention should be paid to the
lithophilic heavy metals when the large ash is re-utilized while
volatile heavy metals deserve more concern when the fine ash is
reused.
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