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Municipal  solid  waste  incinerator  (MSWI)  bottom  ash  is used  as  the  cover,  intermediate  cover  and  liner
in  the  landfill.  In this  study,  simulated  landfills  were operated  for 507  days  to  investigate  the effect  of
MSWI  bottom  ash  layer  on the  migration  of Cu,  Zn  and Cr. All through  the  study,  Cu  was  greatly  released
from  the  MSWI  bottom  ash  layer.  Zn  was captured  by the  MSWI  bottom  ash layer  at  the  initial  stage  of
the  landfill.  After  then,  the  release  of Zn  from  the MSWI  bottom  ash  layer  was  observed,  corresponding  to
the  decline  of  the  leachate  pH.  No  trapping  or release  was  found  for  Cr at the  initial stage  of  the  landfill.
SWI  bottom ash layer
u
n
r
igration

Then,  a slight  release  of  Cr  from the  MSWI  bottom  ash  layer  was  observed.  Over  the  study,  a totally  0.93%
of Cu,  0.12%  of  Zn,  and 0.01%  of  Cr in  the  MSWI  bottom  ash  layer  were  released.  The  released  metals
were  not  discharged  to the  surrounding  environment.  They  were  immobilized  by the  sub-MSW  layer.  It
suggested that the  MSWI  bottom  ash  layer  could  not  increase  the metal  discharge  when  it was  used as
the  cover  or  intermediate  cover  in  the landfill.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Incineration has become more and more important for the treat-
ent of municipal solid waste (MSW)  due to the shortage of the

rban land as well as the advantages of hygienic control, volume
nd mass reduction and energy recovery. For instance, in the past
en years, the number of municipal solid waste incinerator (MSWI)
acilities increased sharply from 47 to 166 in China, with the treat-

ent capacity rising from 15,000,000 to 158,488,000 kg/d (National
ureau of Statistics of China, 2015). In the incineration process,
bout 20% of the incinerated MSW  was transformed to the solid
esidue. Among the residue, bottom ash is the main stream, which
ccounts for approximately 80% (Chimenos et al., 1999). MSWI  bot-
om ash is allowed to be disposed in the MSW  landfill sites in several
ountries and areas, such as China, Japan and Taiwan (Inanc et al.,
007; Lo and Liao, 2007; Youcai et al., 2002). The compacted ash can
ave a hydraulic conductivity similar to that of clay, which means

hat it could meet the functional requirements as the cover and
iner in the landfill (Chandler et al., 1997; Muhunthan et al., 2004).
herefore, it has been used as the cover, intermediate cover and

∗ Corresponding author.
E-mail address: yizaghi@126.com (D. Shen).

ttp://dx.doi.org/10.1016/j.ecoleng.2017.02.063
925-8574/© 2017 Elsevier B.V. All rights reserved.
liner instead of natural clay minerals in the landfill (Su et al., 2013).
For example, Travar et al. (2009) used the MSWI  ash as the sub-
stitute for natural materials in landfill cover construction. Li et al.
(2014) used the MSWI  bottom ash as the intermediate layer. These
studies suggested that the MSWI  bottom ash layer could provide
several advantages for the landfill construction and operation. For
example, it could save the natural mineral material source, fasten
the stabilization of the landfill and improve the leachate quality.

MSWI  bottom ash is a mineral assemblage, containing a high
level of alkaline minerals, adsorption medium and heavy metals
(Yao et al., 2010; Yao et al., 2015). The alkaline minerals in the MSWI
bottom ash result in the high acid neutralization capacity (ANC),
which can increase the pH of the leachate vertically flowing through
the MSWI  bottom ash layer. As the mobility of the heavy metals is
dependent on the pH, the migration of them can be changed. The
adsorptive medium, including Friedel’s salt, kaolin and iron (hydr)-
oxides, were reported to have adsorption capacity for the metals.
For instance, Dai et al. (2009) pointed out that Friedel’s salt could
remove 99% of CrO4

2− from the aqueous solution. Adebowale et al.
(2005) suggested that kaolin showed a strong affinity for Cu, Zn, Pb

and Cd. The ANC and adsorptive medium can help the MSWI  bottom
ash layer capture the heavy metals from the leachate. However, on
the other hand, the high content of heavy metals in the MSWI bot-
tom ash can lead to the heavy metal release, which may  aggravate

dx.doi.org/10.1016/j.ecoleng.2017.02.063
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
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he heavy metal pollution (Yao et al., 2010). Several studies have
een done to investigate the effect of the disposal of MSWI  bottom
sh on the heavy metal leaching from the landfill (Inanc et al., 2007;
o and Liao, 2007; Su et al., 2013). In these studies, MSWI  bottom
sh was blended with the MSW.  The effect of the co-disposal on
he final discharge of heavy metals from the landfill was discussed.
owever, the effect of MSWI  bottom ash layer on the migration of
eavy metals in the landfill is still poorly investigated. This theme

s important as it can provide scientific reference for the control of
eavy metal pollution when the MSWI  bottom ash layer is used as
he cover, intermediate liner and liner in the landfill.

Among the heavy metals, Cu and Zn are presented in high con-
entration in MSWI  bottom ash and MSW  (Long et al., 2010; Yao
t al., 2014). Cr, as a valence variable metal, is of particular concern
s its high toxicity to the surrounding ecosystem (Paquin et al.,
000). They were thus selected for the discussion herein.

The main aim of this study is to reveal the effect of the MSWI
ottom ash layer on the migration of heavy metals in the landfill.
wo parallel leachate recirculated landfill bioreactors were estab-
ished and operated for 507 days. MSWI  bottom ash was disposed
s the landfill layer. The variation of pH, chemical oxygen demand
COD), Cu, Zn and Cr concentrations in the leachates, which were
ampled above the MSWI  bottom ash layer (L1), beneath the MSWI
ottom ash layer (L2) and at the bottom of the landfill (L3), was
onitored.

. Material and methods

.1. Experimental setup

Two parallel simulated landfill bioreactors with leachate recir-
ulation were set up. The reactor was 287 mm in diameter and
430 mm in height, with a total working volume of 92 L. Five ports
ere equipped with the reactor: the two ports at the top were used

or gas exporting and leachate recirculation; the two ports at the
ide were used for sampling the leachate above (L1) and beneath
L2) the MSWI  bottom ash layer; the port at the bottom was  used for
eachate drainage and sampling (L3). A 100 mm thick layer of gravel

as placed at the bottom of the landfill to simulate a leachate col-
ection system and to prevent clogging of the leachate withdrawal
utlets. The MSWI  bottom ash layer was placed between the MSW
ayers. Another 50 mm thick layer of sand was placed at the top
f each landfill to simulate the cover and top drainage layer. The
chematic of the simulated landfill system was shown in Fig. 1.

.2. MSWI  bottom ash and MSW

MSWI  bottom ash was sampled from the Green Energy MSWI
lant in Zhejiang province, East China. The plant consists of two
arallel stoker incinerators with an MSW  treatment capacity of
50,000 kg/d. The MSWI  bottom ash sample had undergone water
uenching and magnetic separation before being sampled. A part
f the MSWI  bottom ash sample was mingled, air dried and ground
nto less than 154 �m for total heavy metal analysis and sequential
xtraction procedure (SEP).

MSW  was collected from the Jiazhi transport station of Taizhou,
hejiang, East China. It was sampled in the morning, afternoon
nd night on the same day. Then, the large particle of the refuse

as shredded into approximately 20 mm.  The shredded refuse was
omogenized by a shovel as thoroughly as possible before loaded
o the landfill reactor. The moisture content of the refuse was  59.6%.
he components of the MSW  are shown in Table 1.
Fig. 1. Schematic of the simulated landfill system.

2.3. Operation of the reactors

Firstly, about 25 kg MSW  was  loaded to the each reactor and
compacted using the shovel and sledgehammer. Then, 16 kg MSWI
bottom ash was loaded and compacted. Finally, another 25 kg MSW
was loaded and compacted. The mass proportion of MSWI  bottom
ash to MSW  was  close to the production ratio of MSWI  bottom ash
to MSW  in Zhejiang province, China. The moisture of the MSW  was
adjusted to 75% by adding tap water, which was  reported to be
an initial rapid decomposition threshold for the anaerobic organic
refuse mineralization in bioreactor landfill (Benson et al., 2007; Lay
et al., 1998). After the loading, the reactors were sealed with a gas-
ket and silicone sealant. The leachates generated from the landfill
reactors were collected in the leachate collection tank and contin-
uously recirculated using pumps with adjusted flow rates varying
with the leachate volume. To keep the volume equilibrium of the
leachate, a same volume of tap water was  added to the reactors
after the sampling.

2.4. Total heavy metals analysis

MSWI  bottom ash was  digested using the method described in
the previous study (Yao et al., 2010). After the digestion, Cu, Zn and
Cr concentrations in the solution were determined by an Induc-
tively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES).

Chemical speciation of Cu, Zn and Cr in the bottom ash sample
was determined using SEP suggested by Tessier et al. (1979). The
procedure classified elements into five fractions: (1) exchangeable
fraction (F1), (2) carbonate bound fraction (F2), (3) Fe-Mn oxide
bound fraction (F3), (4) organic matter bound fraction (F4), and (5)
residual fraction (F5).

2.5. Analytical procedure

L1, L2 and L3 were collected weekly from the landfill reac-
tors. The leachate samples were analyzed for pH, chemical oxygen
demand (COD), concentrations of Cu, Zn and Cr. The analyses of
pH and COD were performed in accordance with Chinese standard
methods GB 6920-86 and GB 11914-89, respectively. The total con-

centrations of Cu and Zn and Cr were determined by ICP-AES. Cr(VI)
were determined by Chinese standard methods GB 7467-87. The
results were expressed as the mean of the obtained data from the
two reactors.
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Table  1
Components of the MSW

Components Food waste Plastic Paper Textile Dust Ceramic Metal Timber Residue

W/W,  % 44.3 8.2 7.5 0.3 6.2 5.1 0.1 1.7 27.6

Table 2
Physicochemical properties and bulk composition of the MSWI  bottom ash sample

Properties or elements Value

Physi-chemical properties
Moisture content (%) 1.61
Bulk density (kg/m3) 1277.6
Loss on ignition (LOI) (%) 2.2
pH 11.2
Acid neutralization capacity (ANC7.5) 1.0 H+ mmol  g−1

Element composition (mg  kg−1)
Al  40920 ± 1600
Si 223600 ± 4657
Na  9040 ± 178
K  15792 ± 167
Mg  5997 ± 115
Ca  69413 ± 2613
Fe 26008 ± 28
Mn  1246 ± 231
Zn  1922 ± 33
Cu  315 ± 22
Cr  252 ± 42
Cd  7 ± 1
Mo  7 ± 2
As  138 ± 42
Co  21 ± 2
Ni 48 ± 24

Table 3
Fractionation distribution of Cu, Zn and Cr in MSWI  bottom ash (mg  kg−1)

F1 F2 F3 F4 F5

Cu 3.73 74.61 7.86 141.60 86.79
Zn  0.96 452.55 485.95 79.01 903.53
Cr  3.41 8.67 25.44 4.76 209.42
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Cu release from the MSWI  bottom ash layer. It should be noted that
the difference of Cu concentrations in L2 and L1 declined with the
extension of time. After day 335, the Cu concentration of L1 became
close to that of L2, suggesting the release of Cu receded. According
. Result and discussion

.1. Main characteristic of MSWI  bottom ash

The result of physicochemical properties and bulk composition
nalysis is shown in Table 2. The alkali metals, including Na, K,
l, Ca and Mg,  were abundant in the MSWI  bottom ash sample,
hich contributed to the high pH (11.2) and acid neutralization

apacity (1.0 H+ mmol  g−1). Cu, Zn and Cr were the major trace ele-
ents. Their contents in the MSWI  bottom ash were 4.1, 14.9 and

5.9 times higher than those in the soils (National Environmental
onitoring Centre of China, 1990), indicating a high potential envi-

onmental risk.
The chemical speciation of Cu, Zn and Cr is shown in Table 3.

ost of Cu, Zn and Cr were occupied as the organic matter bound
raction (F4) and residual fraction (F5), which were considered as
he stable fractions. However, there were still certain amounts of
u, Zn and Cr occupied as the exchangeable fraction (F1), carbonate
ound fraction (F2) and Fe-Mn oxide bound fraction (F3), which
ere thought to be unstable with the potential leachability. The

otal amounts of the unstable Cu, Zn and Cr in the MSWI  bottom ash
ere 86.21, 939.46 and 37.52 mg  kg−1, respectively. The unstable
r was less than the unstable Cu and Zn.
Fig. 2. Variation of Cu concentrations of L1, L2 and L3.

3.2. Migration of Cu, Zn and Cr through the MSWI  bottom ash
layer

3.2.1. Cu
Generally, the concentrations of Cu in L1, L2 and L3 showed a

decreasing trend (Fig. 2), which was consistent with the previous
report (Long et al., 2009). The concentration of Cu in the leachate
was relatively high at the beginning of the study, which was  due to
the intensive release of the unstable Cu from the MSW and MSWI
bottom ash. Our previous study had showed that the sulfate in
the landfill was reduced to sulfide with the time extension, lead-
ing to the increase of sulfide level (Long et al., 2010). S2− could
react with Cu2+ to form CuS (Eq. (1)), a compound of copper with a
low solubility. Therefore, the Cu concentration of the leachate was
attenuated.

Cu2+ + S2− → CuS ↓ (1)

The Cu concentration of L2 was  higher than that of L1 all through
the study. The average Cu concentration of L2 was 1.22 mg  L−1,
while the average Cu concentration of L1 was 0.25 mg/L. It meant
that Cu was largely released from the MSWI  bottom ash layer. Due
to the high acid neutralization capacity (ANC) of MSWI  bottom ash
(Table 2), the pH of the leachate increased after flowing through the
MSWI  bottom ash layer (Fig. 3(a)). Notably, the pH of L1 ranged from
4.27 to 6.13 in the first 42 days, while the pH of L2 ranged from 9.07
to 11.76. The increase of pH was thought to be able to immobilize
the metal and decrease the Cu concentration of the leachate. How-
ever, the Cu concentration of the leachate increased after it flowed
through the MSWI  bottom ash layer. Cu is reported to have a good
affinity with the organic matter. Several researches have showed
that the leaching of Cu from MSWI  bottom ash could be greatly
enhanced by the organic matter (Meima  et al., 1999; Olsson et al.,
2007; van Zomeren and Comans, 2004). Landfill leachate contained
a high level of organic matter. The COD of the leachate exceeded
10000 mg/L all through the study (Fig. 3(b)). The release of Cu from
the MSWI  bottom ash layer was probably facilitated by the organic
matter in the leachate. To approve the assumption, the distribution
pattern of Cu in L2 was analyzed by the model Visual MINTEQ. It
showed that Cu in L2 was almost 100% bound with the organic mat-
ter (Table 4). This result verified the role of organic matter on the
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Fig. 3. Variation of pH (a) and COD (b) of L1, L2 and L3.

Table 4
Speciation of Cu in L2 calculated by Visual MINTEQ (mol L−1)

Speciation Day 3 Day 193 Day 456

Bound to organic matter 1.64 × 10−5 3.42 × 10−5 4.15 × 10−6

Bound to inorganic matter 3.78 × 10−18 1.07E × 10−15 1.19 × 10−14
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the study. The trapping and release of Cr seemed to be very close,
ig. 4. Variation of Zn concentrations of L1, L2 and L3 over the study (a) and in the
rst 27 days (b).

o the difference of Cu concentrations in L1 and L2, as well as the
olume of the leachate, it was calculated that 46.88 mg  of Cu was
eleased from the MSWI  bottom ash layer during the study, which
ccounted for 0.93% of its total amount in the MSWI bottom ash.

.2.2. Zn
The decreasing trend was also observed for the Zn concentra-

ions of L1 and L3 (Fig. 4(a)), which could be attributed to the
ncrease of pH and formation of insoluble minerals. For L2, the con-
entration of Zn was relatively low in the first 27 days (Fig. 4(b)),

hich was corresponding to the high pH. After day 27, the pH

f L2 decreased to below 9.0, leading to the sharp increase of Zn
oncentration.
Fig. 5. Variation of Cr concentrations of L1, L2 and L3 over the study (a) and in the
first  27 days (b).

According to the comparison of Zn concentrations of L1 and L2,
the running of the landfill could be divided into three stages. At
Stage I (day 1 to day 27), the Zn concentration of L2 was lower than
that of L1, indicating the MSWI  bottom ash layer captured Zn from
the leachate. It might be partly resulted from the hydrolyzing of
the Zn under the alkaline condition, which formed the insoluble
compounds, such as Zn(OH)2 and ZnCO3. Besides, Zn could also be
adsorbed by the adsorptive medium in the MSWI  bottom ash. At
Stage II (day 28 to day 335), the Zn concentration of L2 was higher
than that of L1, indicating Zn was  released from the MSWI  bottom
ash layer. At Stage III (day 336 to day 488), the Zn concentrations of
L1 and L2 were close, suggesting the adsorption and release of Zn
came to a balance. According to the leachate volume and difference
of Zn concentrations of L1 and L2, a totally 13.74 mg of Zn was cap-
tured by the MSWI  bottom ash layer at Stage I. However, 50.90 mg
of Zn was released from the MSWI  bottom ash layer at the Stage II.
As a whole, 37.16 mg  of Zn was  released from the MSWI  bottom ash
layer, which accounted for 0.12% of its total amount in the MSWI
bottom ash layer.

3.2.3. Cr
Different from Cu and Zn, the concentrations of Cr in L1, L2

and L3 showed an increasing trend (Fig. 5(a)). At the beginning of
the study, the concentration of Cr was  at a low level (Fig. 5(b)). It
suggested that the initial release of Cr from the MSW  and MSWI
bottom ash was very limited. With the degradation of MSW,  Cr
was gradually released from the MSW,  resulting in the increase of
Cr concentration of the leachate.

The Cr concentration of L2 was  close to that of L1 in the first
27 days (Fig. 5(b)). At the initial stage of the landfill, most of Cr in the
leachate was presented as Cr(VI) (Table 5), which was  probably due
to the residual oxygen in the landfill. The adsorptive medium in the
MSWI  bottom ash, such as the Friedel’s salt and kaolin, could cap-
ture the Cr(VI) from the leachate (Adebowale et al., 2005; Dai et al.,
2009). On the other hand, MSWI  bottom ash contained considerable
amounts of leachable Cr (Table 2), which could be released during
resulting in the close concentrations of Cr in L1 and L2. From day 28
to day 357, as the pH of L2 decreased significantly, the adsorption
of Cr(VI) was restricted. Besides, the decrease of the pH was  bene-
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Table  5
Proportion of Cr(VI) of the total chromium in the leachates (%)

Time L1 L2 L3

Day 9 111.22 108.91 114.40
Day  129 84.58 64.34 36.31
Day  244 17.53 18.42 19.12
Day  347 25.88 25.11 19.33
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Day  488 20.36 23.82 17.05

cial to the release of Cr. Therefore, the release of Cr exceeded the
dsorption. After day 357, the Cr concentration of L2 was  lower than
hat of L1. At that time, most of Cr was presented as Cr(III) under
he anaerobic condition (Table 5). As the pH of L2 was higher than
hat of L1, Cr(III) was immobilized by the MSWI  bottom ash layer
ith the formation of Cr(OH)3. According to the leachate volume

nd the difference of Cr concentrations of L1 and L2, it was  calcu-
ated that 0.78 mg  of Cr was released from the MSWI bottom ash
ayer from day 28 to day 357, while 0.42 mg  of Cr was captured by
he MSWI  bottom ash layer after day 357. Thus, as a whole, 0.36 mg
f Cr was released from the MSWI  bottom ash layer. The released
r was lower than that of Cu and Zn, which could be due to its low
nstable amounts in the MSWI  bottom ash as well as its variable
alence state in the landfill.

.3. Fate of the released metals and the implication for the design
f the landfill

Above results showed that 46.88 mg  of Cu, 37.16 mg  of Zn, and
.36 mg  of Cr were released from the MSWI  bottom ash layer. How-
ver, the concentrations of Cu, Zn and Cr in L3 were generally at the
ame level with those of L1. For example, the average Cr concen-
ration of L1 was 0.205 mg/L, while the average Cr concentration of
3 was 0.203 mg/L. It suggests that the MSWI  bottom ash layer can
ot increase the final discharge of heavy metals from the landfill.
he released Cu, Zn and Cr were probably adsorbed by the sub-
SW layer. Our previous study showed that the MSWI  bottom ash

ayer increased the Cu and Zn contents of the MSW  in the bottom
ayer (Yao et al., 2014). Lo et al. (2009) pointed out that MSW  had

 great adsorption capacity for heavy metals. These results were in
greement with the result of this study. When the MSWI  bottom
sh layer is used as the cover or intermediate cover, the released
eavy metals can be immobilized by the sub-MSW layer, which can
revent the increase of metal discharge from the landfill. When the
SWI  bottom ash layer is used as the liner, the permeability coeffi-

ient must be strictly controlled to prevent the contamination of the
nderground water by the percolated leachate. As the liner has no
ub-MSW layer served as the barrier for the released heavy metals
ike the cover or intermediate cover. Therefore, from an environ-

ental view, the MSWI  bottom ash layer should be preferentially
sed as the cover or intermediate cover in the landfill.

. Conclusion

The MSWI  bottom ash layer can affect the migration of Cu,
n and Cr in the landfill. The concentration of Cu in the leachate
ncreased after it flowed through the MSWI  bottom ash layer, due
o the intensive release of Cu from the MSWI  bottom ash layer. The

SWI  bottom ash layer captured the Zn in the leachate at the initial
tage of the landfill. After then, the release of Zn from the MSWI  bot-
om ash was observed. The MSWI  bottom ash layer had little effect

n the migration of Cr at the initial stage of landfill. Afterwards,
he release of Cr from the MSWI  bottom ash layer resulted in the
ncrease of Cr concentration of the leachate. After day 357, Cr was
aptured by the MSWI  bottom ash layer, which could be ascribed to
ing 102 (2017) 577–582 581

the immobilization of Cr(III) due to the increase of the leachate pH.
As a whole, 0.93% of Cu, 0.12% of Zn, and 0.01% of Cr in the MSWI
bottom ash layer were released over the study. The released heavy
metals were immobilized by the sub-MSW layer. To control the
heavy metal pollution, the MSWI  bottom ash layer is preferentially
used as the cover or intermediate cover in the landfill. The perme-
ability coefficient must be strictly controlled if the MSWI  bottom
ash layer is used as the liner in the landfill, since the liner has no
sub-MSW layer served as the barrier for the released heavy metals
like the cover or intermediate cover.
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