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a b s t r a c t

Municipal solid waste incineration (MSWI) bottom ash contains a considerable amount of heavy metals.
The occurrence and uneven distribution of these heavy metals in bottom ash can increase the complexity
of such residues in terms of long-term behavior upon landfilling or recycling. Bottom ashes sampled from
three stoker-type incinerators in Japan were analyzed in this paper. This study presents detailed infor-
mation on the mineralogical characterization of bottom ash constituents and the weathering behavior
of these constituents by means of optical microscopy and scanning electron microscopy. It was revealed
that bottom ash mainly consists of assorted silicate-based glass phases (48–54 wt% of ash) and min-
eral phases including melilites, pseudowollastonite, spinels, and metallic inclusions (Fe–P, Fe–S, Fe–Cu,
Cu–Sn, Cu–Zn, Cu–S, and Cu–Pb dominated phases), as melt products formed during the incineration
eavy metals
icroanalysis

process. The compounds embedded in the glass matrix, e.g. spinels and metallic inclusions, played the
most important role in concentration of heavy metals (Pb, Zn, Cu, Cr, Mn, Ni, etc.). Other phases such
as refractory minerals and ceramics, frequently found in ash, were of less significance in terms of their
influence on the involvement of heavy metals. Analysis of lab-scale artificially weathered and 10-year
landfilled bottom ash samples revealed that secondary mineralization/alteration of the bottom ash con-
stituents principally carbonation and glass evolution substantially decreased the potential risk of the

undi
heavy metals to the surro

. Introduction

Approximately 77% of municipal solid waste (MSW) is inciner-
ted in Japan, and the generated residue accounts for nearly 64%
f all waste disposed in landfill sites (Ministry of Environment of
apan, 2007). The incineration process can reduce the weight of
aw waste by up to about 80 wt%, and simultaneously results in
igh concentrations of heavy metals such as Pb, Cu, and Zn, which
ould be as much as five times that in raw waste. In recent years,
trict attention has been paid to the potential impact of inciner-
tion residue on the surrounding environment. Various leaching

ests (including up-flow column leaching test CEN/TS 14405, pH
ependence leaching test CEN/TS 14429, availability leaching test

LT19, etc.) are commonly used to estimate the mobilization
ehavior of pollutants in MSWI residue, followed by geochemical

Abbreviations: MSWI, municipal solid waste incineration; SEM/EDX, scanning
lectron microscope/energy dispersive X-ray spectroscopy; PPL, plane polarized
ight; XPL, cross polarized light; RL, reflected light; BSE, backscattered electron; XRF,
-ray fluorescence; XRD, X-ray diffraction.
∗ Corresponding author. Tel.: +81 928023431; fax: +81 928023432.

E-mail addresses: wei@doc.kyushu-u.ac.jp, ameiwei@msn.com (Y. Wei).
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simulations based on mineral dissolution/precipitation, adsorp-
tion/precipitation or complexation with organic materials [1–5].
However, the simulation is only based on the pH variation without
considering the evolutionary process of the bottom ash con-
stituents.

MSWI bottom ash has been reported as being a complex
inorganic assemblage mainly composed of fine materials, melt
components, small quantities of metallic components, synthetic
ceramics and stones, as well as unburned organic matter [1,6–12].
Several complex silicates and oxides exist as primary melt compo-
nents in bottom ash products, the characterization of which remain
undetermined [13]. Due to the multi-component, partially amor-
phous characteristics of the bottom ash, combinatorial research
methods including bulk analysis methods and microanalysis hold
the promise of a more profound understanding of the primary and
secondary phases in bottom ash. Heavy metals – the focal point
of our research – are incorporated into these melt components
(glass and minerals) that may undergo mineralogical changes when

exposed to the environment. However, only a few studies have
focused on the identification and characterization of heavy metal-
bearing phases as well as the weathering behavior of such phases.
This research work principally studied bottom ash samples from
three stoker-type solid waste incinerators located in Fukuoka City,

dx.doi.org/10.1016/j.jhazmat.2011.01.070
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wei@doc.kyushu-u.ac.jp
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Table 1
Bulk chemical composition of MSWI bottom ash from different incineration
facilities.

Major/minor composition (wt%) MSWI bottom ash samples

R-04 S-08 S-09 F-09

SiO2 (IV) 31.93 43.69 37.25 36.49
Al2O3 16.65 14.03 15.00 14.48
Fe2O3 (III) 5.97 6.21 5.16 7.89
TiO2 (IV) 1.45 1.51 1.63 1.63
MnO (II) 0.08 0.08 0.09 0.10
P2O5 (V) 0.02 <0.01 <0.01 <0.01
CaO 33.40 24.67 31.33 28.50
MgO 3.33 2.18 2.58 2.71
Na2O 2.53 2.46 2.31 2.53
K2O 0.85 1.50 1.01 0.99
C 2.22 2.16 1.72 2.53
Cl 1.08 1.27 1.57 1.80
S 0.40 0.21 0.35 0.32
Trace composition (mg/kg)
Zn 3193 3098 3295 3253
Cu 2321 2288 1710 2481
Pb 687 1149 1079 698
Cr 393 158 441 363
Ni 105 79 133 119
Ba 1126 942 835 904
Sb 4 5 4 4
Sn 111 81 64 13
Sr 271 276 362 319
As <1 <1 <1 <1
Zr <5 <5 <5 <5
Y. Wei et al. / Journal of Hazar

apan. The core objectives of these studies are therefore to concen-
rate on the characterization of various phases in MSWI bottom
sh – particularly the heavy metal-bearing phases – by placing
mphasis on the spatial distribution and chemical compositions by
icroanalysis. We have also provided an insight into the relation

etween the mobilization of heavy metals and the newly formed
econdary phases in weathered bottom ashes as a key solution for
he long-term behavior of the metallic pollutants.

. Materials and analytical methods

Freshly quenched MSWI bottom ash was collected from three
ypical municipal incineration facilities: R, S, and F incineration
acility during fiscal year 2004–2009. The incineration tempera-
ures were above 850 ◦C for all the incinerators. For each plant,
bout 100 kg of bottom ash was collected from the ash pit by a
ucket crane. During sampling, the ash was screened to remove

arge incombustible and unburned items such as fabric, cans, wood,
ubber, ceramics, bricks, and metallic items, which account for less
han 5 wt% of all ash materials. The screened ash materials were
tored in plastic bags for further laboratory treatment and use (dry-
ng, particle selecting, and milling). The MSWI bottom ash from S
ncineration facility was artificially weathered at elevated environ-

ent conditions (temperature: 65 ◦C; water content: 5–30 wt% by
dding water once a week) to accelerate the weathering process.
eriodically, subsamples were taken for the sake of determining the
eaching concentration of heavy metals by performing a standard
apanese Leaching Test 46 (liquid/solid: 500 ml distilled water:50 g
sh; agitation: horizontal shaking at 200 time/m by a reciproca-
or; time, 6 h; filtration: 0.45 �m organic membrane filter) [14].
he mineralogical alteration phenomenon was concurrently stud-
ed. In addition, naturally weathered bottom ash (10 years disposal)
rom a typical monolayer landfill site was also collected for effective
dentification of the weathering phenomenon.

Analysis of the intact ash particles is the major focus of this
tudy. Polished thin sections of intact ash particles were prepared
ccording to the conventional method. The prepared thin sec-
ions of ash are primarily subjected to identification of the various
hases. This is achieved using a petrographic polarized microscope
BX51-33MB, OLYMPUS) in different optical modes (PPL, XPL, and
L). The chemical compositions of each phase, with an emphasis
n the heavy metal-bearing phases, were determined by a scan-
ing electron microscope/energy dispersive X-ray spectroscopy
SEM/EDX) with an acceleration voltage of 15–20 kV. Bulk chem-
cal composition was completed by means of acid digestion of
he solid samples, and the digested solutions were subjected to
nductively coupled plasma optical emission spectroscopy (ICP-
ES) and inductively coupled plasma mass spectroscopy (ICP-MS)

or determination of dissolved major and minor cations, subjected
o chromatography (IC) for analysis of the dissolved anions (P, Cl,
nd S). The content of silica was measured by X-ray fluorescence
pectrometer (XRF). The content of carbon was determined by a
olid total organic carbon (TOC) analyzer. X-ray diffraction (XRD)
nalysis was applied for bulk mineral detection using Cu K� radia-
ion at a voltage of 30 kV and a current of 40 mA.

. Results

.1. Characterization of fresh bottom ash
.1.1. Chemical composition
The bulk chemical composition of bottom ash (see Table 1)

evealed that the incineration products were silicate-based materi-
ls with various amounts of other elements. SiO2, CaO, Al2O3, FeO,
gO, Na2O, K2O, and TiO2 were the dominating components, while
V 1 2 3 2
Cd 1 <1 <1 1
Co 5 8 7 9

minor and trace components, such as P, Cl, S, Pb, Zn, Cu, Mn, Ni,
and Cr, also exist in different proportions in the bottom ash. Note
that the data in Table 1 has been normalized to a hundred percent
except for the data below the detection limit. In comparison of the
bottom ash from different incinerators, a relatively similar trend
generally exists among the contents of the samples. Two times sam-
pling from the same incinerator (Column S-08 and S-09 in Table 1)
revealed that, in addition to the incineration system design, input
waste composition and seasonal variation may also lead to certain
fluctuations from the mean values for each incineration plant.

3.1.2. Petrographic and chemical analysis of various phases
3.1.2.1. Glass phase. The glass phases are generally regarded as the
principal incineration products of MSWI bottom ash. This study
adopted the methodology proposed by Font et al. [15] for calcula-
tion of the glass content in MSWI bottom ash samples. This method
is based on the XRD analysis patterns of mixed bottom ash and stan-
dard glass. The glass content of each mixture can be calculated by
obtaining the net area between 20◦ and 40◦ 2� of the broad peak
of the amorphous components by subtracting the sum area of the
whole mineral phases from the total bulk area of the XRD pattern in
the 20◦ and 40◦ 2� range with XRD analysis software JADE 6.1. MSW
molten slag (more than 99 wt% of glass) from a typical high tem-
perature combustion chamber (HTCC) was collected and utilized as
standard glass added into the bottom ash samples at percentages
of 50 wt%, 65 wt%, 75 wt%, and 90 wt%. Detailed description of the
HTCC facility has been published in a previous paper [16]. The glass
content of the MSWI bottom ash samples were finally obtained
based on the correction line between % of bulk amorphous (Y) and
addition dosage of standard glass (X). Detailed calculation process
and results were listed in Table 2. It was seen that the glass content

normally account for approximately 50 wt% in the bottom ash with
slight deviations among the samples of different sources.

Based on the microanalysis by optical and electronic micro-
scopies, the glass phases in bottom ash can generally be divided
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Table 2
Addition dosages of standard glass, total bulk area, mineral bulk area, amorphous bulk area, % of bulk amorphous, and finally obtained values of glass % for bottom ash samples
R-04, S-08, S-09, and F-09.

Sample Added standard
glass (wt%)

Bottom ash
(wt%)

Total bulk
area

Sum mineral
area

Amorphous
bulk area

Bulk amorphous
(%)

Y − X Glass (wt%)

X 100 − X T M T − M Y = 100(T − M)/T Y = aX + b −b/a

R-04

50 50 218,156 50,460 167,696 76.87
Y = 2.2119X − 120.31
(R2 = 0.9991) 54.39

65 35 202,911 32,869 170,072 83.81
75 25 188,949 21,530 167,419 88.60
90 10 180,959 9,280 171,679 94.87

S-08

50 50 166,061 46,623 119,438 71.92
Y = 2.059X − 98.861
(R2 = 0.9954) 48.02

65 35 219,947 43,086 176,861 80.41
75 25 191,682 30,301 161,381 84.19
90 10 194,344 16,472 177,872 91.52

S-09

50 50 240,228 55,664 184,564 76.83
Y = 2.188X − 117.84
(R2 = 0.9968) 53.86

65 35 197,930 32,009 165,921 83.83
75 25 199,220 24,946 174,274 87.48
90 10 183,987 8,693 175,294 95.28

,467
,847
,204
,047

i
(
t
a
m
p
a
t
t
g
w
i
v
c
t
i
v
h

t
p
f
t

F
v

F-09

50 50 187,976 45
65 35 195,073 28
75 25 200,354 24
90 10 208,590 7

nto: (1) melt glass formed during combustion in the furnace and
2) waste stream glass. The latter is usually categorized as refrac-
ory (residual) components [10,11,13] that survived incineration
s remnants of waste glass input. The melt glass phases are the
ain melting products of ash under high temperature and com-

lex incineration conditions, which serve as a matrix for bottom
sh particles [5,7]. Optical and electron microscopy analysis reveals
he following characteristics of the melt glass phases: (a) isotrope,
ransparent or translucent locally shifting to brown, light blue,
reen and red colors as observed by plane polarized light (PPL)
ith respect to its chemical composition, (b) having peculiar band-

ng due to the existence of minute metallic inclusions, (c) highly
esicular due to the entrapment of air and gas bubbles, and (d)
oexistence of various well-formed mineral species, quench crys-
allites and refractory components. Waste stream glass is typically
sotropic, presenting a more uniform appearance with few or no
esicles, without a banding feature, and usually only the surface
as been partially melted during the combustion process.

Fig. 1 shows a representative melt glass phase with vesicular

exture, visible streaks and a slight blue color. Opaque metallic
hases (in the center and the top right corner) and fractured quartz
ragments exist as remnants of waste input, and a great portion of
hese waste remnants were set into the glass matrix during com-

ig. 1. Photomicrograph of representative melt glass phases under PPL (G: glass; V:
esicle; Q: quartz; Met: metallic; F: fragile).
142,509 75.81
Y = 1.9505X − 98.509
(R2 = 0.9862) 50.51

166,226 85.21
176,150 87.92
201,543 96.62

bustion. Vesicles of various sizes are easily visible under the PPL
mode of optical microscopy. SEM/EDX analysis of representative
melt glass phases from different incineration facilities (see Table 3)
revealed that the melt glass in bottom ash is chemically heteroge-
neous with different proportions of major and minor components.
The main compositions of melt glass phases from R, S, and F incin-
eration facilities suggest an extreme resemblance in compositional
properties. It is understood that silicon, aluminum, calcium as well
as some alkali and alkaline-earth elements are the main compo-
nents of the melt glass. Waste stream glass represents a distinct
property as it is quite homogeneous in terms of chemical composi-
tions, containing higher silica and alkali (principally Na) contents,
and lower aluminum and calcium contents than the melt glass from
the three incineration plants (see Table 3).

3.1.2.2. Silicate mineral phase. Melilites, with a general chemi-
cal formula of (CaNa)2(AlMgFe2+)[(AlSi)SiO7], are typical high-
temperature products of metamorphosed impure limestone and
basic alkaline volcanic. Moreover, melilites were detected to be
common constituents of MSW slag at melting temperatures of
1150–1400 ◦C [17]. Comprehensive microscopy observations of
thin sections indicate that melilites are one of the most abundant
silicate-based melt minerals in bottom ash, consisting of a series of
solid solutions of end members, of which the most important are
gehlenite and akermanite. The widespread existence of melilites
was also proved through analysis of numerous bottom ash samples
by XRD in this study. The melilites found in the bottom ash used
in this study usually exist as crystal aggregates embedding in glass
matrix, characterized by subhedral to euhedral microphenocrysts,
as shown in Fig. 2a. Optical observation and compositional analysis
by SEM/EDX indicate that the melilites usually have a similar chem-
ical composition as the melt glass matrix, and that the entrapping
of melilites makes the melt glass easily distinguishable from the
waste stream glass.

Pseudowollastonite (CaSiO3) is another silicate-based melt
product of incineration, detected as radiating and fibrous
aggregates (Fig. 2b). Pseudowollastonite was reported as high-
temperature outcome >1125 ◦C that occurs in slag, cement and
ceramics [17]. The detection of pseudowollastonite in the bot-
tom ash samples used in this study indicates the existence of

higher temperature spots (>1125 ◦C) in the incineration furnaces.
Quantitative analysis by electron microscopy reveals that the
pseudowollastonite in bottom ash contains a small amount of
sodium, aluminum and magnesium as additional substituent to cal-
cium and silicon. A rough stoichiometric formula was estimated
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Table 3
Chemical compositions of melted glass phases from R, S and F incineration facilities; waste stream glass is listed as a reference.

Composition (wt%) R-04

R2 24-1 R2 25-1 R2 21-3 R3 210-1 R3 24-1 R3 21-4 R3 214-1 R3 215-3 R3 27-1 R3 28-1 R3 22-1 R3 25-4 R2 21-12 Average

Na2O 3.02 3.63 3.89 4.77 4.81 4.55 4.27 7.38 6.30 5.61 8.01 9.78 3.59 5.35
MgO 0.94 8.23 1.03 5.04 5.21 4.95 9.61 2.51 3.43 2.64 2.89 4.78 – 4.27
Al2O3 10.57 21.46 20.40 30.20 23.18 22.45 19.62 15.84 14.80 13.48 20.81 14.05 18.87 18.90
SiO 30.84 34.96 36.15 38.32 39.48 44.45 45.90 46.69 48.43 50.80 52.29 59.04 60.94 45.25
P2O5 2.09 1.10 0.81 – 1.94 0.59 1.79 1.43 0.95 1.11 1.21 – – 1.30
K2O 0.70 0.81 0.56 1.20 1.54 1.45 1.65 1.41 2.05 2.24 3.48 3.86 2.35 1.79
CaO 29.36 20.55 21.93 17.50 19.77 18.48 14.87 19.45 13.68 12.11 6.19 5.68 2.82 15.57
TiO 1.58 2.53 1.09 1.87 1.51 2.31 0.72 1.53 3.03 5.27 3.46 0.40 0.32 1.97
FeO 19.84 5.66 12.67 0.76 1.99 0.14 1.25 3.72 6.31 5.84 3.46 1.44 9.87 5.61
CuO 0.27 0.26 0.68 0.08 0.12 0.14 0.06 – 0.22 0.18 0.00 0.97 0.43 0.28
ZnO 0.18 0.25 0.09 0.00 0.23 0.22 0.11 – 0.40 0.33 0.08 – 0.37 0.21

Composition (wt%) S-08and S-09 F-09 Waste glass

S3 2-2 S7 11-1 S7 12 4 S5 27 3 S5 27 3 S5 21 2 S7 1-4 S5 23 1 Average Fl 1-2 F2 1 2 F2 2 3 Average W-1

Na2O 5.25 3.79 2.45 4.14 4.14 2.80 3.17 3.22 3.62 2.45 5.54 8.59 5.53 12.91
MgO 6.19 3.27 1.88 3.69 3.69 3.05 6.17 2.33 3.78 0.95 2.40 1.49 1.61 –
Al2O3 17.58 16.78 9.31 26.42 27.42 15.31 15.65 20.29 18.60 27.91 13.06 8.20 16.39 2.87
SiO 32.09 38.44 40.79 41.08 41.58 50.06 51.48 53.77 43.66 37.25 46.89 57.03 47.06 72.63
P2O5 5.18 6.31 – 1.52 – 0.67 0.35 – 2.81 – – 1.50 1.50 –
K2O 1.26 1.79 1.16 1.43 1.43 0.00 3.24 1.67 1.50 1.31 4.44 2.52 2.76 1.33
CaO 21.48 18.67 21.25 21.29 21.29 24.21 7.07 14.68 18.74 20.44 18.43 9.44 16.10 10.24

t
i
s
f
t
d

3
o
h
N
h
O
t
w

e

TiO2 2.65 2.23 0.00 – – 1.00
FeO 7.50 6.94 22.04 0.28 0.28 1.61
CuO 0.12 0.38 0.27 – – 0.22
ZnO 0.44 0.99 0.31 – – 0.51

o be (Ca0.48–0.69Na0.06–0.21Mg0–0.18)(Si0.84–0.97Al0.03–0.18)O3, which
mplies undersaturation of cations, such as Ca, Na, and Mg. It
hould be noted that the pseudowollastonite shows a preference
or embedding in high-silicon glass, and because the mandated
emperature for MSWI furnaces in Japan is above 850 ◦C, the pseu-
owollastonite might not often be detected in bottom ash.

.1.2.3. Non-silicate mineral phase. The general chemical formula
f spinel group minerals is A2+B2

3+O3, where A2+ represents a metal
aving a valence of plus two (commonly Fe2+, Mg2+, Zn2+, Mn2+,
i2+, and in rare cases Cu2+, Pb2+, Co2+, Cd2+), and B represent metals
aving a valence of plus three (Al3+, Fe3+, Cr3+, and sometimes Ti4+).

ptical microscopy and SEM/EDX analysis disclose that MSWI bot-

om ash contains a considerable amount of spinels group minerals,
hich show a preference for embedding in melt glass as aggregates.

Magnetite (Fe3O4) is one of the end-member spinel group min-
rals. The typical chemical composition of Sample 1 in Table 4 is

Fig. 2. BSE image of melilite (a) a
3.21 – 1.82 8.88 2.09 – 5.49 –
7.07 2.10 5.98 0.78 6.64 7.35 4.92 –
– 0.33 0.26 – – – – –
– 0.63 0.58 – 0.58 – 0.58 –

of a material close to the theoretical composition of magnetite.
Although in nature the continuous substitution of Fe3+ by Al3+

to hercynite (FeAl2O4) does not seem to appear, the existence
of a Fe3O4–FeAl2O4 system was demonstrated experimentally at
temperatures above 858 ◦C [18]. As a high-temperature melting
product, some intermediate varieties between magnetite and her-
cynite were also detected for bottom ash as shown in Sample 2
and Sample 3 in Table 4. Partial substitution of Fe2+ by Mg2+, Ca2+

and Mn2+, substitution of Fe3+ or Al3+ by Si4+ and Cr3+ occurred as
proved by Sample 3 in Table 4. Magnetite and Al-substituted vari-
eties are the most common spinel group minerals in bottom ash,
characterized by rectangular, triangular, or toothed crystal shapes

(see Fig. 3).

Fe–Ti dominating spinels are another group of spinels in bot-
tom ash samples, as specified by Sample 4 and Sample 5 in Table 4.
Despite the complex chemical composition of Fe–Ti spinels in Sam-
ple 4 of Table 4, a euhedral crystal shape still can be identified,

nd (b) pseudowollastonite.
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Table 4
Representative chemical compositions of spinels identified by SEM/EDX.

Elements (wt%) Points of analysis

1 2 3 4 5

Fe–Fe Fe–Al Fe–Al–Cr Fe–Ti Fe–Ti–Cr–Pb

SiO2 – – 7.90 8.20 11.00
CaO – – 2.83 6.97 5.33
FeO 96.54 64.35 61.97 40.74 16.04
TiO2 – – 0.39 18.17 34.04
Al2O3 1.02 32.04 15.03 11.84 2.49
MgO 2.16 3.30 2.72 8.43 3.40
MnO 0.15 0.13 2.15 0.74 0.27
PbO – – – – 7.56
ZnO – 0.46 0.51 2.02 0.56
CuO – – – 1.58 0.47
Cr2O3 0.11 0.23 6.41 1.33 19.41

Total 99.98 100.51 99.91 100.02 100.57

All iron (Fe2+ and Fe3+) in the spinels is expressed as a divalent oxide FeO.

r PPL (

s
i
s
C
s
b

m
l
h
i
m
p
a
a
M
c
p
a
a

c
m
c
Z
8

increase in Zn (27 wt%) is observed, together with proportions of Cu,
Fe and S, as well as trace amounts of Pb and Cd. The brighter dots
embedded in the central area were determined to be Pb concentra-
tors (approximately 30 wt% of Pb). Insignificant amounts of Si, Al,
Fig. 3. Photomicrograph of spinels unde

imilar to that of the magnetite in Fig. 3. The Fe–Ti–Pb–Cr spinels
n Sample 5 of Table 4 are much more complex in chemical compo-
ition as a result of the incorporation of Pb2+, Mg2+, Zn2+, Mn2+ and
u2+, as well as Cr3+ and Al3+. The crystal face of the Fe–Ti–Pb–Cr
pinels is quite different from that shown in Fig. 3, characterized
y a smaller crystal size, acicular and elongated crystal shapes.

In addition to spinels, metallic inclusions are another group of
inerals encapsulated in the melt glass matrix. Most of the metal-

ic inclusions have sizes ranging from one micron (or even less) to
undreds of microns with spherical or subspherical shapes, exist-

ng as single inclusion or clustered aggregates (Figs. 4 and 5). These
etallic inclusions are the most common heavy metal-bearing

hases, primarily including Fe–P, Fe–S, Fe–Cu, Cu–Sn, Cu–Zn, Cu–S
nd Cu–Pb couple-dominated combinations, of which Fe–P alloys
ccount for more than 80% of the existing metallic inclusions.
oreover, complex associations of the above couple-dominated

ompounds are regular products of the solid waste incineration
rocess. Typical images of the metallic inclusions were collected
nd shown in the following content in order to exhibit their char-
cteristic properties.

Fig. 4 shows a subspherical particle with compositional zoning

haracteristics. The chemical composition of each zone was deter-
ined by SEM/EDX (see Table 5). Zones 1 and 5 were detected to be

ompounds rich in Cu and S. Zones 2 and 7 are Fe–P combinations.
one 3 is chiefly composed of Fe and Cu (collectively more than
5 wt%). Zone 4 is a Cu-dominant compound with a small amount
a) and BSE image of the same panel (b).

of Fe as an impurity. In the right core area (Zone 6), a substantial
Fig. 4. BSE image of metallic inclusion (Cu–S–Pb–Zn–Fe–P).
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Fig. 5. Photomicrograph of numerous Cu metallic inclusions and tin o

Table 5
Chemical compositions of points designated in Fig. 4.

Elements (wt%) Points of analysis

1 2 3 4 5 6 7 8

Cu 55.69 3.80 8.05 79.40 49.60 10.23 5.84 22.36
S 19.74 1.05 – – 23.21 27.09 0.57 19.09
Fe 7.36 71.22 77.72 3.72 12.16 15.50 69.37 8.61
P 0.74 11.89 1.59 0.23 – – 12.00 –
Pb – – – – – 1.99 – 28.66
Zn – – – – – 27.03 – 7.13
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Cd – – – – – 2.59 – 0.98
Ni – 0.91 0.64 – – – 0.57 –
Total 83.53 88.87 88.00 83.35 84.97 84.43 88.35 86.83

a, and Ti, were also detected incorporated into the whole particle.
ompositional analysis of the metallic inclusion in Fig. 4 indicates
hat couples of Fe and P, Cu and S, Fe and Cu have a remarkable
ffinity with each other.

Combinations of Cu and Sn as well as affiliated metallic inclu-
ions were frequently detected in bottom ash. Fig. 5a shows images
f dotted Cu inclusions (83 wt% of Cu) coupled with Sn oxides (SnO2,
nvolving less than 2 wt% of Cu). It is presumed that it was possibly
piece of Cu–Sn combination that was melted in the incineration

urnace on account of its melting point of 700–900 ◦C. The Cu ele-
ent congregated forming metallic inclusions, while the Sn was

xidized to SnO2 due to its low melting temperature. Occasionally,
uprous oxide (Cu2O) was observed as coating of Cu (see Fig. 5b).
o cupric oxide (CuO) was found in this study.

.1.2.4. Other phases. In addition to the melt glass phase and the
arious encapsulated compounds (silicate-mineral phase and non-
ilicate mineral phase), other phases such as calcium-rich mineral
hases and refractory phases account for a great proportion of the
ottom ash. These phases, not the focus of this study, are included

n this paper for a complete understanding of the bottom ash con-
tituents. It is well known that in a MSWI furnace, carbonates are
alcined to form lime (CaO). This lime is consequently hydrated to
ortlandite as a result of an exothermic reaction (1) after imme-
iate contact with water during quenching. Subsequently, the
ortlandite reacts with CO2 in air according to reaction (2) [10,19].
aO + H2O = Ca(OH)2 �H = −65 kJ/mol (1)

a(OH)2 + CO2 = CaCO3 �H = −84 kJ/mol (2)

Microscopic observations show the presence of portlandite and
alcite in freshly quenched bottom ash (Fig. 6). These photomicro-
xides (a), partial oxidization of the Cu metal (b), both under RL.

graphs show that a dark brown portlandite fragment and anhedral
aggregates of calcite are surrounded by non-distinguishable fragile
materials as well as refractory materials. The refractory materials
are products from the waste stream that survive the solid waste
incineration process, consisting of waste glass, minerals, ceramics,
and unburned materials. Although frequently found in bottom ash,
they are of less significance in terms of their influence on heavy
metals. Waste stream glass was introduced together with the melt
glass phases in Section 3.1.2.1 for effective discussion. The refrac-
tory minerals usually remain intact or only the rim is partially
altered, including quartz, K-feldspar, plagioclase, biotite and in rare
cases mafic minerals (pyroxene and amphibole) and cordierite. The
group of refractory phases, due to their high resistance to extreme
conditions (high temperature), basically keep their original chem-
ical compositions (compositions formed in natural conditions)
during the combustion process, and the impurity components can-
not easily be chemically incorporated into these phases.

3.2. Weathering phenomenon of MSWI bottom ash

3.2.1. Weathering of calcium-rich phase
As a thermodynamically unstable multi-component material,

the MSWI bottom ash should undergo evolution immediately after
its production. Of all the weathering reactions happened to the
bottom ash, alteration of the calcium-rich phases (e.g. carbona-
tion) should govern the initial stage of weathering. In an effort
to testify this hypothesis, an accelerated weathering experiment
was conducted at elevated experimental conditions. Subsamples
of the bottom ash were collected periodically for characterization
of the secondary mineralization phenomenon and correspond-
ing mobilization behavior of the heavy metals. For instance, the
X-ray powder diffractograms of these subsamples in Fig. 7 indi-
cate a dramatic increase in the amount of calcite as a function of
weathering time. Corresponding, these reactions directly resulted
in a drop in pH (see Fig. 8a) and subsequently a decline in the
leaching concentration of Pb, Zn, and Cu (Fig. 8b), indicative of an
affinity between pH and the leaching behavior of the heavy met-
als. Similar trends for Pb, Zn, and Cu were found by Chimenos
et al. [9], who conducted a lab-scale natural weathering exper-
iment in a chamber for three month. Moreover, according to a
10-year investigation of the leachate from a landfill site (com-

posed of 50% MSWI residues and 50% non-combustible materials),
Pb and Zn have similar leaching trend with the results from this
study [20]. All these results make clear the importance of the
initial weathering reactions on stabilization of the heavy met-
als.
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.2.2. Weathering of silicate-based glass phase
In an advanced weathering-stage, evolution of other phases (e.g.

lass) which are comparatively resistant to the external environ-
ental factors should take place. The silicate-based glass has been

etermined to be the dominant phase in bottom ash, accounting for

pproximately 50 wt% of the ash material. Additionally, the glass
hase has long been reported as being a metastable material. The
pecific geochemical conditions of the landfill sites (moderately
o highly alkaline) should enhance the evolution process of the

ig. 7. X-ray diffraction data for MSWI bottom ash samples with weathering time
f 0 day, 160 days, 310 days and 395 days. (Hydro, hydrocalumite; Qtz, quartz; Anor,
northite; Cal, calcite; Geh, gehlenite; Hem, hematite; Mag, magnetite).
a), and calcite crystal under XPL (b) (Pd: portlandite, Pl: plagioclase, Kf: K-feldspar,

glass as well as the encapsulated compounds, resulting in textural
and chemical evolutions. However, it should be emphasized that
the evolution of the glass phase, not like carbonation, appears to
proceed in a slow manner, and the evolution products usually are
not well-crystallized phases. These characteristics necessitate the
utilization of long-term weathered ash samples and effective ana-
lytical methods for studying this weathering phenomenon. Hereby,
this research work utilized a 10-year naturally weathered bottom

ash sample in an effort to illustrate the alteration phenomenon
of glass with respect to the microanalysis results. Fig. 9 shows an
example of such evolution phenomenon. It was seen that the pri-
mary glass presents more or less uniform morphology regardless of
the perfect vertical banding texture (alignments of minute metal-
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ig. 9. Photomicrograph (a) and BSE image (b) representing glass evolution process
ompositional analysis of the designated line and point are shown in Fig. 10 (PG: p

ic inclusions). The fissures in the glass matrix disconnected two
ieces of glass apart from the parent material, which provides more
ccessible channels for the percolated fluid.

The photomicrograph in Fig. 9a shows that the secondary pre-
ipitates has a quite different morphology from the primary glass,
haracterized by a distinctive red-brown color. These precipitates
oat on the surface of the glass or infill the fissures within the glass
atrix. The results of EDX line-scan of the designated line (from
to B in Fig. 9) disclosed that the soluble elements (Na and Ca) as
ell as the moderately soluble element (Si) were partially removed

rom the glass matrix; simultaneously, passive invasion of Fe into
he glass happened as being testified by a distinct decreasing trend
f Fe (see Fig. 10), numerically from approximately 20 to 10 wt%.
he layer, which is characterized by obvious loss of glass elements
Na, Ca, and Si) and in some cases accompanied by simultaneous
ain of Fe, is referred to as “leaching layer”, namely the alteration
ront of the glass. The thickness of the leaching layer was detected to
ange from 2 to 4 �m in this study. Similar alteration phenomenon
ad been found for igneous glass by Thorseth et al. [21]. Composi-
ional analysis of the amorphous precipitates in Fig. 10b revealed
hat they were rich in Fe and Si. Certain soluble ions, such as Na, K
nd Ca, were partially retained in these new phases. Moreover, the
ew precipitates entrapped a significant amount of heavy metals
3.29 wt% of Pb and 0.91 wt% of Zn).

. Discussion

This study revealed that glass and non-silicate minerals (spinels
nd metallic inclusions) were the most important constituents in
ottom ash, in consideration of the reutilization or disposal of the
ottom ash in a safe manner. The amount of heavy metals in bottom
sh was relatively high, and the heavy metals principally concen-
rated in the non-silicate minerals that preferentially embedded in
he glass matrix. Thus, the following discussions mainly focused on
he characteristics of the glass and the non-silicate mineral phases
s well as the weathering phenomenon of such phases.

It has been outlined that the glass phases are the main
onstituents of bottom ash (approximately 50 wt%), entrapping
ssorted mineral phases – either refractory fragments (quartz and
lagioclase) or melt clusters (melilites, spinels, and metallic inclu-

ions), and having numerous discrete vesicles and fractures that
esulted from rapid quenching. Particularly, the existence of these
esicles and fractures may increase accessibility to water and gas
n view of the weathering process of glass. The heterogeneous
hemical compositions of the melt glass with respect to its major
rmation of new precipitate beyond the glass rim and along the walls of the fissures.
glass; MI: metallic inclusion; V: vesicle; Fe–Si-rich: Fe–Si-rich precipitate).

compositions SiO2, CaO, Al2O3, Na2O, and K2O may suggest differ-
ent weathering patterns (mechanism, weathering product, etc.).

The metals in bottom ash usually exist as various chemical com-
binations, e.g. several metals generally mixed together, or even
with additional nonmetal elements. To gain a clear understanding
of the behavior of bottom-ash elements in the high-temperature
incineration process, particularly the behaviors of heavy metals,
knowledge concerning the igneous process in geochemistry would
be most helpful. According to Goldschmidt’s classification, the ele-
ments in the earth are categorized into four groups: lithophile (Na,
K, Al, Si, Ti, P, O, Fe, Mn, Zn, etc.), siderophile (Fe, Ni, Cu, Zn, P,
Mn, etc.), chalcophile (Cu, Zn, Pb, S, Fe, Sn, etc.), and atmophile (H,
N, and O). Only the elements detected in bottom ash are listed in
the parentheses. Lithophile, siderophile and chalcophile refer to the
tendency of the element to partition into a silicate, metal, or sulfide
liquid, respectively.

Magnetite, as well as a series of Al-substituted and Ti-
substituted varieties, is commonly identified in bottom ash. Heavy
metals, such as Zn2+, Mn2+ and Cr3+, are frequently detected incor-
porated into these spinels in an inconstant amount. These findings
are consistent with the fact that Zn2+, Mn2+ and Cr3+ have rela-
tively high free energies (|�Gf

◦|) of oxidization, correspondingly
237.9, 281.1 and 362.9 kJ per oxygen atom at 827 ◦C respectively,
indicating their easily oxidable properties [22,23].

Fe–P dominating alloys are the most abundant metallic inclu-
sions in bottom ash, comprising of 60–95 wt% of Fe and P, and
usually associate with other minor elements (Si, Ca, Al, Cu, Zn, and
Pb). Note that P is concentrated in both the glass phases shown
in Table 3 and metallic alloys (Point 2 and Point 7 in Fig. 4), as
might be expected from its lithophile and siderophile characteris-
tics [23]. Except for the Fe–P alloys, combinations of Fe and S were
frequently detected in bottom ash, which provided sound evidence
of the siderophile property of Fe.

Cu and its combinations or compounds are used for kitchen
utensils, electrical wire, pigments, catalysts, stabilizers and so on.
Due to the comprehensive use of Cu in our daily lives, the Cu con-
centration in MSWI bottom ash ranges from 1710 to 2481 mg/kg
(Table 1). These Cu-rich combinations were melted or partially
melted, followed by recomposing, and were finally formed as
numerous metallic grains and scattered in bottom ash. In this study,

Cu was constantly found as metallic inclusions in thin sections of
bottom ash, including element Cu (usually more than 83 wt% of Cu),
alloys (5–60 wt% of Cu, mainly Cu–Sn, Cu–Fe, Cu–Zn, and Cu–Pb),
sulfide, and in rare cases, lower oxides of Cu (Cu2O). This is closely
related to its strong resistance to oxidation regarding the low
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ig. 10. Alteration patterns of the glass phase with respect to variation of elements F
n the new precipitate.

�Gf
◦| of oxidization at high temperature [22,23]. Although it was

eported that higher oxides of Cu (Cu2O) were abundant in bottom
sh [24], no such minerals were detected in this study. When bot-
om ash is exposed to the atmosphere (as in landfilling or recycling),
urther oxidization of Cu metals and their combinations might take
lace.

Metal Pb and its compounds are mainly used for the production
f Pb batteries, solder for electronic devices, paint materials, crys-
al glass, ink and so on. Pb is of great interest not only because of
ts economic importance, but also because of its pollution to sur-
ounding environments. From the viewpoint of geochemistry, Pb
s chalcophile, and perhaps slightly siderophile [23]. The analysis
esult of Point 8 in Table 5 (Pb0.28Cu0.22Fe0.08) proves the afore-
entioned properties of Pb. The high affinity of Pb with Fe and

u was also found in MSW melting slag [25]. Pb cannot be easily
ncorporated into mineral species in natural systems, which might
e ascribed to its large ionic radius (1.26 Å) and charge (plus two
alence) [23]. However, MSWI bottom ash was identified as hav-
ng certain specific behavior, e.g. 7.56 wt% of PbO was incorporated
nto the spinel crystals (see Table 4). The long-term stability of
hese specific products should be taken notice of as it might be
hermodynamically unstable in natural environmental systems.

A clear understanding of the distribution of the heavy metals
s essential for analyzing the fate of them in view of disposal or
ecycle. Of the entire weathering phenomena in MSWI bottom ash,
arbonation and glass alteration are emphasized in this paper in
hat the corresponding weathering products play an essential role
n the behavior of the heavy metals. It has been concluded from
ig. 8 that Pb, Zn, and Cu become more stable as the weather-
ng process proceeds, which should be primarily attributed to the
eclined pH. Furthermore, the carbonation is generally regarded
s a dominant process controlling pH variation especially in the
rst few decades after disposal. Apart from pH falling due to car-
onation, direct involvement of heavy metals (Pb and Zn) by the
ewly formed carbonates, although reported by Piantone et al.
12] as a result of electron element micro-mapping using elec-
ron microscopy, was not detected in this study. Based on these
ndings, basically it is believed that the existence and evolution of
hese alkaline minerals could impact the leachability of heavy met-
ls principally by changing the pH, and the direct involvement of
eavy metals by them may play a less significant role.
Evolution of the glass phase into a relatively stable phase,
lthough not as rapid as carbonation in the bottom ash, has been
dentified in 10-year naturally weathered samples in this study.
he degree of mobility of the glass elements largely depends upon
he pH conditions of the percolated fluid. It has been reported
Elements

a, and Na (a), and point compositional analysis data of the electropositive elements

that a pH > 9 is necessary to dissolve the glass network-forming
element Si [20]. From this viewpoint the alkaline geochemical
condition in the investigated landfill site should be quite favor-
able for destruction of the glass matrix. Evolution of the glass
phases usually result in white “gel” phase, for example, evolution
of the igneous glass produces such gel phases [20,26]. However,
the new precipitates in Fig. 9 display a red-brown color. This is
due to the incorporation of Fe-rich materials, as expected from
the fact that in an oxidizing environment at pH over 3, Fe, Ti,
and Al will precipitate as oxides/hydroxides [20]. Based on a pro-
found understanding of the glass alteration mechanism, it was
perceived that the Fe–Si-rich precipitate in Fig. 9 was a com-
bined product of both glass alteration and dissolution of the
Fe-rich metallic inclusions. The strong adsorption capacity of heavy
metals by these new precipitates could partially be ascribed to
its high porosity as a result of leaching out of easily soluble
elements (Na and Ca) from the glass matrix. In addition, the co-
precipitated Fe-rich materials (possibly iron hydroxide) should also
contribute to adsorption of the heavy metals. Finally, it should
be pointed out that, the gel phase is only the early stage prod-
uct of glass evolution; further evolution of the gel phase to a
more stable material (possibly clay material) is expected to take
place.

5. Conclusions

This paper studied the properties of MSWI bottom ash from
the chemical and mineralogical standpoint, with an emphasis on
the distribution patterns of heavy metals as well as the factors
that control the mobilization behavior of such heavy metals in
the weathering process. Bottom ash is derived from the thermal
processing of MSW. Part of the inorganic fraction of the waste
turns into melt components (glass and minerals), and part of them
survive the thermal processing to form heat-resistant refractory
phases. The glass phases are the main constituents, accounting for
approximately 50 wt% of bottom ash, with various chemical com-
positions. Therefore, it is not easy to suggest a uniform alteration
manner upon exposure to the environment. However, the composi-
tional values from different incineration plants show a comparative
resemblance in their compositional properties, which suggests that

high-temperature processing (above 850 ◦C) of solid waste pro-
duces more-or-less uniform outcomes in view of both chemical and
mineralogical characteristics. All the melt mineral phases (silicate
minerals and non-silicate minerals) as well as part of the refractory
phases embed in a melt glass matrix.
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It is understood that the incineration process of MSW results
n a prominent increase in the amount of heavy metals. Some of
hem are elements of environment concern, such as Pb, Zn, Cu, Mn,
nd Cr. Of all the various phases in bottom ash, the non-silicate
inerals were detected to be the most significant concentrators of

eavy metals. Cr, Zn, and Mn are ubiquitously incorporated into
pinels, while Cu and Pb show evidence of opposite behaviors,
hich are substantially associated with Fe, Sn, and Zn, present as
etallic inclusions bound in the silicate glass matrix. The behavior

f heavy metals during the incineration process depends on their
wn physical and chemical properties. The geochemical classifi-
ation by Goldschmidt presents a good explanation for elements
f concern, especially for P, Cu, and Pb. It should be noted that,
espite the heterogeneous chemical compositions of the numer-
us metallic inclusions, most of them were in the metallic state
not oxidized).

Generally, it was concluded that the long-term behavior of the
levated amount of heavy metals depends to a great extent upon
he behavior of the host phases, especially the weathering rate
nd alteration products of the calcium-rich phases and silicate-
ased glass phases. Of all the factors related with the mobilization
ehavior of the heavy metals, the carbonation process is of great

mportance with respect to their dominant role in pH variation
specially in the first few decades, in that pH is a key factor that
ontrols the leaching behavior of the heavy metals. In addition to
he newly formed carbonates, the glass-derived secondary prod-
cts also contributed to immobilization of the heavy metals. It was
erceived the glass-derived products should play a long-lasting role
ince evolution of the glass phase proceeds in a relatively slow man-
er. A clear understanding of the various phases in MSWI bottom
sh as well as the possible alternation phenomenon when sub-
ected to weathering is essential for prediction and explanation of
he behavior of heavy metals of environment concern.
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