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a b s t r a c t

A hydrothermal processing strategy of MSWI fly ash is presented for obtaining stable minerals with low
toxic potential. Different hydrothermal conditions were tested to obtain high yields of new stable minerals.
Experimental parameters including temperature, nature and molarity of alkali reagents, and reaction
time were evaluated. The chemical stability of hydrothermal products was examined by the toxicity
characteristic leaching procedure (TCLP) test and subsequent XRD for the leached residue. The significant
eywords:
ydrothermal processing
SWI fly ash

obermorite
hemical stability

amounts of Al-substituted 11 Å tobermorite and katoite in addition to minor amounts of zeolites were
formed under experimental conditions at 0.5 M NaOH, 180 ◦C for 48 h, however KOH treatment in a similar
regime resulted in smaller amounts of Al-substituted 11 Å tobermorite and katoite. Similarly, a product
of mixed Al-substituted 11 Å tobermorite and katoite could be formed from the washed fly ash treated
in 0.5 M NaOH at 180 ◦C for 48 h. Under the acidic condition, the treated fly ash exhibited an excellent
stability of the mineral assemblage and less release of heavy metals relative to the untreated parent

materials.

. Introduction

MSWI residues represent a by-product generated from munic-
pal solid waste incineration and they are comprised primarily of:
i) bottom ash and (ii) fly ash [1,2]. Bottom ash is not classified as a
azardous waste according to the European Waste Catalogue, and

t is explored frequently for constructional applications. It has been
ecycled commonly in Germany as a secondary building material
or civil engineering applications. Utilization of fly ash, however, is
t present realized in low technology applications such as additive
n cement and construction materials. In Germany, disposal of fly
sh is realized by wetting with water which leads to a puzzolanic
olidification of the ash in the waste disposal site. Disposal or low
evel of ash utilization is inevitable due to the potential leachability

f heavy metals (Cd, Zn, Pb, Hg, Cu, Cr and Ni) and toxic organic com-
ounds to the environment [3–6]. In addition, fly ash is very highly
eactive and subject to mineralogical alteration when it is in contact
o the environment. The potential instability in the environment
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makes it difficult for fly ash to compete with alternative raw mate-
rials. Hence for providing a possible utilization of fly ash, chemical
stabilization of this material is required. This makes eventually a
positive impact on the waste minimization and the reduction of
waste accumulation at landfills [5].

Various technological options such as thermal treatment,
physical/chemical separation, and stabilization/solidification (S/S)
techniques are now available for treatments of fly ash in view of
their reuse or final disposal [7–10]. The use of thermal treatment via
vitrification has been tested and practised on a small scale. How-
ever, the method is considered more costly than other solutions
because it requires a significant amount of energy and an expensive
capital apparatus. It could also lead to a subsequent environmental
destructive impact as a result of volatilisation of heavy metals from
fly ash during vitrifying and melting processes.

As an alternative to the thermal treatment, physical/chemical
separation methods employed for extracting heavy metals (Cd, Pb
and Zn) from fly ash have been attempted but with limited suc-
cess [11–13]. More recently, the stabilization and solidification (S/S)
methods have emerged as a viable alternative for MSWI fly ash
treatment by solidification with Portland cement into stable com-

plexes [14]. In this context, toxic components are incorporated in a
cement matrix through either physical or chemical immobilization
mechanisms, depending on the particular contaminant to be fixed
and type of binder being used. This technique has long been known
as an economical option for the waste management strategy [14].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:abayuseno@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.12.119
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300 rpm. Batches of 70 g of the fly ash powder were prepared in
this way. They were initially placed in the glass beaker containing
distilled water. The water to solid mass ratio (ml/g) was adjusted
to be 10. Subsequently, this mixture was stirred to stand for 24 h

Table 1
Chemical composition of raw and washed fly ashes.

Element Raw fly ash Washed fly ash

Wt.%

Si 5.63 (20)a 6.95 (25)
Ti 1.02 (02) 1.53 (05)
Al 2.43 (02) 3.73 (06)
Fe 3.71 (05) 3.99 (08)
Ca 12.41 (22) 18.97 (26)
Mg 1.08 (02) 1.57 (04)
Mn 0.12 (0) 0.18 (02)
K 6.11 (08) 0.99 (01)
Na 10.38 (28) 3.09 (07)
P 0.40 (0) 0.55 (0)
Cl 8.32 (14) 0.56 (0)
Pb 1.36 (07) 2.17 (09)
S 4.12 (0) 5.49 (0)
Zn 4.91(03) 8.09(08)

bLOI 8.51(28)

Element Raw fly ash Washed fly ash

ppm

As 307 (25) 1029(30)
Ba 3470 (93) 5365(75)
Bi 204 (2) 364(5)
Cd 456 (6) 751 (7)
Co 262 (18) 265 (19)
Cr 2026 (29) 2924 (39)
Cs 114 (3) 184 (5)
Cu 3513 (32) 5660 (24)
F 1 (0) 5131 (28)
Ga 3042 (229) 43 (0)
Mo 30 (4) 609 (4)
Ni 9 (1) 799 (21)
Rb 34 (1) 27 (2)
Sb 3 (0) 2678 (2)
Sn 489 (7) 557 (8)
Sr 24 (4) 744 (6)
V 614 (19) 122 (14)
A.P. Bayuseno et al. / Journal of Ha

owever, the solidification with Portland cement presents some
isadvantages. Specifically protection against humidity is required
o prevent breakdown and leaching of heavy metals [15]. In addi-
ion, salts present in fly ash will interfere with basic hydration
eactions of cement, leading to an inadequate set and/or deteri-
ration of the waste form over time.

Pozzolanic solidification of MSWI fly ash in a solution enriched
ith Ca(OH)2 in order to take an advantage of its pozzolanic prop-

rty has yet to be fully realized [16,17]. An interesting potential for
enerating a pozzolanic property of MSWI fly ash is that ettrin-
ite and calcium-silicate-hydrate (C-S-H) may be formed using an
ctivator of Ca(OH)2 giving a good degree of stabilization of the
ardened material. This stabilized material becomes, in principle,
ore compatible for storage, landfill or reuse as a resource.
Among other ash treatments, a hydrothermal method for

rocessing fly ash with improved chemical stability could be
onsidered as a promising technology, which offers considerable
dvantages in terms of economic, technical and environmental per-
ormance [5]. This method has been employed successfully for
reating coal fly ash in alkali solutions (NaOH and KOH), [18], and

ay be also beneficially applied for MSWI fly ash. The value in using
SWI fly ash in the synthesis of zeolites is due to its high specific

urface and high content of aluminosilicate glass [5], although this
lass may be less abundant in MSWI fly ash than in coal fly ash.
urther, the efficiency of hydrothermal processing depends upon
he mass ratio of SiO2 and Al2O3-components in the glassy phase
hich has the greatest influence over the composition and type of

table minerals produced [19].
Recent publications on the hydrothermal treatment of MSWI

y ash have improved understanding considerably for new poten-
ial applications of fly ash as resources [20–22]. The use of MSWI
y ash for the synthesis of zeolite compounds (e.g., zeolites A
nd P and Sodalite) by the hydrothermal method in the NaOH
olution has been demonstrated previously [20,22]. Here water
ashing was previously employed for the treatment of fly ash

nd followed by heating of fly ash at 800 ◦C. This pre-treatment
rocedure is suggested to be an important part for the prepa-
ation of reproducible zeolitic compounds. Yao et al. [23] have
eported the synthesis of tobermorite [Ca5Si6(OH)2O16·4H2O] from
y ash by hydrothermal treatment in NaOH solutions at 180 ◦C,
nd those products revealed the uptake behavior for Cs+ and
H4

+. More recently, a mixture of Al-substituted tobermorite-
1 Å [Ca5(Si,Al)6(OH)2O16·4H2O] and katoite [Ca3Al2(SiO4)(OH)8]
as been synthesized from newsprint recycling residues under
ydrothermal condition at 100 ◦C in NaOH, LiOH and KOH solutions
24]. The resulting products of Al-substituted tobermorite-11 Å and
atoite facilitated the immobilization of heavy metal ions and also
xhibited an important ion exchange property for nuclear and haz-
rdous wastewater conditioning. However, characteristics of MSWI
y ash, which are essential to provide a scientific basis and establish
onfidence in the technology of hydrothermal processes, remain
oorly understood and lack quantification. This is probably because
f complicated chemical and mineralogical character of fly ash.
detailed knowledge of mineralogical phase compositions (crys-

alline and glassy phases) of fly ash is necessary in order to be
ble to assess the correlation between microstructure and process
arameter and thus, to optimize the stabilized products.

The present study was undertaken to access the benefits of
ydrothermal processing of MSWI fly ash to stable phase miner-
ls. The starting fly ash was hydrothermally treated in 0.5 M NaOH
nd KOH solution at temperatures ranging 90–180 ◦C for 48 h. Par-

llel experiments were also conducted with the washed fly ash.
hese experimental conditions were chosen on the basis of our
tudy [25] indicating that the best crystallinity of stable mineral
hases (i.e., tobermorite-11 Å, and katoite) would be formed at such
xperimental conditions. Effects of temperatures on the processing
us Materials 167 (2009) 250–259 251

of amorphous and crystalline phases to stable mineral phases were
analyzed by the Rietveld refinement method from X-ray diffrac-
tion (XRD) data. The resulting products were also characterized by
scanning electron microscopy (SEM) for microstructure and mor-
phology observation, and by the toxicity characteristic leaching
procedure (TCLP) for testing of hazardous materials.

2. Experimental procedure

2.1. Materials

Approximately 5 kg of MSWI fly ash were collected from the
electrostatic precipitator (ESP) facility at an incinerator plant of the
town of Iserlohn close to the Ruhr industrial area, Germany. This
sampled fly ash was then homogenized within 24 h after sampling
with an agate vibratory disc mill for 30 min, until all material had
passed a 100 �m sieve. LOI was determined by heating the raw fly
ash to constant weight at 750 ◦C.

A pre-treatment of fly ash was conducted by water-washing
in a glass beaker equipped with a magnetic stirrer for mixing at
Y 6 (3) 1436 (24)
Zr 265 (3) 336 (7)

a Figures in parentheses indicate the least-squares estimated standard deviation
(esd) referring to the least significant figure to left, a zero indicates an esd < 0.05%.

b LOI: loss on ignition.
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t room temperature. At the end of stirring, the resulting slur-
ies was filtered with a paper filter (Schleicher & Schuell no. 604),
ashed repeatedly with distilled water, and dried at room temper-

ture for subsequent hydrothermal experiments. The wastewater
as collected for subsequent volume reduction by water evapora-

ion to a solid residue for disposal. The main reason for washing
as to remove as much chloride possible. It was expected that the

hloride-salts present in the fly ash would reduce the efficiency
f the hydrothermal treatment. This suggestion, however, had not
ignificantly changed the results focused on the efficiency of the
ydrothermal treatment in this work.

The bulk chemical compositions of the raw and washed fly ash
owders were then determined by wavelength dispersive X-ray
uorescence (XRF) and are provided in Table 1. The phase abun-
ance of the raw and washed fly ashes, estimated from powder
RD traces using the Rietveld refinement method [26], is given in
able 2. The term “amorphous” in this table refers largely to the XRD
lassy material but may include small quantities of unidentified
rystalline minerals.

.2. Hydrothermal experiment

The raw and washed fly ashes were used as Si+4 and Al+3-sources
or the hydrothermal synthesis of stable mineral phases. For the
xperiment, batches of 15 g of the fly ash powder were prepared
nd then mixed with an alkali solution (either KOH or NaOH) in a
lass beaker, of which the liquid/solid (L/S) ratio was adjusted to be
0 ml/g. The mixture was further stirred with a magnetic stirrer at
00 rpm for 24 h.

The hydrothermal experiment was conducted without stirring
n a Teflon-line autoclave under an autogenous pressure. The reac-
ion temperatures (90–180 ◦C), reaction time (48 h), and 0.5 M of
lkali metal hydroxide solutions were selected as control parame-
ers. After the experimental treatments, the reaction mixtures were
ltrated through a paper filter (Schleicher & Schuell no. 604) and
entrifuged. The resulting slurries were dried at room temperature.
he dried cake products were then ground and stored in airtight
olypropylene containers until analyzed.

.3. Characterization

The hydrothermal products were characterized by various con-
entional methods. Scanning electron microscopy (SEM) supported
y EDX was used for characterizing the microstructure and mor-
hology. For the investigation, the specimens were mounted onto
luminium stubs using double-sided adhesive carbon discs and
putter coated with gold.

X-ray diffraction (XRD) analysis was performed using Cu K�
onochromated radiation in a conventional Bragg-Brentano (BB)

arafocusing geometry (Siemens D500 and Philips X-Pert Diffrac-
ometer). The accelerating voltage was 45 kV, and the current
as 30 mA. The scan parameters (5–85◦ 2� in 0.020◦ increments,

0–15 s/step) were selected as required for observation. Data were
ecorded digitally, and peak positions and intensities were iden-
ified by using the peak search finder feature or on screen in the
oftware. Initially, a PC-based search match program, the Philips
’Pert Software (Philips Electronics N.V.) involving the ICDD-PDF
atabase as a source of reference data was employed to help iden-
ify possible crystalline phases in the ash samples. The crystalline
hase identified by search match procedures were subsequently
mployed for the Rietveld full profile fitting analysis, [26] in addi-

ion to the quantitative XRD phase analysis. The Rietveld method
as selected for our study because: (i) quantitative information for
inor phases was desired, (ii) significant (sometimes total) over-

apping peaks were present in samples, and (iii) best confidence in
he reliability of result was desired.
us Materials 167 (2009) 250–259

The Rietveld calculations were performed using the SIROQUANT
Quantitative XRD software program [27]. The SIROQUANT contains
an extensive database of crystal structure models from which the
full diffraction profiles are calculated. Additional structure mod-
els were also taken from the Inorganic Crystal Structure Database
(ICSD). The strategy adopted made use of refinements of the diffrac-
tion data collected from samples (i) without internal standard and
(ii) with internal standard for amorphous phase determination.
The wt.% levels of mineralogical phases including the glass con-
tent were derived using an internal standard Rietveld procedure
[28] with CeO2 (NIST SRM 674) as the internal standard material.
The amorphous level or glassy phase content was then determined
by the difference between the sum of the weight fractions for all
phases and 100%. Detailed discussion of the calculation method is
presented elsewhere [25].

2.4. Leaching test

A single step leaching test was performed according to the stan-
dard of the toxicity characteristic leaching procedure (TCLP) of the
Environmental Protection Agency (U.S. EPA, 1990) (EPA-SW 846
Method 1311) [29]. 10 g of the powder batches were initially ground
to particles less than 200 �m in size. The ground sample was sub-
sequently extracted by using an acetic acid solution (CH3COOH
supplied by J.T. Beaker, Holland) mixed with distilled water. The
solution with a liquid-to-solid mass (L/S) ratio of 20:1 (ml/g) was
selected and the time of extraction was 18 ± 3 h. Here, the acetate
buffer was added only once in order to have a solution with pH of 3,
at the start of the extraction. The mixture was then stirred in a glass
beaker using a magnetic stirrer at 300 rpm. After the leaching pro-
cess, the leachants were filtered through a paper filter (Schleicher
& Schuell no. 604) and pH was again measured prior to conduct-
ing chemical analysis. The concentrations of heavy metals in the
leachants were determined by inductively coupled plasma mass
spectroscopy (ICP-MS), while the dried filter cakes of the leached
ash were then examined by XRD.

3. Results

3.1. Hydrothermal processing of raw fly ash

The raw fly ash contained an amorphous phase as the major
phase plus various SiO2 and Al2O3-bearing phases such as quartz
and gehlenite (Table 2). More than 55 wt.% of the sample consisted
aluminosilicate glass, which is probably Ca-rich. Other minerals
such as magnetite, hematite, chloride minerals and Ca-sulfates are
considered as impurities for the study as they do not contribute to
the formation of zeolites or neomorphic phases.

X-ray diffractograms of the raw fly ash hydrothermally treated
at temperatures 90–180 ◦C in 0.5 M NaOH for 48 h are given in
Fig. 1a. The XRD signals of Fig. 1a provide direct experimen-
tal evidence of the minerals composing the fly ash and of the
new minerals formed in the treatment products. Halite, anhy-
drite and sylvite previously detected in the raw sample are
absent at 90 ◦C. Correspondingly, the new secondary minerals
hydrocalumite [Ca8Al4(OH)24(CO3)(Cl)(H2O)9.6] and monosulfate
(3CaO·Al2O3·CaSO4·12H2O) were formed (strongest peaks at 11.19◦

2�, PDF#78-2051 and 9.89◦ 2�, PDF#83-1289, respectively). Hence,
synthesis at 90 ◦C yielded a relatively high proportion of hydro-
calumite and a small proportion of monosulfate, together with

a dramatic reduction of anhydrite, bassanite, halite and sylvite.
It seems that the formation of monosulfate is likely related to
the decomposition of ettringite, as this phase is unstable above a
temperature of 90 ◦C [30]. In addition, portlandite and iron hydrox-
ide (lepidocrocite, FeOOH) were identified. Ca-bearing minerals
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Table 2
XRD-based mineralogy of the raw and washed fly ashes.

Mineral phase (wt.%) Formula Raw fly ash Washed Fly ash Structure modela

Amorphous 57.4(9)b 47.2(6)
Albite (plagioclase) NaAlSi3O8 1.1(2) 6.3(3) S-155
Alunite NaKAl3(OH)6(SO4)2 1.4(1) S-459
Anhydrite CaSO4 4.5(3) 5.2(1) S-80
Apatite Ca5(PO4)3OH 2.0(2) S-215
Augite Ca3Na3Mg3FeAl1.6Si7O24 1.7(2) S-622
Bassanite CaSO4·0.5H2O 0.7(1) S-292
Calcite CaCO3 1.7(2) 3.3(1) S-11
Caracolite Na3Pb2(SO4)3Cl 0.4(1) I-024459
Calcium titanite CaTiO3 0.4(1) S-757
C3A Ca3Al2O6 0.9(1) 0.6(1) S-71
C2S Ca2SiO4 0.8(1) 0.7(2) S-69
C3S Ca3SiO5 0.9(2) 0.8(2) S-128
Diopside CaMgSi2O6 1.8(2) S-133
Enstatite (Mg,Fe)SiO3 1.2(2) S-151
Ettringite 3CaO·Al2O3·3CaSO4·32H2O 1.4(1) S-195
Forsterite (olivine) (Mg,Fe)2SiO4 2.0(2) S-53
Garnet Ca3(Al,Fe)2(Si,P)3O12 0.4(1) S-552
Gehlenite (melilite) (Ca,Na)2(Mg,Fe,Si,Al)3O7 1.4(2) 2.9(1) S-165
Gordaite NaZn4(SO4)(OH)6Cl(H2O)6 0.5(1) I-406090
Gypsum CaSO4·2H2O 16.4(2) S-355
Halite NaCl 5.3(1) S-105
Hematite Fe2O3 1.8(1) 0.8(1) S-41
Hydrocalumite Ca8Al4(OH)24(CO3)(Cl) (H2O)9.6 0.7(1) 2.1(1) S-778
Illite KAl3Si3O10(OH)2 0.4(0) S-116
Iron Fe 0.5(1) S-140
Kalsilite KAlSiO4 0.3(0) 1.9(0) S-961
Lepidocrocite FeOOH 0.6(1) S-45
Marcasite FeS2 0.4(1) S-362
Minium Pb3O4 0.8(1) 0.3(0) S-713
Magnetite Fe3O4 0.9(1) 1.5(1) S-50
Nepheline Na3KAl4Si4O16 1.2(2) 1.0(1) S-89
Portlandite Ca(OH)2 0.4(1) S-124
Pyrite FeS2 0.5(1) S-29
Quartz �-SiO2 1.5(1) 2.0(1) S-1
Rutile TiO2 0.9(1) 0.7(1) S-15
Sanidine KAlSi3O8 2.0(3) S-21
Sodalite Na4Al3Si3O12Cl 0.4(1) 0.5(1) S-1031
Sylvite KCl 1.2(1) S-164
Tobermorite-14 Å Ca5(OH)2SiO16·4H2O 0.5 (1) S-309
Ulvöspinel Fe2TiO4 0.9(1) 1.2(1) S-362
Zinc Chloride ZnCl2 0.8(0) S-5
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a The reference is given as a letter S for the SIROQUANT database (2002) and I for
b Figures in parentheses indicate the least-squares estimated standard deviation

e.g., gypsum and anhydrite), magnetite and hematite remained
onstant with rising temperature and they were still present in
he hydrothermal product. Moreover, gehlenite, which is expected
o play an important role in providing the Ca2+-ion, remained
nchanged. In contrast, the peak intensity of quartz seems to

ncrease after treatment at 90 ◦C. This finding suggests that the
art of amorphous phase have dissolved to contribute an increased
uartz concentration.

Further treatment of the raw fly ash at 140 ◦C yielded
he hydrated compounds close to the synthetic minerals of
obermorite-11 Å (Ca5Si6O18·5H2O) and illite [KAl3Si3O10(OH)2],
s can be estimated from the peaks at 7.82◦ 2� (PDF#45-1480)
nd 10.27◦ 2� (PDF#26-091), respectively. Taking the positions
f other peaks into account, Al-substituted tobermorite-11 Å
eems to be the most likely candidate with structural formula
Ca5NaxAlxSi6−x(OH)2O16·4H2O] [23,30]. In addition, a hydrogar-
et mineral close to katoite [Ca3Al2(SiO4)(OH)8] could be observed

n the XRD trace at 32.31◦ 2� (PDF# 84-0917). The formation of

atoite may be related to the excess of Al-ion as can be esti-
ated from the molar component ratios of CaO/[SiO2 + Al2O3] and
l/[Al + Si], respectively. The ratios calculated from the XRF data
f the raw sample provided values of 1.53 and 0.37 respectively,
hich are beyond the values required for the optimum yields
100 100

DD followed by the entry number of the respective database.
eferring to the least significant figure to left, a zero indicates an esd < 0.05%.

of Al-substituted tobermorite-11 Å [24]. Furthermore, analcime
(PDF#89-6324), hydroxylcancrinite (PDF#88-1931) and Sodalite
(PDF#88-2088) developed up to the temperature of 140 ◦C, in
addition to gypsum (CaSO4·2H2O) (PDF#76-1746). In this stage,
proportions of hydrocalumite and monosulfate decreased with
increasing temperature, whereas the gypsum and tobermorite-11 Å
contents increase.

The formation of Al-substituted tobermorite-11 Å was also con-
firmed by SEM/EDX analysis. A platy or lath-like morphology
developed in the raw sample treated at 180 ◦C is a typical syn-
thetic tobermorite-11 Å crystallite (Fig. 2a) [23,24]. Additionally, the
resulting tobermorite-11 Å structure may accommodate cation of
Zn2+ as shown by the EDX spectrum (Fig. 2b).

For KOH activation, the raw sample similarly treated with
0.5 M at temperature ranges tested (90–180 ◦C) for 48 h is shown
in Fig. 1b. At 90 ◦C, peaks of halite, anhydrite and sylvite were
clearly absent; correspondingly new peaks of hydrocalumite and
monosulfate appeared. Up to a temperature of 140 ◦C, a mixed prod-

uct of Al-substituted tobermorite-11 Å and katoite was observed.
With increasing temperature, mineralogical phase compositions
of the raw sample were altered as a result of the dissolution of
some minerals (e.g., NaCl and KCl) and the formation of new sec-
ondary precipitates (i.e., hydrocalumite and monosulfate). Treated
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Fig. 1. XRD patterns of fly ash treated at various temperatures for 48 h in (a) 0.5 M
NaOH, and (b) 0.5 M KOH. The peaks are labelled Ac (analcime), Al (alunite), An
(anhydrite), Ba (bassanite), C (calcite), Cr (cristobalite), Fe (iron), G (gehlenite), Gy
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Fig. 2. (a) SEM image of a platy network Al-substituted tobermorite-11 Å crystal
gypsum), Hc (hydrocalumite), Hcr (Hydroxylcancrinite), He (hematite), Hl (halite),
lt (illite), Kt (katoite), Lp (lepidocrocite) M (magnetite), Ms (monosulfate), Po (port-
andite), Q (quartz), R (rutile), S (sylvite), Sd (sodalite), Us (ulvöspinel) and Tb
tobermorite-11 Å).

t 160 ◦C, gypsum was formed, accompanied by the depletion of
ydrocalumite and monosulfate.

Reactivity of aluminosilicates during the hydrothermal process
as evaluated by the XRD Rietveld method as a function of tem-
erature (Fig. 3a). At a temperature of 90 ◦C, there is evidence for
he reduction of the glass content and an increased amount of
uartz, compared to those in the starting material. However the
uartz content then reduced gradually with rising temperature. The
ajor phases arising from the treatment at 140 ◦C were found to

e tobermorite-11 Å and katoite, but only minor amounts of zeo-
ites, i.e. analcime and hydroxylcancrinite, were produced. Starting
t a temperature of 160 ◦C, minor amounts of illite and gypsum
eveloped. Moreover, the hydrothermal treatment at 180 ◦C yielded
relatively high abundance of tobermorite-11 Å (21.8 wt.%), illite

8.9 wt.%) and katoite (4.7 wt.%).
The reactivity of aluminosilicates in 0.5 M KOH for 48 h at tem-

erature ranges between 90 and 180 ◦C was also observed (Fig. 3b).
he amount of glassy phase reduces while the quartz content

◦ ◦
ncreases at 90 C. Hydrothermal treatment at 140 C produced sig-
ificant amounts of tobermorite-11 Å (11.0 wt.%), illite (8.2 wt.%)
nd katoite (4.9 wt.%). Up to 160 ◦C, tobermorite-11 Å and katoite
ecame the major products. By treating at 180 ◦C, only minor
mounts of zeolitic materials (i.e., analcime and hydroxylcancri-
morphology, and (b) EDX spectrum obtained from fly ash hydrothermally treated in
0.5 M NaOH at 180 ◦C for 48 h.

nite) could be generated, suggesting that the synthesis process was
relatively insensitive to the raw fly ash compositions, more so a
function of temperature and time [18,23]. From the quantitative
XRD results (Fig. 3a and b), the extent of reaction for fly ash in the
presence of KOH was considerably lower than that in the presence of
NaOH, especially for the formation of tobermorite-11 Å and katoite.
Upon treatment at 180 ◦C, no remarkable reduction of the glassy
content was noted, while the tobermorite-11 Å content remained
constant. Insignificant changes in the amounts of analcime, hydrox-
ylcancrinite, and illite with rising reaction temperature were also
observed.

Based on the results of the hydrothermal treatments of fly ash
in the respective range of 90–180 ◦C in 0.5 M NaOH for 48 h, the
following scenario may be envisaged:

(i) The amorphous content is dissolved during hydrothermal
treatment at 90 ◦C and the major phase of hydrocalumite is
formed while the quartz content increases.

(ii) At an intermediate temperature (140–160 ◦C), tobermorite-
11 Å and katoite as well as a few of zeolitic materials are initially
formed.

◦
(iii) At high temperature (180 C), Ca, Al and Si ions, which are avail-
able in the amorphous phase, contribute to the formation of
clay “illite”, katoite and tobermorite-11 Å.
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Fig. 4. XRD patterns of the washed fly ash treated at various temperatures in 0.5 M
NaOH for 48 h. The peaks are labelled Ac (analcime), An (anhydrite), C (calcite),
ig. 3. Reactivity of aluminosilicates during the hydrothermal processing of fly ash
n (a) 0.5 M NaOH, and (b) 0.5 M KOH at different reaction temperatures and fixed
ime of 48 h. Note: H-Cancrinite: hydroxylcancrinite.

.2. Hydrothermal processing of washed fly ash

The washed fly ash is composed of a significant amount of amor-
hous phase and various SiO2 and Al2O3 bearing phases such as
uartz and gehlenite (Table 2). More than 40 wt.% of washed fly
sh consisted of probably a silica-rich glasslike phase. A number of
ydrated phases such as ettringite and gypsum, which developed
fter washing fly ash, are regarded as impurities for the present
tudy as they do not contribute to formation of zeolites or neomor-
hic phases. Moreover, the synthesis of tobermorite-11 Å and other
eolitic materials using the washed fly ash under various tempera-
ures and a fixed condition (0.5 M NaOH for 48 h) was examined by
RD (Fig. 4). At 90 ◦C, the disappearance of gordaite, ettringite and
ydrocalumite is evident, while gypsum is still present. Addition-
lly, the reflection of quartz shows an increase in intensity. However,
number of the remaining parent phases such as gehlenite, calcite
nd portlandite remained stable and therefore they did not react in
he alkali solution.

Further formation of tobermorite-11 Å and katoite was initially
bserved after treatment at 140 ◦C. Moreover, the peak intensity of
uartz was greatly lowered. This finding indicated that the silicate
rom quartz may have dissolved in the NaOH solution to form hydro-
els, which is responsible for the formation of tobermorite-11 Å,

atoite and a few of zeolites such as analcime and hydroxylcan-
rinite. On the other hand, gehlenite remained unchanged after
he reactions. The washed fly ash treated at 180 ◦C resulted in the
ighest production of tobermorite-11 Å, as indicated by the high-
E (ettringite), G (gehlenite), Gd (gordaite), Gy (gypsum), Hc (hydrocalumite), Hcr
(hydroxylcancrinite), He (hematite), Ilt (illite), Kt (katoite), M (magnetite), Po (port-
landite), Q (quartz), Sd (sodalite), Tb (tobermorite-11 Å) and Us (ulvöspinel).

est intensity peak at 7.81◦ 2� (PDF#45-1480) together with the
formation of illite.

The formation of Al-substituted tobermorite-11 Å in the
hydrothermal product of the washed fly ash acquired at 180 ◦C for
48 h has been confirmed by SEM analysis, showing the existence
of the typical platy morphology that is commonly found for syn-
thetic tobermorite (Fig. 5a). The evidence of 11 Å mineral, which is
very likely tobermorite, is also confirmed by X-ray diffractogram
presented previously in Fig. 1a.

The mixed product of Al-substituted tobermorite-11 Å and
katoite formed in the treated washed fly ash could be controlled
by a typical range of the Ca/(Si + Al) and the Al/(Al + Si) ratios.
These ratios were computed from the XRF data to be 1.77 and
0.27, respectively. These values are beyond of the ranges of (0–0.17)
and (0.80–0.85), respectively, which are considered optimal for
the synthesis of tobermorite-11 Å [24,30]. Evidently, katoite is the
co-product of tobermorite-11 Å which might also contain Zn2+ as
revealed by EDX (Fig. 5b).

3.3. Stability of minerals in the raw fly ash and treated fly ash
under acidic conditions

XRD was used to provide a first (qualitative) explanation for
the toxicity of materials related to the metal leaching-controlling
phases. Table 3 provides the lead-bearing minerals which were
identified in the raw fly ash: minium (Pb3O4) and caracolite
[Na3Pb2(SO4)3Cl], while Zn is present in ZnCl2. The XRD pattern
of the leached raw fly ash from the TCLP test is shown in Fig. 6a. No
peaks of caracolite are evident in the leached fly ash. Similarly, ZnCl2
disappeared, so that these phases were dissolved in the leaching
solution. Apparently, the crystalline phases, which accommodate
some amounts of Pb and Zn, have a lower leaching resistance,
thereby leading to the high potential toxicity of the material.

Further, chloride minerals (NaCl, and KCl) detected in the raw fly
ash disappeared. Consequently, an increase of the relative content
of insoluble minerals in the leached sample is noted. Clearly, anhy-
drite is a less soluble phase [31] and its diffraction peak intensities

increase as evidenced by an additional peak at 25.45◦ 2� (PDF#86-
2270). A rapid formation of gypsum (CaSO4·2H2O) in the leached
sample was also observed, likely due to the dissolution of hydroca-
lumite and bassanite.
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Fig. 6. XRD patterns of (a) unleached and leached fly ash and (b) unleached and
leached hydrothermal product of fly ash. The peaks are labelled Ac (analcime), Al
(alunite), An (anhydrite), Ba (bassanite), C (calcite), Cr (cristobalite), Ct (caracol-

minerals such as Cd5(AsO4)3Cl and CdCO3 as proposed by Eighmy
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ig. 5. (a) SEM image of a platy network Al-substituted tobermorite-11 Å crystal
orphology, and (b) EDX spectrum for the hydrothermal product of the washed fly

sh in 0.5 M NaOH at 180 ◦C for 48 h.

Fig. 6b shows the leached hydrothermal products presenting
trong XRD peaks with some modifications of the patterns with
espect to the unleached minerals. Sulfates, aluminosilicates, car-
onates and oxides are still present, but sylvite and halite are
bsent. It appears that the release of K+, Na+ and Cl− may be
olely controlled by the solubility of halite and sylvite. The XRD
nalysis of the leached samples proved that tobermorite-11 Å, and
atoite together with illite, analcime and hydroxylcancrinite have
high leaching resistance in the acidic solution. It also provides

vidence that no significant alteration of the main mineral compo-
itions is observed, except for the absence of chloride minerals (e.g.,
alite and sylvite). Consequently, the present results show that the
ydrothermal treatment of fly ash would generate a low leachability

f the minerals.

Table 3 summarises the TCLP results, along with the limit con-
entrations of the heavy metals established by the US law for solid
aste disposal. For the raw fly ash, Cd, Pb and Zn concentrations in

able 3
eavy metal concentrations in the leaching solution after TCLP test.

ample Cu Cd Cr

ppm

aw fly ash 14 12 1
ydrothermal product of raw fly ash 1 1 1

ashed fly ash 138 35 3
ydrothermal product of washed fly ash 2 5 2
CLP limit 100 1 5
ite), Fe (iron), G (gehlenite), Go (goethite), Gy (gypsum), Hc (hydrocalumite), Hcr
(hydroxylcancrinite), He (hematite), Hl (halite), Ilt (illite), Kt (katoite), M (mag-
netite), Ms (monosulfate), Q (quartz), R (rutile), S (sylvite), T (tobermorite-14 Å),
Tb (tobermorite-11 Å), Us (ulvöspinel) and Zc (ZnCl2).

the leaching solution exceeded the TCLP limits. It appears reason-
able that the high leaching characteristics of Zn and Pb are due to
the likely fact that most Zn and Pb are incorporated in the highly
soluble minerals (e.g., ZnCl2 and caracolite), which have a lower
chemical resistance than the amorphous phases [6]. Additionally,
the high leaching of Cd may be influenced by solubility-controlling
et al. [32], although specific Cd-bearing minerals were not detected
by XRD, likely they are present below the detection limit. However,
concentrations of Cu, Cr, Ni and As in the leaching solution from
most raw fly ash samples have passed the TCLP tests.

Ni Pb Zn As pH

3 17 397 0.212 5
1 1 27 0.019 7

9 393 1504 0 5
3 2 0 0 6

100 5 5 5
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Fig. 7. XRD patterns of (a) unleached and leached-washed fly ash and (b) unleached
and leached hydrothermal product of washed fly ash. The peaks are labelled Ac
(analcime), Al (alunite), An (anhydrite), C (calcite), Cr (cristobalite), E (ettringite),
G
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portions of katoite.
(gehlenite), Gd (gordaite), Gy (gypsum), Hc (hydrocalumite), Hcr (hydroxylcan-
rinite), He (hematite), Ilt (illite), Kt (katoite), M (magnetite), Po (portlandite), Q
quartz), R (rutile), Tb (tobermorite-11 Å) and Us (ulvöspinel).

.4. Stability of minerals in the washed fly ash and treated
ashed fly ash under acidic conditions

A large weight fraction of hydrate phases found in the
ashed fly ash are hydrocalumite, ettringite and gordaite

NaZn4(SO4)(OH)6Cl(H2O)6] (Table 2). However, these hydrate
hases, except for gypsum, disappear after leaching (Fig. 7a). This
grees with previous studies showing that hydrocalumite and
ttringite are unstable in the solution with the pH ranges of 5–7
30,33]. Further, there is a relative increase of peak intensities of
ome minerals such as anhydrite, quartz and gehlenite, relative to
hose in the unleached sample.

Further, XRD analyses conducted before leaching indicated
hat hydrothermal products of the washed fly ash contained
obermorite-11 Å and katoite as the dominant phases plus minor
eolitic materials. After leaching, the diffractograms indicated that
o alteration of major phases occurred in the leached specimens
Fig. 7b). As expected, the hydrothermal products of the washed

y ash contained stable minerals including quartz, anhydrite,
ehlenite and gypsum. This evidence agrees very well with the pre-
ious findings for the leached hydrothermal products of the raw
y ash.
us Materials 167 (2009) 250–259 257

Table 3 presents the TCLP results for the heavy metal concen-
trations in the leaching solution from the washed fly ash and the
treated material. It is noted here that As was not detected in the
leaching solution. For the investigation of washed fly ash, the con-
centrations of some heavy metals (Zn, Pb, Cu and Cd) in the solution
exceed the TCLP limits. The high heavy metal leaching from the
washed fly ash may be also influenced by the high initial contents
of the heavy metals in the starting material (Table 1). This is because
the washed fly ash is generally enriched in heavy metals after wash-
ing [34]. Furthermore, the leaching behaviour of the washed fly ash
could be explained by recalling that the mobilization of the partic-
ular heavy metal (Zn, Pb and Cd) is influenced by the stability of
hydrate phases (i.e., ettringite and hydrocalumite). Ettringite and
hydrocalumite are probably soluble phases controlling leaching, in
particular of Cd2+, Pb2+, and Zn2+-ions at the pH values examined. In
contrast, the concentrations of Cr and Ni in the leachate are below
the limits, suggesting that these elements may be distributed in
the amorphous phase, alloys (Fe-Cr-Ni) or spinel. Additionally, the
leaching evaluation of the hydrothermal product of the washed fly
ash indicates that concentrations of Zn, Pb and Cd in the solution
were below the TCLP limits. It suggests that a significant part of
Zn and Pb could be incorporated into tobermorite-11 Å, katoite,
zeolites and possibly amorphous silicate phases as evidenced by
SEM/EDX analysis.

4. Discussion

The results presented here prove that the studied MSWI fly
ash contains significant proportions of crystalline and glass phases
that could be determined by XRD Rietveld analysis (Table 2). The
major glassy materials are particularly present in the fly ash as
a consequence of melt droplets formed through condensation of
the flue gases [4,32]. In addition to glass phase, magnetite and
melilite, as well as some silicates are identified. Also the formation
of chloride minerals such as NaCl, and KCl, which have been pre-
viously reported by Eighmy et al. [32] is evident. Several processes
occurred during incineration such as vaporisation, melting, crys-
tallisation, vitrification, condensation, precipitation, and the flue
gas clean up are supposed to influence the formation of complex
mineralogy in the fly ash [4,32]. Some heavy metals appear to be
preferentially associated with a specific mineralogy. Lead and zinc
are volatile at the incinerator temperature (850–1000 ◦C) and could
be identified in the crystalline form of minium (Pb3O4), caracolite
[Na3Pb2(SO4)3Cl], and zinc chloride (ZnCl2).

A simple synthetic route to the formation of tobermorite-11 Å,
katoite and minor amounts of zeolites by hydrothermal treatments
of MSWI fly ash has been demonstrated. The main results of Al-
substituted tobermorite-11 Å and katoite have been shown to be
consistent and in agreement with previous experimental research
of using waste materials [18,22–24]. In addition, small quantities of
illite, analcime and hydroxylcancrinite were produced from the raw
fly ash by changing the synthesis parameters such as temperature
and the activation solution.

Mineralizing agents can be used to control the relative abun-
dance of potentially competing hydrothermal reaction products.
In our study, NaOH was found to promote the rapid decomposi-
tion of the parent material of fly ash and subsequent formation of
the mixed minerals of Al-substituted tobermorite-11 Å and katoite.
An equivalent concentration of KOH resulted in a comparatively
slower rate of decomposition of the parent phases and promoted
the formation of Al-substituted tobermorite-11 Å with smaller pro-
An examination of the current literature indicates that there
are three phases in MSWI fly ash being a very important for
contributing the aluminium and silicon to hydrothermal synthe-
ses: (i) amorphous aluminosilicate glass, (ii) quartz (iii) gehlenite
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18,23,24]. Our study revealed that the aluminosilicate glass phase
s the most abundant and most unstable phase in the hydrother-

al environment. Accordingly it has the highest rate of dissolution
nd it is the largest contributor of aluminium and silicon to the
ydrothermal products. There is also a general reduction in the
uartz content during hydrothermal treatments. However, gehlen-
te did not react with alkali solution to form zeolites and other
eomorphic phases. The residual non-reacted components of fly
sh corresponding to Ca-sulfate bearing minerals, carbonate, mag-
etite, ulvöspinel and hematite remained unchanged during the
ydrothermal treatments.

The synthesis strategy employing the washed fly ash yielded a
imilar mixed product of tobermorite-11 Å and katoite with minor
mounts of analcime and hydroxylcancrinite. The ratio of Si/Al has
een considered to be the most important factor for the develop-
ent of zeolitic materials, while synthesis parameters (i.e., time

nd reaction temperature) played a smaller role. According to Cole-
an and Brassington [24] the optimum yield of Al-substituted

obermorite-11 Å could be generally achieved from the reaction
ompositions falling within the following molar component ratios:

.80 <
CaO

|SiO2 + Al2O3| < 0.85 (1)

.00 <
Al

Al + Si
< 0.17 (2)

It has been reported by Coleman and Brassington [24]
hat reaction times and proportions of aluminium and calcium
ave a significant influence on the production of Al-substituted
obermorite-11 Å. However, the long reaction times and an
ncreased proportion of aluminium and calcium would promote
he formation of hydrogarnet katoite and other calcium silicate
ydrate (CSH) as additional phases to Al-substituted tobermorite-
1 Å. Hence, the flexibility of hydrothermal processing affords a
ossibility for controlling composition and morphology of the prod-
ct phases. Accordingly, the yield and extent of Al-substituted
obermorite-11 Å product phase derived from MSWI fly ash could
e modified by an appropriate manipulation of reagent composi-
ions and reaction conditions in order to maximize its ion exchange
erformance.

Further, the molar component ratios of our fly ash (Eqs. (1)
nd (2)) as calculated from the XRF data (Table 1) are beyond
he above values. Accordingly, an improved yield of tobermorite
ould be expected from the stoichiometric additions of a reactive
ource of silica and a calcium oxide to adjust the composition to
ithin the optimal ranges quoted above. However, the development

f tobermorite-11 Å from MSWI fly ash for marketable sorbents
equires a degree of compromise between the effectiveness of the
roduct in a given application and the cost and the complexity of
rocessing. The use of an additional feedstock material and pro-
essing steps generally implies an additional cost, which requires
ompensating by the improved service performance.

The leaching analysis of the MSWI fly ash indicates that the
aterials are hazardous. The XRD technique has been employed

or the identification of solubility-controlling phases. It is well
stablished that the matrix compositions of fly ash could substan-
ially control the leaching of metals. This can be observed in part
or the higher leachability of Cd which is probably related to the
issolution of NaCl and KCl [35]. Additionally, ZnCl2 and hydro-
alumite might be responsible for the leaching of zinc, while a
art of lead leaching was possibly promoted by the dissolution of

aracolite. The dissolution of hydrocalumite from the raw fly ash
esulted in the precipitation of a large amount of gypsum. How-
ver, the hydrothermal products behaved quite differently in that
hey were quite resistant in the acidic solution. Tobermorite-11 Å,
atoite and zeolitic compounds are still present in the leached sam-
us Materials 167 (2009) 250–259

ple of the hydrothermal product. As the raw fly ash was enriched
with chlorides, the residual mineral contents in the hydrothermal
product are increased by the dissolution of halite and/or sylvite after
leaching.

Further, the leaching characteristic of the washed fly ash is
mainly influenced by the presence of gordaite, gypsum, hydroca-
lumite and ettringite. The XRD analysis of the leached washed fly
ash provided evidence of the dissolution of gordaite, hydrocalumite
and ettringite in the acidic solution. But gypsum remained sta-
ble in the materials. Importantly, there is no significant difference
between the leaching characteristics of the hydrothermal product
from the washed fly ash and the raw fly ash. The results also demon-
strated that hydrothermal products of the washed fly ash displayed
superior mineral stability in the acidic environment.

Further, pH is the main experimental condition influencing the
heavy metal release; the lower the pH, the greater the heavy metal
release. Zn and Pb are amphoteric with hydroxyl complexation,
exhibiting increased solubility under strongly acidic conditions [2].
Our study confirms the findings of the experiments that the acidity
of the leaching solution had an impact on the solubility of metals,
especially zinc and lead. The results also show that a significant
amount of cadmium was dissolved in the acidic leaching solution
and this agrees very well with the expected behaviour reported in
the literature [36]. Therefore the acidic solution can be used for a
partial extraction and recovery of lead and zinc from the fly ash,
but not for ultimate detoxification of the fly ash. It is suggested that
leaching tests over wide ranges of pH values with the use of extrac-
tion fluid will be completed to fully understand the complexity of
leaching resistance in these materials.

Use of an acidic leaching solution for fly ash clearly reduced the
TCLP concentration of Pb [36], but a thermal treatment of the fly
ash at extremely high temperatures (>850 ◦C) is required to break
down dioxins completely. The dioxin levels of our materials comply
with the limit value of 0.1 ng TEQ/m3 (the toxic equivalent concen-
tration), according to the Ordinance on Waste Incineration Plants,
and they do not exceed the legal limits for deposition of the fly ash
on a dedicated disposal site in Germany. Treatment of the fly ash
at the extremely high temperature necessary to destroy the dioxins
completely would mobilize some other toxic volatiles which would
need to be recaptured. This would naturally have implications for
an economic analysis of the treatment, which, however, has been
outside the scope of this work.

Hydrothermal treatments of the raw and the washed fly ash
samples had an evident impact on the reduced leaching of met-
als, in that all metals showed a marked reduction in the leaching
concentrations. It is supposed that the observed reduction in mobi-
lization of heavy metals is caused by the incorporation of metals in
phases with low solubility. For example, Zn, Pb and Cd may be incor-
porated in tobermorite-11 Å, katoite and amorphous alumosilicate
phase. Accordingly, the hydrothermal method is very promising for
the development of chemically stabilized products. Nevertheless,
from the economic of point of view, the cost for hydrothermal treat-
ments should be relatively lower than that for high temperature
volatilization and evaporation of heavy metals or vitrification.

Furthermore, this paper has not attempted to deal with trans-
fer of dioxin in the fly ash during the hydrothermal processing.
Principally fly ash from incinerators tends to contain unburnt car-
bon, persistent organic pollutants (POP), and heavy metals. The
POP typically represents polychlorinated dibenzo-p-dioxins and
furans (PCDD/F), chlorobenzenes and chloronaphthalenes. In Ger-
many, these organic pollutants are destroyed by a thermo-catalytic

process with significant reduction of the toxic equivalent concen-
tration (TEQ) by more than 99% [37]. In the present case, the dioxin
concentration in fly ash is considered sufficiently low to influence
the mineral phases. However, work remains to be carried out to
investigate the behaviour of POPs during hydrothermal processing.
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he observed formation of zeolithic minerals of high surface area
rovides some adsorptive potential for POPs.

. Conclusion

It can be concluded that the hydrothermal treatment of fly ash in
he alkali solutions of 0.5 M NaOH at 180 ◦C for 48 h produced signif-
cant amounts of tobermorite-11 Å and katoite in addition to small
uantities of hydroxylcancrinite and analcime. The heavy metals
ay be either absorbed or physically encapsulated in the stable
ineral phases. The water washing treatment of fly ash provides no

ignificant difference in yielding tobermorite-11 Å and katoite. The
ransformation of fly ash into tobermorite-11 Å, katoite, and zeolitic
ompounds is significant as it opens new opportunities for this type
f waste, which can be used among other for immobilizing other
oxic and radioactive wastes in cement and asphalts. This indicates
hat the hydrothermal method provides a promising solution to the
eduction of environmental hazards of fly ash deposits and it opens
pportunities for giving value to the fly ash as a resource.

cknowledgements

The authors wish to thank Dr. Neuser for their help in collecting
lectron microscope analysis data. Special thank to Dr. Reinecke for
is support in the XRD laboratory. The assistance of Hendrik Nar-

es, Astrid Michele and Sandra Grabowski performing laboratory
xperiments is also gratefully acknowledged.

eferences

[1] O. Hjelmar, Disposal strategies for municipal solid waste incineration residues,
J. Hazard. Mater. 47 (1996) 345–368.

[2] T. Sabbas, A. Polettini, R. Pomi, T. Astrup, O. Hjelmar, P. Mostbauer, G. Cappai, G.
Magel, S. Salhofer, C. Speiser, S. Heuss-Assbicher, R. Klein, P. Lehner, Manage-
ment of municipal solid waste incineration residues, Waste Manage. 23 (2003)
61–88.

[3] K. Akiko, N. Yukio, I. Teruji, Chemical speciation and leaching properties of
elements in municipal incineration ashes, Waste Manage. 16 (1996) 523–536.

[4] L.L. Forestier, G. Libourel, Characterization of flue gas residues from municipal
solid waste combustors, Environ. Sci. Technol. 32 (1998) 2250–2256.

[5] C. Ferreira, A. Ribeiro, L. Ottosen, Possible applications for municipal solid waste
fly ash, J. Hazard. Mater. B96 (2003) 201–216.

[6] J.M.A. Rincon, M. Romero, A.R. Boccaccini, Microstructural characterisation of a
glass and a glass-ceramic obtained from municipal incinerator fly ash, J. Mater.
Sci. 34 (1999) 4413–4423.

[7] M. Erol, S. Kücükbayrak, A. Ersoy-Mericboyu, M.L. Övecoglu, Crystallization
behaviour of glasses produced from fly ash, J. Eur. Ceram. Soc. 21 (2001)
2835–2841.

[8] Y.J. Park, J. Heo, Nucleation and crystallization kinetics of glass derived from
incinerator fly ash waste, Ceram. Int. 28 (2002) 669–673.
[9] Y.J. Park, J. Heo, Vitrification of fly Ash from municipal solid waste incinerator,
J. Hazard. Mater. B91 (2002) 83–93.

10] M.A. SØrensen, B.C. Koch, M.M. Stackpoole, R.K. Bordia, M.M. Benjamin, T.H.
Christensen, Effects of thermal treatment on mineralogy and heavy metal
behaviour in iron oxide stabilized air pollution control residues, Environ. Sci.
Technol. 34 (2000) 4620–4627.

[

[

us Materials 167 (2009) 250–259 259

11] K.J. Hong, S. Tokunaga, Y. Ishigami, T. Kajiuchi, Extraction of heavy met-
als from MSW incinerator fly ash using saponins, Chemosphere 41 (2000)
345–352.

12] K.J. Hong, S. Tokunaga, T. Kajiuchi, Extraction of heavy metals from MSW incin-
erator fly ashes by chelating agents, J. Hazard. Mater. B75 (2000) 57–73.

13] H. Katsuura, T. Inoue, M. Hiraoka, S. Sakai, Full-scale plant study on fly ash
treatment by the acid extraction process, Waste Manage. 16 (1996) 491–499.

14] F.P. Glasser, Fundamental aspects of cement solidification and stabilization, J.
Hazard. Mater. 52 (1997) 151–170.

15] A. Nzihou, P. Sharrock, Calcium phosphate stabilization of fly ash with chloride
extraction, Waste Manage. 22 (2002) 235–239.

16] P. Ubbriaco, D. Calabrese, Hydration behaviour of mixtures of cement and fly ash
with high sulphate and chloride content, J. Therm. Anal. Cal. 61 (2000) 615–623.

17] P. Ubbriaco, P. Bruno, A. Traini, D. Calabrese, Fly ash reactivity: formation of
hydrate phases, J. Therm. Anal. Cal. 66 (2001) 293–305.
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