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Abstract

Vitrification by melting is being proposed as a convenient method to solidify different kinds of silicate and other oxide-based inorganic
wastes. Incinerator bottom and fly ashes have been mixed with glass cullet, feldspar and clay by-products as melting fluxing agents.
Washing, drying, and grinding pre-treatments followed by melting at 1450 �C lead to the formation of glasses and glass-ceramics,
depending on the starting materials composition and thermal treatment. The obtained glasses have been studied by SEM, chemical dura-
bility tests in aqueous and alkaline environment, leaching test (UNI 10802), and by differential thermal analysis. The glass-ceramics mor-
phology was investigated by XRD and SEM. The results were explained by the structure of the glasses caused by the presence of different
amount of modifiers in the glassy lattice. The obtained glasses show good chemical resistance, in particular in alkaline environment and
thermal characterization highlighted that the materials are also suitable to obtain glass-ceramics.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Vitrification by melting is being proposed as a conve-
nient method to solidify different kinds of silicate and other
oxide-based inorganic wastes. The promotion of controlled
crystallization by forming partly crystallized materials,
such as glass-ceramics, can be a technological solution to
convert a waste material into a valuable product. More-
over, vitrification causes the reduction of the waste volume,
the increase of the homogeneity of the waste chemical com-
position and its subsequent conversion into inert materials
with interesting chemical and mechanical properties.
Depending on the waste composition, glass forming addi-
tives are often added to starting raw materials. In this
work, incinerator bottom and fly ashes have been mixed
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with glass cullet or a feldspar and clays by-products as
melting fluxing agents. By considering incinerator waste
as secondary raw material, it is necessary to distinguish
between fly and bottom ashes, which have quite different
chemical compositions. Fly ash is particularly problematic
because it contains significant concentrations of heavy met-
als (e.g., As, Pb, Sb, Sn). With regards to bottom ash, the
proportions of different constituents are fairly constant
[1,2] independent of the waste origin and the particular
incineration process. Consequently, bottom ash appears
to be a suitable secondary raw material for re-use, for
example, in constructions and civil works, due to capabili-
ties of this sector to absorb a high volume of materials.
Bottom ash contains typical glass formers and modifiers,
such as Si, Al, Ca, and Na, thus it is suitable for vitrifica-
tion. The most significant advantages of vitrification
include volume reduction of the waste, good chemical
durability of the final product, and the possibility to use
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Table 1
Chemical composition (wt%) of the incinerator ashes and the prepared
glasses

Oxide Fly ash Bottom ash V1 V2 V3

SiO2 18.5 46.7 54.39 52.64 52.57
TiO2 1.56 0.77 0.58 0.61 0.82
Al2O3 7.37 6.86 5.41 12.13 9.07
Fe2O3 2.26 4.69 3.84 4.36 3.28
MgO 2.74 2.22 2.47 1.77 1.73
CaO 37.5 26.3 20.31 17.28 16.71
Na2O 2.93 4.62 8.17 5.88 8.78
K2O 2.03 0.888 1.12 1.06 1.62
ZnO 2.07 0.714 0.41 0.52 0.21
SO3 14.4 2.18 0.46 0.35 –
PbO 0.040 0.071 0.051 0.030 0.025
BaO 0.139 0.109 0.159 0.134 0.105
As2O3 nd 0.001 0.009 0.008 0.008
Cr2O3 0.091 0.074 0.096 0.047 0.055
CuO 0.091 0.281 0.198 0.098 0.175
NiO 0.013 0.011 0.006 0.004 0.005
LOI 8.4 11.0 – – –
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wastes of different origins to obtain more homogeneous
batches. The resulting inert vitreous product can be utilized
in principle, in various ways: as road-base material; in
embankments; as blasting grit; to partially replace sand
in concrete; in the production of construction and decora-
tive materials, such as water-permeable blocks, tiles, pave-
ment bricks, and decorative stones for gardens [3–5].

The main part of the literature works is based on vitrifi-
cation of bottom ash (used as it is or mixed with other
waste and/or raw materials) [6,7].

In the present work, glassy compositions containing both
incinerator bottom and fly ashes have been prepared. SEM
analysis and durability tests have been performed in order
to evaluate the glass network stability, while thermal analy-
sis and X-ray diffractometry have been used in order to
study the crystallization tendency of the obtained material.

2. Experimental procedures

Incinerator bottom and fly ashes have been mixed with
glass cullet (main oxides SiO2, Al2O3, MgO, CaO, and
Na2O), feldspar, and clays by-products (main oxides
SiO2, Al2O3, and Na2O) as melting coadjuvants. The
choice of these three additives is due to their different
chemical composition. Glass cullet contains high amount
of calcium oxides (around 10%), which can favor crystal
growth in the glass; feldspar and clay wastes from ceramic
industry are particularly rich in alumina (around 20% and
25%, respectively), which renders the glass network more
resistant to chemical reagents.

The fly ash characterization required pre-treatments
such as water washing to separate and quantify the soluble
fraction, which amounts to 14.5 wt% and it is composed
mainly by chlorines, K2O, Na2O, CaO, SO2�

4 , and NO�3 .
Furthermore, the insoluble fraction, corresponding to
85.5%, was analyzed by X-ray-fluorescence (Philips PW
2004). The obtained results are reported in Table 1.

Bottom ash required also some pre-treatments, such as
grinding at particle size <0.4 mm and magnetic separation.
The chemical analysis has been performed by X-ray-fluo-
rescence (Table 1).

Three batches were prepared by mixing the different raw
materials:

(a) V1: 50 wt% bottom ash–5 wt% fly ash–45 wt% glass
cullet;

(b) V2: 53 wt% bottom ash–4 wt% fly ash–43 wt%
feldspar;

(c) V3: 30 wt% bottom ash–20 wt% clay–50 wt% glass
cullet

and the corresponding oxide compositions of the resulting
glass are reported in Table 1. The batches were melted at
1450 �C, and the melts were rapidly quenched in air.

The bulk of V1 and V2 glasses, which contain higher
amount of bottom and fly ashes than V3, has been
observed by scanning electron microscopy (SEM Philips
XL 30 coupled with energy dispersion spectroscopy EDAX
9900) to study the glass homogeneity and by X-ray diffrac-
tion (Philips PW 3710 with Ni-filtered CuKa radiation) to
confirm the amorphous structure of the material. Chemical
durability tests (ISO 719 and ISO 695) have also been con-
ducted in order to evaluate the chemical resistance of the
prepared glasses in aqueous and alkaline environments,
respectively. The eluates were analyzed by pH (pH 6 Euth-
ech Instrument) and conductivity (CON 6 Euthech Instru-
ment) measurements and by inductively coupled plasma
(ICP Varian Liberty 200), to investigate the amount and
kind of leachate elements.

Glasses have been subjected to 24 h leaching test accord-
ing to UNI 10802. Samples were placed in bidistilled water
with a leaching volume/material weight ratio of 10 l/kg and
maintained for 24 h at room temperature. After filtration,
the chemical composition of the eluate has been analyzed
by ICP (OES Thermo Optek).

The crystallization of the glasses has been studied by
DTA (Linseiz L81). The growth mechanism (surface or
bulk) was estimated, comparing the traces of fine
(<63 lm) and coarse (216–300 lm) glass fractions at
10 �C/min. The activation energy of viscous flow in the
glass transition ranges, the crystallization activation
energy, and the reaction order were determined by using
results obtained at different heating rates (5, 7.5, 10, and
20 �C/min). The preliminary glass-ceramics samples,
obtained by means of different heat treatments have been
characterized by XRD and SEM techniques.
3. Results

3.1. Structure and chemical durability

The obtained glasses are quite different at an optical
observation: V1 appears dark and homogeneous while V2
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shows a black bulk with red streaking due to the dispersion
of visible light and transmission of infrared, a phenomenon
typical for opal and/or phase separated glasses [8,9]. V3,
which contains lower amount of municipal solid waste, is
characterized by good transparency and dark-green color.

The glasses with high waste amount (i.e. V1 and V2)
were analyzed by SEM to verify the presence of micro-het-
erogeneous zones. SEM analysis of V1 (Fig. 1(a)) points
out the presence of a liquid–liquid immiscibility with a
non-spinodal structure (i.e. grown by a nucleated-type
mechanism). The second phase is separated in isolated
spherical drops with an interface having the same degree
of sharpness. The droplets having 0.5–2 lm diameter are
uniformly and randomly dispersed throughout the matrix,
suggesting that liquid–liquid separation may occur during
the cooling of the melt. The separated phase does not pos-
sess crystalline order and does not affect the amorphous
character of the material. In fact, the glassy nature of the
whole samples was confirmed by X-ray diffraction, which
shows only the broad band of glass with no crystalline
phases. In V2 glass (Fig. 1(b)) larger immiscibility zones
(3–4 lm) are present. In both glasses, some white dots
enriched in copper and sulfur as confirmed by EDS are also
Fig. 1. SEM micrographs of V1 parent glass at 9000· (a) and V
evident throughout the samples (particles marked with a
circle). According to the chemical analysis of the starting
materials these elements derive from both the bottom and
fly ashes (Table 1). Similar phase (i.e. Zn–S, Fe–P–S) was
observed in other glassy materials produced starting from
industrial wastes [9–11].

The chemical durability characterization of V1 and V2
glasses was conducted in order to evaluate the chemical
resistance in aqueous and alkaline environments, respec-
tively. This property is strictly related to the different struc-
ture of the glasses induced by the presence of different
amounts of modifiers in the glassy lattice. The durability
tests allow dividing glasses into different categories, where
a lower category number corresponds to a better resistance
[12]. As far as durability in water is concerned (Table 2(a)
and (b)), V1 glass shows medium–high resistance, belong-
ing to class 3, which corresponds to a range of alkali lea-
ched between 62 and 264 lg/g, while V2 shows very high
resistance, belonging to class 1, which corresponds to a
value of alkali element leached <31 lg/g. This behavior is
also confirmed by the pH and conductivity measurements.
The different degree of dissolution of the two glasses is also
demonstrated by the analysis of the amount of network
2 parent glass at 5000· (b). EDS spectrum of white dots (c).



Table 2
Results of durability tests, pH, and conductivity measurements in aqueous
(a) and alkaline (c) environment and ICP analysis of the aqueous
environment eluates (b)

Sample Alkali leached (lg/g) pH Conductivity (lS)

(a)

V1 98.23 8.35 52.2
V2 13.2 7.90 23.3
Distilled water – 5.48 2.65

Weight loss (mg/100 m2) pH Conductivity (lS)

(c)

V1 32.33 12.68 195.4
V2 18.23 12.65 190.1
Alkaline solution – 12.71 164.7

Si (ppm) Al (ppm) Na (ppm) K (ppm)

(b)

V1 2.56 0.09 3.78 0.15
V2 0.08 0.05 0.45 0.07
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Fig. 2. Hypothetical viscosity–temperature curves of the studied
compositions.
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formers, especially silicon, and modifiers, especially
sodium, found in the eluates, which confirm the lower
degree of stabilization of the V1 glass lattice (Table 2(b)).

In alkaline environment, however, (Table 2(c)) both
glasses are classified by the norm as belonging to class 1,
low alkaline attack, which corresponds to a loss in weight
<75 mg/100 m2, even if V1 presents a loss higher with
respect to V2. Both glasses show higher values of conduc-
tivity with respect to the extraction solution because of the
higher amount of mobile ions, while pH values are con-
stant, the environment being already alkaline and therefore
less sensible to the variation.

The effectiveness, on immobilizing the heavy metal ions,
of incinerator residues vitrification process was confirmed
by the 24 h leaching test. Table 3 shows that all the detected
elements resulted below the Italian law limits.
3.2. Crystallization behavior

Due to the high tendency toward crystallization, the vis-
cosity vs. temperature curves of the studied glasses could
not be experimentally obtained. For this reason the VFT
(Vogel–Fulcher–Tammann) equations were estimated by
the Lakatos method [13]. Fig. 2 shows the obtained calcu-
lated viscosity vs. temperature curves. The average values
Table 3
Glasses leaching test

Element V1 eluate
(mg/l)

V2 eluate
(mg/l)

Law limit D.Lgs
13.3.2003

As <0.05 <0.05 0.05
Ba <0.02 <0.02 2
Pb <0.02 <0.02 0.05
Cr <0.02 <0.02 0.05
Cu <0.02 <0.02 0.2
Ni <0.02 <0.02 0.04
Zn <0.02 <0.02 0.4
of the activation energies of viscous flow, Eg, for different
temperature ranges were evaluated applying the Arrhenius
equation (Table 4):

g Tð Þ ¼ g0 expðEg=RT Þ: ð1Þ

DTA results for the fine (labeled P) and the coarse (labeled
B) glass fractions are plotted in Fig. 3. It highlights similar
glass transition, Tg, and liquidus, Tl, temperatures for the P
and B samples and different crystallization peak tempera-
tures, TP.The figure shows also that the Tg values obtained
by the DTA curves are comparable with the ones calcu-
lated by the Lakatos curves (i.e. the temperatures, corre-
sponding to the viscosity value of 1013.3 dPa s (Fig. 2)).
V1-P and V1-B traces show similar sharp crystallization
peaks at low temperatures with a TP shift of only 40 �C,
indicating that bulk phase formation occurs in this glass
[9,14]. V2 glass shows a less pronounced crystallization
trend. V2-P crystallization exotherm peak is characterized
by low-intensity and TP is close to Tl, while no exo-effect
occurs in V2-B. V3 composition is characterized by an
intermediate behavior: TP of V3-P sample is at lower tem-
perature than V2-P and low-intensity exo-peak is observed
in V3-B. The TP shift of about 100 �C suggests that surface
crystallization is mainly occurring. The different crystalliza-
tion tendency of studied glasses was confirmed also by the
values of the Hruby coefficient, KH = (TP � Tg)/(Tl � TP)
[15,16]. This parameter is widely used to evaluate the crys-
tallization ability of the glasses: the higher its value, the
lower the crystallization tendency. KH, obtained by the
DTA powder curves, presents values of 1.2, 3.6, and 2.1
for V1, V2, and V3, respectively, confirming the high
Table 4
Variation of the activation energy of viscous flow (kJ/mol) vs.
temperature

600–
700 �C

700–
800 �C

800–
900 �C

900–
1000 �C

1000–
1100 �C

V1 680 500 400 330 290
V2 780 550 430 360 310
V3 720 520 400 340 300
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Fig. 3. DTA traces of powder and bulk samples at 10 �C/min.

Fig. 4. (a) SEM micrograph of V1 glass-ceramic treated at 900�C for 2 h,
(b) and (c) EDS spectra of different crystals, (d) EDS spectrum of the
glassy matrix.
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crystallization ability of V1, intermediate of V3, and scarce
of V2.

In order to obtain additional information on the crystal-
lization behavior of V1 and V3, powder samples were stud-
ied at different heating rates. The activation energy of
viscous flow in glass transition range, ET g , and the activa-
tion energy of crystallization, Ecr, were evaluated by the
Chen’s equation [17]

EX

RT a
¼ ln

T 2
a

v

� �
; ð2Þ

where Ta are temperatures at which the degree of transfor-
mation, a, attains equal value at different heating rates, v.
ET g and Ecr were evaluated by the Tg and TP variations,
respectively.

The reaction order (named also Avrami parameter), n,
was evaluated by the relationship proposed by Ozawa [18]:

dfln½� lnð1� aÞ�g
dðln vÞ

����
T

¼ �n; ð3Þ

where a is evaluated from a number of exothermic peaks,
obtained at different heating rates at the same temperature,
T. The a value is calculated as the ratio of partial area of
the crystallization peak at T to the total area of the crystal-
lization that is exothermic. The activation energies values
are ET g ¼ 648 kJ=mol for V1 and 685 kJ/mol for V3, while
Ecr = 454 kJ/mol for V1 and 334 kJ/mol for V3. The reac-
tion order was evaluated as 2.3 for V1 (at 870 �C) and as
1.5 for V3 (at 950 �C). These values confirm the tendency
for bulk crystallization in V1 and of surface crystallization
in V3 [9,14]. The bulk phase formation in V1 and the sur-
face crystallization in V3 were confirmed also by SEM
observation. Fig. 4(a) shows the interior part of a V1 sam-
ple with bulk spherulitic and dendritic structures, formed
after 2 h at 900 �C (i.e. the temperature of the DTA peak
onset). V3 glass-ceramic shows elongated crystals. The se-
lected heat treatment is typical for similar compositions
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and corresponds to the temperature range of maximum
rate of crystal growth [19–21]. The crystalline phase forma-
tion starts from the surface with needle-like crystals ori-
ented towards the interior of the sample.

The crystalline phases developed in V1 and V3 glass-
ceramics have been identified by X-ray diffraction. The
only phase identified in V3 is wollastonite (CaSiO3),
whereas the number and kind of crystalline phases formed
in V1 depends on the applied thermal treatment. The first
phases formed in V1 are calcium silicates CaSiO3 (triclinic
pseudowollastonite as main phase, and monoclinic wollas-
tonite as minor phase), already at low temperature (900 �C)
and short times (30 min) (Fig. 5). For longer firing times,
however, an increase of the amount of monoclinic wollas-
tonite is detected. These phases commonly occur in
cements, ceramics, and glass-ceramic materials produced
starting from slags [9,10,22,23]. For longer times, it was
found that pyroxene solid solutions also crystallized. As
shown in Fig. 5, peaks of the pyroxene phase appear only
for the samples heat-treated for 2 h.

SEM images of V1 glass-ceramics (Fig. 4) show two
kinds of crystals: the main with spherulitic shape enriched
in calcium and devoid of magnesium, which corresponds to
pseudowollastonite and/or wollastonite. The weight per-
centage of Ca and Mg, analyzed by EDS, are 16% and
0.7%, respectively in the glass-ceramics (Fig. 4(c)), while
they are 3.3% and 0.65% in the residual glass (Fig. 4(d)).
Residual glass shows a strong decrease of calcium with
respect to the starting glass (CaO > 20%, MgO > 2.5%),
because of the formation of calcium based crystalline
phases. The secondary phase, formed in the residual glass
matrix with dendritic structure shows pyroxene composi-
tion enriched in magnesium (4%) (Fig. 4(b)). In V3 glass-
ceramic elongated crystals rich in Si and Ca are present,
which correspond to wollastonite, and the residual glass
shows a corresponding decrease of calcium content with
respect to the starting glass.
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4. Discussion

4.1. Structure and chemical durability

The difference in the homogeneity of V1 and V2 glasses
may be related to the substitution of the easily meltable
glass cullet (which favors the atoms mobility in the melt
and the homogenization process) with the feldspar waste,
which increases the viscosity during the melting.

The phase separation phenomenon, with a non-spinodal
structure, present in V1 and the immiscibility zones present
in V2 may be ascribed to by the ‘reduced composition’ of
the glasses. These reduced compositions are V1: 67.9%
SiO2–6.8%Al2O3–25.3%CaO; V2: 64.1%SiO2–14.8%
Al2O3–21.1%CaO. Fig. 6 shows that a liquid immiscibility
area exists near the CaO–SiO2binary system. In the ternary
diagram (Fig. 6(a)) V1 is situated nearer to the phase sep-
aration area with respect to V2, confirming the larger
amount of immiscibility drops emerged by SEM analysis
for the sample V1 (Fig. 1(a)). On the other hand, V2 is
located nearer to the tridymite–pseudowollastonite–anor-
thite eutectic point; therefore it shows less phase separa-
tion. The inhomogeneous zones of V2, present in
Fig. 1(b), can be a silica-enriched phase because during
melting, the quartz particles, which are the main crystalline
phase in the bottom ash, cannot completely melt because of
Fig. 6. (a) ternary diagram SiO2–CaO–Al2O3 and (b) binary immiscibility
curve.
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the high viscosity. According to the CaO–SiO2 liquid
immiscibility curve (Fig. 6(b)) and on reducing the ternary
composition to this binary, V2 glass is located in the spin-
odal region of immiscibility. Therefore the pseudo-den-
dritic texture of V2 seen in Fig. 1(b) may be explained by
spinodal immiscibility areas produced by diffusion around
some silica particles (indicating lower degree of homogeni-
zation). V1 is characterized with good transparency and
dark-green color; in this case the glass is located in the
nucleation area for phase separation, giving rise to smaller
sized droplets (Fig. 1(a)).

The difference in the chemical durability behavior of
both glasses is due to the higher amount of alumina in
V2, which strengthens the glassy network playing the role
of network former, and to the higher amount of alkaline
mobile ions, especially Na+ in V1. This behavior is also
confirmed by pH and conductivity measurements. In fact,
the values of these properties increase because of both
the release in solution of monovalent alkaline oxides and
because of the ionic exchange between H+ ions of water
and alkaline ions of glass. These ions are the most mobile
ions in the glass lattice, because they are placed within
the interstices and are linked with low bond strength
(non-bridging oxygen).

The more significant difference between the behavior of
V1 and V2 in the aqueous environment with respect to the
alkaline one is related to the different attack mechanism. In
fact, in water both H+ and OH� ions occur, while in alka-
line environment OH� ions are predominant. Since the H+

attack is strictly related to the ionic exchange with alkaline
ions, therefore is more significant in V1 glass where the
amount of Na+ and K+ is higher than in V2. At the same
time, the OH� interaction is similar in both glasses because
it acts directly on the glassy network, which is constituted
mainly of silicon and aluminum tetrahedral.

4.2. Crystallization behavior

The thermal study performed shows both the different
tendency toward crystallization of the three glasses, evi-
denced by Hruby coefficient, and the different crystalliza-
tion mechanism. In fact the reaction order values,
determined by Ozawa equation, suggest that bulk crystalli-
zation occurs in V1, and surface crystallization occurs in
V3 [9,14]. The two glasses have similar ET g values while
Ecr of V1 is notably higher than Ecr of V3. At the same
time, both ET g and Ecr values of V1 and V3 are in good
agreement with the hypothetical activation energies of vis-
cous flow for the corresponding temperature ranges (Table
3). This indicates that diffusion-controlled crystal growth
occurs in both compositions [14] and demonstrates that
the higher Ecr value of V1 is due to its superior crystalliza-
tion tendency, which leads to a phase formation at lower
temperature and higher viscosity.

As regards the crystalline phases formed in the heat-
treated glasses, pseudowollastonite is the main phase in
all samples, notwithstanding the fact that it is the high tem-
perature CaSiO3 form; in fact at temperatures lower than
1125 �C, the stable phase is the monoclinic wollastonite
modification [24]. The stability of pseudowollastonite at
low temperature can be explained considering the presence
in the glasses of copper sulfide, formed by the oxidation of
copper metal in the presence of sulfur, due to the incinera-
tor residues composition (see Fig. 1). According to Kaitai
et al. who found ZnS to be a nucleating agent for the for-
mation of pseudowollastonite before wollastonite [25], CuS
can modify the equilibrium of these two polymorphs
phases. The pseudowollastonite transforms to wollastonite
or diopside when heat treatment temperature or time is
higher. The formation of pyroxene solid solution requires
longer thermal treatments because of the high amount of
CaO in V1 (>20 wt%): firstly the calcium silicates precipi-
tate and then, when the residual glass composition is
depleted of calcium and the Ca/(Mg + Fe) ratio decreases,
the pyroxenes formation begins.

5. Conclusions

From the conducted study it appears that the vitrifica-
tion process applied to the tailored mixtures is a useful tech-
nique to immobilize the incinerator wastes in chemically
stable matrices. The obtained glasses are technologically
interesting because they show good chemical resistance, in
particular in alkaline environment. This is an important
characteristic, especially for the V2 glass, which due to its
scarce crystallization tendency, is suitable for manufactur-
ing glass products such as fibers and/or tiles [6,7]. From
the thermal characterization it appears that the materials
are also suitable to obtain glass-ceramic. It was concluded
that V1 glass is more appropriate for the obtainment of
glass-ceramics by bulk nucleation and growth, while V3,
presenting a reduced crystallization, is more adequate for
manufacturing sintered glass-ceramic material, where the
surface nucleation mechanism is exploited [9,14,19,20].
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