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Abstract
The vitrification of an hazardous iron-rich waste (W), arising from slag flotation of copper production, was studied. Two glasses, containing
30 wt% W were melted for 30 min at 1400 ◦ C. The first batch, labeled WSZ, was obtained by mixing W, blast furnace slag (S) and zeolite tuff (Z),
whereas the second, labeled WG, was prepared by mixing W, glass cullet (G), sand and limestone. The glass frits showed high chemical durability,
measured by the TCLP test.
The crystallization of the glasses was evaluated by DTA. The crystal phases formed were identified by XRD resulting to be pyroxene and
wollastonite solid solutions, magnetite and hematite. The morphology of the glass–ceramics was observed by optical and scanning electron
microscopy. WSZ composition showed a high rate of bulk crystallization and resulted to be suitable for producing glass–ceramics by a short
crystallization heat-treatment. WG composition showed a low crystallization rate and good sinterability; glass–ceramics were obtained by sintercrystallization of the glass frit.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Hazardous waste; Glass–ceramics

1. Introduction
Iron-rich glass compositions are industrially produced by
re-fused rocks (petrurgy). The development of these materials
started after the First World War and today they are considered as a precursor of glass–ceramics [1–4]. The main products
are building tiles obtained by pressing or casting, pipes and
bends obtained by centrifuging and glass fibers. A typical petrurgical raw material is the basalt rock composition, containing
10–15 wt% iron oxides; it is characterized by high chemical
durability and good resistance to abrasion and corrosion.
Due to the high chemical durability of the natural basalts,
iron-rich glass and glass–ceramic materials with basalt-like
compositions were developed for nuclear waste disposal
[5–7]. Recently, materials with very high iron content (up to
20–25 wt%) were obtained by the vitrification of hazardous
industrial wastes [8–16], arising from the zinc hydrometallurgy (jarosite and goethite) and by electric arc furnace
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dusts (EAFD) from the steel production [17–20]. Iron-rich
glass–ceramics were also obtained by other industrial streams
[21–25].
The iron in the glass structure is present in both Fe3+ and Fe2+
forms; the Fe3+ /Fe2+ ratio depends on the melting conditions and
the glass compositions [2,6,12,13]. Since in the glass structure
Fe2 O3 is an intermediate oxide and FeO is a modifying the rise
of the Fe3+ /Fe2+ ratio increases the viscosity and improves both
the chemical durability and mechanical properties. At high temperature, the iron-rich silicate compositions are characterized
by a liquid–liquid immiscibility leading to the formation of an
iron-rich liquid phase, which may promote the precipitation of
the magnetite spinels during cooling [9,15].
The iron-rich glass–ceramics can also be obtained by the
sinter-crystallization technology, which gives the possibility to
obtain materials with complicated shapes and good mechanical properties [16], as well as to produce tiling panels with an
attractive appearance [11]. When heat-treating iron-rich glass
powder above the glass transformation range, the oxidation of
Fe2+ to yield Fe3+ takes place producing variation of the chemical compositions of the surface and sub-surface layers [26,27],
influencing the crystallization and leading to hematite formation
on the surface [11,12,15].
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In this work, the vitrification of an hazardous waste arising
from the flotation of copper ores and containing about 70 wt%
iron oxides, was studied. Two batches were obtained by mixing 30 wt% of waste with blast furnace slag and zeolite tuff or,
alternatively, with glass cullet, sand and limestone.

2.4. Glass cullet (G)

2. Industrial wastes and raw materials

The glass cullet is a typical additive for the synthesis of
glass and glass–ceramics from industrial wastes. Its addition
decreases the melting temperature and reduces the melting time.
In present study non-colored clean container glass, crushed bellow 2 mm, is used.

2.1. Copper ﬂotation waste (W)

3. Experimental

Copper is produced by concentrating low-grade ores containing copper sulfide minerals, followed by smelting and electrolytic refining to produce pure copper cathode. The slag, after
grinding and flotation, is returned to reverberatory furnaces to
recover the remaining copper.
In the present work, the flotation waste from the Samsun
Flash Smelting Plant (Turkey) was used. The plant produces
about 40,000 metric tonnes of blister copper and about 150,000
metric tonnes of flotation waste per year.

The chemical and the mineralogical compositions of the
waste and raw materials were evaluated by XRF (SpectroXepos) and XRD (Philips PW1830 and Cu K␣ radiation) analyses, respectively. The thermal behavior was studied by DTA–TG
analysis (Netzsch STA 409).
Two different batches of 200 g were melted in 200 ml alumina
crucibles at 1400 ◦ C for 30 min. The melting was realized in
electric furnace and at static air atmosphere. About 100 g batch
was put in the crucible before melting, while the other 100 g was
added at 1250–1300 ◦ C. Part of the melt was quenched in water
to obtain glass frit; the other part was quenched on a cold steel
mould.
The chemical durability of the flotation waste and obtained
glasses were estimated by the toxicity characterization leaching procedure (TCLP). The dried waste and glass frit (with
0.1–5 mm size) were placed in distillated water and stirred for
24 h at room temperature. The pH of the solution was kept constant to 5 ± 0.2 by addition of 0.5 M acetic acid. The analyses on
the liquid extraction phase were carried out by atomic adsorption
spectroscopy (Varian Spectra 200).
The crystallization behavior of the glasses was evaluated by
DTA using 100–110 mg bulk and powder (<75 m) samples
at 10 ◦ C/min heating rate in air and nitrogen atmosphere. The
formed crystalline phases were evaluated by XRD analysis. The
degree of crystallinity was estimated by comparing the intensity
of the amorphous halo in XRD spectra of the parent glasses with
the one of the glass–ceramic [28]; the ratio between the different
phases was evaluated by comparing the intensities of the major
peaks.

2.2. Blast furnace slag (S)
The blast furnace slag is an inert waste, widely used as
raw material in different silicates industries (cement, glass and
glass–ceramics production). Depending on the cooling techniques, foamed, pelletized or granulated blast furnace slag are
obtained. In the last case, the molten slag is quenched in water,
leading to the formation of frit-like particles with 1–5 mm size.
In the present study, granulated blast furnace slag from Kardemir
Co. Plant (Turkey), located about 150 km from the copper flotation plant was used.
2.3. Zeolite tuff (Z)
Zeolite tuff is widely present in the tertiary sediments of the
Çnkırı-Çorum Basin in Turkey. The material is widely used as
aggregates and ornamental stone in the building industry. The
zeolite tuff deposit is located at 80 km from the copper plant.

Table 1
Chemical compositions of the used copper flotation waste (W), blast furnace slag (S), zeolite tuff (Z), glass cullet (G) and WG and WSZ glasses (wt%)

SiO2
Al2 O3
Fe2 O3 a
CaO
MgO
CuO
ZnO
PbO
BaO
MnO
K2 O
Na2 O
SO3 a
Others
a

W

S

Z

G

WSZ

WG

24.93 ± 0.04
0.88 ± 0.01
67.72 ± 0.03
0.72 ± 0.01
0.43 ± 0.02
1.01 ± 0.01
2.82 ± 0.02
0.31 ± 0.01
0.11 ± 0.01
0.89 ± 0.01
0.46 ± 0.01
–
2.16 ± 0.01
0.4

39.89 ± 0.04
9.32 ± 0.03
1.15 ± 0.01
34.88 ± 0.02
8.09 ± 0.04
0.88 ± 0.01
–
–
1.21 ± 0.01
2.81 ± 0.01
1.43 ± 0.01
0.24 ± 0.05
1.35 ± 0.02
0.1

64.32 ± 0.05
12.11 ± 0.03
0.82 ± 0.01
2.49 ± 0.01
2.12 ± 0.02
–
–
–
0.09 ± 0.01
–
0.82 ± 0.01
5.62 ± 0.07
0.24 ± 0.01
0.6

71.91 ± 0.05
1.54 ± 0.02
0.24 ± 0.01
10.24 ± 0.01
0.89 ± 0.02
–
–
–
–
–
0.37 ± 0.01
15.52 ± 0.12
–

46.18 ± 0.04
10.44 ± 0.04
21.58 ± 0.02
11.98 ± 0.02
3.43 ± 0.03
0.32 ± 0.01
0.91 ± 0.01
0.11 ± 0.01
0.27 ± 0.01
0.98 ± 0.01
0.84 ± 0.01
2.35 ± 0.05
0.09 ± 0.01
0.4

56.56 ± 0.06
3.01 ± 0.02
19.89 ± 0.02
10.83 ± 0.01
0.18 ± 0.02
0.29 ± 0.01
0.88 ± 0.01
0.10 ± 0.01
–
–
0.19 ± 0.01
6.88 ± 0.07
0.08 ± 0.01
0.1

Iron is presented as Fe2 O3 and sulfur as SO3 .
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The crystalline morphology of the glass–ceramic samples
was studied by optical and scanning electron microscopes, after
polishing the surface followed by 8 s etching with 2 wt% HF.
4. Results and discussion
4.1. Characterization of the wastes and glasses
The chemical compositions are presented in Table 1. The
XRD spectra of the flotation waste, blast furnace slag and zeolite
tuff are shown in Fig. 1, while the corresponding DTA (solid
lines) and TG (trashed lines) traces are presented in Fig. 2.
The chemical composition of the flotation waste, W, contains iron oxide and silica, together with ZnO, CuO and PbO.
The XRD spectrum shows mainly magnetite (FeO·Fe2 O3 ) and
fayalite (2FeO·SiO2 ), together with some traces of iron and copper sulfides. The DTA shows exo-peaks at 480 and 725 ◦ C with
4.5 wt% rise in the TG signal, related to the oxidation of iron and
copper sulfides and an endo-effect at 1355 ◦ C with 3% weight
loss due to the release of sulfur oxides. In agreement with the
Si–Fe–O phase diagram, melting endo-effects of fayalite and
magnetite are observed at 1160 and 1435 ◦ C, respectively [3].
The chemical composition of the slag, S, is mainly constituted
by SiO2 and CaO, together with MgO and MnO. The XRD analysis highlights an amorphous structure. The DTA traces shows
a glass-transition point at 710 ◦ C, intensive crystallization exopeak with maximum at 1005 ◦ C and melting endo-effects in the
range 1150–1300 ◦ C. The TG traces shows no significant weight
variations.
The composition of the zeolite tuff, Z, is mainly constituted by SiO2 and Al2 O3 , together with N2 O, CaO
and MgO. The XRD analysis corresponds to clinoptilolite
(KNa2 Ca2 (Si29 Al17 )O72 ·24H2 O). The TG–DTA results show
a clear endo-effect at 215 ◦ C, related to a 10% loss of structural

Fig. 1. XRD spectra of flotation waste (W), blast furnace slag (S) and zeolite
tuff (Z). M, magnetite; F, fayalite; C, clinoptilolite.

Fig. 2. TG–DTG traces of flotation waste (W), blast furnace slag (S) and zeolite
tuff (Z).

water in the interval of 150–350 ◦ C. Another 2% loss is observed
in the 650–750 ◦ C interval and is related to the endo-effect at
735 ◦ C. Melting endo-peaks with low intensity are observed
in the 1150–1250 ◦ C range. A similar thermal behavior of the
clinoptilolite was reported by other authors [29]. The exo-peak
at 1340 ◦ C is probably due to a reaction of the melt with the
corundum crucible.
The glass–ceramics obtained by mixing flotation waste with
blast furnace slag would be characterized by a low SiO2 and
a high Fe2 O3 and CaO contents, resulting in low chemical
durability and uncontrolled crystallization. For this reason, two
compositions based on three and four different raw materials
were prepared: the first batch, labeled WSZ, was obtained by
mixing 30% flotation waste, 30% blast furnace slag and 40%
zeolite tuff; the second, labeled WG, was obtained by 30% copper flotation waste, 45% glass cullet, 15% quartz sand and 10%
CaCO3 . The XRF analyses of the WSZ and WG glasses are
reported in Table 1.
The batches were heated at 10 ◦ C/min and melted for 30 min
at 1400 ◦ C. In both compositions no foaming was observed. The
refining process was completed after only 10–15 min at 1400 ◦ C,
followed by formation of a smooth, mirror-like melt surface. The
resulting glasses were free of visible bubbles. The short melting
time at 1400 ◦ C indicates a relatively low cost of the vitrification
procedure.
The results of the TCLP test, carried out on the flotation
waste, WSZ and WG glass frits are summarized in Table 2,
together with the applied limits. The flotation stream itself must
be characterized as an hazardous waste, while the glass frits
show a very high chemical durability.
In previous studies with other iron-rich compositions it was
demonstrated that the vitrification significantly reduces the
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Table 2
TCLP results of the leached element concentrations (ppm)

Zn
Cu
Pb

W

WSZ

WG

Applied limits

114.4 ± 1.2
94.9 ± 1.0
7.2 ± 0.4

0.14 ± 0.02
<0.005
0.0012 ± 0.0002

0.17 ± 0.02
0.008 ± 0.001
<0.001

0.5
0.1
0.2

leachability of the waste and that the transformation of the
glasses in glass–ceramics additionally improves the chemical
durability [14].
4.2. WSZ glass–ceramic
Fig. 3 presents the DTA (bold solid line), TG (dashed line)
traces of WSZ powder sample, heat-treated in air and nitrogen
and bulk sample in air. The TG trace of the powder sample in
air shows about 0.5 wt% increasing due to Fe2+ oxidation after
650 ◦ C. The maximum rate of oxidation, evaluated by the DTG
peak (i.e. the TG derivate), is at 725 ◦ C, which is in a good
agreement with the exothermal effect at 710 ◦ C. A large crystallization exothermal with low intensity occurs at 894 ◦ C while
the melting of the formed crystal phase occurs at 1166 ◦ C.
In previous works it was shown that the surface oxidation
reduces the magnetite (FeO·F2 O3 ) formation and the crystallization trend [11,12,15]. In reducing atmosphere or with a bulk
sample no oxidation takes place and the crystallization rate is
considerably higher. These results were confirmed in the present
study by WSZ composition. The DTA and TG traces of the
powder sample in nitrogen atmosphere and the bulk sample in
air show no evident oxidation exo-effects and weight gains. At
the same time, intensive crystallization peaks were observed at

Fig. 4. XRD spectra of parent glass and final WSZ glass–ceramic. P, pyroxene
and M, magnetite.

Fig. 3. TG–DTG of WSZ powder and bulk samples.

Fig. 5. SEM image of the parent WSZ glass.

800–850 ◦ C, followed by melting endo-effects at about 1150
and 1200 ◦ C. The first and the second endo-effects are due to
the melting of pyroxene and magnetite, respectively [11].
The predominance of bulk nucleation can be evaluated by
the shift of the crystallization peak temperature, TP , when bulk
and powder samples are treated with the same thermal cycle: the
smaller is the shift, bigger is the number of nuclei formed in the
bulk [28]. For WZS glass, the TP temperatures, occurr at 818
and 816 ◦ C for the bulk in air and for the powder in N2 , respectively. The negligible difference indicates a spontaneous bulk
nucleation yielding a fine crystalline glass–ceramic, obtained
by one-step crystallization heat-treatment. This behavior, typical of iron-rich compositions, can be related to the liquid–liquid
immiscibility at high temperature, where one of the liquid phases
is richer in iron and promotes a spontaneous formation of the
magnetite spinels. By prolonged thermal treatment the spinel
crystals act as nuclei for the formation of the main pyroxene
phase [9,15].
Bulk WZS samples (2 cm × 1 cm × 1 cm) were heated at
5 ◦ C/min up to 800 ◦ C, held for 1 and 5 h and cooled at 10 ◦ C/min
to room temperature. The XRD spectra of the parent glass and
the glass–ceramic, obtained after 1 h holding, are presented in
Fig. 4. The glass–ceramic spectrum corresponds to the formation
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Fig. 6. SEM image of the final WSZ glass–ceramics.

of 20 ± 3 wt% magnetite spinel and 40 ± 3 wt% pyroxene solid
solution. No significant variation was observed by prolonging
the heat-treatment up to 5 h, highlighting that 1 h isothermal step
at 800 ◦ C is sufficient to complete the crystallization.
The morphology of the parent glass and the final glass–
ceramic were observed by SEM. Fig. 5 shows an image of the
non-homogeneous structure of the parent glass. Due to elevated
atomic number of the iron and resulting higher electrons reflection, the iron-rich phase is presented by light spots with 3–6 m
size, randomly distributed in the matrix. It is well distinguished
that these zones are also characterized by a lower chemical durability. Fig. 6 shows an image of the final glass–ceramic: in this
case the structure is homogenous and with higher chemical resistance.
4.3. WG glass–ceramic
The DTA results of WG glass, shown in Fig. 7, indicate a low
rate of crystallization. The powder sample in air shows an oxidation exo-effect in the range 750–850 ◦ C, related to 0.35% weight
gain in the TG trace, a low intensity exo-peak at 990 ◦ C and
an endo-effect at 1070 ◦ C. The powder sample, heat-treated in
nitrogen atmosphere, shows no oxidation, a exo-effect at 950 ◦ C

Fig. 7. DTG of WG powder samples in air and nitrogen atmosphere.

Fig. 8. XRD spectra of parent WG glass and powder and bulk samples, heattreated at 1020 ◦ C. P, pyroxene; W, wollastonite; M, magnetite; H, hematite.

and two low intensity melting peaks at 1020 and 1055 ◦ C. No
crystallization peak was observed in the DTA trace of the bulk
sample.
Since iron-rich compositions with low crystallization rate are
suitable to form sintered glass–ceramics [11,16], the WG frit was
crushed and sieved to obtain two fractions: fine (below 0.5 mm),
labeled F, and coarse (3–5 mm), labeled C. Using F fraction,
placed loosely in a refractory mould, non-porous sintered samples with a smooth surface were obtained at 970–990 ◦ C. The
sintering of the C fraction was obtained at 1040–1060 ◦ C. After
grinding and polishing, the color the F and C sample were redreddish brown and black, respectively.
The crystal phases, formed in F and C samples after 30 min
sinter-crystallization at 1020 ◦ C was determined by XRD and the
spectra are shown in Fig. 8, together with the spectra of the parent glass. In F sample, wollastonite (CaO·SiO2 ) solid solution,
pyroxene and hematite are formed, whereas in C—pyroxene and
magnetite; the total crystallinity was estimated as 40 ± 3 and
25 ± 3%, respectively. The higher amount of crystal phase in F
sample is due to the formation of wollastonite. This peculiarity
may be related to the low MgO, MnO and Al2 O3 percentages
in the parent WG glass and to the iron oxidation process which
reduces the total FeO amount and increases the CaO concentration in the surface layer [26].
An aesthetically appealing glass–ceramic was obtained by
mixing 60 wt% F and 40% C fractions. The mix was placed
loosely in a refractory form (10 cm × 10 cm) and heated in air at
20 ◦ C/min up to 1020 ◦ C, held 30 min and cooled at 10 ◦ C/min.
After grinding and polishing, the samples acquired a granitelike appearance. Due to the hematite (Fe2 O3 ) formation on the
surface, the color of the powders becomes red-brown, while
the color of the coarse particles remained black, as the parent
glass. Combining, in the proper proportion, fine and coarse glass
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5. Conclusions
Two iron-rich glass compositions showing a high chemical
durability were obtained by mixing a flotation waste from copper
production with blast furnace slag and raw materials.
The first glass was characterized by a spontaneous
liquid–liquid separation and a high crystallization rate. It was
transformed into a glass–ceramic material with 60% crystal
phase by 1 h heat-treatment at 800 ◦ C.
The second glass showed a low crystallization rate and good
sinterability. By mixing fine and coarse grain fractions followed by sinter-crystallization at 1020 ◦ C, glass–ceramics with
an appealing granite-like appearance were obtained.
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obtained after sintering, grinding and polishing.
Fig. 10 is an optical microscopy image of WG glass–ceramic,
where the superficial hematite layer (labeled H) and the large
pyroxene crystals (labeled P), formed in the bulk of the coarse
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