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bstract

The vitrification of an hazardous iron-rich waste (W), arising from slag flotation of copper production, was studied. Two glasses, containing
0 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),
hereas the second, labeled WG, was prepared by mixing W, glass cullet (G), sand and limestone. The glass frits showed high chemical durability,
easured 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

ollastonite solid solutions, magnetite and hematite. The morphology of the glass–ceramics was observed by optical and scanning electron

icroscopy. WSZ composition showed a high rate of bulk crystallization and resulted to be suitable for producing glass–ceramics by a short

rystallization heat-treatment. WG composition showed a low crystallization rate and good sinterability; glass–ceramics were obtained by sinter-
rystallization of the glass frit.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Iron-rich glass compositions are industrially produced by
e-fused rocks (petrurgy). The development of these materials
tarted after the First World War and today they are consid-
red as a precursor of glass–ceramics [1–4]. The main products
re building tiles obtained by pressing or casting, pipes and
ends obtained by centrifuging and glass fibers. A typical petrur-
ical raw material is the basalt rock composition, containing
0–15 wt% iron oxides; it is characterized by high chemical
urability and good resistance to abrasion and corrosion.

Due to the high chemical durability of the natural basalts,
ron-rich glass and glass–ceramic materials with basalt-like

ompositions were developed for nuclear waste disposal
5–7]. Recently, materials with very high iron content (up to
0–25 wt%) were obtained by the vitrification of hazardous
ndustrial wastes [8–16], arising from the zinc hydromet-
llurgy (jarosite and goethite) and by electric arc furnace
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usts (EAFD) from the steel production [17–20]. Iron-rich
lass–ceramics were also obtained by other industrial streams
21–25].

The iron in the glass structure is present in both Fe3+and Fe2+

orms; the Fe3+/Fe2+ ratio depends on the melting conditions and
he glass compositions [2,6,12,13]. Since in the glass structure
e2O3 is an intermediate oxide and FeO is a modifying the rise
f the Fe3+/Fe2+ ratio increases the viscosity and improves both
he chemical durability and mechanical properties. At high tem-
erature, the iron-rich silicate compositions are characterized
y a liquid–liquid immiscibility leading to the formation of an
ron-rich liquid phase, which may promote the precipitation of
he magnetite spinels during cooling [9,15].

The iron-rich glass–ceramics can also be obtained by the
inter-crystallization technology, which gives the possibility to
btain materials with complicated shapes and good mechani-
al properties [16], as well as to produce tiling panels with an
ttractive appearance [11]. When heat-treating iron-rich glass
owder above the glass transformation range, the oxidation of

e2+ to yield Fe3+ takes place producing variation of the chem-

cal compositions of the surface and sub-surface layers [26,27],
nfluencing the crystallization and leading to hematite formation
n the surface [11,12,15].

mailto:karama@ing.univaq.it
dx.doi.org/10.1016/j.jhazmat.2006.09.040
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In this work, the vitrification of an hazardous waste arising
rom the flotation of copper ores and containing about 70 wt%
ron oxides, was studied. Two batches were obtained by mix-
ng 30 wt% of waste with blast furnace slag and zeolite tuff or,
lternatively, with glass cullet, sand and limestone.

. Industrial wastes and raw materials

.1. Copper flotation waste (W)

Copper is produced by concentrating low-grade ores con-
aining copper sulfide minerals, followed by smelting and elec-
rolytic refining to produce pure copper cathode. The slag, after
rinding and flotation, is returned to reverberatory furnaces to
ecover the remaining copper.

In the present work, the flotation waste from the Samsun
lash Smelting Plant (Turkey) was used. The plant produces
bout 40,000 metric tonnes of blister copper and about 150,000
etric tonnes of flotation waste per year.

.2. Blast furnace slag (S)

The blast furnace slag is an inert waste, widely used as
aw material in different silicates industries (cement, glass and
lass–ceramics production). Depending on the cooling tech-
iques, foamed, pelletized or granulated blast furnace slag are
btained. In the last case, the molten slag is quenched in water,
eading to the formation of frit-like particles with 1–5 mm size.
n the present study, granulated blast furnace slag from Kardemir
o. Plant (Turkey), located about 150 km from the copper flota-

ion plant was used.

.3. Zeolite tuff (Z)
Zeolite tuff is widely present in the tertiary sediments of the
¸ nkırı-Çorum Basin in Turkey. The material is widely used as
ggregates and ornamental stone in the building industry. The
eolite tuff deposit is located at 80 km from the copper plant.

o
t
p
p

able 1
hemical compositions of the used copper flotation waste (W), blast furnace slag (S)

W S Z

iO2 24.93 ± 0.04 39.89 ± 0.04 64.32 ± 0.05
l2O3 0.88 ± 0.01 9.32 ± 0.03 12.11 ± 0.03
e2O3

a 67.72 ± 0.03 1.15 ± 0.01 0.82 ± 0.01
aO 0.72 ± 0.01 34.88 ± 0.02 2.49 ± 0.01
gO 0.43 ± 0.02 8.09 ± 0.04 2.12 ± 0.02
uO 1.01 ± 0.01 0.88 ± 0.01 –
nO 2.82 ± 0.02 – –
bO 0.31 ± 0.01 – –
aO 0.11 ± 0.01 1.21 ± 0.01 0.09 ± 0.01
nO 0.89 ± 0.01 2.81 ± 0.01 –

2O 0.46 ± 0.01 1.43 ± 0.01 0.82 ± 0.01
a2O – 0.24 ± 0.05 5.62 ± 0.07
O3

a 2.16 ± 0.01 1.35 ± 0.02 0.24 ± 0.01
thers 0.4 0.1 0.6

a Iron is presented as Fe2O3 and sulfur as SO3.
us Materials 140 (2007) 333–339

.4. Glass cullet (G)

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

. Experimental

The chemical and the mineralogical compositions of the
aste and raw materials were evaluated by XRF (Spectro-
epos) and XRD (Philips PW1830 and Cu K� radiation) analy-

es, respectively. The thermal behavior was studied by DTA–TG
nalysis (Netzsch STA 409).

Two different batches of 200 g were melted in 200 ml alumina
rucibles at 1400 ◦C for 30 min. The melting was realized in
lectric furnace and at static air atmosphere. About 100 g batch
as put in the crucible before melting, while the other 100 g was

dded at 1250–1300 ◦C. Part of the melt was quenched in water
o obtain glass frit; the other part was quenched on a cold steel

ould.
The chemical durability of the flotation waste and obtained

lasses were estimated by the toxicity characterization leach-
ng procedure (TCLP). The dried waste and glass frit (with
.1–5 mm size) were placed in distillated water and stirred for
4 h at room temperature. The pH of the solution was kept con-
tant to 5 ± 0.2 by addition of 0.5 M acetic acid. The analyses on
he liquid extraction phase were carried out by atomic adsorption
pectroscopy (Varian Spectra 200).

The crystallization behavior of the glasses was evaluated by
TA using 100–110 mg bulk and powder (<75 �m) samples

t 10 ◦C/min heating rate in air and nitrogen atmosphere. The
ormed crystalline phases were evaluated by XRD analysis. The
egree of crystallinity was estimated by comparing the intensity

f the amorphous halo in XRD spectra of the parent glasses with
he one of the glass–ceramic [28]; the ratio between the different
hases was evaluated by comparing the intensities of the major
eaks.

, zeolite tuff (Z), glass cullet (G) and WG and WSZ glasses (wt%)

G WSZ WG

71.91 ± 0.05 46.18 ± 0.04 56.56 ± 0.06
1.54 ± 0.02 10.44 ± 0.04 3.01 ± 0.02
0.24 ± 0.01 21.58 ± 0.02 19.89 ± 0.02

10.24 ± 0.01 11.98 ± 0.02 10.83 ± 0.01
0.89 ± 0.02 3.43 ± 0.03 0.18 ± 0.02
– 0.32 ± 0.01 0.29 ± 0.01
– 0.91 ± 0.01 0.88 ± 0.01
– 0.11 ± 0.01 0.10 ± 0.01
– 0.27 ± 0.01 –
– 0.98 ± 0.01 –
0.37 ± 0.01 0.84 ± 0.01 0.19 ± 0.01

15.52 ± 0.12 2.35 ± 0.05 6.88 ± 0.07
– 0.09 ± 0.01 0.08 ± 0.01

0.4 0.1
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The crystalline morphology of the glass–ceramic samples
as studied by optical and scanning electron microscopes, after
olishing the surface followed by 8 s etching with 2 wt% HF.

. Results and discussion

.1. Characterization of the wastes and glasses

The chemical compositions are presented in Table 1. The
RD spectra of the flotation waste, blast furnace slag and zeolite

uff are shown in Fig. 1, while the corresponding DTA (solid
ines) and TG (trashed lines) traces are presented in Fig. 2.

The chemical composition of the flotation waste, W, con-
ains iron oxide and silica, together with ZnO, CuO and PbO.
he XRD spectrum shows mainly magnetite (FeO·Fe2O3) and

ayalite (2FeO·SiO2), together with some traces of iron and cop-
er sulfides. The DTA shows exo-peaks at 480 and 725 ◦C with
.5 wt% rise in the TG signal, related to the oxidation of iron and
opper sulfides and an endo-effect at 1355 ◦C with 3% weight
oss due to the release of sulfur oxides. In agreement with the
i–Fe–O phase diagram, melting endo-effects of fayalite and
agnetite are observed at 1160 and 1435 ◦C, respectively [3].
The chemical composition of the slag, S, is mainly constituted

y SiO2 and CaO, together with MgO and MnO. The XRD anal-
sis highlights an amorphous structure. The DTA traces shows
glass-transition point at 710 ◦C, intensive crystallization exo-
eak with maximum at 1005 ◦C and melting endo-effects in the
ange 1150–1300 ◦C. The TG traces shows no significant weight
ariations.

The composition of the zeolite tuff, Z, is mainly con-

tituted by SiO2 and Al2O3, together with N2O, CaO
nd MgO. The XRD analysis corresponds to clinoptilolite
KNa2Ca2(Si29Al17)O72·24H2O). The TG–DTA results show
clear endo-effect at 215 ◦C, related to a 10% loss of structural

ig. 1. XRD spectra of flotation waste (W), blast furnace slag (S) and zeolite
uff (Z). M, magnetite; F, fayalite; C, clinoptilolite.
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ig. 2. TG–DTG traces of flotation waste (W), blast furnace slag (S) and zeolite
uff (Z).

ater in the interval of 150–350 ◦C. Another 2% loss is observed
n the 650–750 ◦C interval and is related to the endo-effect at
35 ◦C. Melting endo-peaks with low intensity are observed
n the 1150–1250 ◦C range. A similar thermal behavior of the
linoptilolite was reported by other authors [29]. The exo-peak
t 1340 ◦C is probably due to a reaction of the melt with the
orundum crucible.

The glass–ceramics obtained by mixing flotation waste with
last furnace slag would be characterized by a low SiO2 and
high Fe2O3 and CaO contents, resulting in low chemical

urability and uncontrolled crystallization. For this reason, two
ompositions based on three and four different raw materials
ere prepared: the first batch, labeled WSZ, was obtained by
ixing 30% flotation waste, 30% blast furnace slag and 40%

eolite tuff; the second, labeled WG, was obtained by 30% cop-
er flotation waste, 45% glass cullet, 15% quartz sand and 10%
aCO3. The XRF analyses of the WSZ and WG glasses are

eported in Table 1.
The batches were heated at 10 ◦C/min and melted for 30 min

t 1400 ◦C. In both compositions no foaming was observed. The
efining process was completed after only 10–15 min at 1400 ◦C,
ollowed by formation of a smooth, mirror-like melt surface. The
esulting glasses were free of visible bubbles. The short melting
ime at 1400 ◦C indicates a relatively low cost of the vitrification
rocedure.

The results of the TCLP test, carried out on the flotation
aste, WSZ and WG glass frits are summarized in Table 2,

ogether with the applied limits. The flotation stream itself must

e characterized as an hazardous waste, while the glass frits
how a very high chemical durability.

In previous studies with other iron-rich compositions it was
emonstrated that the vitrification significantly reduces the
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Table 2
TCLP results of the leached element concentrations (ppm)

W WSZ WG Applied limits

Zn 114.4 ± 1.2 0.14 ± 0.02 0.17 ± 0.02 0.5
C
P

l
g
d

4

t
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a
t
t

r
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p
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F
a

8
a
t

t
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a
t
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b

u 94.9 ± 1.0 <0.005 0.008 ± 0.001 0.1
b 7.2 ± 0.4 0.0012 ± 0.0002 <0.001 0.2

eachability of the waste and that the transformation of the
lasses in glass–ceramics additionally improves the chemical
urability [14].

.2. WSZ glass–ceramic

Fig. 3 presents the DTA (bold solid line), TG (dashed line)
races of WSZ powder sample, heat-treated in air and nitrogen
nd bulk sample in air. The TG trace of the powder sample in
ir shows about 0.5 wt% increasing due to Fe2+oxidation after
50 ◦C. The maximum rate of oxidation, evaluated by the DTG
eak (i.e. the TG derivate), is at 725 ◦C, which is in a good
greement with the exothermal effect at 710 ◦C. A large crys-
allization exothermal with low intensity occurs at 894 ◦C while
he melting of the formed crystal phase occurs at 1166 ◦C.

In previous works it was shown that the surface oxidation
educes the magnetite (FeO·F2O3) formation and the crystal-
ization trend [11,12,15]. In reducing atmosphere or with a bulk
ample no oxidation takes place and the crystallization rate is
onsiderably higher. These results were confirmed in the present
tudy by WSZ composition. The DTA and TG traces of the

owder sample in nitrogen atmosphere and the bulk sample in
ir show no evident oxidation exo-effects and weight gains. At
he same time, intensive crystallization peaks were observed at

Fig. 3. TG–DTG of WSZ powder and bulk samples.
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ig. 4. XRD spectra of parent glass and final WSZ glass–ceramic. P, pyroxene
nd M, magnetite.

00–850 ◦C, followed by melting endo-effects at about 1150
nd 1200 ◦C. The first and the second endo-effects are due to
he melting of pyroxene and magnetite, respectively [11].

The predominance of bulk nucleation can be evaluated by
he shift of the crystallization peak temperature, TP, when bulk
nd powder samples are treated with the same thermal cycle: the
maller is the shift, bigger is the number of nuclei formed in the
ulk [28]. For WZS glass, the TP temperatures, occurr at 818
nd 816 ◦C for the bulk in air and for the powder in N2, respec-
ively. The negligible difference indicates a spontaneous bulk
ucleation yielding a fine crystalline glass–ceramic, obtained
y one-step crystallization heat-treatment. This behavior, typi-
al of iron-rich compositions, can be related to the liquid–liquid
mmiscibility at high temperature, where one of the liquid phases
s richer in iron and promotes a spontaneous formation of the

agnetite spinels. By prolonged thermal treatment the spinel
rystals act as nuclei for the formation of the main pyroxene
hase [9,15].

Bulk WZS samples (2 cm × 1 cm × 1 cm) were heated at
◦C/min up to 800 ◦C, held for 1 and 5 h and cooled at 10 ◦C/min
o room temperature. The XRD spectra of the parent glass and
he glass–ceramic, obtained after 1 h holding, are presented in
ig. 4. The glass–ceramic spectrum corresponds to the formation

Fig. 5. SEM image of the parent WSZ glass.
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Fig. 6. SEM image of the final WSZ glass–ceramics.

f 20 ± 3 wt% magnetite spinel and 40 ± 3 wt% pyroxene solid
olution. No significant variation was observed by prolonging
he heat-treatment up to 5 h, highlighting that 1 h isothermal step
t 800 ◦C is sufficient to complete the crystallization.

The morphology of the parent glass and the final glass–
eramic were observed by SEM. Fig. 5 shows an image of the
on-homogeneous structure of the parent glass. Due to elevated
tomic number of the iron and resulting higher electrons reflec-
ion, the iron-rich phase is presented by light spots with 3–6 �m
ize, randomly distributed in the matrix. It is well distinguished
hat these zones are also characterized by a lower chemical dura-
ility. Fig. 6 shows an image of the final glass–ceramic: in this
ase the structure is homogenous and with higher chemical resis-
ance.

.3. WG glass–ceramic

The DTA results of WG glass, shown in Fig. 7, indicate a low
ate of crystallization. The powder sample in air shows an oxida-
ion exo-effect in the range 750–850 ◦C, related to 0.35% weight

ain in the TG trace, a low intensity exo-peak at 990 ◦C and
n endo-effect at 1070 ◦C. The powder sample, heat-treated in
itrogen atmosphere, shows no oxidation, a exo-effect at 950 ◦C

Fig. 7. DTG of WG powder samples in air and nitrogen atmosphere.
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ig. 8. XRD spectra of parent WG glass and powder and bulk samples, heat-
reated at 1020 ◦C. P, pyroxene; W, wollastonite; M, magnetite; H, hematite.

nd two low intensity melting peaks at 1020 and 1055 ◦C. No
rystallization peak was observed in the DTA trace of the bulk
ample.

Since iron-rich compositions with low crystallization rate are
uitable to form sintered glass–ceramics [11,16], the WG frit was
rushed and sieved to obtain two fractions: fine (below 0.5 mm),
abeled F, and coarse (3–5 mm), labeled C. Using F fraction,
laced loosely in a refractory mould, non-porous sintered sam-
les with a smooth surface were obtained at 970–990 ◦C. The
intering of the C fraction was obtained at 1040–1060 ◦C. After
rinding and polishing, the color the F and C sample were red-
eddish brown and black, respectively.

The crystal phases, formed in F and C samples after 30 min
inter-crystallization at 1020 ◦C was determined by XRD and the
pectra are shown in Fig. 8, together with the spectra of the par-
nt glass. In F sample, wollastonite (CaO·SiO2) solid solution,
yroxene and hematite are formed, whereas in C—pyroxene and
agnetite; the total crystallinity was estimated as 40 ± 3 and

5 ± 3%, respectively. The higher amount of crystal phase in F
ample is due to the formation of wollastonite. This peculiarity
ay be related to the low MgO, MnO and Al2O3 percentages

n the parent WG glass and to the iron oxidation process which
educes the total FeO amount and increases the CaO concentra-
ion in the surface layer [26].

An aesthetically appealing glass–ceramic was obtained by
ixing 60 wt% F and 40% C fractions. The mix was placed

oosely in a refractory form (10 cm × 10 cm) and heated in air at
0 ◦C/min up to 1020 ◦C, held 30 min and cooled at 10 ◦C/min.
fter grinding and polishing, the samples acquired a granite-
ike appearance. Due to the hematite (Fe2O3) formation on the
urface, the color of the powders becomes red-brown, while
he color of the coarse particles remained black, as the parent
lass. Combining, in the proper proportion, fine and coarse glass
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ig. 9. WG sintered glass–ceramic (F, zone with fine particles and C, a coarse
article).

articles an attractive chromatic effect, shown in Fig. 9, was
btained after sintering, grinding and polishing.

Fig. 10 is an optical microscopy image of WG glass–ceramic,
here the superficial hematite layer (labeled H) and the large
yroxene crystals (labeled P), formed in the bulk of the coarse
articles can be easily distinguished.

The mechanical properties of sintered iron-rich glass–
eramics by other hazardous industrial wastes were reported in
revious works. Bending strength of 80–120 MPa and Young’s
odulus of 70–80 GPa were measured for samples by press pow-

ers [16], while bending strength of 70–80 MPa and Young’s
odulus of 50–60 GPa—for materials by frit sintering [30].

hese characteristics significantly surpass the values of the tra-
itional (ceramics) and natural (marbles and granites) building
iling materials.

Fig. 10. Optical microscopy images of WG sintered glass–ceramic.
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us Materials 140 (2007) 333–339

. Conclusions

Two iron-rich glass compositions showing a high chemical
urability were obtained by mixing a flotation waste from copper
roduction with blast furnace slag and raw materials.

The first glass was characterized by a spontaneous
iquid–liquid separation and a high crystallization rate. It was
ransformed into a glass–ceramic material with 60% crystal
hase by 1 h heat-treatment at 800 ◦C.

The second glass showed a low crystallization rate and good
interability. By mixing fine and coarse grain fractions fol-
owed by sinter-crystallization at 1020 ◦C, glass–ceramics with
n appealing granite-like appearance were obtained.
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