Granite like materials from hazardous wastes
obtained by sintercrystallisation of glass frits
A. Karamanov
The present paper discusses sintered glass–ceramics with attractive appearance, which are
obtained by vitrification of hazardous industrial wastes. The chemical durability of parent wastes
and resulting glasses was characterised by toxic characteristics leaching procedure (TCLP). The
crystallisation behaviour was evaluated by DTA and XRD, while the structure of materials was
observed by optical microscopy. Finally, the thermal and mechanical properties were measured.
The obtained glass–ceramics have granite like granular structure, elevated chemical durability
and mechanical properties that surpass considerably the characteristics of natural stones and
traditional monofired tile ceramics.
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Introduction
Nowadays, vitrification is considered as an ultimate
method for immobilisation of radioactive and hazardous
wastes. During glass melting, the harmful elements are
chemically bonded in durable amorphous network,
which significantly reduces their solubility and in
addition, drastically decreases the waste end volume.
The end goal of immobilisation of radioactive
products is their long time storage. Therefore, the
overall cost of the vitrification process is not a key
factor determining its application. In the case of
industrial wastes, however, the process is economically
justified only if materials with commercial value are
obtained. From this point of view, synthesis of high
quality building glass–ceramics (i.e. products with a
certain market price and big production volume) seems
one of the most promising solutions.
A huge number of studies related to this topic, have
been published in the last decades and the results are
summarised in several valuable reviews.1–5 The main
part of the investigated glass–ceramics is produced by
the traditional method of heterogeneous bulk nucleation
and crystal growth (i.e. melting of a batch of wastes and
cheap additives, forming the melt by pressing or rolling,
and two step crystallisation heat treatment). In general,
these materials are characterised by a fine crystalline
structure and improved mechanical properties; typical
examples are the glass–ceramic ‘Slagsitall’, produced in
ex-Soviet Union,6 and the material ‘Silceram’ developed
in England.7 Unfortunately, the appearance of this kind
of materials is inferior to that of high quality traditional
ceramics, marbles and granites, which limits their
application in modern architecture.
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An alternative technology for glass–ceramics manufacture is the sintercrystallisation (i.e. simultaneous
densification and crystallisation of glass powders or
grains). This technique requires no nucleation agents
and no nucleation step, which reduces the batch price
and shortens the time of crystallisation heat treatment.
Moreover, parent glasses with lower degree of homogenisation may be used, which significantly decreases the
melting time.
The sintercrystallisation of press powders makes it
possible to produce samples with complicated shapes,
glass–ceramics coating and solders, as well as composite
and fibre reinforced materials.
At the same time, using glass grains allows production
of large building panels (up to 1–2 m2). This technology
has been developed by Nippon Electric Glass Co. for the
manufacture of marble like glass–ceramic ‘Neoparies’.8
The original glass of this material is melted at 1500uC
using ‘classical’ raw materials (i.e. sand, sodium
feldspar, calcium, barium carbonates, etc.). The resulting melt is quenched in water and the obtained frit
grains (sized 1–7 mm) are placed loosely in refractory
moulds. The material is produced at heating and cooling
rates of 3–5uC min21 and 1–1?5 h step at the temperature of maximum crystal growth (which is ,1100uC for
the original composition). This heat treatment guarantees complete sintering of the particles at 850–950uC and
formation of y40 wt-% wollastonite (CaO.SiO2) crystal
phase during the holding. Since needle like surface
crystallisation proceeds, the grains in sintered tiles
become well distinguished (especially after grinding
and polishing). The result is an aesthetic marble like
appearance coupled with outstanding mechanical and
chemical properties. ‘Neoparies’ is successfully used as a
construction material for interior and exterior applications. It is produced in both flat and bent panels (the
latter are obtained through secondary heat treatment in
bending moulds). The applications of this high quality
building glass–ceramic are demonstrated in Fig. 1.9
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a external walls: Compal Electronics Inc. Head Office (Taipei, Taiwan); b internal walls: LKG Tower (Philippine, Manila)
1 Applications of Neoparies9

Similar materials with diopside (CaO.MgO.2SiO2)
crystal phase were subsequently synthesised in
Bulgaria.10 This sintered marble like glass–ceramic is
characterised by a shorter production cycle and better
chemical durability; similarly to the original Japanese
product, it is obtained in different colours. Samples of
this alternative product are shown in Fig. 2.
The same team has also demonstrated that the
technique of sintercrystallisation of glass frits may be
successfully used for inertisation of industrial wastes.11
Later, sintered granite like glass–ceramics from various
industrial wastes have been obtained by different
scientific groups.12–20 Table 1 summarises the used

2 Sintered diopside marble like glass–ceramics, obtained
by uncoloured and coloured parent frits: as colouring
agents in the different samples were used, Cr2O3,
Cr2O3zCuO and MnO in concentrations between 0?1
and 0?4 wt-%

wastes, their origin and chemical composition (main
oxides).
The aim of present work is to highlight the advantages
and disadvantages of sintercrystallisation of glass frits
from industrial streams. As examples, the results for
four glass–ceramics obtained from three different
hazardous wastes are summarised and discussed.

Experimental
The parent batches were obtained by mixing different
hazardous wastes with other industrial residues and
some typical raw materials. G1 and G2 compositions
were based on washed and dried fly ash from a
municipal solid waste incinerator (MSWA): G1 batch
contained 70%MSWA and 30% waste from feldspar
production (F),17 whereas G2 batch was made of
53%MSWA, 22% glass cullet (GC), 22% quartz sand
and 3%H3BO3.18 The other two glasses were based on
iron rich hazardous wastes: jarosite (JAR), residue
arising from zinc hydrometallurgy and flotation waste
from copper production (FW). G3 batch contained
34%JAR, 24% wastes from granite sawing (GW), 24%
quartz sand, 10% limestone and 8%Na2CO3;13 G4 was
made of 30%FW, 45%GC, 15% quartz sand and 10%
limestone.19
Batches of 150–200 g were melted in corundum
crucibles at 1400–1500uC for times between 0?5 and
2 h. After formation of ‘mirror’ surface, which is an
indication of an acceptable degree of refining, the melts
were quenched in water and the obtained granulates
were broken. The amorphous state of the frits was
confirmed by XRD analysis. The chemical analysis of
the glasses, as well as of the parent wastes, was
performed by XRF analysis (Spectro-Xepos).
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The chemical durability was evaluated employing the
toxic characteristics leaching procedure (TCLP).21 Dried
wastes and glass frits were placed in distilled water and
stirred for 24 h at room temperature. During the
treatment, pH of the solution was kept constant at
5¡0?2 by addition of 0?5M acetic acid. Then the
extracted liquid phases were analysed by atomic
adsorption spectroscopy (Varian Spectra 200) and the
obtained concentrations of harmful elements were
compared with the maximum allowable limits.
This relatively simple test was first created in the US
Environmental Protection Agency and satisfactorily
simulates the conditions under a landfill. Therefore, it
is also applied, with negligible modifications, in several
other countries.
The crystallisation trend of glass powders (,75 mm)
was evaluated by DTA analysis (Netzsch STA 409) at
10uC min21, while the sintering ability of different frit
fractions, placed loosely in little refractory moulds, was
estimated after 30–60 min heat treatment at various
temperatures. After all, selected fractions (or their
mixtures) were heat treated at temperatures and for
times ensuring the formation of well sintered samples
with smooth surface and good crystallinity.
The obtained samples were cut, ground and polished.
The structures of materials were observed by optical
microscopy. The crystal phases formed were evaluated
by XRD analysis (Philips PW1830 and Cu Ka radiation),
and the crystallinity of samples was estimated by
comparing the intensity of the amorphous halo in the
glass–ceramics spectra with the one of the respective
glass.
The Young modulus of the final products was
measured by means of non-destructive resonance
frequency technique (Grindosonic) and the bending
strength was evaluated by a three point bending test
(SINTEC D/10). The coefficients of linear thermal
expansion (20–400uC) of glass–ceramics were evaluated
by a differential dilatometer (Netzsch 402 ED) at
5uC min21. The density was evaluated by He displacement pycnometer (AccyPyc 1330). The Vickers hardness

(at 10 kg loading) was estimated using a WOLPERT
apparatus. In order to compare these results with ones
of other building materials, the values by Vickers
methods are presented in the relative Mohs scale.

Results and discussion
Characterisation of parent glasses
Since the three hazardous wastes used in this study (i.e.
MSWA, JAR and FW) are characterised by low
amounts of glass formers, they are inappropriate for
‘as it is’ vitrification. In fact, the direct vitrification of
MSWA leads to a glass with high crystallisation trend
and low chemical durability, resulting in unacceptable
TCLP results.17
For this reason, different SiO2 and/or Al2O3 rich inert
industrial residues and cheap raw materials were added
to the batches. The chemical compositions of used
industrial wastes and resulting glasses are summarised in
Table 2.
G1 is based on a high amount of MSWA (70%) and
its composition is comparable to a glass–ceramic from
industrial wastes obtained by bulk nucleation and
growth.2,4,22 Compositions G2, G3 and G4 contain
higher percentage of SiO2zAl2O3, which guarantees
improved chemical durability, and reduced content of
CaOzMgOzFe2O3, which ensures lower crystallisation trend and better sinterability; the remaining 6–8%
are alkali oxides, ZnO and PbO, which decrease the
melting and sintering temperatures. Despite that the
percentage of hazardous waste in these compositions is
lower, the total amounts of industrial streams in the
batches are good enough.
Table 3 summarises TCLP results for the harmful
elements, obtained for each of the hazardous wastes and
for the corresponding glass frits. The measured values
evidence that the concentrations of Cd, CrVI and Se (for
MSWA), Pb and Zn (for JAR), and Pb, Zn and Cu (for
FW) considerably surpass the applied limits, while the
glass frits exhibit high chemical durability corresponding
to entirely inert materials. It can also be noted that the

Table 1 Wastes used for synthesis of sintered granite like glass–ceramics: origin and chemical composition
SiO2

Al2O3

38.7
37.9
38.2
13.7
50.1
50.2
43.1
72.8
53.6
31.2
52.4
25.0
3.7
2.2
43.8
24.4
46.7
71.8
65.1

Blast furnace slag (Bulgaria)11
Blast furnace slag (Turkey)14
Blast furnace slag (Romania)15
BOF furnace slag (Brazil)16
Electric power station flay ash (Bulgaria)11
Electric power station flay ash (Romania)15
Phosphogypsoum waste (Kazakhstan)14
Granite grinding waste (Italy)14
Iron–nickel electrofusion slag (Ukraine)12
Oil shale ash (Latvia)12
Cu flotation waste (Bulgaria)11
Cu flotation waste (Turkey)19
Jarosite from Zn hydrometallurgy (Spain)13
Goethite from Zn hydrometallurgy (Italy)14
MSW incineration fly ash (Germany)12
MSW incineration fly ash (Italy)17,18
MSW incineration bottom ash (Italy)20
Glass cullet19,20
Feldspar production streams (Italy)17,20

6.6
14.0
12.8
1.1
23.8
19.5
2.2
13.2
5.1
28.3
13.2
0.9
0.3
0.7
11.0
11.5
6.9
1.5
18.7

*ZnOzPbOzCuOzMnOzCdO.
{
Na2OzK2O.
{
Loss on ignition.
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Fe2O3
0.6
0.3
0.2
19.3
9.7
10.0
0.2
3.0
11.7
3.6
10.1
67.7
49.3
51.3
2.9
2.4
4.7
0.2
1.5

CaO
41.8
33.6
38.6
40.4
6.7
8.8
45.3
3.4
21.8
28.9
7.2
0.7
0.1
0.1
30.5
30.0
26.3
10.2
1.9

MgO
2.3
9.3
6.2
7.4
1.8
3.7
2.8
0.4
5.8
3.4
7.1
0.3
0.2
–
1.8
4.2
2.2
0.9
1.0

MO*
5.9
–
1.0
8.0
0.1
–
1.1
0.2
1
–
0.8
5.1
9.2
14.5
4.9
3.2
1.3
0.1
0.1

M2O{
1.2
2.2
0.2
–
2.9
3.3
–
7.7
0.8
4.2
4.2
0.5
0.2
0.1
2.6
2.5
5.5
15.9
8.9

LOI{
2.9
2.7
1.4
2.0
5.0
1.5
5.3
0.2
–
–
5.0
2.2
37.2
24.7
1
19.4
13.2
–
2.5
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subsequent sintering into a compact body, as well as the
transformation of the glassy structure in a glass–
ceramic, additionally improve the chemical resistance.
DTA results for the studied glasses are presented in
Fig. 3 and indicate significant differences in their
thermal behaviour.
The traces of both MSWA compositions (G1 and G2)
show glass transition temperatures, Tg, at 660 and
670uC, which indicates similar viscosities, and melting
endotherms with comparable melting peak temperatures, Tm, at 1150 and 1130uC respectively. The crystallisation trends of these glasses, however, are quite
different: the crystallisation exotherm of G1 has
significantly higher intensity and peak temperature, Tp,
by 70uC lower than that of G2.
Owing to the high percentage of iron oxides, G3 and
G4 compositions have lower Tg and Tm. These glasses
are also characterised by two exotherms: the first peak is
mainly due to surface oxidation of Fe2z to Fe3z,
whereas the second one is related to phase formation.13
The Fe2z oxidation process in an iron rich glass
powder increases the viscosity and the liquidus temperature, and partially inhibits the crystallisation.23
Therefore, in many iron rich compositions, the crystallisation of bulk samples (i.e. large particles) is more
intensive and takes place at lower temperatures than in
the case of the powder samples. This peculiarity is
illustrated in Fig. 4, which presents DTA and TG traces
for powder and bulk G3 samples in air. The powder
sample curve features an oxidation exotherm within the
range of 650–750uC, which is related to y0?5% gain in
the TG trace, a low intensity exotherm at 875uC and the
first melting endotherm with Tm at 1080uC. The bulk
sample, on the other hand, shows no oxidation
exotherm and no TG variation, while the crystallization exotherm and the melting endotherms are more
intensive and occur at 805 and 1025uC respectively.

3 DTA results for parent glasses

Sintering, structure and properties of glass–
ceramics
The high crystallisation trend of G1 composition
notably influences its densification. As a result, well
sintercrystallised samples were obtained only at high
heating rates of 20–30uC min21 and at sintering
temperature of 1120–1130uC (i.e. close to Tm).17 At
lower heating rate, bulk nucleation and crystal growth

Table 2 Chemical compositions of industrial wastes and glasses presented in this work

SiO2
Al2O3
Fe2O3
CaO
MgO
ZnO
PbO
Na2O
K2O
Other

MSWA

F

GC

JAR

GW

FW

G1

G2

G3

G4

24.4
11.5
2.4
30.0
4.2
1.4
0.2
2.1
0.6
19.7

65.1
18.7
1.5
1.9
1.0
–
–
7.8
1.1
2.7

71.8
1.5
0.2
10.2
0.9
–
–
15.5
0.4
–

3.7
0.3
49.3
0.1
0.2
5.6
3.6
–
–
37.2

72.8
13.2
3.0
3.4
0.6
–
–
2.9
3.3
0.3

24.9
0.9
67.7
0.7
0.3
2.8
0.3
–
0.5
3.2

41.2
15.2
2.4
24.6
3.7
1.1
0.11
4.3
0.9
1.5

57.9
6.9
1.7
20.1
3.5
0.8
0.1
5.2
0.4
1.2

53.8
3.7
21.7
8.7
0.2
2.4
1.5
6.9
1.0
0.2

56.6
3.0
19.9
10.8
0.2
0.9
0.1
6.9
0.2
0.4

Table 3 TCLP results for harmful elements in hazardous wastes and corresponding glass frits
MSWA
Cd
Pb
Cu
CrVI
Se
Zn

0.0723
0.499
0.446

G1
0.0003
0.001
.0.001

G2
.0.0001
0.0003
.0.001

JAR

G3

FW

G4

4.1

0.006

7.2
94.9

.0.001
0.008

15.5

0.014

114.4

0.17
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4 DTA (solid lines) and TG (trashed lines) traces for powder and bulk G3 samples in air

take place, which inhibits the sintering process and
results in a porous material.
This phenomenon is illustrated in Fig. 5 comparing a
sample heat treated at 2uC min21 up to 1050uC and held
at this temperature for 1 h with a sample heat treated at
20uC min21 up to 950uC and immediately cooled
at 10uC min21. It is evident that the particles heated at
20uC min21 are well sintered while the densification at
2uC min21 is totally inhibited (despite the higher
temperature, by 100uC, and the 1 h holding step).
Figure 6 presents microscopy images of two polished
samples obtained at heating rates of 20 and 2uC min21
respectively, after 1 h holding at 1050uC. The specimen
heated at high rate (Fig. 6b) is characterised by surface
crystallisation and good densification, while the one
heated at low rate (Fig. 6a) features bulk crystallisation
and open porosity.
The sinter crystallisation behaviour of G2 glass is
fairly different. In this composition, the rate of phase
formation is lower and the crystallisation proceeds
always as surface crystallisation; as a result, the sintering
is completed at low temperatures before the beginning of
an intense phase formation process. In this case,
similarly to Neoparies, the holding temperature corresponds to the temperature of maximum crystal growth
rate, which is ,1020uC for G2.18 It should also be noted
that, for similar compositions, use of high heating rate is
inappropriate, since it results in decreased number of
active surface nuclei and consequently, in decreased
crystallinity.

a heated at 2uC min21 and held for 1 h at 1050uC; b
heated at 20uC min21 up to 950uC
5 Sintered G1 frits (1 cm)
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a heating rate 2uC min21; b heating rate 20uC min21
6 Structure of G1 samples after 1 h holding at 1050uC

For G2 composition, the appearance and properties
mainly depend on the size of used glass fractions and the
length of formed crystal front. Figure 7 shows microscopy images of the granular structure of two samples

a holding time of 20 min; b holding time of 1 h
7 Structure of G2 samples after sintercrystallisation at
1020uC
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8 Sintered glass–ceramics based on MSWA

with different crystallinities: specimen a is obtained at
20 min holding period, while sample b is heated for 1 h
period.
The appearance of various glass–ceramics, obtained
by different frit fractions based on MSWA compositions, are demonstrated in Fig. 8.
The phase formation in iron rich compositions is
characterised by a liquid–liquid immiscibility, followed
by spontaneous bulk crystallisation of magnetite spinel;
then, the formed spinels act as nuclei for the pyroxene
growth. Therefore, the densification of iron rich frits at
low temperatures is often inhibited and similarly to G1
glass, sintering takes place near to liquids temperatures
(i.e. at 1020–1040uC). Furthermore, sintered samples
from coarse particles have a homogeneous and unattractive look.
In the latter case, an aesthetical granite like
appearance could be obtained by mixing the coarse
fractions with fine glass powders (below 0?5 mm),
whereby after the Fe2z oxidation, haematite (Fe2O3) is
formed instead of magnetite (Fe3O4). Haematite has
reddish colour that differs from the black–green colour
of magnetite and pyroxene formed in the large
particles. Thus, by combining fine and coarse fractions
in appropriate proportions, an attractive chromatic
effect can be achieved after sintering, grinding and
polishing. The appearance may be also modified by
addition of light refractory waste particles (as shamot,
porcelain rejects or corundum). Figure 9 shows an
optical microscopy image of the structure of G4
composite. The red area of sintered powders P, the
coarse black particles B (with surface haematite and
bulk pyroxene formations) and a white corundum

particle C, embedded in the glass–ceramic matrix, are
well distinguished.
Figure 10 features a granite like glass–ceramic with
G3 composition and a G4 composite. In both cases, the
parent mixes were placed loosely in refractory forms
(10610 cm2), heated in air up to 1010–1020uC and held
for 30 min.
XRD spectra for the final glass-ceramics are summarised in Fig. 11. The MSWA samples feature formation of y50% gehlenite (Ca2Al2SiO7: g) in G1 and y30%
wollastonite (CaO.SiO2: w) solid solutions in G2. These
results are in agreement with the initial chemical
compositions and confirm the diverse sintercrystallisation
abilities of both glass frits.

9 Structure of G4 composite: P: zone of sintered powders; B: coarse particle; C: corundum particle
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10 a G3 glass–ceramic and b G4 composite

The XRD spectra for G3 and G4 glass–ceramics
correspond to a crystallinity of y40%. The crystal
phases in G3 are pyroxenes p, magnetite m (formed in
the coarse particles) and haematite h (formed in the
powder fraction), while the spectrum for G4 glass–
ceramic comprises wollastonite solid solutions, pyroxenes, magnetite and haematite. It has been demonstrated
that wollastonite, pyroxene and haematite are formed in
the powders, while pyroxenes and magnetite in the
coarse particles. For this reason, contrary to the G3
sample, the crystallinity of G4 is superior in the powder
fractions. The formation of wollastonite could be
explained by the higher percentage of CaO and the

lower amount of FeO, MgO, MnO and Al2O3 (i.e.
oxides participating in the pyroxene formation), as well
as by the Fe2z oxidation which changes the chemical
composition of the surface and additionally increases the
CaO content in the surface layer.24,25
Table 4 summarises the properties of G2 and G4
glass–ceramics, along with those of neoparies (N),
diopside marble like glass–ceramics (D), slagsitall (S),
natural marbles (M), natural granites (G) and monofired
tile ceramics (C).
The characteristics of materials, obtained from
hazardous wastes, are comparable to those of the
original Japanese product and considerably surpass
those of natural stones and traditional ceramics.
However, the bending strengths of all glass–ceramics,
obtained by sintered glass frits, are inferior by 20–40%
as compared to the characteristics of the fine crystalline
slagsitall. This fact can be explained by the reduced
crystallinty of the sintered glass–ceramics and/or by the
large size of formed crystals.

Conclusions
The sintercrystallisation of glass frits may be successfully
used for the reuse of different hazardous industrial
wastes. The obtained materials are characterised by very
high chemical durability and mechanical properties that
considerably surpass the characteristics of natural stones
and traditional tiling ceramics.
A comparison with glass–ceramics, obtained by rolling or pressing and two step bulk crystallisation, shows a
moderate decline in mechanical properties and some
decrease in the percentage of hazardous waste in
batches. These disadvantages are a consequence of
the efforts to achieve good sinterability and lower
crystallinity.
At the same time, due to surface crystallisation or/and
specific distribution of crystal phases and sintered
grains, the obtained glass–ceramics have an attractive
granite like appearance appropriate for application in
modern architecture. In addition, the melting and
production cycles are shorter and the technology is
simple and flexible.

11 XRD spectra for ﬁnal glass–ceramics
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Table 4 Properties of G2 and G4 glass–ceramics, neoparies (N), diopside marble like glass–ceramics (D), Slagsitall (S),
natural marbles (M), natural granites (G) and monoﬁred tile ceramics (C)
Properties

G2

G3

N

D

S

G

M

C

Density, g cm23
Bending strength, MPa
Young modulus, GPa
Mohs hardness
Thermal expansion, 61027 K21

2.7
55¡10
84¡2
6.0
75

3.0
75¡10
48¡4
5.5
65

2.7
55¡5
88¡2
6.5
62

2.8
45¡5
–
7
67

2.7–2.9
80–110
70–100
6–7
60–80

2.6–2.8
12–15
40–60
4–6.5
70–150

2.4–2.6
14–17
30–50
3–5
70–150

2.3–2.5
20–30
30–50
4–5
70–90
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