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bstract

lass obtained from melting a mixture of industrial wastes (panel glass from dismantled cathode ray tubes, mining residues from feldspar excavation
nd lime from fume abatement systems of the glass industry) has been employed for the production of sanidine-based glass-ceramics. The glass-
eramics were developed by a sintering treatment with concurrent crystallization, from fine powders (<37 �m), at a relatively low temperature
880 ◦C). The enhanced nucleating activity of glass surfaces likely promoted the formation of sanidine, hardly found in glass-ceramics, as the

ain crystal phase. Due to the achieved mechanical properties (bending strength of about 120 MPa, Vickers’ microhardness exceeding 7 GPa) and

esthetic appearance, resulting from a compact and homogeneous microstructure, the obtained sanidine glass-ceramics may find applications as
onstruction materials.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Since the early 1960s, the production of glass-ceramics for
he building industry has been considered as an effective way
n recycling and utilizing a number of industrial wastes.1 The
pproach has a two-fold benefit, as potentially dangerous wastes
re dissolved in the parent glass, i.e. in a material with a high
hemical stability, and the wide dimensions of the specific mar-
et of construction materials allow large quantity of wastes to be
bsorbed. Well known commercial examples of glass-ceramics
rom wastes are those of “Slagsitall”2 and “Slagceram”,3 devel-
ped from several slags of ferrous and non-ferrous metallurgy,
shes and wastes from mining and chemical industries.4,5

Although well established and leading to materials with
xcellent properties (Boccaccini et al.6 and Öveçoğlu,7 for
xample, obtained materials with a bending strength exceed-
ng 240 and 300 MPa, respectively) the common production of

lass-ceramics from wastes presents some disadvantages. It is
ell known that the vitrification of wastes is capital and energy

ntensive; the conversion of the achieved glasses into glass-
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eramics may bring remarkable additional costs. Even with the
mployment of catalysts (nucleating agents) in the glass formu-
ation (TiO2, Cr2O3, etc.4,5), the conventional two step thermal
reatment of nucleation and crystal growth is generally slow
nd expensive (the processing times being in the order of 10 h).
oreover, extensive refining of the parent glass is required to

emove its defects (for example gas bubbles from vitrification
eactions), detrimental to the mechanical properties, which may
emain in the final product upon crystallization. The refining
reatment represents a pressing problem especially for waste
lasses, which are usually dark, due to a large content in heavy
etals. The colouration causes a low thermal conductivity by

adiation, which in turn imposes very long holding times1; in
ddition, a long refining may promote the volatilisation of cer-
ain dangerous oxides (like PbO), no longer immobilized in the
lass structure.

As an alternative to common processing of glass-ceramics,
sintering approach is particularly promising for the treat-
ent of waste glasses. Sintered glass-ceramics, investigated

ince the 1960s, start from heating powdered glass to a cer-

ain temperature, at which densification occurs together with
rystallization. Since free glass surfaces are preferred sites for
evitrification,8–11 glass particles, featuring large specific sur-
aces, are easier to crystallize than bulk pieces with the same
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The powders were uniaxially pressed in a steel die at the room
temperature, by using an hydraulic press operating at 40 MPa,
without any binder. The obtained green compacts were sintered
in air at 880 ◦C for different times (from 0 to 3 h), with a heat-

Table 1
Chemical analysis of the starting wastes and of the investigated glass

Panel glass Lime Mining residues Glass

SiO2 60.7–64.6 10.7–16.8 67.3 51.85
Al2O3 2.1–2.8 1.1–1.4 18.3 9.46
Na2O 8.0–9.4 3.0–3.2 8.7 7.14
K2O 7.2–7.5 0.4–2.6 1.1 3.24
CaO 0.5–1.0 59.9–65.9 1.9 16.18
MgO 0.3 0.1 – 2.4 1.1 0.78
BaO 9.1–12.7 0.0–0.2 3.07
SrO 1.0–8.4 0.0–0.1 1.29
Fe2O3 0.1 0.0–0.1 1.5 0.74
TiO2 0.4 0.1 0.19
ZrO2 0.1–0.9 0.0–0.6 0.24
PbO 0.1–0.3 0.0–1.1 0.37
ZnO 0.1–0.4 0.0–2.6 0.13
As2O3 0.1–0.9 0.23
Sb2O3 0.4–0.5 0.9–1.3 0.62
P2O5 0.2 0.05
336 E. Bernardo et al. / Journal of the Euro

omposition, so that nucleating agents in the glass formula-
ion are not essential and the processing times are limited. The
nhanced nucleating activity of powdered glass leads to materi-
ls with a pleasant aesthetic appearance, comparable to that of
atural stones and traditional ceramics, generally unavailable for
raditional glass-ceramics.1 As an example, marble-like materi-
ls for architectonic applications, with different main crystalline
hases, such as �-wollastonite in “Neoparies” (a well estab-
ished commercial product in Japan since 1970s),12 cordierite13

nd diopside14 have been produced.
Applying the sintering route to the production of glass-

eramics from waste glasses enables the reduction of the pro-
essing times, in the fact that a short time vitrification treatment
an be used, with no need to refine the melt before casting into a
rit, thus limiting cost and potential volatilisation of poisonous
xides. A wide range of sintered glass-ceramics from waste
lasses has been developed, in Bulgaria14 and in Italy,15–20 since
he early 1990s.

In this paper, we describe the production of sintered glass-
eramics based on a glass obtained by the treatment of a mixture
f various wastes as the exclusive raw materials. The investi-
ated wastes consisted of panel glass from dismantled cathode
ay tubes (CRTs), mining residues from feldspar excavation and
ime from fume abatement systems of the glass industry. Panel
lass, a barium–strontium-based glass, corresponds to the front
art of the CRT (i.e. the “screen”).21 The usage of expensive
xides like BaO and SrO, instead of PbO (chosen for the for-
ulation of the glasses of the inner parts of CRTs), prevents the

recipitation of metallic clusters from easily reducible oxides
like PbO), induced by high-energy electrons, which in turn may
ause an undesirable darkening effect of the screens (“solar-
zation” effect).22 The lower specific absorption of radiations
f Ba–Sr glasses, compared to Pb glasses, is compensated by
he relevant thickness of the screens, resulting in the fact that
lmost two thirds of the total weight of glass components in
RTs are attributable to the panel glass. Panel glass, unlike the
ther glasses in a CRT, is hardly employed in manufacturing new
RTs (the percentage of “used” glass is lower than 15%23), since
nly high-quality pristine glass, from selected raw materials and
ith no lead contaminations is desirable. The situation is compli-

ated, at the same time, by the replacement of standard-definition
elevision with high-definition television (without cathode ray
ube); the difficult and insufficient recycling will be less and less
uitable, as a drastic reduction of CRTs production is probable.24

t has been estimated that the amount of end-of-life CRTs in
estern Europe is in the range of 300 kt/year,25 so that an enor-
ous quantity of panel glass requires recycling. Residues from

eldspar excavation correspond to fractions of feldspar minerals
hich cannot be employed in the ceramic industry due to their
igh silica content, currently stored in very large quantities (the
roduction of feldspar residues from a typical Italian excava-
ion company is in the range of 40–50 kt/year). Lime consists of
alcium hydroxide employed to react with acidic fumes com-

ng from vitrification plants: besides Ca(OH)2, the composition
eatures several pollutants, like nitrates, sulphates, fluorides etc.,
r traces of heavy metals so that this waste is hardly used as a
ource of CaO in conventional glass-making.

B
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The achieved mechanical properties and visual appearance of
intered glass-ceramics together with the very simple and cost
ffective manufacturing process, are promising for applications
s construction materials.

. Experimental

The chemical composition of the employed wastes is given
n Table 1, which also lists the lime composition after the
alcination step. The wastes were mixed in the proportion
anel–lime–mining residues 28–25–47% by wt. The reference
omposition for the glass formulation was that of wollastonite-
ased glass-ceramics,4,12 but the high content of alkali (more
han 10% by wt. instead of 5% in wollastonite glass-ceramics)
ad to be compensated by a more pronounced alumina content
10% by wt.). This choice was intended to determine alumino-
ilicate phases, since the anorthite field of composition was
pproached.4 The mixture of wastes was melted at about 1300 ◦C
n an AZS crucible for about 1.5 h followed by pouring the

elt on a steel plate, thus determining a drastic cooling and
ausing the obtained glass to break into large fragments. The
esults of the chemical analysis, conducted by means of an
-ray fluorescence apparatus (Philips XRF Sequential Spec-

rometer PW 2400, Eindhoven, The Netherlands), is shown in
he same Table 1. The glass was dry-ball milled and sized in order
o achieve powder particulates having powder sizes <37 �m
400 mesh).

Dilatometry and differential thermal analysis (DSC 404, Net-
sch Gerätebau GmbH, Selb, Germany, 10 ◦C/min heating rate)
ere performed on the glass, in the form of a rod and fine pow-
ers, respectively.
2O3 0.8–5.9 1.48
6.4–9.5 2.37

l 0.4–0.8 0.12
O3 0.2–1.7 0.43
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ng rate of 10 ◦C/min, leading to dense samples having a white
olour. In the case of a 0 h holding, the samples were cooled
own just at the reaching of the sintering temperature.

The bulk density of the sintered glass-ceramics was mea-
ured by the Archimedes’ principle. At least ten specimens
ere analysed for each sample. The true density of the com-
osite materials was evaluated by means of a gas pycnometer
Micromeritics AccuPyc 1330, Norcross, GA). Beam samples of
bout 3 mm × 2 mm × 30 mm, for bending strength determina-
ions were cut from larger sintered compacts. All samples were
arefully polished to a 6-�m finish, by using abrasive papers and
iamond paste. The edges of the bars were bevelled by using
ne abrasive papers and diamond paste. The Young’s modulus
as measured by means of non-destructive resonance frequency

esting (GrindoSonic Mk5, Leuven, Belgium). Four point bend-
ng tests (24 mm outer span, 8 mm inner span) were performed
y using an Instron 1121 UTS (Instron, Danvers, MA), with a
rosshead speed of 0.2 mm/min. Each data point represents the
verage of at least 10 individual tests.

Polished samples were employed for Vickers indentation
ests, using a low load of 5 N. The thermal expansion coefficient
f the glass-ceramics was measured by means of a dilatometric
nalysis on the specimens similar to those employed for bending
ests.

The polished and fracture surfaces of sintered samples were
haracterized by Scanning Electron Microscopy (Philips XL 30
SEM Eindhoven, The Netherlands). Powdered samples were

nvestigated by X-ray diffraction (Philips PW 3710, Eindhoven,
he Netherlands), employing Cu K� radiation (0.15418 nm).

. Results and discussion

The dilatometric analysis of the parent glass, as illustrated
y Fig. 1, yielded a glass transition temperature Tg of 595 ◦C,
nd a dilatometric softening point Td of 680 ◦C; the thermal

xpansion coefficient (in the range 25–450 ◦C) was measured
o be equal to 9.5 × 10−6 ◦C−1. The density of the parent glass
as 2.64 g/cm3.

ig. 1. Thermal expansion plot as a function of temperature of the investigated
lass.
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Fig. 2. DTA plot of the investigated glass.

The differential thermal analysis plot is shown in Fig. 2. The
ransition temperature, available from dilatometric analysis, is
onfirmed. Large exothermic and endothermic effects, which
orrespond, respectively, to crystallization and melting pro-
esses, are clearly evident at about 880 and 1100 ◦C. This ther-
al analysis constituted an essential reference point for glass-

eramics manufacturing since, like in previous experiences,18,19

he processing temperature for achieving glass-ceramics was
oincident with the crystallization temperature. This choice
as suggested by the expected high nucleating activity of fine-
rained glass (maximum size of 37 �m), and may represent a
esirable feature from an economic point of view, due to the
ower processing temperature than in other experiences of sin-
ering with concurrent crystallization of glass.15,16,17

The sintering temperature of 880 ◦C was effective to pro-
uce glass-ceramics with limited processing times. In Fig. 3a,
t may be seen that the crystallization was almost complete
ithin a couple of hours (the X-ray diffraction pattern for 3 h
id not differ substantially from that for 2 h). The precipitated
hases are reported in Fig. 3b. The main crystal phase in the
intered glass-ceramics was sanidine,26 (K,Na)AlSi3O8. The
ormation of sanidine is rather surprising, since this phase cor-
esponds to the group of alkali feldspars, summarized by the
ormula M2O·Al2O3·6SiO2, where M is a Na or K cation.

ith respect to the reference formula NaxK1−xAlSi3O8, x varies
rom 0 to about 0.6. It must be noted that alkali ions may
e replaced by Ca on octahedral sites, the charge balance
eing maintained by the substitution of Al for Si on tetra-
edral sites, so that sanidine may be regarded as an effec-
ive member of the ternary system albite–orthoclase–anorthite
NaAlSi3O8–KAlSi3O8–CaAl2Si2O8).27 Despite their wide
atural occurrence (they comprise ∼60% of the earth’s crust),27

lkali feldspars are known to be easily vitrified but hardly con-
erted to a glass-ceramic: glasses from feldspars are known to
e unable to crystallize in practical times.4

Feldspathoid phases, consisting of trikalsilite28 and

anunzite29 were also revealed. Trikalsilite and panunzite are
olymorph tectosilicates belonging to the nepheline group,
ith the same reference formula, (K,Na)AlSiO4, and they
ay be considered as intermediate phases between nepheline
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Fig. 3. XRD patterns of the investigated glass-ceramics: (a) evolution of crys-
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allization with increasing holding time at 880 ◦C; (b) phase identification
glass-ceramic 2 h at 880 ◦C).

NaAlSiO4) and its solid solutions and kalsilite (KAlSiO4),
orresponding to a K/Na ratio equal to 3.4,30,31 A clear dis-
inction between the two feldspathoids is practically difficult,
xcept for a few peaks. Although sanidine peaks are more rele-
ant for the glass-ceramics sintered at 880 ◦C for 1 h (or more),
eldspathoids were likely the first crystal phases to precipitate,
s shown by Fig. 3a (see the slight peak at 2θ—29◦, correspond-
ng to the main peaks of both trikalsilite and panunzite). Such
bservation is in a good agreement with the ability of nepheline
rystals to separate, in powder processed glass-ceramics, after
imited sintering times, reported in recent works.19,32 The pre-
ipitated feldspathoids likely acted as nucleating agents for other
lumino-silicate phases.

In addition to sanidine and feldspathoid phases, traces
f Ca alumino-silicate Ca3Al6Si2O16

33 and Ca–K silicate
4Ca(SiO3)3

34 were also found. Besides to the alumina content,
he absence of wollastonite (CaSiO3) in the precipitated phase

ight be attributable to the sintering temperature (880 ◦C), far
ower than the temperature of maximum wollastonite formation

which is about 950 ◦C4).

The results of XRD analysis were followed by density mea-
urements and SEM investigation coupled with energy disper-

s
f
c

ig. 4. Bulk, true and relative density of the sintered products as a function of
he sintering time.

ive X-ray analysis. In Fig. 4, both bulk and true density are
eported. It can be observed that the crystallization caused a
light increase in true density values (from 2.65 to 2.66 g/cm3)
ith respect to the parent glass, in agreement with the density
f the main crystalline phases formed (dsanidine = 2.62 g/cm3 35,
trikalsilite = 2.64 g/cm3 36); as for the XRD plots, the true density
or 3 h did not differ from that for 2 h. As a consequence, the dif-
erences between bulk and true density were caused mainly by
he residual porosity, varying from 4% to almost 0% (see the plot
or the relative density, i.e. the ratio between bulk and true densi-
ies). Nearly full density is achieved after 1 h. The densification
f the fine powders is consistent with the findings in the literature
bout the pressureless viscous flow sintering of glass, which is
ound to occur rapidly (in the range of a few hours) when the
ring temperature exceeds, for more then 50 ◦C, the dilatometric
oftening point of the studied glass.37–40 In the present investi-
ation, owing to the dilatometric softening temperature of the
lass, 680 ◦C, and the sintering temperature, 880 ◦C, the condi-
ion was satisfied. A remarkable nucleating activity, despite of
he reduction of surface area caused by sintering, was likely to
e allowed by the extremely rapid formation of trikalsilite or
anunzite, as mentioned above.

The microstructural evolution with increasing holding time at
80 ◦C, observed by means of SEM, is illustrated by Fig. 5. The
bove mentioned residual porosity of samples from a 0 h hold-
ng time is clearly visible in Fig. 5a. After 1 h holding time, the
lass-ceramics exhibited an almost complete removal of porosity
see Fig. 5b), consistent with the density measurements, together
ith the formation of a network of fibrous crystals. After 2 h
olding time (Fig. 5c), the glass-ceramics reached an almost
tationary microstructure consisting of small fibrous crystals
length of about 5 �m, width of about 1 �m), homogeneously
istributed, attributable to sanidine formation.

The energy dispersive analysis confirmed the above reported
hase identification. In Fig. 6, the spectra of selected points
re shown. Grey zones can be attributed to feldspathoids (A)
nd sanidine (B, see the above mentioned fibrous crystals). The

pectra of the two phases differ mainly for the Ca content, higher
or sanidine, in a good agreement with the possibility of the same
rystal to incorporate Ca ions. Lighter regions (C) show a more
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Fig. 5. SEM micrographs of sintered glass-ceramics taken at

ronounced Ca, Ba and Sr content, and they may be attributed
o a residual calcium alumino-silicate glass phase together with
he revealed traces of Ca alumino-silicate crystals.

The elastic modulus of the glass-ceramics, as illustrated by
ig. 7, was found to reach an almost stationary level of about

0 GPa for a holding time longer than 1 h. The increase of
oung’s modulus need to be attributed both to the crystalliza-

ion and to the increase of relative density, which reached itself

Fig. 6. EDS spectra of selected zones of a sintered glass-ceramic.
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rent holding times at 880 ◦C: (a) 0 h; (b) 1 h; (c) 2 h; (d) 3 h.

n almost stationary level after 1 h. The elastic modulus for a
orous material depends on the elastic modulus E0 of corre-
ponding pore-free material and the porosity P, following the
quation41 (in the hypothesis of spherical pores):

= E0(1 − εPn) (1)

here, following Rice41, ε = 31/2 and n = 2/3. The glass-ceramics
rom a 0 h holding had a relative density ρrel = 0.958, so that the
orosity content was P = 1 − ρrel = 0.042; by substituting P and
= 48.5 GPa, we infer E0 = 61.3 GPa, which may be seen as the

ntrinsic elastic modulus for slightly crystallized samples. From
n analogous calculation, for 1 h holding, E0 = 75.7 GPa (almost
tationary with increasing sintering time, being E0 = 74.8 GPa

nd E0 = 72.5 GPa for 2 and 3 h holding, respectively): the com-
letion of crystallization resulted in a 25% increase of the elastic
odulus with respect to the value for 0 h holding.

ig. 7. Elastic modulus and thermal expansion coefficient of the sanidine glass-
eramics as functions of the sintering time.
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ig. 8. Bending strength and Vickers’ microhardness of the sanidine glass-
eramics as functions of the sintering time.

The crystallization kinetics was likely the main reason for the
ecrease of thermal expansion coefficient (measured in the range
5–450 ◦C), also shown in Fig. 7: for a 0 h holding time the coef-
cient of thermal expansion was slightly higher than that of the
arent glass, reasonably due to the precipitation of feldspathoid
hases (trikalsilite and panunzite, as above described, are inter-
ediate phases between nepheline and kalsilite, having a ther-
al expansion coefficient superior to 12 × 10−6 ◦C−1 4,19,31);

fter 1 h, the coefficient of thermal expansion was lower than
× 10−6 ◦C−1, reaching 7.4 × 10−6 ◦C−1 for a 3 h holding time,

ikely due to the formation of feldspar crystals (recent stud-
es showed that sanidine thermal expansion coefficient is in
he order of 4 × 10−6 ◦C−1 42). The achieved thermal expan-
ion coefficient is close to that of natural stones (like granite and
arble) and glass-ceramics for tile applications (Slagsitalls and
eoparies).4,5

The fine, compact and homogeneous distribution of crystals
ed to remarkable values for the bending strength and Vickers’

icrohardness, as shown in Fig. 8. The value of the bending
trength is close to 120 MPa, thus being comparable to that
f commercial glass-ceramics for applications in the building
ndustry.4 The poor bending strength for a 0 h holding time is rea-
onably due to the relevant porosity of the samples, at the start of
ensification. The completion of densification, after 1 h, caused
n increase to 91.6 ± 17.5 MPa, improved to 114.3 ± 17.8, after
h, with the completion of crystallization. The dependence of

he bending strength to the crystallization is confirmed by the fact
hat, as for the density and the crystal precipitation, the mechan-
cal properties of glass-ceramics cannot be enhanced further by
xtending the holding time from 2 to 3 h.

The trend of Vickers’ microhardness is analogous to that of
he bending strength. The microhardness, after 2 h, exceeded
GPa, a value again comparable to those of other construction
aterials (natural stones and commercial glass-ceramics4), thus

onfiguring products suitable for applications requiring good
ear resistance.

In addition to the above reported combination of physical

nd mechanical properties, the achieved sanidine-based glass-
eramics exhibited a pleasant aesthetic appearance, due to a
omogeneous white colouration (the morphology of a typical

(

Fig. 9. Visual appearance of sintered sanidine glass-ceramics.

ample is illustrated by Fig. 9), favourable for architectural appli-
ations. Although further studies are needed to complete the
haracterization of the achieved glass-ceramics (for example,
he chemical durability will be the object of our future experi-
nces), the reported study has a remarkable potential for a large
bsorption of the investigated wastes in the market of construc-
ion materials.

. Conclusions

In this investigation, a selected mixture of industrial wastes,
onsisting of panel glass from dismantled CRTs, mining residues
nd lime from fume abatement systems, was successfully con-
erted into sanidine-based glass-ceramics by a simple and eco-
omic sintering treatment with concurrent crystallization. The
ain features of the obtained products may be summarized as

ollows:

1) The enhanced nucleating activity of finely powdered glass
caused a very rapid formation of feldspathoid crystals, i.e.
trikalsilite and panunzite, which in turn allowed a diffuse
crystallization of alkali feldspar crystals, consisting of sani-
dine. The formation of alkali feldspar crystals is particularly
notable, since feldspars are known to be easily converted
into glasses, however not capable of crystallization in prac-
tical times.

2) The relatively high alumina content of the glass from wastes
and the relatively low sintering temperature (880 ◦C) pro-
moted the formation of alumino-silicates instead of calcium
silicate (wollastonite), commonly developed from glasses
having similar chemical compositions.

3) The bending strength and the Vickers’ microhardness values
of the sintered sanidine-based glass-ceramics were remark-
able, approaching 120 MPa and exceeding 7 GPa, respec-
tively. The obtained product may be compared to com-
mercial glass-ceramics like “Neoparies” and “Slagsitalls”,

intended for applications as construction materials.

4) The optimum features of sanidine glass-ceramics were
achieved for a very limited holding time, 2 h, much shorter
than those required for traditional glass-ceramics. In addi-



pean

A

v
M
F
(

R

1

1

1

1

1

1

1

1

1

[1

2

2

2

2

2

2

2

2

2
2
3

3

3

3
3
3
3
3

3

3

4

Ceram. Soc., 2005, 25, 1541–1550.
41. Rice, R. W., Porosity of Ceramics. Marcel Dekker Inc, 1998.
E. Bernardo et al. / Journal of the Euro

tion to the low processing temperature with respect to tradi-
tional ceramics, the possibility of rapid manufacturing could
be useful for the production of cheap building materials,
highly profitable for a large absorption of the investigated
wastes.
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7. Öveçoğlu, M. L., Microstructural characterization and physical properties
of a slag-based glass-ceramic crystallized at 950 and 1100 ◦C. J. Eur.
Ceram. Soc., 1998, 18, 161–168.

8. Gutzow, I., Pascova, R., Karamanov, A. and Schmelzer, J., The kinetics of
surface induced sinter-crystallization and the formation of glass-ceramic
materials. J. Mater. Sci., 1998, 33, 5265–5273.

9. Clark, T. J. and Reed, J. S., Kinetic processes involved in the sintering and
crystallization of glass powders. J. Am. Ceram. Soc., 1986, 69, 837–846.

0. Müller, R., Zanotto, E. D. and Fokin, V. M., Surface crystallization of
silicate glasses: nucleation sites and kinetics. J. Non-Cryst. Solids, 2000,
274, 208–231.

1. Prado, M. O. and Zanotto, E. D., Glass sintering with concurrent crys-
tallization. C. R. Chimie, 2002, 5, 773–786.

2. Tashiro, M., Crystallization of glasses: science and technology. J. Non-
Cryst. Solids, 1985, 73, 575–584.

3. Rabinovich, E. M., Nucleation and Crystallization in Glasses, Vol. 4, ed.
J. H. Simon, D. R. Uhlmann and G. H. Bell. The American Ceramic
Society, Westerville, Ohio, 1982, pp. 327–333.

4. Karamanov, A., Gutzow, I., Chomakov, I., Christov, J. and Kostov, L.,
Synthesis of wall-covering glass-ceramics from waste raw materials.
Glastech. Ber. Glass Sci. Technol., 1994, 67, 227–230.

5. Karamanov, A., Taglieri, G. and Pelino, M., Iron-rich sintered glass-
ceramics from industrial wastes. J. Am. Ceram. Soc., 1999, 82,
3012–3016.

6. Karamanov, A., Pisciella, P., Cantalini, C. and Pelino, M., Influence
of Fe3+/Fe2+ ratio on the crystallization of iron-rich glasses made with

industrial wastes. J. Am. Ceram. Soc., 2000, 83, 3153–3157.

7. Karamanov, A., Pelino, M. and Hreglich, S., Sintered glass-ceramics from
municipal solid waste-incinerator fly ashes-part I: the influence of the
heating rate on the sinter-crystallization. J. Eur. Ceram. Soc., 2003, 23,
827–832.

4

Ceramic Society 26 (2006) 3335–3341 3341

8. Brusatin, G., Bernardo, E., Scarinci, G., Sintered glass-ceramics from
waste inert glass. In Proceedings of IV International Workshop VARIREI
(Valorization and recycling of industrial residues), L’Aquila, Italy, June
2003.

9].Bernardo, E., Andreola, F., Barbieri, L. and Lancellotti, I., Sintered glass-
ceramics and glass-ceramic matrix composites from CRT panel glass. J.
Am. Ceram. Soc., 2005, 88, 1886–1891.

0. Barbieri, L., Corradi, A., Lancellotti, I., Pellacani, G. C. and Boccaccini,
A. R., Sintering and crystallization behaviour of glass frits made from
silicate wastes. Glass Technol., 2003, 44(5), 184–190.

1. Hreglich, S., Falcone, R. and Vallotto, M., The recycling of end of life
panel glass from TV sets in glass fibres and ceramic products. Recycling
and Reuse of Glass Cullet. Thomas Telford Publishing, London, 2001,
p. 123.

2. Nordyke, J. S., Lead in the World of Ceramics. The American Ceramic
Society, Westerville OH, USA, 1984.

3. Siikamaki, L. A. R., End of life cathode ray tube glass as a raw material
for hollow ware glass product. In Recycling and Reuse of Waste Materi-
als, ed. R. K. Dhir, M. D. Newlands and J. E. Halliday. Thomas Telford
Publishing, London, 2003, pp. 743–750.

4. Townsend, T. G., Musson, S., Jang, Y. and Chung, I. Characterization
of lead leachability from cathode ray tubes using the toxicity character-
istic leaching procedure. Florida Center for Solid and Hazardous Waste
Management, State University System of Florida, report no. 99-5.

5. Marshall, M. and Henderson, J., New approaches to the challenge of CRT
recycling. Recycling and reuse of glass cullet. Thomas Telford Publishing,
London, 2001, p. 75.

6. JCPDS–International Centre for Diffraction Data (ICDD), Powder
Diffraction File (PDF) # 19-1227.

7. Greenwood, N. N. and Earnshow, A., Chemistry of the Elements. Perga-
mon Press, Oxford (UK), 1984, pp. 414–416.

8. JCPDS – ICDD, PDF # 12-0197.
9. JCPDS – ICDD, PDF # 12-1081.
0. Bonaccorsi, E., Merlino, S. and Pasero, M., Trikalsilite: its struc-

tural relationships with nepheline and tetrakalsilite. Neues Jahrbuch fur
Mineralogie-Monatshefte, 1988, H. 12, 559–567.

1. Duke, D. A., MacDowell, J. F. and Karstetter, B. R., Crystallization and
chemical strengthening of nepheline glass-ceramics. J. Am. Ceram. Soc.,
1967, 50(2), 67–74.

2. Andreola, F., Barbieri, L., Corradi, A., Lancellotti, I., Falcone, R. and
Hreglich, S., Glass-ceramics obtained by the recycling of end of life
cathode ray tubes glasses. Waste Manage., 2005, 25(2), 183–189.

3. JCPDS – ICDD, PDF # 23-0105.
4. JCPDS – ICDD, PDF # 39-1427.
5. http://greco.fmc.cie.uva.es.
6. http://webmineral.com.
7. Ray, A. and Tiwari, A. N., Compaction and sintering behaviour of glass-

alumina composites. Mater. Chem. Phys., 2001, 67, 220–225.
8. Bernardo, E., Scarinci, G. and Hreglich, S., Mechanical properties of

metal-particulate lead-silicate glass matrix composites obtained by means
of powder technology. J. Eur. Ceram. Soc., 2003, 23, 1819–1827.

9. Bernardo, E., Scarinci, G., Maddalena, A. and Hreglich, S., Development
and mechanical properties of metal-particulate glass matrix composites
from recycled glasses. Composites Part A, 2004, 35, 17–22.

0. Bernardo, E., Scarinci, G. and Hreglich, S., Development and mechani-
cal characterization of Al2O3 platelet-reinforced glass matrix composites
obtained from glasses coming from dismantled cathode ray tubes. J. Eur.
2. Mackert, J. R., Twiggs, S. W. and Williams, A. L., High-temperature
X-ray diffraction measurement of sanidine thermal expansion. J. Dental
Res., 2000, 79, 1590–1595.


	Sintered sanidine glass-ceramics from industrial wastes
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


