Open Ceramics 19 (2024) 100651

Contents lists available at ScienceDirect

QC

OPEN .
ceramics

Open Ceramics

journal homepage: www.sciencedirect.com/journal/open-ceramics

ELSEVIER

t.)

Check for

Residues from beneficiation of granite in porcelain stoneware: Effects on [
technological properties

Chiara Molinari >, Andreea Sima ", Matteo Cavina“, Guia Guarini®, Sonia Conte ?,
Stefania Albonetti ©, Enrique Sanchez"”, Eugeni Canas”, Michele Dondi “, Chiara Zanelli®
& Institute of Science, Technology and Sustainability for the development of Ceramic materials CNR-ISSMC, Via Granarolo, 64 48018, Faenza, RA, Italy

b Instituto Universitario de Tecnologia Ceramica, Universidad Jaume I, Av. Vicente Sos Baynat s/n, 12006, Castellon, Spain
¢ Alma Mater Studiorum - Bologna University, Department of Industrial Chemistry “Toso Montanari” - Viale Risorgimento, 4, 40136, Bologna, Italy

ARTICLE INFO ABSTRACT

Handling Editor: Dr P Colombo Granite extraction waste represents an interesting alternative material for porcelain stoneware production, but
information on its influence presents several gaps. For this reason, two different wastes were selected: a coarser
iron-rich material from magnetic separation and a finer one from conveyance and abatement systems. Both were
physically and chemically characterized. Batches were formulated by partial substitution of feldspar and tech-
nological behaviour of bodies was assessed by simulating the industrial manufacture at laboratory scale. Tiles
were shaped by uniaxial pressure and fired by fast firing in electric roller kiln. The effect of waste addition was
evaluated during the whole production process. Fired samples were characterized in terms of technological
properties, mineralogical composition and microstructure evolution. The formulation optimization reduces firing
temperature getting commercial technological constraints. A further increase of finer waste content affects
compaction and mechanical strength. The presence of micaceous particles after the firing process may act as
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cracks initiation.

1. Introduction

Granite rocks have long been exploited for a wide range of applica-
tions, including ornamental stone [1], quartz-feldspathic flux for vitri-
fied ceramics [2-5], crushed aggregates for concrete and mortar [6,7],
boulders and ballast for civil engineering [8,9].

Extraction and processing to achieve the technical specifications for
the various uses of granite generate different kinds of waste [10]. Each
of them has specific chemical and physical characteristics, which affect
the possibility of recycling that can be expressed in terms of technology
readiness level (TRL).

e Quarry residues are basically made of blocks that do meet the re-
quirements for ornamental stone and fine-grained tails. The former
waste is currently reused (TRL 9) as ceramic flux [11-14] or in civil
engineering, e.g., as boulders for outer dam and breakwater in ports
[15]. The fine-grained tails have been investigated as ceramic raw
material as well [16].
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e Residues of cutting, sawing and polishing operations on ornamental
stone consist essentially of powdered granite, contaminated by
grinding media and additives: the main issue is the increased values
of Fe;03, CaO and pH [17,18]. Attempts have been spent for the
valorisation of these residues in ceramic products of various types,
including clay bricks and roof tiles, wall and floor tiles and light-
weight aggregates [19-24]. As far as we know, this waste is only
occasionally used by the ceramic industry in red-body products,
mainly bricks [25-28], while for whiteware the TRL is around 5-6.
Fractions discarded by the beneficiation of quartz-feldspathic flux
(mostly for porcelain stoneware tiles, but also glazes, sanitary ware
and container glass) are typically composed of granite enriched in
femic minerals, e.g., biotite, amphiboles, Fe-oxides [29-31]. The
mineralurgical processes that are commonly used [32-35] are
grinding and sieving (to achieve mineral liberation) and high field
intensity magnetic separation or less frequently froth flotation (to
achieve the separation of iron-bearing minerals). The resulting res-
idues can be relatively coarse-grained (magnetic fraction) or
fine-grained (flotation tailings, dust from air cleaning of the
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treatment plant). As far as we know, the level of technological
readiness for recycling these types of waste is low, probably around
TRL 2.

In the processing of granites, to obtain 100,000 tons of feldspar
product, the amount of waste generated is typically about 12 thousand
tons of magnetic fraction and about 7 thousand tons of dust from air
cleaning [13]. Considering that the world production of feldspar from
granites is around 3.6 million tons per year [5], the global yearly output
of residues can be approximately estimated at 250,000 tons (dust from
air cleaning) and 430,000 tons (magnetic fraction).

While the recycling of residues from quarrying, sawing and polishing
of ornamental granite has already been the subject of many studies,
detailed investigation on the behaviour of beneficiation waste in the
ceramic process is not available. To fill this gap, laboratory-scale ex-
periments were carried out to reveal the technological behaviour of
coarse-grained (magnetic fraction) and fine-grained (dust from air
cleaning) residues in the manufacture of porcelain stoneware tiles.

The main limitation of the magnetic fraction is its high iron oxide
content, which affects colour but can also cause aesthetic defects in
ceramics, such as speckling and unwanted stains [30,36,37]. High iron
levels have been ascribed for defects such as black core and bloating
[38-40]. It is necessary to understand if there are technological con-
straints in the design of sustainable bodies, which can tolerate a darker
colour or speckling, to be used in “green” tiles [41-43].

The problem with de-dusting waste is handling a very fine-grained
powder, which is difficult to mix with the other ingredients of the
batch and can affect compaction and drying operations, reducing the air
permeability of compacts [44,45]. It would be useful to understand to
what extent these drawbacks can be tolerated in novel sustainable
batches for ceramic tiles [43,46].

The goal of the present study is to understand the reasons behind the
behaviour of granite beneficiation waste and the defects that can be
generated in the ceramic process to improve the chance of recycling.

2. Material and methods

Two types of waste, resulting from different steps of granite benefi-
ciation for the production of feldspathic fluxes, were sampled at the
Minerali Industriali Plant in Verbania, Italy. The granite under exploi-
tation pertains to the Variscan Serie dei Laghi [47]. These samples are
characterized by different properties and colour: the fraction discarded
from high field intensity magnetic separation is dark-coloured (named
SD) while dust collected at the filters for air cleaning is light-coloured
(named SL). Both residues were evaluated in terms of feasibility as
secondary raw materials for porcelain stoneware tiles.

The chemical composition of both raw materials and residues was
determined by Energy Dispersive X-ray Fluorescence Spectrometry
(EDS-XRF) with S2 PUMA (Bruker, Germany) and is reported in Table 1.

The mineralogical composition was investigated by X-ray Diffraction
(D8 Advance with LynxEye 1-dimensional detector, Bruker, Germany) in

Table 1
Chemical composition of raw materials (wt%).
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the following conditions: 40 kV, 40 mA, radiation source Cu Ka (A =
0.154183 nm) collecting data over a range of 20 between 10° and 100°
using a step size of 0.02°. A quantitative determination of phase
composition of fired bodies at optimal firing temperature was carried
out by Rietveld refinement (GSAS-EXPGUI software), adding 20 % (by
weight) of corundum as internal standard to estimate the vitreous phase
by difference, that is 100 % minus the sum of crystalline phase [48]. The
particle size distribution was measured by X-ray monitoring of gravity
sedimentation (ASTM C958-92:2022 by Sedigraph 5100, Micromeritics,
UK) [49]. Fusibility of waste materials was tested by hot-stage micro-
scopy (ODP868, TA, Germany) up to melting (heating rate 10 °C/min).
Characteristic temperatures (end of sintering, softening, bloating,
sphere, hemisphere, melting) were determined with an experimental
uncertainty of +5 °C [50].

The residues under investigation were added to a typical porcelain
stoneware formulation (named R) in place of sodium feldspar. Three
different waste contents were selected (up to 9 % by weight): batch
formulations are reported in Table 2.

The tile-making process was replicated in laboratory. All the raw
materials underwent a preliminary grinding by jaw crusher and hammer
mill (2 mm grid) before mixing. The batches (2 kg each) were wet
ground for 25 min in planetary mill (porcelain jar and alumina grinding
media, 40 wt% water, 0.4 wt %sodium tripolyphosphate). The slips were
oven dried (105 °C overnight) then pulverized in hammer mill (grid 0.5
mm). Powders were hand granulated (8 % wt/wt moisture) through a 2
mm sieve. Tiles of 11 cm x 5.5 cm x 0.5 cm were shaped by uniaxial
pressure (40 MPa) with a hydraulic press, then dried (105 °C overnight).
The industrial process was simulated by fast firing in electric roller kiln
at maximum temperature in the 1180-1230 °C range (60 min cold-to-
cold). The following technological properties were determined: green
and dry bulk density (mass/volume); pressing spring back (100*(green
sample length — mould length)/mould length); drying shrinkage (100*
(green sample length — dry sample length green sample length); green,
dry and fired modulus of rupture [51], firing shrinkage [52], fired bulk
density and water absorption [53]. The microstructure of the fired
specimens at maximum densification was observed by scanning electron
microscopy (FE-SEM, Zeiss Sigma, Carl Zeiss, Germany). Moreover,
energy—dispersive X-ray microanalysis (EDX) was employed with the
aim of determining the elemental distribution in different zones of the
fired specimens. Through an X-ray spectrometer and an energy detector

Table 2
Porcelain stoneware formulations (wt%).
Batch R SD3 SD6 SD9 SL3 SL6 SL9
Clays (50/50 wt% HP/LP) 40 40 40 40 40 40 40
Quartz-feldspathic sand QS 15 15 15 15 15 15 15
Sodium feldspar NF 45 42 39 36 42 39 36
Granite waste SD (magnetic / 3 6 9 / / /
fraction)
Granite waste SL (air cleaning / / / / 3 6 9
dust)

Material ~ Dark-coloured granite waste Light-coloured granite waste (air High plasticity ball Low plasticity ball Sodium Quartz-feldspathic
(magnetic fraction) cleaning dust) clay clay feldspar sand
Code SD SL HP Lp NF QS
SiO, 70.3 71.7 60.0 58.1 70.4 79.6
TiO, 0.8 0.2 1.6 1.6 0.3 0.1
Al,03 12.0 15.5 26.1 27.0 17.9 9.0
Fe,03 6.1 2.0 1.0 0.9 0.1 0.8
MgO 0.8 0.2 0.6 0.6 0.1 0.3
CaO 1.4 1.3 0.4 0.4 0.7 2.5
NayO 2.4 3.5 0.5 0.5 9.7 1.9
K,0 5.0 4.7 2.6 2.6 0.3 3.2
Lo.lL 1.2 0.9 7.2 7.4 0.3 2.6
Total 100.0 100.0 100.0 100.0 100.0 100.0
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(Genesis 7000 SUTW, EDAX, USA) several spectra were taken at low
vacuum and 20 kV under the backscattering electrons signal. Colouri-
metric parameters were measured by a portable spectrophotometer
(MiniScan XE Plus, Hunterlab, USA) directly on fired tiles to achieve L*,
a* and b* coordinates [54] together with the chroma value C* by the

following equation: C* = 1/(a*)?+(b*)®. The colour difference was

calculated with respect to the reference body (Lj,ay,by) by the equa-
p)

tion: AE* = \/(L* —Lp)? + (@ —ap) + (b* — b)
3. Results and discussion
3.1. Properties of waste materials and batches

The X-ray patterns of SD and SL samples are reported in Fig. 1. Both
residues consist of quartz, feldspars, chlorite and biotite, in accordance
with the mineralogical composition of the granite excavated [55,56].
The dark-coloured waste SD, however, contains a higher amount of
biotite and chlorite, which are the iron-bearing minerals enriched by
magnetic separation into the discarded fraction.

The chemical and mineralogical similitudes are reflected in firing
behaviour, as appreciable from the fusibility test (Fig. 2). The rather
high content of iron oxide found in SL, and particularly in SD, improves
the fusibility of granite, as expected [36,50,57]. Indeed, the character-
istic temperatures of residues are close to those of a strong flux like
sodium feldspar (Table 3). On the other hand, the clear bloating phe-
nomenon, with strong expansion of SD and SL specimens between the
softening and sphere stages, is a well-known effect of iron oxide in fluxes

[5,58].
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Fig. 1. X-ray patterns of SD and SL granite residues.
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Fig. 2. Hot-stage microscopy analysis of the two waste materials (SL dotted
line; SD dashed line) compared to the sodium feldspar NF (full line).
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Table 3
Characteristic temperatures and bloating behaviour.
Characteristic Magnetic Air cleaning Sodium
temperature (°C) fraction SD dust SL feldspar NF
End of sintering 1226 1234 1220
Softening 1250 1272 1265
Bloating 1314 1338 1270
Sphere 1334 1358 1315
Hemisphere 1372 1420 1365
Melting 1418 1424 1450
Maximum expansion (%) 110 119 84
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Fig. 3. Particle size distribution of granite residues (SL dotted line; SD
dashed line).

In terms of particle size, the materials show different distributions,
derived by the process involved in their production (Fig. 3). In partic-
ular, the dark-coloured waste is characterized by coarser particles, with
Dj1oo and Dsp of 800 pm and 450 pm, respectively (Fig. 3). The light-
coloured residue shows a particle size distribution shifted to lower
values, having 70 wt% of particles smaller than 63 pm and values of Do
and Dsg of 250 pm and 150 pm, respectively.

3.2. Technological properties of porcelain stoneware batches

After milling, all batches show comparable results in terms of particle
size distribution (Fig. 4). In fact, differences between the various slips
fall within the uncertainty of measurement. These distributions fulfil the
granulometric range of industrial porcelain stoneware [59].

The technological behaviour of both green and dry tiles was not
significantly affected by waste addition (Table 4). All properties exhibit
values in line with the reference ones and any variation is within the
standard deviation of measurements.

3.3. Technological properties of fired specimens: granite waste from
magnetic separation (SD)

Gresification curves (linear shrinkage, bulk density, and water ab-
sorption as a function of firing temperature) are reported in Fig. 5 for the
different batches under study. Reference body shows an increasing
shrinkage till 1220 °C, at which corresponds a water absorption
complying to the standard requirement for porcelain stoneware tiles
(<0.5 % according to ISO 13006, Group Bla) [60] and a bulk density as
high as 2.37 g cm 3. The SD addition promoted sintering phenomena (as
already found by II'ina and Lebedeva, 2010) [36] and allowed an
increased densification for additions of 6-9% waste. A reduction of the
maximum densification temperature occurred already for 3 % waste,
and a temperature decrease of 20 °C was registered for 9 % waste. The
maximum densification was in all cases achieved for water absorption
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Fig. 4. Particle size distribution of slips with reference to the granulometric range of porcelain stoneware bodies (grey field). Effect of waste amount for A) magnetic

fraction SD; B) air cleaning dust SL.

Table 4

Technological behaviour of green and dry tiles.

Variable

Pressing springback Green bending strength Green bulk density Drying shrinkage Dry bending strength Dry bulk density
Batch cm/m MPa kg/m> cm/m MPa kg/m®
R 0.45 + 0.03 1.0+0.1 2.13 +£0.02 0.06 + 0.01 3.2+0.2 1.98 + 0.02
SD3 0.43 + 0.02 1.1+0.1 2.14 + 0.02 0.04 + 0.02 3.1+02 1.99 £ 0.01
SD6 0.48 £+ 0.02 1.0+0.1 2.13 + 0.02 0.06 + 0.01 3.0+0.2 1.98 + 0.02
SD9 0.45 + 0.01 1.0+0.1 2.15+0.01 0.05 +0.01 3.1+0.1 1.98 £+ 002
SL3 0.47 £ 0.01 1.0+0.1 2.14 +0.01 0.04 = 0.01 3.4+£02 2.00 +0.01
SL6 0.45 + 0.03 0.9+0.1 2.11 +£0.01 0.05 + 0.02 3.0+ 0.6 1.98 + 0.02
SL9 0.46 + 0.03 1.1+0.1 2.13 £ 0.02 0.05 £+ 0.02 3.2+0.1 2.00 £+ 0.02
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Fig. 5. Gresification curves of bodies containing the dark-coloured granite waste from magnetic separation: A) linear shrinkage and water absorption, and B) bulk

density as a function of firing temperature.
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Fig. 7. Microstructure of porcelain stoneware bodies with increasing content of
SD waste at maximum densification temperature.

lower than 0.5 %, so no clue emerged of anticipated overfiring [61].
However, the body expansion due to overfiring was more pronounced in
all the SD containing samples. In fact, the dimensional stability at high
temperature (calculated from gresification curves as the thermal inter-
val in which the linear shrinkage is within +0.05 % of the maximum
value) is broad for the reference body (30 °C) but distinctly shorter in
presence of waste (10-14 °C for 3-6% of SD addition and only 6 °C for 9
% SD).

The different firing behaviours above discussed reflects on the me-
chanical properties (Fig. 6). Regardless the bulk density achieved during
the firing process, the measured modulus of rupture decreased with the
addition of granite waste. In particular, the batch containing 9 % of SD
suffered from an important loss of mechanical strength. The reason
behind this detrimental effect must be searched in the microstructure of
fired specimens.

Comparing bodies fired at the maximum densification temperature,
typical microstructural features of porcelain stoneware can be observed
(Fig. 7): irregular pores (up to 150 pm) that derives from defects of
powder compaction along with rounded pores (diameter between 20
and 5 pm) that are the residual fraction left by gas trapping and pore
coalescence [62]. In accordance with the gresification curves, the
occurrence of waste favoured the sintering process: the porosity
observed in micrographs is decreasing from R to 9SD, with less frequent
larger pores.

The most interesting aspect that can explain the mechanical

Open Ceramics 19 (2024) 100651

Table 5
Phase composition at the temperature of maximum densification.
Batch R SD3 SD6 SD9
Optimal firing temperature 1220 1210 1210 1210
(9]
wt%
Quartz 241 + 23.4 + 235+ 239 +
0.5 0.1 0.4 0.1
Mullite 8.2+ 0.3 8.0+0.1 7.8+ 0.3 82+0.3
Plagioclase 4.0 +0.1 4.0+ 0.1 3.8+ 0.4 2.6 +0.1
K-Feldspar 1.2+0.1 1.2+0.1 1.0+0.1 04+0.1
Vitreous Phase 62.5 + 63.4 + 63.6 + 64.9 +
1.0 0.4 1.2 0.6

resistance is the microstructural heterogeneity furtherly introduced by
waste addition. Looking in detail, solid particles occur in the waste-
bearing bodies, as irregular fragments, light grey in colour, up to 200
pm in size (Fig. 7). They are remnants of the original dark-coloured
grains in the SD waste, consisting of biotite-chlorite that were decom-
posed during the firing process. However, both the layered structure and
the chemical signature of biotite are still preserved (Fig. 8). Similar
features were found in ceramic bodies containing the magnetic fraction
of alkali syenite [36] or raw granite [29]. These remnants probably play
as microstructural defects, promoting crack initiation under lower stress
[63,64], and so reducing the whole mechanical resistance of porcelain
stoneware tiles [65-67].

All the batches fired at the temperature of maximum densification
are characterized by a similar phase composition, consisting of a high

1180 °C

1200 °C

1210 °C

1220 °C

Fig. 9. Effect of waste
fired samples.
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Counts (a.u.)

012345678 910
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0012 3 456 78 910
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Fig. 8. Microstructural properties of 6 wt% SD samples at maximum densification; A-D) microstructure details and E-F) EDS elemental composition.
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Fig. 10. L*, a* and b* coordinates measured for SD containing samples.

Table 6
Colorimetric parameters of specimens fired at optimal firing temperature.
Batch R SD3 SD6 SD9
Optimal firing temperature 1220 1210 1210 1210
[§9]
L* 72.3+0.2 66.5 + 61.2 + 58.0 +
0.1 0.3 0.4
a* 1.62 + 233+ 2.88 + 3.14 £
0.03 0.05 0.04 0.04
b* 11.81 + 9.40 + 8.24 + 7.80 +
0.10 0.06 0.06 0.18
Cc* 11.92 + 9.68 + 8.73 £ 8.40 +
0.11 0.08 0.09 0.12
AE* 6.3+ 0.3 11.7 £ 14.9 +
0.3 0.6

amount of vitreous phase embedding mullite, quartz and feldspars
(Table 5). These compositions are fully comparable with those of com-
mercial porcelain stoneware tiles [68-70].

Going in detail, the amount of feldspars is slightly decreasing (and
the vitreous phase is slightly increasing) by increasing the waste addi-
tion. Nevertheless, the addition of waste instead of sodium feldspar
implies a different mineralogical composition of SD-bearing batches,
which are poorer in plagioclase (from 4 % in SD3 to 2.6 % in SD9)
compared to the benchmark. However, differences in the feldspar
amount are smaller in the fired bodies than in the raw batches, and this
let to suppose that the waste addition made feldspars slightly more
stable.

Although no diffractometric evidence of biotite or chlorite emerged
in the fired bodies, we can argue from SEM observations that their iron
content did not diffuse completely into the glassy phase, but largely
remained limited to the biotite remnants. Analogous observations have
been reported for ceramics containing granite residues [20,29]. This fact
has an impact on the colorimetric parameters and the appearance of the
fired bodies, which turn to be less and less homogeneous in colour as the

og [ 400
5.90 A A 39 sL
¥ 6%SL | 3.50
570 . W 9% SL
- 3 3.00
550
g 2.50
£ 5.30
£ 2.00
£
"
§5A10 L 150
£
= 4.90 1.00
1SO 10545-3
470 T T T T T T T T T T T T T T TN Rl T T T T T T T T T 0.50
-
4.50 0.00
1180 1190 1200 1210 1220 1230
A Firing temperature (°C)

Water absorption (%)

waste amount increased (Figs. 9 and 10).

Increasing the waste percentage led, as expected, to a progressive
darkening of the bodies, enhanced by firing temperature. For specimens
fired at optimal firing temperature, a relevant drop of L* (from 72 to 58)
and rise of AE* (from 6.32 to 14.91) is observed, not reflected in the C*
values that are surprisingly decreasing (Table 6). This occurred because
the yellow coordinate b* decreased, while the red coordinate a* slightly
increased. The non-linear dependence of the colour coordinates on the
SD additions is probably due to various factors, which could not be
quantified, such as the presence of iron oxide in localized spots (biotite
residues) or diffused in the vitreous phase [29,69]. The fact that not all
the iron oxide, added as waste SD, has diffused in the vitreous phase can
explain the firing behaviour, which is not affected by dimensional
instability and bloating to the extent that could have been foreseen
based on the iron content of the batch [5,71,72].

3.4. Technological properties of fired specimens: granite dust from air
cleaning (SL)

The presence of the dust from the aspiration system (SL) had a
different effect on gresification curves compared to the magnetic frac-
tion SD. The impact on the temperature of maximum densification or
that at which water absorption fulfils the standard requirement (<0.5
w/w%) is modest, being at most 10 °C below the reference body
(Fig. 11). Another repercussion of waste addition consists in a slightly
increased firing shrinkage, despite that the bulk density of dry tiles was
substantially the same. This may be explained by the slightly greater
bulk density of SL3 and SL6 fired tiles with respect to the benchmark,
with a shift of the maximum densification from 1220 to 1200 °C.
However, the observed behaviour does not scale with the waste content:
in case of 6SL, both firing shrinkage and water absorption are higher
than 3SL and 9SL.

An unusual trend for the mechanical properties was observed: the
addition of 3 % SL improved the modulus of rupture up to the
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Fig. 11. Gresification curves of bodies containing the light-coloured granite dust from air cleaning (SL): A) linear shrinkage and water absorption, and B) bulk

density as a function of firing temperature.
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density (B).

Fig. 13. Microstructure evolution with light waste content at maximum
densification temperature.

Fig. 14. Microstructural details of 6 wt% SL sample at optimal firing
temperature.

temperature of maximum densification. The further temperature rise led
to a drop in the modulus below that of the reference body (Fig. 12).
When the waste content was increased, the behaviour changed
completely and a clear loss of mechanical performance as a function of
firing temperature can be observed for SL6 and SL9, with no apparent
relation with the reference material. Anyway, all the evaluated samples
match the minimum requirement of standard ISO 13006.

Similarly, to the SD-based bodies, the reason of the mechanical
performance can be found in the microstructural properties [63] that are
shown in Fig. 13 for the samples fired at optimal temperature. The
addition of waste favoured the sintering process, reducing number and
size of pores, in agreement with the finer particle size of SL. At the same
time, the presence of spherical aggregates formed by finer particles can
be observed (Fig. 14). In the case of SL6, it is possible to see a larger
number of aggregates with respect to the other waste-based samples.

Table 7
Phase composition at the optimal firing temperature.
Batch R SL3 SL6 SL9
Optimal firing temperature 1220 1210 1210 1210
[§9)
Quartz 24.1 + 23.2 + 23.5 + 24.3 +
0.5 0.4 0.3 0.3
Mullite 8.2+ 0.3 8.1+0.3 8.2+0.1 8.2+03
Plagioclase 4.0 +£0.1 3.9+0.1 3.4+04 3.2+0.1
K-Feldspar 1.24+0.1 1.2+0.1 0.6 +£0.1 0.4 +£0.1
Vitreous Phase 62.5 + 63.6 + 64.3 + 63.9 +
0.1 0.4 0.9 0.1

Fig. 15. Effect of waste content and firing temperature in colour aspect of
fired samples.

Despite all batches were prepared following the same procedure, the
technological properties change non-linearly, making not easily pre-
dictable the effect of SL addition.

The batches fired at the temperature of maximum densification are
characterized by a similar phase composition, with amount of vitreous
phase higher than 62 % together with mullite, quartz and feldspars
(Table 7) and fully comparable with commercial porcelain stoneware
[68,70].

Also in the case of SL, the addition of waste led to a darkening of the
colour of tiles (Figs. 15 and 16) due to the progressive dissolution of
chromophores into the melt, enhanced by temperature increase [29] and
the slightly larger percentage of vitreous phase [69].

Colour changed as a function of SL addition, less than the SD-bearing
bodies, with L* decreasing (from 72 to 66) associated to a slight
reduction of the yellow coordinate b* and a slight increase of the red
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Table 8
Colorimetric parameters of specimens fired at optimal firing temperature.
Batch R SL3 SL6 SL9
Firing temperature 1220 1210 1210 1210
(Y]
L* 72.3+0.2 70.6 = 0.5 68.5+ 0.1 66.3 + 0.1
a* 1.62+0.03 237+0.13 2714005 3.79+0.04
b* 11.81 + 11.04 = 10.48 9.96 +£0.12
0.10 0.18 0.05
Cc* 11.92 + 11.29 + 10.83 + 10.43 +
0.11 0.08 0.12 0.09
AE* 3.1+04 5.8+0.2 7.9 £0.2

coordinate a* (Table 8).
4. Conclusions

The present study has investigated the reasons behind the defects
occurring in the production of porcelain stoneware tiles when granite
residues (magnetic fraction and dust from aspiration system) are used.
Although these materials are in principle compatible with porcelain
stoneware batches, their use in partial replacement of sodium feldspar
induced technical and aesthetic drawbacks (darker colour, speckling,
loss of mechanical strength) together with limited advantages (reduc-
tion in the optimal firing temperature of 10 °C). Not all the iron oxide
added by the magnetic fraction diffused in the vitreous phase formed
during firing. This had pros (less dimensional instability and bloating
than expectable based on the iron content of the batch) and cons
(unesthetic spots made of biotite remnants). On the other hand, the
introduction of discontinuity elements into the matrix affects the me-
chanical strength in two different ways. In the case of SD, the presence of
micrometric irregular particles may act as cracks initiator under flexural
tests, reducing the mechanical properties regardless the higher bulk
densification of the whole material. In this case, a further particle size
reduction may help to reduce this phenomenon and improving sintering.
For the dust from aspiration system, the origin of defects is more com-
plex. The tendency of fines to remain aggregated lead to the formation of
low compact elements that reduce the breakdown strength. At the same
time, the dispersion of dusts into the slurry during wet mill is not even
controllable without the addition of additives, avoiding the possibility to
predict final properties. In this case, an accurate tuning of rheological
properties is mandatory.
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