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Abstract:

The use of industrial by-products as substitute to conventional natural resources in ceramic
production is of interest from an environment preservation and solid wastes management. This
paper deals with the recycling of tailings from spodumene concentration during lithium production
(Quartz Feldspar Sand; QFS), for the production of porcelain and structural materials. The QFS
obtained from spodumene processing consisted mainly of quartz, albite, microcline with traces of
muscovite. Mixtures of QFS and standard porcelain ingredients were sintered at 1050-1200 °C at
50 °C intervals and their properties were compared with a conventional porcelain composition
prepared under the same conditions. Phase composition was assessed by XRD analysis using
Rietveld refinement. Tests such as water absorption, apparent density, sintering shrinkage,
compressive and flexural strength were used for physical comparison. The results showed that
higher densification was achieved at 1200 °C, with a drastic reduction of water absorption below
1%. A compressive strength of 40 MPa was obtained at 1050 °C in the composition made of 50
wt% QFS and 50 wt% kaolin, increasing to 85 MPa at 1100°C. The strength increase was attributed
to better glassy phase formation and mullite growth. The QFS was found to contain no hazardous
elements and showed promising sintering results, indicating its high suitability to substitute

conventional resources in the production of ceramic materials.
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1. Introduction

The concept of zero waste approach is gaining more and more interest due to the continuous
increase in the amount of industrial by-products generated annually, and the concomitant shortage
of some non-renewable natural resources used as feedstock materials for many industries (Ahmed
Dabwan and Rubaiah Bt. Che Jaafar, 2018; Fernandes and Ferreira, 2007; Guan et al., 2018;
Lassinantti Gualtieri et al., 2018; Saeli et al., 2019). Among these industrial by-products, lithium
mine tailings are expected to dramatically increase in the coming years, due to increasing demand in
lithium in the global market (Martin et al., 2017; Swiss Resource Capital AG, 2017; Tian et al.,
2018). The global production of lithium estimated as lithium carbonate equivalent was about
175,000 tons in 2015 according to Swiss Resource Capital AG 2017. This production is largely
driven by the rechargeable battery sector and is expected to reach 650,000 tons in 2025 and
1,000,000 tons by 2029 (Swiss Resource Capital AG, 2017).

Commercial lithium is derived from brine deposits or hard rock spodumene deposits (Meshram et
al., 2014; Swain, 2017; Swiss Resource Capital AG, 2017). Due to the relatively low lithium
content of about 6-7.5% LiO2 in natural spodumene (LiAl(SiO3)2,) (Aylmore et al., 2018), the
production of lithium from spodumene ore generates high volume of industrial by-products. For
instance, according to the definitive feasibility study report on lithium production from spodumene
ore of Keliber company, from an input of 600,000 tons/year of spodumene ore, about 11,000 tons of
lithium carbonate will be produced, the balance being mainly rock and mine wastes, of which
350,000 tons are spodumene tailings (Keliber, 2018). Therefore, it is obvious that the beneficiation
of these tailings is important to mitigate environmental impact and possibly lower the production
cost. From their geological origin, spodumene is found in nature in pegmatite deposits, which
comprises quartz, feldspars and micas as gangue minerals (Aylmore et al., 2018; Keliber, 2018;
Wang et al., 2018). Accordingly, these minerals will be present in flotation tailings from spodumene
concentration and a search for their beneficiation agrees with the concept of zero waste and the

sustainable reuse of resource (Burlakovs et al., 2018; Esmaeilian et al., 2018; Karhu et al., 2018;
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Veleva et al., 2017). Furthermore, concerns on depletion of feldspar deposits have raised interest
for an efficient use of feldspar minerals (Zhang et al., 2018).

Natural feldspars are valuable raw materials for manufacturing of porcelains (Danezan et al., 2018;
Sokolaf et al., 2017). Porcelain belongs to ceramics and are attractive materials for their outstanding
physical and chemical properties, which allow them to be used in a wide range of applications
including household, aeronautic, energy, optics or biomedical domains (Carty and Senapati, n.d.;
Danezan et al., 2018; Lerdprom et al., 2016; Soldati et al., 2018). Porcelains are typically made of
kaolin clay, feldspar and quartz, usually in the proportion of about 50:25:25 wt% (Owoeye et al.,
2018; Sokolar et al., 2017). Of these, clay is acting as plastic component, silica as filler and
feldspars as fluxing agents, and the desired properties are defined or optimized by an interplay
between raw materials, processing and firing conditions (Danezan et al., 2018; Giingér and Ay,
2018; Owoeye et al., 2018).

Demand for ceramic materials is increasing on daily basis (Owoeye et al., 2018), and the possible
use of mine tailings in the production of ceramics is also complying with the concept of circular
economy, an approach of economic growth that is in line with sustainability, environmental
preservation and economic development (Korhonen et al., 2018; Winans et al., 2017).

The aim of this study was to investigate the potential of valorisation of quartz feldspar sand rich
tailings (QFS) from lithium production for the development of structural and porcelain materials. A
commercial kaolin was used and combined with QFS and quartz in the defined ratios. The mixtures
were tested by heating to 1050, 1100, 1150 and 1200 °C. The obtained materials were characterized
by X-ray diffraction, thermogravimetry analysis, scanning electron microscopy, dilatometry
analysis, density and water absorption. These properties were compared with a standard porcelain
composition prepared under the same conditions using a commercial kaolin, a commercial feldspar

and quartz.



2. Experimental
2.1. Materials

The QFS used in this study was from spodumene processing during pilot production of lithium
hydroxide by Keliber Oy, Finland. A commercial kaolin, quartz and feldspar were purchased for the

study. The chemical composition of the starting materials is presented in Table 1.

Table 1. Chemical composition of QFS, kaolin and commercial feldspar (wt%)

SiO2  ALO3 Fe:O3; CaO MgO Na,O KO TiO: P;0Os MnO LOI

QFS 71.5 13.5 0.2 0.3 0.0 4.8 33 0.0 0.1 0.0 0.0

Kaolin 53.2 36.8 1.2 0.1 0.3 0.2 2.5 0.1 0.2 0.0 10.9

Commercial 70.8 17.0 0.1 1.3 0.1 6.6 39 0.1 0.0 0.0 0.1
feldspar

Quartz 99.3 0.3 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

The as received QFS with d50 of 171 um was ground for six hours in a ball mill to achieve a d50
below 10 um. The particle size information of the QFS and the different porcelain compositions

(see Table 2) is presented in Figure 1.
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Figure 1: Particle size distribution of QFS and referred compositions



2.2. Specimens preparation

Based on the phase composition of QFS (44% albite, 32% quartz, 11% microcline, 6 % muscovite
and 7% amorphous +unknown) determined in preliminary investigation, specimens from QFS and
kaolin were formulated to be close to the reference porcelain composition of 50 wt% kaolinite, 25
wt% feldspar and 25 wt% quartz. An appropriate amount of water was added to the mixture to
obtain a plastic paste which was shaped in rectangular 320 mm?® alloy molds (80x20x20 mm).
Based on the promising results on the mechanical properties obtained on the porcelain composition
at 1050 °C, the formulations S1 and S2 containing 80 and 90 wt% QFS respectively, which are not
porcelain compositions, were also prepared to assess their suitability for structural applications such
as building bricks. The heating rate was 5 °C per min, and the dwell time was 2 hours at the

maximum temperature. The details on the mixture proportioning are presented in Table 2.

Table 2: Mixture proportioning

Ref QFS (g) Quartz Kaolin Commercial Water Sintering
(® (2 feldspar (g) temperature
P1 (QFS50K50) 50 - 50 - 38
1050,
P2(QFS41Q9K50) 41 9 50 - 38 1100,1150
P3(Q25K50F25) 0 25 50 25 38 1200°C
S1(QFS80K20) 80 - 20 - 30
S2(QFS90K 10) 90 ; 10 : 25 1050°C




2.3. Characterization methods

2.3.1. XRD analyses

The starting materials and the prepared ceramics were ground in a RETSCH 200 vibratory disc
mill:1000tr/min for 3 min. The powdered materials were examined by X-ray diffraction using a
Rigaku Smartlab diffractometer, with a Cu K-beta radiation, step width of 0.02°, scan speed 4.0628
°/min, 20 range of 5-80°, operated at 135 mA and 40 kV. The quantification of the crystalline
phases was done using the Rietveld refinement method and 10 wt% rutile (TiO2) as internal

standard.

2.3.2. SEM/EDX analysis

The QFS and prepared ceramics were cast in epoxy resin for polishing. The samples were then
coated with carbon and analysed using Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX) (Zeiss Ultra Plus). Analyses were performed with a
backscatter electron detector with 15 kV acceleration voltage and the working distance was about

8.2 mm.

2.3.3. Compressive and flexural strength, water absorption and apparent density

The determination of the three-point flexural strength was performed using a Zwick testing machine
with a maximum load of 100 kN and a loading rate of 0.05 kN/s. The supports span was 40 mm.
The flexural strength (6) was determined using the equation below:

& =3FL/2bd"

Where: § is flexural strength in N/mm?; F is maximum load in N; L is supports distance in mm; b is
width of the tested beam in mm and d is height of the tested beam in mm.

The compressive strength was also performed using the Zwick testing machine, with a loading rate

of 2.4 kN/s. For each composition, at least three replicates specimens were tested, and the average



was regarded as the representative value of the strength. The error bar in Figure 8 indicates the
standard deviation between specimens.

The water absorption was determined by immersing the samples in deionized water for 24 hours
and the apparent density was determined using the Archimedes' principle according to SFS-EN

1936 standard.

2.3.4. Thermogravimetric and dilatometry analysis

Thermogravimetric analysis (TG) was performed with a simultaneous TG/DSC measurement in air,
using a NETZSCH STA 449F3 TG/DSC instrument at a constant heating rate of 5 °C/min. The
samples were heated from room temperature to 1200 °C.

The samples for dilatometry analysis were molded and cut to 8x8x10 mm and the determinations
were performed on a NETZSCH DIL 402 Expedis dilatometer. Prepared samples were heated in
two cycles: Firstly to 1200 °C at 5 °C/ per min, 2 hours dwell time, and secondly at 1200 °C, heating
rate 5 °C/ per min and 1-hour dwell time. The heating chamber was open ended, where a constant
flow of nitrogen (40 ml/min) was used as the purge gas to prevent unwanted gaseous/evaporated
matter getting into the measurement chamber, which was separate from the heating chamber where

the sample was put.

3. Results and discussion
3.1. Phase composition
The XRD spectra of the QFS, kaolin, quartz and commercial feldspar used for the preparation of the

porcelain compositions is presented in Figure 2.
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Figure 2: XRD spectra of kaolin, quartz, QFS and commercial feldspar

Kaolin contained mainly kaolinite (Al>Si2Os(OH)s, pdf. 04-013-2815), with trace of muscovite
(Ko.g Nao.2 Feo.os Alo.gs Siz.1010(OH)2, pdf. 04-012-1906) and quartz (SiO2, pdf. 04-014-7568). The
QFS was mainly composed of albite (Nag.9sCa0.02Al;.02S12.980g, Pdf. 04-017-1022), microcline
(KAISi130s, pdf 04-008-1783), quartz (SiO2, pdf. 04-014-7568) and trace of muscovite
(Ko.sNao.2Feo.05Al2.95S13.1010(OH)2, pdf. 04-012-1906). The commercial felspar contained albite
(Nao.98Ca0.02Al1.02S12.9808, pdf. 04-017-1022), microcline (KAISi30sg, pdf 04-008-1783), quartz
(S102, pdf. 04-014-7568), and trace of sodian anorthite (Nao30Cao.63Al1.63S12380s, pdf. 04-011-
6816), meanwhile the quartz presented only crystalline reflection of quartz mineral. The
mineralogical composition of QFS was in agreement with reported information for spodumene ores

(Aylmore et al., 2018; Kuang et al., 2018). It can also be noted that QFS presented some similarity



in the mineralogical composition with the commercial feldspar, suggesting it could replace
feldspars in some applications.
The XRD spectra of the sintered P1 (QFS50K50), P2 (QFS41Q9K50) and P3 (Q25K50F25) porcelain

compositions at 1050 and 1200 °C are presented in Figure 3.
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Figure 3: XRD spectra of compositions P1 (QFS50K50), P2 (QFS41Q9K50) and P3

(Q25K50F25), sintered at 1050 and 1250 °C

A reduction of crystalline reflections was observed when the material was sintered from 1050 to
1200°C and was attributed to the increase in the glassy (amorphous) phase content in the samples.
At 1050 °C, the crystalline reflections of porcelain like compositions were mainly made of albite,
mullite and quartz, while at 1200 °C, only mullite and quartz remained as crystalline phases. These
observations agree with reported results on porcelain like compositions (Danezan et al., 2018;
Gouvéa et al., 2015; Lerdprom et al., 2016; Lima et al., 2018). During the sintering of porcelain
compositions, kaolinite first decomposes to an amorphous phase, then to mullite around 900 °C, the
formation of the latter gradually increasing till 1100 °C before remaining stable between 1100 and
1200 °C (Glingor and Ay, 2018; Zanelli et al., 2003). The feldspars and quartz remain stable till

about 900 °C, temperature at which their proportions start to decrease with the increase in melting
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phase, the complete melting of feldspars occurring above 1150 °C (Zanelli et al., 2003). The lower
crystalline reflections of P1 observed in Figure 3 was attributed to a higher proportion of the glassy
phase.

The quantitative phase analysis of compositions P1, P2 and P3 at 1050 and 1200 °C determined

using the Rietveld refinement method is presented in Figure 4.
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Figure 4: Phase composition of referred compositions at indicated temperatures

The quartz and albite proportion were found to reduce in all the samples with an increase in the
sintering temperature, at variance to mullite and amorphous content. It was observed that albite had
completely reacted while a higher proportion of mullite (around 20%) was observed at 1200 °C for
all the compositions (Figure 4). However, at 1050 °C, specimen P1 presented the highest proportion
of mullite (about 16%), as result of a better sintering reaction of this composition at lower
temperature. In the three-axial composition of porcelain material (clay-quartz-feldspars), feldspars
are acting as fluxing agent during the sintering and favour the formation of liquid phase (Owoeye et

al., 2018; Sokolar et al., 2017). From the information presented in Figure 4, it could be deduced that
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QFS contributed well for the formation of the glassy phase, suggesting its suitability in the

replacement of commercial feldspars in ceramic formulations.

3.2 Microstructural analysis

Microstructural analysis was performed on QFS and polished sections of specimens treated at 1050
and 1200 °C. The QFS particles were found to be composed of separate mineral particles of albite,

microcline and quartz (Figure 5).
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Figure 5: SEM of QFS powder

Quartz contains about 46.74 wt% Si and 53.26 wt% O. Albite contains about 8.30 wt% Na, 0.76
wt% Ca, 10.77 wt% Al, 31.50 wt% Si and 48.66 wt% O. Microcline contains about 14.05 wt% K,
9.69 wt% Al, 30.27 wt% Si and 45.99 wt% O. Considering this information and that obtained

from XRD analysis, points 1, 2 and 3 were respectively ascribed to quartz, albite and microcline

(Figure 5).

Polished sections of P1 and P3 treated at 1050 and 1200 °C are presented in Figure 6.
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P1-1050°C

Figure 6: SEM images of P1 (QFS50K50) and P3 (Q25K50F25) at 1050 and 1200 °C

For the samples treated at 1050°C, relic of quartz and feldspar particles similar to the starting
materials with quite well-defined boundaries were clearly visible as result of minor solid-state
sintering reactions. No clear evidence of melting was observed compared to specimens treated at
1200 °C which presented a compact and dense microstructure because of well proceeded sintering
via partial melting of the materials. P1 also presented less quartz relics than P3, in agreement with
XRD analysis.

At higher magnification (Figure 7), samples P1 and P2 were well densified, presenting similar
microstructural features with the reference porcelain composition (P3). The microstructure images

showed relic of quartz particles. Some black shade features ascribed to porosity were also observed.
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Grey round shaped smooth pores, some containing tiny crystals, were from gas bubbles in liquid
state. Black and more ‘‘angular’” pores were mainly because of loosing of particles during
polishing. This is in agreement with reported studies on the microstructure of porcelain materials
which generally consists of mullite, undissolved quartz, glassy phase, and sometime residual

feldspar and porosity (Giingér and Ay, 2018; Owoeye et al., 2018).

: Relics of Quartz

Closed pores -_LElosed pore with

crystal of mullite!

Relics of Quartz

Figure 7: SEM images of P1(QFS50K50), P2(QFS41Q9K50) and P3(Q25K50F25) at 1200 °C

The presence of the relics of starting materials in porcelain formulation is linked to their initial
particle size, their chemical and mineralogical composition as well as the heating program. The
finer the particle size, the better the dissolution which remain low below 1200 °C (Giingdr and Ay,
2018). This means better dissolution may have been observed if the heating temperature was raised
above 1200 °C or the particle size of the materials reduced. Densification, resulting from the

formation of viscous liquid can start at different temperatures depending on the mineralogical and
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chemical composition as well as the particle size of starting materials. As the temperature increases,
some eutectic melts resulting from the reaction of feldspar particles and SiO» from the initial kaolin
can start to form at 990 °C, and will progressively fill the pores in the microstructure (Giingor and
Ay, 2018; Sokolai et al., 2017). The microstructure of P1, P2 and the referred porcelain
composition (P3) were almost similar, confirming the possible suitability of QFS for a use as raw

material for porcelain compositions.

3.3. Compressive and flexural strength

The compressive strength of the specimens is presented in Figure 8.
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Figure 8: Effect of sintering temperature on the compressive strength of P1 (QFS50K50),

P2(QFS41Q9K50) and P3 (Q25K50F25)

The compressive strength was found to increase with the investigated sintering temperature range
for compositions P2 and P3. Composition P2 presented a compressive strength of about 40 and 90
MPa at 1050 and 1200 °C respectively, while composition P3, the reference composition, presented
a compressive strength of about 20 and 75 MPa at 1050 and 1200 °C respectively. The trend of
strength increase with the sintering temperature was not observed for composition P1 which
presented its highest compressive strength (85 MPa) at 1100°C. The compressive strength of P1

then slightly decreased with the increase of the sintering temperature to about 70 MPa at 1200°C.
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The fact that P1 presented higher compressive strength at lower temperature indicates higher
generation of glassy phase at this temperature in comparison to other compositions. Furthermore,
one would expect higher strength at lower temperature with increased amounts of QFS. The
composition P1 presented 40 MPa compressive strength at 1050°C, temperature belonging to the
conventional temperature range for the production of conventional structural ceramics (Boltakova et
al., 2017; Dalkili¢ and Nabikoglu, 2017; Kulkarni et al., 2019). The 40 MPa strength developed at
this temperature also meet the requirement of most building materials including masonry bricks,
fired bricks and paving bricks subjected to light traffic (Al-Fakih et al., 2019; Kizinievi¢ et al.,
2018; Lemougna et al., 2011; Murmu and Patel, 2018; Taurino et al., 2017; Weishi et al., 2018),
suggesting QFS as suitable candidate for the development of structural ceramics, with possible
admixture of clays.

The flexural strength of the prepared materials at indicated temperatures is presented in Figure 9.

In this Figure, it is observed that the maximum flexural strength of the three compositions is about
30 MPa. The maximum value of flexural strength was below 35 MPa, the value usually used as
reference for porcelain compositions (Martin-Marquez et al., 2008). However, these values were
comparable to some reported values of flexural strength of porcelain stoneware treated at 1200-
1260 °C (Martin-Marquez et al., 2010). The lower value of the flexural strength may be attributed
to the absence of high pressing operation during the shaping phase. It is noted that the strength
evolution from 1050 °C to 1200 °C is not the same for the three compositions. The reference
porcelain composition presented a gradual increase of the flexural strength when the temperature
increased from 1050°C to 1200°C meanwhile the optimum flexural strength of P1 and P2, around

30 MPa, were obtained at 1100 and 1150 °C, respectively.
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Figure 9: Effect of sintering temperature on the flexural strength of P1 (QFS50K50), P2

(QFS41Q9K50) and P3 (Q25K50F25)

The flexural strength of porcelain composition is an important property, which is related to the
starting material composition and the processing conditions (Kitouni and Harabi, 2011; Martin-
Marquez et al., 2010; Owoeye et al., 2018). It is suggested that the amount and particle size
distribution of quartz grains significantly affect the mechanical strength of porcelain bodies. Indeed,
some internal stresses due to difference in thermal linear expansion coefficients between quartz and
the glassy phase, and alpha to beta quartz inversion around 573 °C negatively affect the strength.
On the other hand, quartz is taking part in the formation of the crystalline mullite phase and glassy
phase which are responsible of the development of mechanical strength (Kitouni and Harabi, 2011;

Martin-Marquez et al., 2008). Figure 9 showed that substitution of 9 wt% QFS with quartz

16



presented some positive effect on strength at 1150 °C. The optimal effect of quartz on strength can
then be achieved by a good tailoring of its percentage as well as its particle size in the porcelain
composition. The reduction of the flexural strength above 1100 °C for P1 and 1150 °C for P2
indicates that increasing quartz proportion may have increased the maturation temperature and

flexural strength.

34. Apparent density and water absorption

The water absorption and apparent density of prepared specimens at indicated temperatures is

presented in Figure 10.
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Figure 10: Effect of sintering temperature on water absorption and apparent density of
P1(QFS50K50), P2 (QFS41Q9K50) and P3(Q25K50F25)

The trend observed is a decrease of water absorption and an increase of the apparent density with

the increase of the sintering temperature. However, the values of water absorption and apparent
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density are varying in different ways for each composition, as highlighted for specimens sintered at
1100°C. The composition P1 containing 50 wt% QFS and 50 wt% kaolin had the lowest water
absorption, likely ascribed to the good fluxing effect of QFS which is in line with the SEM and
compressive strength results. The substitution of 9 wt% of QFS with quartz (i.e. sample P2) slightly
increased water absorption and the results of samples containing QFS were comparable to the
reference sample which presented slightly higher values of water absorption. At 1200 °C, the water
absorption values were about 0.2, 0.6 and 0.8 % for P1, P2 and P3, respectively, meanwhile
apparent density values were 2.5 g/cm® for P1 and P2 and 2.4 g/cm® for P3, values which are
comparable to those obtained in some reported studies on porcelain materials (Lima et al., 2018;
Owoeye et al., 2018). From these results, it can be deduced that increasing QFS beyond 50 wt% in
the mixture could help to increase the extent of sintering and reduce water absorption at 1050 °C,
with possible better mechanical performance. In porcelain processing, apparent density are found to
present similar behaviour as linear shrinkage (Martin-Marquez et al., 2008), increasing with the
increase in the sintering shrinkage. This corroborates with the reduction of water absorption with
increasing temperature, as well as the increase in densification with heating temperature observed in

microstructural analysis.

3.5. Dilatometry and thermogravimetric analysis

The dilatometry curves of the 3 compositions is presented in Figure 11.
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Figure 11: Dilatometry curves of P1(QFS50K50), P2(QFS41Q9K50) and P3 (Q25K50F25)

The three compositions remained relatively stable until about 900 °C, before starting to shrink
considerably until 1200 °C. Densification was marked by a sintering shrinkage with a final DL/LO
of 16-18%. During cooling, the change in length was only due to the recovery of thermal expansion,
and remained almost linear, with the coefficient of thermal expansion between 500 and 85 °C of
5.6, 6.7 and 7.1x10° K'! for P1, P2 and P3 respectively. These values are close to some reported
values on porcelains (Tarhan et al., 2017). Some defections in the curves were observed around 573
°C in both heating and cooling, due to the remaining quartz in the materials, and were more marked
for P2 and P3 containing higher amount of quartz.

The total sintering shrinkage at 1200 °C after the first heating cycle was 18.4, 17.9 and 16.6% for
P1, P2 and P3 respectively. These values were close to the reported value of about 20% sintering

shrinkage of some porcelain compositions at 1200 °C (Lima et al., 2018).
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At 1050 °C, the sintering shrinkages of the three compositions were similar, around 2 %. It is worth
reminding that the specimen containing QFS presented a compressive strength of about 40 MPa.
The lower value for sintering shrinkage observed at 1050 °C, coupled with the good mechanical
properties, is beneficial for the development of structural ceramics from QFS and kaolin around this
temperature. The sample P1 prepared with QFS was found to perform very well in densification,
suggesting QFS as suitable substitute for the replacement of feldspar and quartz in the production of
porcelains and other ceramic materials.

During the second heating cycles, the materials only expended almost linearly until 1200 °C and no
additional permanent shrinkage was observed. This dimensional stability suggests a possible use of
the materials for some refractory applications up to 1200 °C.

The TG curves of kaolin, QFS and porcelain compositions are presented in Figure 12.
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Figure 12: TG curves of kaolin, QFS, P1(QFS50K50), P2(QFS41Q9K50) and P3 (Q25K50F25)
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Kaolin was found to present a mass loss of about 11 % at 900 °C and no further mass loss was
observed until 1200 °C, while the porcelain compositions presented at 900 °C a mass loss of 5.9,
5.4 and 5.7 % for P1, P2 and P3 respectively; no further variations were observed until 1200 °C.
The QFS presented a mass loss of 1.3 % at 1200 °C, ascribed to the loss of residual adsorbed
atmospheric water and the dihydroxylation of the traces of muscovite. It is noted that the TG curves
of compositions prepared with QFS were comparable to the one of P3, the reference porcelain
composition. The values of mass loss of P1, P2 and P3 at 1200 °C are comparable to some reported
values on porcelains (Martin-Marquez et al., 2008), further confirming the suitability of QFS as
secondary raw materials for porcelain manufacturing.

The visual appearance of the prepared specimens at 1050 and 1200 °C is presented in Figure 13.
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Figure 13: Specimens sintered at 1050 and 1200°C

Colour is often considered for porcelain materials. Colour relies on the purity of materials including
kaolin which should contain no or only trace of impurities such as iron and manganese oxides. The
kaolin used in this study was not of very high purity grade, containing up to 1.2 wt% Fe>Os. This

iron impurity has reduced the whiteness of the materials, that presented a grey colour with a
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tendency to white. The white tendency was however more marked at 1200 °C for the reference
composition (P3), possibly due to the lower content of iron impurity in the commercial feldspar.
Hence, QFS is relatively clean, but contains colouring impurities so it could be used without
purification in applications where the highest whiteness is not required.

Based on these promising results at 1050 °C, a new set of compositions was designed (S1-2, Table

2) consisting of 80 and 90 wt% QFS, partly substituting kaolin, quartz and feldspar (Table 1).

3.6. Physical properties of compositions S1 and S2

The physical properties of compositions containing 80 and 90 wt% QFS treated at 1050 °C are

summarised in Table 3.

Table 3: Physical properties of compositions S1 and S2 treated at 1050 °C

Composition Compressive Flexural Water Apparent density (g/cm?)
strength (MPa) strength (MPa)  absorption (%)

ST (QFS80K20) 69+5 16.5+2.5 6.84+0.8 2.05+0.05

S2 (QFS90K10) 67 +3 17.5¢1.5 6.3+0.7 2.07+0.05

The most important engineering quality index for building materials such as bricks is the
compressive strength (Taurino et al., 2017). The compressive strength obtained for both S1 and S2
compositions (around 70 MPa) is above the requirement of 17-20 MPa for paving bricks subjected
to light traffic, as well as the one of most building materials (Murmu and Patel, 2018; Taurino et al.,
2017), suggesting high suitability of the QFS- based ceramics for structural applications. The
values of water absorption of S1 and S2 were 6.8 and 6.3 % respectively, well below 15%,
satisfying the requirement of the QFS based ceramics for building applications according to ASTM

standards C216 (SW).
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3.7. Environmental assessment of QFS

The results presented above clearly demonstrate that QFS is a very good candidate for quartz and
feldspar substitute in ceramic industry. All felsic mining tailings rich in quartz and felspars could be
suitable for mullite based ceramic materials as well. These tailings include molybdenum ore
tailings, gold ore tailings and quartz ore tailings (Karhu et al., 2018). However, since the
concentration of heavy metals and naturally hazardous elements may be higher in some tailings than
in the parent ore (Krivenko et al., 2017), their content need to be measured to ensure its
environmentally friendly suitability for the targeted use. The total concentration of heavy metals in
QFS, determined by ICP-OES method and compared with the threshold and guideline values of
some common harmful substances in soil as total concentration per dry matter is presented in Table

4.

Table 4. Concentration of metals in QFS and comparison with Finnish regulation

Total concentrations of metal in QFS Finnish Government Decree on the Assessment of Soil
[mg/Kg] Contamination and Remediation Needs 214/2007
Element Concentration Natural Threshold value Lower Higher
concentration [mg/Kg] guideline  guide line
[mg/Kg] value value
[mg/Kg] [mg/Kg]
As <5* 0.1-25 5 50 100
Cd <1* 0.01-0.15 1 10 20
Co <1* 1-30 20 100 250
Cr 2.12 6-170 100 200 300
Cu 1.09 5-110 100 150 200
Ni <2* 3-100 50 100 150
Pb <5* 0.1-5 60 200 750
Sb <20* 0.01-0.2 2 10 50
\' 1.27 10-115 100 150 250
Zn 3.51 8-110 200 250 400
Hg - <0.005-0.05 0.5 2 5

*Under the detection limit
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From information in Table 4, it can be deduced that QFS is an environmentally friendly material
and can be used as feedstock material in ceramic industry to fulfil the concept of zero waste and
circular economy, with related advantage on environment and sustainability. Another economic
advantage associated to the use of these tailings is their powder state (d50 of 171 um for received
QFS), which can allow savings from grinding energy. Therefore, the results obtained here are of
great interest for both sustainability and economy and could also help to valorise other type of

tailings in the manufacturing of ceramic materials.

4. Conclusions

The concept of zero waste is gaining more and more attention, driven by the need for more
sustainability and materials efficiency. The present study demonstrated that Quartz Feldspar Sand
tailings (QFS) from spodumene processing during lithium chemical production can be used as
feedstock materials for the development of porcelain and structural materials, with an advantage for
the mitigation of the depletion of feldspar resources. The properties of the porcelain materials
prepared with QFS were comparable to those of the reference porcelain composition prepared under
the same conditions and some reported values in the literature. Furthermore, QFS was found to be
environmentally friendly and suitable for the development of structural ceramics at temperature
around 1050 °C. Densification at 1050- 1200 °C resulted from the increase of the amorphous
content in the prepared compositions, with the disappearance of feldspar reflections and the increase
of mullite phase. Water absorption values ranged from 24% at 1050 °C to below 1% at 1200 °C,
with lower values obtained with specimens prepared with QFS. The compressive and flexural
strength were respectively in the range 20-95 MPa and 5-30 MPa. The dilatometry analysis showed
a comparable shrinkage curves within 25-1200 °C, with a total sintering shrinkage of 16-18 % after

the first heating cycle at 1200 °C. During the second heating cycle at 1200 °C, the materials
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remained relatively stable, with no sintering shrinkage and coefficients of thermal expansion
between 85 and 500 °C of 5.6, 6.7 and 7.1 x10°® K! for P1(QFS50K50), P2(QFS41Q9K50) and
P3(Q25K50F25) respectively, comparable to that of some porcelains. Compositions containing QFS
showed promising results in comparison to the reference composition (P3). The QFS was found
highly suitable to produce porcelains when the highest whiteness is not required. Aside from that,
the fact these tailings are in the powder form can allow some savings from grinding energy. The
overall results are of great interest for a sustainable use of resources and the valorisation of QFS and
similar tailings for porcelain and structural materials, complying with the concept of zero waste and

circular economy.
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