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A B S T R A C T

The recycling of industrial side streams is of interest for a sustainable use of resources and from an environ-
mental perspective. This paper deals with the reuse of copper slag and spodumene tailings in the development of
ceramic materials for potential application in construction. Copper slag included fayalite and magnetite as
crystalline phases while spodumene tailings (quartz-felspar sand, QFS) mainly consisted of albite, quartz and
microcline. Kaolin (10 wt%) was added as green strength increasing agent in some compositions and the pre-
pared formulations were sintered between 950 and 1150 °C at 50 °C intervals. The phase composition was
studied by scanning electron microscopy and X-ray diffraction using Rietveld refinement. Tests such as com-
pressive and flexural strength, water absorption, apparent density and freeze thaw cycles were used to assess the
material performances. The results showed that densification and strength development were mainly due to
partial melting of QFS particles at 1050–1100 °C, leading to water absorption in the range 0.5–7 %. At 1100 °C, a
high-performance compressive strength of 140 MPa was achieved with the formulation made fully of recycled
materials (50 wt% copper slag and 50 wt% QFS) suggesting its suitability for high strength demanding materials
such as load bearing bricks; values of ultrasonic pulse velocity and compressive strength of these ceramics
remained stable after 200 freeze thaw cycles, demonstrating their potential suitability as construction materials
in severe weathering environments. Additionally, the leaching test proved a good encapsulation of heavy metals
in these ceramics. These results are of interest for waste management and efficient use of resources.

1. Introduction

The generation of increasing amounts of industrial wastes and by-
products worldwide has raised many economic and environmental
concerns (Carneiro et al., 2018; Pan et al., 2018; Sarfo et al., 2017). One
of such industrial by-products is copper slag, generated at about 2.2–3
tons per ton of copper produced (Deng et al., 2019; Gorai et al., 2003;
Prem et al., 2018). The chemical composition of copper slag depends on
the type of the ore source and copper manufacturing process, but
usually consist of iron, silicon, aluminium and calcium oxides, in the
proportion range of FeO: 30–40%, SiO2: 35–40%, Al2O3: 0–10%, CaO:
0–10%, and Cu: 0.5–2.1% (Gorai et al., 2003). Lori et al., (Lori et al.,
2019) recently estimated the global production of copper slag to be
around 68.7 million tons per year. Considering population growth and
copper needs in many technical fields, this production is expected to
increase in the coming years (Schipper et al., 2018). The repurposing of

copper slag is encouraged because its accumulation was found to be
problematic in terms of pollution and wasting land resource (Deng
et al., 2019). Therefore, there has been increasing need to investigate
the recycling or valorisation of copper slag and several studies have
been undertaken.

Copper slag has been suggested to be potentially useful as catalysts
for mercury oxidation in coal combustion flue gas (Li et al., 2018),
oxygen carrying agent (Deng et al., 2019), abrasive agent for metal
surface treatment (Miganei et al., 2017), secondary raw material for the
extraction of iron (Kim et al., 2013) or iron-rich alloy (Sarfo et al.,
2017). The construction field has been suggested as an interesting field
for the recycling of large volume of industrial side streams (Kinnunen
et al., 2018; Klauber et al., 2011; Lemougna et al., 2017) and there has
been a substantial studies for possible reuse of copper slag in con-
struction products. For instance, Sharma and Khan (Sharma and Khan,
2017) observed that copper slag could be used as fine aggregates and
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substitute up to 60% of conventional sand, with some positive effects in
the reduction of the carbonation in self compacting concretes. Raja-
sekar et al., (Rajasekar et al., 2019) reported copper slag as suitable for
the replacement of sand in ultra-high strength concretes, with possibi-
lity to reach a compressive strength of 150 MPa in some compositions
prepared with 100% sand replacement by untreated copper slag.
Copper slags could also be classified as pozzolanic materials, the sum of
SiO2 + Al2O3 + Fe2O3 being above 70% as recommended by
ASTMC68, and has even been found suitable for a use as substitute in
cement clinker production (Gorai et al., 2003; Lori et al., 2019;
Mirhosseini et al., 2017; Shi et al., 2008).

However, to date, despite the availability of substantial information
on the possible ways for upcycling copper slag, only a small fraction is
being used as secondary raw materials, the rest being still dumped or
landfilled, raising many societal and environmental concerns (Singh
and Singh, 2019). Hence, further research and options need to be ex-
plored to enhance the use of copper slag as secondary raw material.
Partial substitution of clay by copper slag in ceramic bricks production
has been reported (Boltakova et al., 2017). Copper slag has also been
suggested as potential valuable material for glass and ceramic industry
(Sarfo et al., 2017). However, although some promising results were
achieved (Marghussian and Maghsoodipoor, 1999), only limited in-
formation on the reuse of copper slag for structural ceramics are
available, mainly for ceramics made from total or large fraction of in-
dustrial side streams. It is important to note that besides the advantages
on waste management and reduction in the depletion of virgin natural
resources (Baldassarre et al., 2019; Naidu et al., 2020; Taha et al., 2017;
Zhang et al., 2018), the reuse of industrial side streams in the pro-
duction of building ceramics could also provide environmental benefits
due to the absence of surface-excavated operations required in the
mining of natural resources (Islam et al., 2015; Puertas and Fernández-
Jiménez, 2003). Therefore, the development of waste-based building
ceramics would be relatively sustainable compared to conventional
building ceramics, provided the use of same or lower processing tem-
peratures and locally available wastes to minimize any transportation
costs.

The aim of this study was to explore the potential for reusing copper
slag in the development of structural ceramics for potential application
in construction, with low or no primary conventional natural resources.
Spodumene tailings and kaolin were used in the mix design.
Spodumene tailings was from lithium production and was used because
of its high content of feldspar minerals, expected to act as fluxing agent.
Kaolin was only used at 10 wt% in some compositions to favour ma-
terials binding at the green stage. Several compositions were prepared
and were sintered between 950 and 1150 °C at 50 °C intervals. The
resulting materials were characterized by X-ray diffraction and scan-
ning electron microscopy. Their potential suitability for building ap-
plication was assessed by the measurement of their compressive and
flexural strength, water absorption and apparent density. The freeze
thawing cycles, ultrasonic pulse velocity and leaching test were also
performed to better characterize the prepared materials.

2. Experimental

2.1. Materials

The copper slag used in this study was from Boliden Oy, Finland,
who produce about 400,000 tonnes copper slag/ year. The sample was
received in milled state from the company. The spodumene tailings
(quartz-feldspar sand, QFS) used in this study was obtained from
Keliber Oy, Finland. The kaolin used was from Sigma Aldrich. The
chemical composition of copper slag, spodumene tailings and kaolin,
determined by X-ray fluorescence is presented in Table 1. The as-re-
ceived copper slag, with an average median particle diameter (d50) of
15 µm was used without further grinding meanwhile the as received
QFS of d50 171 µm was ground in a tumbling ball mill (Germatec,

Germany) to achieve a d50 of 9 µm. It is important to note that the
powder state of copper slag was advantageous in terms of saving en-
ergy, as the sample was used as received, so needed no further grinding.

2.2. Samples preparation

The copper slag, QFS and kaolin were first dry mixed and then
wetted with an appropriate amount of water, then stirred until a
homogenous paste was obtained. The paste was then cast in rectangular
prism alloy moulds of 20 × 20 × 80 mm. The samples were left to dry
for 24 h at about 20 °C, then unmoulded and dried for 24 h at 100 °C
before thermal treatment. The use of kaolin in some of the mixes was
mainly to increase the green strength of the materials for easy handling
from the oven to the furnace. The materials were loaded at room
temperature in an ENTECH SF 6/17-8 electrical furnace, then heated to
final temperatures of 950, 1050, 1100 and 1150 °C, at a heating rate of
5 °C/min and 2 h dwell time at each final temperature. The prepared
ceramics were then allowed to cool down naturally in the closed fur-
nace. The details on the mix proportioning are presented in Table 2.

2.3. Characterization methods

2.3.1. XRD analysis
The copper slag, QFS, kaolin and sintered samples were powdered

and examined by X-ray diffraction using a Rigaku Smartlab dif-
fractometer, with a Cu K-beta radiation, step width of 0.02°, scan speed
4.0628°/min, 2θ range of 5–80°, operated at 135 mA and 40 kV.
Rietveld refinement method was used for the quantification of the
crystalline phases, using 10 wt% rutile (TiO2) as internal standard.

2.3.2. SEM/EDX analysis
Pieces of prepared ceramics were mounted in epoxy moulds. The

surface was then polished using polishing discs and coated with carbon
prior to SEM examination. Scanning Electron Microscopy (SEM) was
performed with a Zeiss Ultra Plus device. Analyses were performed with
secondary electron and backscatter electron detector, with 15 kV ac-
celeration voltage; the working distance was about 8 mm.

2.3.3. Compressive strength, water absorption and apparent density
A Zwick testing machine with a maximum load of 100 kN was used

for the compressive strength test. The loading rate was 2.4 kN/s. The
height of the samples was 20 mm and compressed surfaces
20 × 20 mm2. Three replicates specimens were tested for each com-
position and the average was considered as the representative value.
The error bars in Figures indicate the standard deviation between
measurements. The flexural strength was performed on the same Zwick
testing machine. The loading rate was 0.05 kN/s and supports span
40 mm. The flexural strength (δ) was determined using equation (1):

=δ FL bd3 /2 2 (1)

where: δ is flexural strength in N/mm2; 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.

Water absorption was determined after samples immersion in
deionized water for 24 h and apparent density, using the Archimedes'
principle according to SFS-EN 1936 standard.

2.3.4. Freeze thaw cycles and leaching test
The freeze thaw test was performed based on modified ASTM C

666/C 666 M standard (ASTM C 666/C 666 M – 03, 2008). The tem-
perature was ramped from 20 to −15 °C for 1.5 h and then a dwelling
time of 1 h, then ramped from −15 to 20 °C for 2.5 h and a dwelling
time of 1 h to complete a cycle. Measurements of the weight loss, ul-
trasonic pulse velocity and compressive strength were performed after
50, 100, 150 and 200 cycles.

The leaching test was performed following the EN 12457-2 standard
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(SFS-EN 12457-2, 2002) for copper slag and crushed ceramics, and
based on CEN/TS 16637-2 standard (CEN/TS 16637-2, 2014) for the
monolithic ceramics. For the latter, pieces of ceramic
20 × 20 × 80 mm of about 50 g were immersed in a vessel with 150 g
of demineralised water; the vessel was closed and left at 20 °C for
7 days. After this period, the eluate (solution recovered from the
leaching test) was collected and analysed by inductively coupled
plasma optical emission spectrometry, following SFS-EN ISO 11885
(SFS-EN ISO 11885, 2007).

2.4. Summary of the experimental plan

The sketch summarising the experimental plan is presented in
Fig. 1.

3. Results and discussion

3.1. Phase composition of the starting materials and the sintered ceramics

Fig. 2 presents the XRD patterns of QFS, copper slag and kaolin. The
crystalline phases of copper slag included fayalite (Fe2(SiO4)) pdf
number 04-007-9022 and magnetite (Fe3O4), pdf number 04-008-8145.
These crystalline reflections are consistent with those usually reported
in copper slag (Guo et al., 2018a, 2018b; Ma et al., 2018). Kaolin
consisted of kaolinite, with trace of muscovite and quartz. The crys-
talline phase of QFS mainly consisted of albite, quartz, microcline and

traces of muscovite.
Fig. 3 presents the XRD patterns of the sintered ceramics. The

crystalline phase of the reference sample S1(F100S0K0) composed of
copper slag without any addition included hematite and magnesio-
ferrite. These crystalline reflections were observed at 950–1150 °C.
However, the intensity of crystalline reflections of S1 at 950 °C were
slightly lower in comparison to those of S1 at 1100 and 1150 °C, due to
an increase in the intensity of the crystalline reflections of magnesio-
ferrite with the increase in the sintering temperature of copper slag. The
crystalline patterns of specimen S5 (50% QFS and 50% copper slag)
were found to mainly consist of hematite, magnesioferrite, quartz and
albite. At variance to the reference sample containing only copper slag,
the intensity of the crystalline reflections of specimen S5 were observed
to decrease with the increase in the sintering temperature from 950 °C
to 1150 °C, likely due to a decrease in crystalline reflection of quartz
and albite from QFS, as shown in Fig. 3a. The XRD patterns of specimen
S4 (F45S45K10) prepared with 10 wt% kaolin, 45 wt% QFS and 45 wt%
copper slag were like the one of specimen S5. So, it could be deduced
that only minor phases were formed from the addition of 10 wt%
kaolin.

In Fig. 3b, it was observed that the proportion of albite in specimen

Table 1
Chemical composition of copper slag, QFS and kaolin (wt%).

Samples SiO2 Al2O3 Fe2O3 FeO CaO MgO Na2O K2O TiO2 P2O5 MnO ZnO LOI at 950 °C

Copper slag 32.8 4.03 – 54.7 1.74 2.12 0.7 0.8 0.16 0.07 0.1 3.5 0.0
QFS 77.5 13.5 0.2 – 0.3 0.0 4.8 3.3 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

Table 2
Mixture proportioning.

Ref Fayalitic
(Copper)
Slag (g)

QFS (g) Kaolin (g) Water (g) Sintering
temperature

S1-(F100S0K0) 100 0 0 20

950, 1000,
1050, 1100° or
1150 °C

S2-(F90S0K10) 90 0 10 22
S3-(F68S22K10) 68 22 10 22
S4-(F45S45K10) 45 45 10 24
S5-(F50S50K0) 50 50 0 24
S6-(F22S68K10) 22 68 10 25

Fig. 1. Sketch of the experimental plan.

a: albite
mi: microcline
mu: mullite
q: quartz

k: kaolinite

f: fayalite
m: ma ne te

Fig. 2. XRD patterns of copper slag, QFS and kaolin.

P.N. Lemougna, et al. Minerals Engineering 155 (2020) 106448

3



S5 reduced from 29% at 950 °C to 4% at 1150 °C; the amount of quartz
varied in the same trend, reducing from 16% at 950 °C to 10% at
1150 °C. Meanwhile, the amount of the amorphous fraction increased
from 19% at 950 °C to 49% at 1150 °C. This increase in the amorphous
fraction is ascribed to a partial melting of some QFS particles, mainly
feldspars. These XRD results agree with previous study on copper slag
(Marghussian and Maghsoodipoor, 1999) and spodumene tailings
(Lemougna et al., 2019a, 2019b). In fact, it has been reported
(Marghussian and Maghsoodipoor, 1999) that upon heating copper
slag, magnetite (Fe3O4) oxidises and transform to maghemite (Fe2O3),
then to hematite with the same chemical formula (Fe2O3), but different
structure, according to equation (2).

Fe3O4(magnetite) → Fe2O3(maghemite) → Fe2O3(hematite) (2)

Aside from that, fayalite oxidises and transforms to hematite and
silica according to reaction (3); this was observed in the temperature
range 374–989 °C (Marghussian and Maghsoodipoor, 1999).

Fe2SiO4(fayalite) + 1/2O2 → Fe2O3(hematite) + SiO2 (3)

The absence of silica mineral peak in the XRD patterns of specimen
S1(F100S0K0) thermally treated at 950–1150 °C suggests its amorphous
character, agreeing with reported studies on copper slag (Marghussian
and Maghsoodipoor, 1999). In addition to hematite, magnesioferrite
was also observed in this study as newly formed crystalline phase re-
sulting from the heating of copper slag.

On the other hand, the increase in the amorphous content in spe-
cimen S5 (F50S50K0) from 19% at 950 °C to 38% at 1100 °C is con-
sistent with previous studies on spodumene tailings which were found
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Fig. 3. a) XRD patterns of specimens S1 (F100S0K0), S4 (F45S45K10) and S5 (F50S50K0) treated at indicated temperature; b) quantitative phase analysis of
specimens S1 and S5 at indicated temperature.
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to present sintering reactions with partial melting of phases and re-
duction of crystalline reflections when subjected to 1050 – 1200 °C
(Lemougna et al., 2019a).

3.2. Microstructural characterization

Fig. 4 presents the backscattered images of specimen S5(F50S50K0)
at 1050, 1100 and 1150 °C (Fig. 4A). Particles of the copper slag are
shown as quite white because of high Fe content, whereas particles of
QFS containing mainly Si and Al and are shown as different shades of
dark grey. Both S1 at 1100 °C and S5 at 1050 °C show porous and only
moderately sintered and slightly densified structure. In contrast, S5 at
1100 and 1150 °C shows highly sintered microstructure with white
copper slag particles encapsulated in dark grey densified matrix derived
from advanced melting of the QFS minerals, especially the feldspars.
The higher the temperature, the bigger the pores, likely due to the

coalescence of the smaller ones favored by the increase of diffusion
phenomena with increasing sintering temperature.

It is worth mentioning that the sintering shrinkage obtained from
measuring the specimen length before and after heating was about 9%
for specimen S5 after thermal treatment at 1100 °C. Albeit relatively
high, this value was comparable to that of some reported values on clay
and waste based building ceramics (Lima et al., 2018; Milheiro et al.,
2005; Rehman et al., 2020). With the increase on the sintering tem-
perature from 1100 to 1150 °C, the number of closed pores also in-
creased. Formation of high number of closed pores with increasing
sintering temperature was often associated to over firing (Schabbach
et al., 2012); these pores have induced the formation of a ceramic
matrix with reduced density and strength as shown in the compressive
strength section. The secondary electron images of specimen S5 at 1050
and 1100 °C and S4 at 1100 °C are presented in Fig. 4B. An increase in
densification is obviously observed when the sintering temperature rose

B)

S5-1050°C

100 m100 m100 m

PorosityPorosityPorosity

ClosedClosedClosed poresporespores

S5-1100°C

S5-1100°CS4-1100°C

100 m100 m100 m

50 m5050 m50 m50 m50 m

DenseDenseDense sinteredsinteredsintered
microstructuremicrostructuremicrostructure

DenseDenseDense sinteredsinteredsintered
microstructuremicrostructuremicrostructure

P r llyP r llyP r lly meltedmeltedmelted QFSQFSQFS

CopperCopperCopper slagslagslag par clespar clespar cles

A)

S5-1050°C

100 m100 m100 m

PorosityPorosityPorosity

100 m100 m100 m

ClosedClosedClosed poresporespores

S5-1150°C

100 m100 m

OpenOpenOpen porosityporosityporosity

S1-1100°C

100 m
Par allyPar allyPar ally MeltedMeltedMeltedQFSQFS

ClosedClosedClosed poresporespores

S5-1100°C

Fig. 4. A) Back-scattered electron image of S1 and S5 sintered at indicated temperature; B) Secondary electron image of S5 at 500 magnification (up) and S4, S5 at
1000 magnification (down).
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from 1050 °C to 1100 °C. It is also observed that S4 and S5 presented a
similar microstructure, showing compact matrix embodying relics of
crystalline phases. It can be seen that there was some closed pores but
no visible gaps or space at the boundaries of embodied relics, as results
of the presence of more advanced melted QFS phase. In ceramic pro-
cessing, the presence of closed pores is associated to the generation of
liquid phase at high temperature; the liquid phase wraps the voids
between particles and encloses the gas that lead to the formation of
closed porosity (Ge et al., 2019; Schabbach et al., 2012). The firing
program could be used to monitor the amount of formed liquid phase,
and consequently the physical properties (Lee et al., 2007; Schabbach
et al., 2012).

3.3. Compressive and flexural test

The results on the compressive strength of the different mixtures at
indicated temperatures are presented in Fig. 5A. At lower temperatures
(950 and 1000 °C) all the compositions presented lower values of
compressive strength, below 40 MPa. An increase in the compressive
strength was observed above 1000 °C sintering temperature. The
highest value of compressive strength was achieved with composition
S5 (F50S50K0) which achieved 85 and 140 MPa at 1050 and 1100 °C

respectively. Composition S6 (F22S68K10) presented a compressive
strength of about 70 and 95 MPa at 1050 and 1100 °C, while compo-
sition S4 (F45S45K10) achieved a compressive strength of about 70 and
85 MPa at 1050 and 1100 °C respectively. So, it could be deduced that
kaolin addition was not beneficial for strength development in the
studied temperature range. At 1150 °C, the compressive strength of the
specimens containing QFS was found to decrease, achieving lower value
of strength in comparison to their counterparts treated at 1050 and
1100 °C. The possible reason for the decrease is the excess formation of
closed pores arising from the melting of feldspar bearing phases from
QFS particles at 1150 °C, as shown in the microstructural analysis. It is
also noted that there was a lower variation in compressive strength for
compositions S1 (F100S0K0) and S2 (F90S0K10) when the temperature
increased from 950 to 1150 °C. This lower strength and lower variation
are ascribed to the absence of QFS fluxing particles in their composi-
tion. The flexural strength of referred compositions is presented in
Fig. 5B. Generally, the values of flexural strength increased between
1050 and 1100 °C, then decreased between 1100 and 1150 °C, fol-
lowing the trend observed for the compressive strength. The highest
value of the flexural strength (25 MPa) was achieved with specimen S5
at 1100 °C. The trend observed on the compressive strength results is
consistent with SEM analysis where high densified matrixes were ob-
served on specimens containing both QFS and copper slag, thermally
treated at 1100 °C.

The compressive strength is a very important engineering property
of building materials such as masonry bricks (Taurino et al., 2017). The
compressive strength of most of the compositions was above 20 MPa,
comparable to that of many materials suggested suitable for building
applications (Al-Fakih et al., 2019; Gavali et al., 2019; Murmu and
Patel, 2018) and meeting the minimum requirement of 20.7 MPa from
ASTM C62-99 standard specification for building bricks (ASTM C62,
1999). Furthermore, the specimen S5 (F50S50K0) which presented a
high compressive strength value of 140 MPa after sintering at 1100 °C
can find application in the field of high strength demanding materials
such as load bearing bricks where the average strength requirement
could reach 100 MPa (Shakir and Mohammed, 2013). It is worth
nothing that 1100 °C belongs to the common temperature range of
900–1200 °C often used in the sintering of clay and waste-based
building bricks (A. Nzeukou et al., 2013; Rehman et al., 2020;
Rukijkanpanich and Thongchai, 2019).

On the other hand, the flexural strength of 25 MPa for specimen S5
(F50S50K0) after thermal treatment at 1100 °C (about 3400 N breaking
load for 20 × 20 × 80 mm specimen) is also interesting for a potential
use of the formulated ceramics as roofing tiles. In fact, the ‘SFS-EN 1304
Clay roofing tiles and fittings-product definitions and specifications’
standard suggests a minimum of 600 N as breaking load for plain tiles,
900 N for flat interlocking tiles, 1000 N for under and over tiles and
1200 N for other types of tiles (SFS-EN 1304, 2013). Furthermore,
considering the firing temperature range of common fired tile of
1000–1200 °C (Alcântara et al., 2008; Fontes et al., 2019; Xu et al.,
2019), it could be deduced that the optimum composition studied here
could be of interest for the production of roofing tiles. The results ob-
tained here could then be considered as baseline for further investiga-
tion for this application.

Based on the results from compressive and flexural test, and the
primary objective of the study aiming at valorizing copper slag, samples
S3 (F68S22K10), S4 (F45S45K10) and S5 (F50S50K0) with relatively
high content in copper slag and good mechanical properties were
chosen for water absorption and apparent density.

3.4. Water absorption and apparent density

Fig. 6 presents the water absorption and apparent density of spe-
cimens S3, S4 and S5 as a function of the sintering temperature. The
water absorption is an important property for ceramics, often con-
sidered to optimize the firing cycles and obtain materials with optimal
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performances (Silva et al., 2017).
Overall, the water absorption was observed to decrease with the

increase of the sintering temperature, from about 24% at 900 °C to
below 1% at 1150 °C. At 950 °C, the values of water absorption were
about 15, 20 and 24% for S3, S4 and S5 respectively. It is seen that QFS
favoured higher values of water absorption at lower temperature but
contributed in the reduction of water absorption at higher temperature.
The lower value of water absorption of S4 in comparison to S5 at 950 °C
is likely ascribed to a better packing effect arising from kaolin addition
in sample S4. For all the specimens, the values of water absorption were
found to decrease with the increase of the sintering temperature and
were below 7% and 3% at 1050 and 1100 °C respectively. Specimens S5
and S4 presented water absorption values below 5% and 1% at 1050
and 1100 °C. Meanwhile, the values of apparent density increased with
the increase of the sintering temperature from 950 to 1100 °C. S4
(F45S45K10) was slightly denser in comparison to S5, with density
values varying from 2 g/cm3 at 950 °C to 2.5 g/cm3 at 1100 °C. The
specimen S5 presented a value of apparent density of 1.8 g/cm3 at
950 °C and 2.45 g/cm3 at 1100 °C. At 1150 °C a drop of apparent
density was observed for all the specimens. This drop of density was
due to an increase in pore formation in the matrix, resulting from the
partial melting of some QFS particles as shown in the microstructural
analysis. The trend observed for density and mechanical properties
suggests that the mechanical properties were substantially influenced
by the densification/porosity, consistent with some reported studies on
ceramic based on granite waste (Lu et al., 2018). The fact that water
absorption values remained below 1% for all the specimens at 1150 °C
indicates these specimens contained closed pores. The values of water
absorption of specimens treated from 1050 °C on were below 17%,
satisfying the requirement of water absorption limit prescribed in ASTM

C62-99 standard specifications for building bricks (ASTM C62, 1999).

3.5. Ultrasonic, freeze-thaw cycles and leaching test

The freeze thaw test was performed on specimen S5 (F50S50K0)
thermally treated at 1100 °C. The materials presented a good stability
after 200 freeze thaw cycles, with no weight loss and values of residual
compressive strength comparable to the initial values. Additionally, the
value of ultrasonic pulse velocity of S5 samples was about 4571 m/s,
comparable to those of some reported values of ultrasonic pulse velo-
city of 28 days cured inorganic polymer (geopolymer) containing waste
glass (Wang et al., 2016). The value obtained remained stable after 200
freeze thaw cycles, suggesting the prepared ceramics possess potential
to withstand severe weathering conditions.

The results on the leaching test are presented in Table 3. It is ob-
served that some heavy metals were present beyond the regulatory limit
in copper slag as well as crushed ceramics. This was also because the
crushed ceramics contained powder with fine particles that increased
the specific contact with the leaching solution. Additionally, the
crushing operation have broken structural bonds within the ceramic
matrix that has probably contributed to the release of metals in the
leaching solution. However, the best monolithic ceramics encapsulated
the heavy metals inside their matrix and presented a very low release of
elements once immersed in demineralised water. The results of the
analysis of the eluate solution are showing that the concentration of
arsenate in the eluate was about 0.086 mg/l for S5 treated at 1050 °C
but was below the detection limit for the same specimen treated
1100 °C. This suggests that increasing the sintering temperature from
1050 to 1100 °C favoured the encapsulation of heavy metals. Indeed,
for monolithic products, the main mechanisms of substances release
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during the leaching test include dissolution, initial surface wash-off and
depletion (CEN/TS 16637-2, 2014). In view of the physical perfor-
mance of the prepared ceramic, the initial surface wash-off is likely to
be the main mechanism that could be associated to possible releases.
The reduction of release with the increase of the heating temperature is
then likely to be associated to the increasing formation of glassy phase
or/and reduction of water absorption, the latter also reducing the
specific contact of the specimen with water. In this sense, grinding the
ceramics resulted to an increase of the solubility of some undesirable
elements (Table 3). However, since the monolithic ceramics are not
planned to be ground during their utilisation and considering their
high-performance compressive strength, freeze thaw resistance and
lower water absorption, it is obvious that the production of ceramics
from copper slag using this approach could be used to mitigate the
leaching of potential undesirable elements from the slag.

4. Conclusions

The recycling of industrial side streams is of interest for environ-
ment preservation and for sustainable use of resources. The present
study demonstrated that high performance ceramics could be prepared
from a synergetic use of spodumene tailings and copper slag.

The composition S5 (F50S50K0), containing equal weight of copper
slag and spodumene tailings presented the highest performance in
compression with 80 and 140 MPa compressive strength at 1050 and
1100 °C, respectively, and water absorption below 1% at 1100 °C.
Scanning electron microscopy and X-ray diffraction showed that
strength development was mainly ascribed to partial melting of QFS
particles at the optimum sintering temperature of 1050–1100 °C. At
1150 °C the mechanical properties decreased because of the formation
of bigger closed pores. The compressive and ultrasonic pulse velocity
tests proved the stability of the materials after 200 freeze-thaw cycles,
demonstrating their potential suitability as construction materials for
severe weathering environments. Additionally, the leaching test proved
a good encapsulation of heavy metals in the monolithic ceramics. The
powder state of copper slag and QFS is also an advantage in terms of
saving some energy for grinding. These results are of interest for en-
vironment preservation and sustainable use of resources. Future re-
search works on the possibilities to reduce the sintering temperature
while keeping good mechanical properties, as well as increasing the
green strength of the materials before sintering will be of interest to the
construction industry.
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