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a b s t r a c t

Concerns about the management of glass wool waste, approximately 800,000 tons of which are
generated annually in Europe, are increasing. To test the feasibility of incorporating this waste into
ceramic materials, this study examined the reuse of glass wool as a fluxing agent in the production of
clay- and waste-based building ceramics. Commercial kaolin clay and two industrial residues, namely
quartz-feldspar sand (QFS) and copper slag (CS), were selected as the precursors. Six compositions were
prepared, three samples containing glass wool and three counterparts without glass wool, and then
sintered at 750, 850, and 950 �C. The materials and prepared ceramics were characterized by employing
x-ray diffraction (XRD), scanning electron microscopy (SEM) coupled with energy dispersive x-ray
spectroscopy (EDS), differential scanning calorimetry (DSC), water absorption, apparent density, and
compressive and flexural strength tests. Interestingly, the results indicated that incorporating 10 wt% of
glass wool into the QFS, CS, and kaolin mixtures created ceramics with better physical, mechanical, and
microstructural properties. This was ascribed to the glass wool melting reactions observed from
approximately 700 �C. The QFS samples with glass wool and sintered at 950 �C achieved compressive
strength values as high as 117 MPa and water absorption percentages as low as 2%. However, the fluxing
effect of glass wool was less significant in the CS- and kaolin-based ceramics, likely due to differences in
their chemical composition, mineralogy, and particle-size distribution. The results of this study
emphasize the reuse potential of glass wool and other waste streams in building ceramics and could
contribute to improving the management of glass wool waste in line with social sustainability objectives.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Because concerns have increased over the environmental
impact and social consequences of industrialization, governments
and industrial companies are under pressure to effectively collab-
orate and implement practices and policies that will both promote
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these companies’ performances and also support environmental
preservation and well-being for future generations (Arbolino et al.,
2018; Awan, 2019; Awan et al., 2018). For instance, ceramic and
building industries have heavily relied on the use of non-
renewable, naturally occurring raw materials, such as silica,
quartz, sand, clay, limestone, and feldspar (Lassinantti Gualtieri
et al., 2018; Leonelli et al., 2001; Luz and Ribeiro, 2007). Since
these resources are non-renewable and have a high depletion rate
due to their excessive use, shortages are likely in the future.

To reduce the impact of industrialization on human vulnera-
bility, CO2 emissions, and environmental preservation, sustainable
approaches are necessary. Several have been proposed to address
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waste issues, including efficient waste management, waste recy-
cling, and reuse (Awan, 2019; Awan et al, 2018, 2019; Cheng et al.,
2021). In this context, one useful concept is industrial ecology,
which aims to “restructure the industrial ecosystem in ways of
managing and designing linear to closed-loop industrial production
and consumption system[s]” (Awan, 2019; Singh and Basak, 2018).
Implementing this concept may promote the reuse of many in-
dustrial residues with the potential to partially or totally replace
naturally occurring resources in the manufacturing of building ce-
ramics, with related environmental and socio-economic benefits
(Boltakova et al., 2017; Lemougna et al., 2019; Loutou et al., 2019;
Murmu and Patel, 2018). Notably, many waste streams have
recently been explored in the development of building ceramics,
such as wine industry waste (Taurino et al., 2019), construction and
demolitionwaste sludge (dos Reis et al., 2020), wastemarble sludge
(Munir et al., 2018), dredged sediments (Slimanou et al., 2020),
bottom ash (Ge et al., 2019), fly ash (Elavarasan et al., 2020),
sawdust (Cultrone et al., 2020), paper pulp residues (Mu~noz et al.,
2020), and slags from various metal smelting operations (Dondi
et al., 2010). Other potential raw materials include copper slag
(CS), lithium mine tailings, glass wool, and kaolin.

CS is an industrial residue generated from copper production,
the amount of which rises with the increasing demand for copper
(Singh and Singh, 2019). Producing 1 ton of copper generates about
3 tons of CS. On the global scale, approximately 24.6 million metric
tons of CS are generated annually (Gorai et al., 2003). CS has been
diversely applied as an abrasive material, alternative aggregates,
and cementitious materials (Al-Jabri et al., 2011). However, few
studies have examined the potential application of CS in ceramics,
possibly due to its relatively low alkali oxides and high iron content
(Liu et al., 2020). Iranian CS was used in the production of unglazed
ceramic floor tiles, and improved properties were found at sinter-
ing temperatures above 1000 �C (Marghussian andMaghsoodipoor,
1999). Similarly, waste CS was used to produce high-quality black
ceramic tiles at 1100e1200 �C (Liu et al., 2020). Although, the sin-
tering temperatures used in most of these studies were relatively
high (1000e1200 �C), resulting in high energy demands and pro-
duction costs.

Quartz-feldspar sand (QFS), otherwise known as lithium mine
tailings or spodumene tailings, is an industrial residue generated
from the spodumene ore concentration process (Lemougna et al.,
2019). The amount of QFS produced rises annually with the
increasing demand for and exploration of lithium for varied ap-
plications, including glasses, ceramics, rubbers, and energy storage
batteries (Hao et al., 2017; Martin et al., 2017). In Finland, approx-
imately 350,000 tons of QFS are expected to be generated in the
future (Keliber, 2018), and they could potentially be utilized as raw
materials for ceramics.

Kaolin is a clay-based material commonly used in ceramic
production. Natural kaolin is mainly composed of kaolinite, with
minor associated minerals such as muscovite and quartz (Alves
et al., 2017). Notably, most raw materials used for traditional
building ceramics contain some kaolinite, and the sintering tem-
perature usually varies between 950 and 1150 �C (A. Nzeukou et al.,
2013; Alves et al., 2016; Rukijkanpanich and Thongchai, 2019).
Hence, if the sintering temperature is reduced with the use of in-
dustrial waste such as glass wool, this will reduce the energy
consumption of the building ceramic industry.

Glass wool waste is an industrial residue primarily generated
from construction and demolition activities as well as the pro-
duction of glass wool (Lemougna et al., 2020a; V€antsi and K€arki,
2013; Yliniemi et al., 2018). Currently, there are 800,000 tons of
glass wool waste produced annually in Europe, with a significant
amount of it landfilled or unutilized, inducing high expenditure
costs for both the construction and demolition industry and glass
2

wool producers (Lemougna et al., 2020c; V€antsi and K€arki, 2013;
Yliniemi et al., 2018).While glass wool and stonewool belong to the
group known as mineral wool, they have different chemical com-
positions (Yliniemi et al., 2016). Glass wool has higher SiO2 and
Na2O compared to stone wool, and its chemical composition is
similar to that of many waste glasses used as fluxing agents in
ceramic production (Luz and Ribeiro, 2007; Matteucci et al., 2002;
Silva et al., 2017; Tucci et al., 2004). The amount of Na2O in glass
wool can reach 16 wt% (Yliniemi et al., 2019). Based on this, glass
wool waste may have beneficial applications in ceramics.

In this line, a recent study has demonstrated that glass wool can
potentially act as a fluxing agent in the manufacturing of building
ceramics when combined with spodumene ore tailings (Lemougna
et al., 2020c). However, to achieve lower sintering temperatures
and, consequently, lower production costs for building ceramics,
further investigations are needed on using glass wool in ceramic
processing for both clay- and waste-based materials. Moreover,
while fiscal policies can encourage the reuse of wastes and imple-
ment cleaner production approaches (Awan et al., 2018), they must
be supported by experimental results on materials processing and
technical innovation to do so.

This study experimentally investigated the reuse of CS, QFS, and
glass wool in building ceramics as well as the fluxing effect of glass
wool in both clay- and waste-based building ceramics. This process
complements sustainability objectives and could provide an alter-
native to waste landfilling, thus complying with the EU directive on
waste management (European Union, 2009). Formulated compo-
sitions from CS, QFS, and kaolin containing glass wool and their
counterparts without glass wool were sintered at 750, 850, and
950 �C. The phase composition was investigated with X-ray
diffraction (XRD), and the microstructural evolution was analyzed
using scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDS). The physical and mechanical
properties of the sintered materials were also assessed.
2. Materials

2.1. Precursors

The QFS material used in this study was supplied by Keliber Oy,
Finland. The QFS was a by-product (e.g., quartz-feldspar tailings
formed from the spodumene ore concentration process). Because
the as-received QFS was moist, it was dried in an oven at a tem-
perature of 60 �C overnight before milling. The glass wool used was
supplied by ISOVER Saint-Gobain, Finland. To eliminate gasification
and other possible reactions of the organic resin during sintering, a
glass wool sample free of organic additives was collected from the
production line. The CS used was an industrial residue from copper
processing supplied by Boliden Harjavalta Oy, Finland. The com-
mercial kaolin was sourced from Sigma Aldrich. Table 1 shows the
chemical composition of the materials determined by X-ray fluo-
rescence (XRF). In addition to the oxide composition, the glass wool
also contained about 4% B2O3 (Yliniemi et al., 2016).

To increase the reactivity of the precursors, the as-received QFS
with amedian particle size (d50) of 171.5 mmwasmilled using a 10-L
ball mill chamber (Germatec, Germany) to achieve a d50 of 10 mm.
Similarly, the as-received glass wool was milled to achieve a d50 of
10 mm. However, both the CS and kaolin were not milled as they
were already in powder form; they were used as received. The
density of the precursors was measured with a helium pycnometer
(Micrometrics, USA). Fig. 1 contains the particle-size distribution of
the milled QFS and glass wool as well as the as-received CS and
kaolin, which was analyzed with a laser diffraction technique
(Beckman Coulter 13320, USA) following the Fraunhofer model.



Table 1
Chemical composition (wt.%), loss on ignition, and density of QFS, glass wool, CS, and
kaolin.

QFS Glass wool CS Kaolin

SiO2 77.5 63.3 32.8 53.2
Al2O3 13.5 1.5 4.03 36.8
Fe2O3 0.2 0.5 _ 1.2
FeOx _ 54.7 _
CaO 0.3 8.2 1.7 0.1
MgO 0.0 3.1 2.1 0.3
Na2O 4.8 16.5 0.7 0.2
K2O 3.3 0.5 0.8 2.5
TiO2 0.0 0.0 0.2 0.1
P2O5 0.1 0.2 0.07 0.2
MnO 0.0 e 0.1 0.0
LOI at 950 �C 0.0 e 0.0 10.9
LOI at 525 �C e 0.06 e e

Density (g/cm3) 2.7 2.5 3.8 2.8

Fig. 1. Particle-size distribution of kaolin, CS, QFS, and glass wool.
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2.2. Sample preparation

Three samples were prepared by adding 10 wt% of milled glass
wool to kaolin, QFS, and CS. The choice of 10 wt% was based on the
results of preliminary experiments and other studies related to the
use of waste glass as a fluxing agent in ceramics (Andreola et al.,
2008; Matteucci et al., 2002; Raimondo et al., 2007; Tucci et al.,
2004). Table 2 presents the details of the mix design. The content
of alkali elements (Na and K) or the fluxing agent was higher in the
compositions containing glass wool. In these compositions, the
weight percentages of (Na2Oþ K2O)were about 9.0%, 4.1%, and 3.5%
for C4(QFS90GW10), C6(K90GW10), and C5(Cu90GW10), respec-
tively. The samples were mixed using a high-shear mixer (IKA
Table 2
Mix design. Sample ID abbreviation: QFS refers to quartz-feldspar sand, Cu to copper sla

QFS (g) CS (g) Kaolin (g) Glass wool (

C1(QFS100GW0) 100 0 0 0
C2(Cu100GW0) 0 100 0 0
C3(K100GW0) 0 0 100 0
C4(QFS90GW10) 90 0 0 10
C5(Cu90GW10) 0 90 0 10
C6(K90GW10) 0 0 90 10

*R2O ¼ Na2O þ K2O (alkali oxides).

3

Eurostar 20; IKA Staufen, Germany). The dry powders were first
mixed at 500 rpm for 2 min, then an appropriate amount of dem-
ineralized water was added and further mixed for 5 min at
1000 rpm until a homogenous paste was achieved.

Using the same procedure, three reference samples made of
kaolin, QFS, and CS were also prepared. The resulting paste samples
were then cast into an oiled rectangular prism mold (20 � 20 � 80
mm3) and compactedwith a jolting table (60 shocks,1 shock/s). The
casted samples were dried in an oven at a temperature of 60 �C for
24 h, and they were later demolded and further dried at 100 �C for
24 h. The hardened samples were then exposed to sintering tem-
peratures of 750, 850, and 950 �Cwith a heating rate of 5 �C permin
and a dwelling time of 2 h at each temperature.

2.3. Material characterization

2.3.1. XRD analysis
Themineralogical and phase compositions of the precursors and

produced ceramics were determined with a Rigaku Smartlab
diffractometer. The analysis was conducted at 135 mA and 40 kV,
using Cu K-beta radiation and a scanning rate of 0.02� 2q/step be-
tween 5 and 80�. The quantification of the crystalline phases was
completed by implementing the Rietveld refinement method with
10 wt% rutile (TiO2) as the internal standard. Fig. 2 displays the
mineralogical phases and amorphous content. The XRD analysis
showed that the main crystalline components of the QFS were
quartz [(SiO2), pdf.04-014-7568], albite [(NaAlSi3O8), pdf 04-017-
1022], microcline [(KAlSi3O8), pdf. 04-008-1783], muscovite
[(KAl2AlSi3O10(OH)2), pdf. 04-012-1906], and traces of spodumene.
This result was consistent with the parent material of QFS, which is
spodumene ore, commonly associated with quartz, micas, micro-
cline, and albite (Kuang et al., 2018). The CS consisted of fayalite
[(Fe2SiO4) pdf. 04-007-9022] and magnetite [(Fe3O4) pdf. 04-008-
8145]. The kaolin, on the other hand, consisted of kaolinite
[(Al2Si2O5(OH)4), pdf. 04-013-2815], muscovite [(KAl2Al-
Si3O10(OH)2), pdf. 04-012-1906], and quartz [(SiO2), pdf.04-014-
7568], while the glass wool was amorphous.

2.3.2. Hardened ceramic testing
To determine the influence of the glass wool and compare the

samples at different sintering temperatures, compressive and
flexural strength tests were performed using a Zwick testing ma-
chine (Zwick Roell Group, Ulm, Germany) with a maximum load of
100 kN and loading force of 2.4 kN/s. For each composition, the
average of four values was taken as the representative value of its
compressive strength, while the average of two values was taken as
its flexural strength value at each sintering temperature. The error
bars in the strength measurements indicate the double standard
deviation between the measured values.

A water absorption test was done on the sintered samples by
immersing them in deionized water for 24 h at room temperature
(approximately 23 ± 2 �C). The apparent density was determined
using the Archimedes principle in accordancewith the SFS-EN 1936
standard.
g, GW to glass wool, and K to kaolin.

g) Water (g) R2O/(SiO2þAl2O3) Sintering temperature (�C)

25 0.08 750, 850, 950
25 0.03
25 0.02
25 0.09
25 0.07
25 0.04



Fig. 2. XRD patterns of CS, kaolin, QFS, and glass wool.
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2.3.3. SEM-EDS analysis
The microstructure of the prepared ceramics was investigated

with SEM-EDS analysis (Zeiss Ultra Plus, Germany). Analyses were
performed on the fractured surfaces of the samples using a back-
scattered electron detector with 15 kV acceleration voltage and a
working distance of about 8.2 mm.
2.3.4. Thermogravimetric analysis and differential scanning
calorimetry (TG/DSC)

The TG/DSC measurement was obtained 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 1000 �C in an
air atmosphere.
3. Results and discussion

3.1. TG/DSC analysis

The TG/DSC analysis investigated the thermal behavior and
occurrence of possible sintering reactions in the studied materials.
Fig. 3 presents the results. The TG curve of CS revealed a nearly
constant mass in the temperature range of 24e350 �C, followed by
a marked mass gain from 350 to 1000 �C. The mass gain can be
attributed to the oxidation of fayalite to hematite and silica due to
the instability of fayalite in the oxidative atmosphere, as shown in
Equation (1). This was also supported by the XRD results, which are
presented in Fig. 4. The silica peak was absent in the XRD pattern,
probably because of its amorphous nature.
4

Fe2SiO4 (fayalite) þ ½ O2 / Fe2O3 (hematite) þ SiO2 (amorphous
silica) (1)

The exothermic peak at 800 �C in the DSC curve can be attrib-
uted to the transformation of magnetite to hematite (Marghussian
and Maghsoodipoor, 1999), as shown in Equation (2).

Fe3O4 ðmagnetiteÞ ��!600�700�C
g

� Fe2O3 ðmaghemiteÞ ��!900�1000�C
s � Fe2O3 ðhematiteÞ (2)

The TG curve of glass wool demonstrated amass loss of about 1%
from 24 to 400 �C, attributed to the evaporation of absorbed water.
A broad endothermic peak was noticeable around 670e900 �C in
the DSC curve, with the maximum endothermic peak occurring
around 700 �C, which can be ascribed to the partial melting of the
glass wool. This was followed by a small endothermic peak around
950e1000 �C, with the maximum peak occurring at 980 �C. This
was likely due to the melting of the more refractory components in
the glass wool or the onset of some solid-state reactions.

On the other hand, the mass loss of the QFS was below 1% at
1000 �C. A small depletion observed in the DSC curve around 573 �C
was attributed to alpha-beta quartz inversion.

The TG curve of kaolin presented a gradual mass loss from 24 to
500 �C, followed by an intense mass loss from 500 to 800 �C. The
endothermic peak observed at 500 �C was ascribed to the dehy-
droxylation of the kaolinite (Shishkin et al., 2020). The exothermic
peak at 950 �C was assigned to the beginning of mullite
crystallization.



Fig. 3. TG/DSC curves of CS, QFS, glass wool, and kaolin.
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3.2. XRD analysis of prepared ceramics

The samples sintered at 750 and 850 �C did not show major
phase changes and were not considered for XRD analysis. Fig. 4
presents the XRD patterns of the reference samples without glass
wooldC1(QFS100GW0), C2(Cu100GW0), and C3(K100GW0)dand
their counterparts containing glass wooldC4(QFS90GW10),
C5(Cu90GW10), and C6(K90GW10)dsintered at 950 �C.

Quartz, microcline, and albite phases were identified in the XRD
patterns of C1(QFS100GW0) and C4(QFS90GW10), consistent with
the mineralogy of the starting QFS (Fig. 2c). However, there was no
muscovite peak in the sintered samples, indicating their trans-
formation into an amorphous structure upon heating. No new
crystalline phases were formed in the sintered samples
C1(QFS100GW0) and C4(QFS90GW10).

Magnesioferrite and hematite were identified in the
C2(Cu100GW0) and C5(Cu90GW10) samples after sintering. The
crystalline phases identified in the precursor, magnetite (Fe3O4),
and fayalite (Fe2SiO4) had undergone oxidation during sintering at
950 �C and transformed into magnesioferrite and hematite. Previ-
ous studies on the use of CS in high-strength building ceramics and
5

tiles have also reported the formation of magnesioferrite and he-
matite after sintering (Lemougna et al., 2020b; Marghussian and
Maghsoodipoor, 1999). The newly formed magnesioferrite resul-
ted from the reaction between magnesium and formed hematite
upon heating the CS (Gyurov et al., 2011).

Quartz and muscovite were identified by XRD analysis in the
C3(K100GW0) and C6(K90GW10) samples, which is consistent with
the mineralogical composition of kaolin (Fig. 2b). The only excep-
tion was the appearance of mullite resulting from the decomposi-
tion of kaolinite. Indeed, kaolinite first decomposes around 750 �C
to an amorphous metakaolin (Obada et al., 2017). Metakaolin then
transforms into crystalline mullite from 900 �C (Lemougna et al.,
2019).

As shown in Fig. 5, the quantitative phase analysis revealed that
the amount of amorphous phase in the reference samples was
lower than that of their counterparts containing glass wool. This
was attributed to the lowmelting temperature of glass wool, which
increased the amount of amorphous material by dissolving some
crystal phases from the precursors upon heating. Likewise,
C1(QFS100GW0) only had 6% amorphous content, while the addi-
tion of 10 wt% glass wool in C4(QFS90GW10) resulted in 32%



Fig. 4. XRD patterns of C1(QFS100GW0), C2(Cu100GW0), C3(K100GW0), C4(QFS90GW10), C5(Cu90GW10), and C6(K90GW10) sintered at 950 �C.

Fig. 5. Quantitative phase analysis of the compositions: C1(QFS100GW0), C2(Cu100GW0), C3(K100GW0), C4(QFS90GW10), C5(Cu90GW10), and C6(K90GW10) sintered at 950 �C.
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amorphous content after sintering. Meanwhile, there was a 16%
reduction in quartz, 8% reduction in albite, and 8% reduction in
microcline content in C4(QFS90GW10) compared to
C1(QFS100GW0). These results are consistent with previous studies
that reported that the reduction of the crystalline reflections of
quartz and microcline was induced by the addition of Na2O (Ge
et al., 2019; Lassinantti Gualtieri et al., 2018), although this Na2O
was not from glass wool. Correspondingly, this decrease in albite
was likely due to the effect of glass wool, since pure albite can only
6

be decomposed at temperatures above 1000 �C (Feng et al., 2012).
Hence, the glass wool melted first because of its high Na2O content.
The melted phase then reacted with QFS minerals, partly dissolving
some of their constituents.

Similar behaviors were observed when glass wool was added to
CS. Upon heating, a decrease of 6%magnesioferrite and 9% hematite
was observed. The total amount of amorphous content was 39% in
C5(Cu90GW10) compared to 24% in C2(Cu100GW0). For the kaolin
samples, the crystalline phases of C6(K90GW10) decreased more
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than those of C3(K100GW0). The slight increase in the mullite
content of C6(K90GW10) may be due to the melting of the glass
wool since a large amount of mullite can only be formed at tem-
peratures above 1000 �C (Perumal et al., 2019).

Considering the formation of the amorphous phase induced by
the added glass wool, it could be deduced that the alkali oxides
present in the glass wool acted as effective fluxing agents. The ef-
fect was more significant for QFS than CS and kaolin, likely due to
these samples lower alkali oxide contents. Similar findings were
observed following the use of waste glass and other alkali-rich
compounds as fluxing agents (Ge et al., 2019; Wang et al., 2018).
For instance, one study found an increase in the amorphous content
when sodium carbonate was added as a fluxing agent to coal bot-
tom ash (Ge et al., 2019).
3.3. Mechanical properties of the ceramics

3.3.1. Compressive strength
The compressive strength of the green formulations after they

had dried in the oven at 100 �C was relatively low (below 1 MPa).
However, they could be handled without breaking or deformation
during demolding and transfer to the furnace. Hence, these com-
positions could be suitable for industrial processes using contin-
uous drying and firing facilities with conveyors, where they are not
subjected to high stress before sintering.

As shown in Fig. 6, the compressive strength of the prepared
ceramics increased alongside the sintering temperature. All refer-
ence samples without glass wool had lower strength values
compared to those with glass wool. Sintering C1(QFS100GW0) at
750 and 850 �C resulted in a low compressive strength of 2 MPa.
However, increasing the sintering temperature to 950 �C increased
the strength to 5 MPa. In contrast to C1(QFS100GW0), sintering
C4(QFS90GW10) at 750 and 850 �C increased its compressive
strength to 32 MPa and 55 MPa, respectively. Its strength was
further increased to 117 MPa at 950 �C. The high strength achieved
by C4(QFS90GW10) at 950 �C is attributed to the effect of glass wool
during sintering.

Moreover, the compressive strength of C2(Cu100GW0) was
about 10 MPa when sintered at 750 and 850 �C. However, sintering
at 950 �C resulted in a compressive strength of 29 MPa. The
Fig. 6. The compressive strength of the reference samples (solid line) and samples
containing glass wool (dashed line) as a function of sintering temperature.
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addition of glass wool to CS positively affected its compressive
strength, resulting in values of 45 and 60 MPa after sintering at 750
and 850 �C, respectively. An increase in temperature to 950 �C
raised the compressive strength to 75 MPa.

For the samples containing kaolin and glass wool, the
compressive strength at 950 �C was relatively low. However, the
positive effect of glass wool was still significant, since the
compressive strength of C6(K90GW10) was 12 MPa, about twice
the strength achieved by C3(K100GW0). The low strength of
C6(K90GW10) was likely because of the higher fineness of kaolin,
which probably needed more than 10 wt% glass wool to achieve
better performance. The strength results agree with previous
studies on ceramics incorporating glass cullet and other sources of
Na2O (Furlani et al., 2010; Ge et al., 2019; Phonphuak et al., 2016).
For instance, one study reported high mechanical properties
resulting from the fluxing effect of sodium carbonate in waste-
based ceramics from coal bottom ash (Ge et al., 2019). Hence,
glass wool waste could be repurposed as a source of Na2O to
enhance the mechanical properties of building ceramics at lower
temperatures. Overall, the mechanical properties of most compo-
sitions were above 20 MPa, satisfying the minimum requirement
for most conventional structural ceramics (ASTM C62, 1999;
Boltakova et al., 2017).
3.3.2. Flexural strength
Fig. 7 presents the flexural strength values of the samples.

Similar to compressive strength, flexural strength was found to
increase with the addition of glass wool. Likewise, this was attrib-
uted to increased liquid phase formation during the sintering
process. The higher flexural strength results agree with those of a
previous study that incorporated glass cullet into different clays
and paper sludge (Furlani et al., 2011). The highest flexural strength
of 20 MPa was obtained in C4(QFS90GW10) after sintering at
950 �C.

In addition to themechanical properties, the sintering shrinkage
of the samples containing glass wool was also notable. Sintering
shrinkage was determined by measuring the length before and
after sintering at 950 �C, and it was about 7% for C4(QFS90GW10),
2% for C5(Cu90GW10), and 1% for C6(K90GW10). Albeit relatively
high, the sintering shrinkage of C4(QFS90GW10) remained in the
Fig. 7. The flexural strength of the reference samples (solid line) and samples con-
taining glass wool (dashed line) as a function of sintering temperature.
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range often observed in the preparation of building ceramics (Lima
et al., 2018; Phonphuak et al., 2016; Rehman et al., 2020).

3.4. SEM-EDS

Fig. 8 presents the SEM images of the prepared ceramics sin-
tered at 950 �C. The SEM images of the samples containing glass
wool were noticeably different from those of the reference samples
without glass wool. The incorporation of glass wool enhanced the
densification of the ceramics. The SEM image of C1(QFS100GW0)
displayed a loose-sintered microstructure. The unreacted QFS par-
ticles were visible, with pores and interface present between the
particles. In contrast, the microstructure of C4(QFS90GW10)
appeared dense, with no interface between the particles, due to the
formation of themelting phase. The liquid phasewrapped the voids
around the residual particles and resulted in the formation of
closed pores. Hence, the addition of glass wool was responsible for
these differences between the QFS samples. The formation of
closed pores is consistent with the microstructures of ceramics
containing glass waste reported in the literature (Luz and Ribeiro,
2007).

The SEM image of C2(Cu100GW0) revealed the presence of
Fig. 8. SEM micrographs of the fractured surfaces of the r
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pores in the sample. An interface was visible between the unreac-
ted CS particles because of the poor sintering reaction. On the other
hand, the microstructure of C5(Cu90GW10) was partially densified
due to the added glass wool, which is consistent with the formation
of a low liquid phase, causing partial sealing of some slag particles.

The SEM image of C6(K90GW10) highlighted that the addition of
glass wool in the sample led to a lower amount of liquid phase
compared to its waste-based counterpart. The melted phase could
not correctly wrap up all the kaolin particles because of their high
fineness. Consequently, glass wool content above 10 wt% would
have probably had a better effect on microstructural densification.

Fig. 9 displays the EDS analysis results for randomly selected
points on the fractured surfaces of the reference samples and
samples containing glass wool at different sintering temperatures.
A closer look at the ternary plot revealed differences between the
elemental compositions of the reference samples and their coun-
terparts at 950 �C. The elemental composition of the matrix con-
taining glass wool changed as a result of glass wool/precursor
interaction, with an enrichment of Na in the samples containing
glass wool. This is consistent with the mix design shown in Table 2.

Comparing the results at 750 and 950 �C, the points were less
scattered when the samples were sintered at 950 �C. This could be
eference samples and samples containing glass wool.



Fig. 9. Ternary plots of SEM-EDS data showing the elemental composition of pure glass wool, the reference samples at 950 �C, and the samples containing glass wool at 750 and
950 �C.
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attributed to better dissolution and element diffusion at the
elevated temperature. The effect was less obvious in the QFS- and
kaolin-based samples, possibly because of the more homogenous
composition of these precursors at the microstructural scale.

Globally, the amount of glassy phase formed in the clay- and
waste-based ceramics was influenced by precursor composition
and sintering temperature. Although the kaolin contained a slightly
higher amount of K2O þ Na2O (4.1 wt%) in its bulk chemical
composition than the CS (3.5 wt%), the performance of the CS and
glass wool ceramics was better than those with kaolin and glass
wool. This result indicated that besides the chemical composition,
the mineralogy and particle-size distribution of both materials also
influenced their high-temperature interactions with glass wool.
Fig. 10. Water absorption percentages of the samples containing glass wool at
different sintering temperatures.
3.5. Water absorption and apparent density

Only the water absorption and apparent density of the samples
containing glass wool were considered due to the poor mechanical
performance of the reference samples. Fig. 10 contains the water
absorption results, which were observed to decrease within the
range of 0e35% as the sintering temperature increased. The water
absorption percentage of C4(QFS90GW10) decreased from 19% at
750 �C to 2% at 950 �C, C5(Cu90GW10) from 15% at 750 �C to 10% at
950 �C, and C6(K90GW10) from 34% at 750 �C to 29% at 950 �C.
Decreased water absorption percentages at increased sintering
temperatures were also reported in a study of ceramic tiles con-
taining 10 wt% of recycled PC and TV waste glass (Dondi et al.,
9

2009).
In accordance with the ASTM C62-99 (ASTM C62, 1999) speci-

fications for building bricks, the amount of water absorbed by



Fig. 11. Apparent density values of the samples containing glass wool at different
sintering temperatures.
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building bricks should not exceed 17% for them to be used in
extreme conditions. Hence, C4(QFS90GW10) and C5(Cu90GW10)
met these requirements after sintering at 950 �C.

The apparent density values of the samples containing glass
wool increased as the sintering temperature increased, and they
were found to be in the range of 1280e2250 kgm�3, as presented in
Fig. 11. Another study also reported increased density as the sin-
tering temperature increased in ceramics containing glass cullet (Lu
et al., 2016).
Fig. 12. Summary of the possible advantages and disadv
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4. Possible advantages and disadvantages of reusing glass
wool in building ceramics

This study demonstrated the feasibility of using glass wool in
building ceramics. Fig. 12 summarizes the possible advantages and
disadvantages of the practical implementation of such an approach.
The use of glass wool and other industrial residues in building ce-
ramics will eliminate the cost of landfilling. For instance, the
landfilling cost of soapstone waste was estimated to be 100V/ton
(Luukkonen et al., 2019). Crucially, reusing these industrial wastes
can also reduce environmental degradation and pollution. In
addition, the fluxing ability of glass wool can lower the sintering
temperature and, consequently, lower the production cost of
related ceramics. The impact could be notable since the fluxing
effect can be applied in the manufacturing of diverse building
ceramic components, including hollow bricks for high-rise
buildings.

Considering the possible benefits of pollution prevention pol-
icies that target social sustainability (Awan et al., 2018), the results
of this study could also contribute toward better policies for the
management and reuse of glass wool waste.
5. Conclusions

The paper investigated the feasibility of incorporating glass
wool as a fluxing agent in the production of clay- and waste-based
ceramic products prepared at 750, 850, and 950 �C. The results
showed that incorporating 10 wt% glass wool as a fluxing agent in
clay- and waste-based ceramics was beneficial for microstructure
densification and mechanical properties from approximately
700 �C. After sintering at 950 �C, the compressive strength values of
the reference samples without glass wool were 5 MPa, 29 MPa, and
antages of reusing glass wool in building ceramics.
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6 MPa for C1(QFS100GW0), C2(Cu100GW0), and C3(K100GW0),
respectively. These values increasedwith the addition of glass wool,
achieving 117 MPa, 75 MPa, and 12 MPa for C4(QFS90GW10),
C5(Cu90GW10), and C6(K90GW10), respectively.

The water absorption percentages of the samples containing
glass wool decreased as the sintering temperature increased,
ranging from 35% at 750 �C to 2% at 950 �C, the lowest values being
achieved in the QFS samples. Globally, the amount of glassy phase
formed in the clay- and waste-based ceramics was influenced by
the chemical composition of the precursors, sintering temperature,
mineralogy, and particle-size distribution.

The results provide insights into the feasibility of upcycling glass
wool as a fluxing agent in both clay- and waste-based building
ceramics. Future research directions include the durability of the
materials in different environments as well as a pilot-scale pro-
duction associated with a cost-benefit analysis. Initiatives to
implement better prevention policies for the management and
reuse of glass wool waste could also help achieve social sustain-
ability objectives.
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