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A B S T R A C T   

Glass wool waste remains a challenging waste fraction with relatively little utilization prospects. The present 
study investigated the development of porous ceramic materials from glass wool waste and spodumene tailings 
mainly made of quartz feldspar sand (QFS), with 0.05–0.5% silica carbide (SiC) as a pore-forming agent. The 
formulated compositions were sintered at 950 ◦C and analyzed in terms of mechanical properties, phase 
composition, and microstructure using X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-ray 
micro-computed tomography. The results showed that a synergetic effect of glass wool and SiC started to be 
significant from 15 wt% glass wool and 0.05 wt% SiC, the strength reducing and the porosity increasing with the 
increase of SiC. The porous ceramics were largely amorphous, with compressive strength ranging from 5 to 30 
MPa while the water absorption and apparent density ranged from 2 to 10% and 0.7–1.2 g/cm3, respectively. The 
total porosity varied between 20 and 75%, and the wall thickness between 62 and 68 μm; besides, most of the 
prepared materials floated in water. These results are of interest for the repurposing of glass wool waste in the 
development of non-flammable lightweight materials for potential filtering or high-rise building applications.   

1. Introduction 

Owing to their low density and good thermal and chemical stability, 
porous ceramics have been widely used in many fields, including filters, 
catalyst supports, sound absorbing, and reinforcements of composites 
[1–5]. They have also been considered as good thermal insulating ma-
terials for high-rise buildings in comparison to organic insulators that 
presented some limitations associated with their flammability and easy 
aging [6]. The raw materials involved in the preparation of porous ce-
ramics can include both primary and secondary materials. Numerous 
processing techniques can be used to produce porous ceramics, and this 
includes freeze casting, 3D printing, chemical vapor deposition, molten 
salt, direct foaming, gel casting, organic foam impregnation, and the use 
of pore-forming agent [7,8]. As a foaming agent in this study, silica 
carbide (SiC), for instance, can be used at low percentage [9–11]. 
Generally, the raw materials used in the production of commercialized 

porous ceramics are mainly silica, titania, zirconia, alumina and silica 
carbide, which are relatively expensive and have limited application 
range [12]. However, with the need to mitigate the pressure on the 
limited primary resources, investigations into the potential use of waste 
streams in the development of porous ceramics has become a notable 
research topic [13–16]; some reported waste streams used in the 
development of porous ceramics include nickel smelting slag [1], kerf 
waste [17], soda-lime-silica glass [18], stone wool waste and recycled 
glass [9], coal fly ash and asbestos tailings [19], gold tailings [6], granite 
scraps [11], turmeric residue [20], and red mud [21]. Considering the 
interest of waste streams upcycling for an efficient use of resources, 
further research activities in this direction need to be pursued. 
Furthermore, the reuse of waste streams instead of landfilling is now 
encouraged by international regulations, with the aim to contribute to 
circular economy and sustainability [22–31]. 

The present study investigated the development of porous ceramics 
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from spodumene tailings, mainly made of quartz feldspar sand (QFS) 
and glass wool waste. Quartz feldspar sand is an industrial by-product 
from the production of lithium hydroxide or carbonate from spodu-
mene rock; it is estimated to generate approximately 350 000 tons per 
year in Finland [24,32]. Besides QFS, mineral wool is a common insu-
lating material used in construction [22,33–35]. The family of mineral 
wool mainly includes glass wool and stone wool. Glass wool is second in 
terms of volume produced, containing lesser CaO and Al2O3, but a 
relatively higher amount of SiO2 and Na2O in comparison to stone wool 
[36]. 

With the growing importance of thermal insulating materials in the 
field of construction, construction and demolition activities have 
generated an increasing amount of glass wool waste [9,22], estimated at 
about 800 000 tons per year in Europe [36–38]. 

Considering the relatively high amount of Na2O in glass wool (up to 
16 wt% in some cases) [36], it was used in this study as a fluxing agent to 
lower the sintering temperature of ceramics below 1000 ◦C. Indeed, 
many recent studies reported the preparation of porous ceramics at 
higher temperatures, namely 1100–1600 ◦C [6,8–10,13,39,40]; mean-
while, high sintering temperature remains problematic in terms of cost 
and energy demand. Hence, the aim of this study was to investigate the 
reuse of glass wool waste and QFS in developing potential building 
porous ceramics at a relatively low temperature (below 1000 ᵒC). 

Several compositions were prepared with QFS and glass wool with 
different amounts of SiC used as the high temperature foaming agent. 
The prepared porous ceramics were characterized by water absorption 
and density. X-ray micro-computed tomography and scanning electron 
microscopy (SEM), coupled with energy dispersive x-ray spectroscopy 
(EDX), were used to assess the effect of mix design on the microstructure 
and X-ray diffraction (XRD), differential scanning calorimetry (DSC), 
and thermogravimetric analysis (TGA) were used to provide insights on 
the phase assemblage of the raw materials and the prepared porous 
ceramics. 

2. Experimental 

2.1. Materials 

The QFS used for this study was obtained from Keliber Oy, Finland. 
The QFS was received in a moist state and dried in the oven at 60 ◦C for 
24 h prior to use. The glass wool waste used in this study was supplied by 
the Isover Billesholm company, Sweden. An analytical grade of alpha- 
phase SiC powder (Thermofisher, Germany) with 99.8% purity was 
used as a high-temperature foaming agent. The dried QFS with a median 
particle size of 171.5 μm was milled in a vibratory disc mill RS 200 
(Retsch, Germany) for 1.5 min at 1400 rpm. On the other hand, the as- 
received glass wool was ground in a laboratory ball mill (Germatec TPR- 
D-950-V-FU-EH, Germany) for 60 min at 82 rpm. The particle size in-
formation of ground glass wool and QFS, as determined by the laser 
diffraction technique (Beckman Coulter 13 320, Brea, CA, USA), is 
presented in Fig. 1. 

The chemical composition of QFS and glass wool determined by X- 
ray fluorescence (XRF; PANalytical Omnian Axios mAX, Malvern Pan-
alytical, Malvern, UK) is presented in Table 1. 

The loss on ignition (LOI) value for glass wool was about 7.4% 
(Table 1), ascribed to organic resin. In addition, there are some unde-
tected elements, mainly boron as is identified by inductively coupled 
plasma optical emission spectrometry (ICP-OES) analysis in a previous 
study [38]. 

2.2. Specimens preparation 

Specimens were prepared by dry mixing QFS with different amounts 
of glass wool and SiC at 500 rpm for 2 min, using an electric mixer (IKA 
Eurostar 20, Germany). A suitable amount of demineralized water was 
then added into the dried QFS/glass wool/SiC powder and further mixed 
and homogenized together for 5 min at 1000 rpm. The prepared slurry 
was casted in a cylindrical plastic mold of 25 mm diameter and 20 × 20 
× 80 mm3 alloy, vibrated using a jolting machine, and dried at 60 ◦C for 
24 h prior to the sintering operation. The dried specimens were then 
sintered in an electrical furnace at 950 ◦C, at a heating rate of 5 ◦C per 
minute and dwell time of 2 h. The choice of the sintering temperature 
was based on the preliminary experiment. The details on the mixture 
proportioning is presented in Table 2. The amount of glass wool was 
limited to 20% based on preliminary experiments. Indeed, higher 
amounts of glass wool led to material melting at 750–850 ◦C, while SiC 
was only effective as a pore-forming agent around 950 ◦C. 

Fig. 1. Particle size curves of ground QFS and glass wool.  

Table 1 
Chemical composition (wt.%) of glass wool and QFS.  

Samples SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 LOI 

QFS 77.5 13.5 0.2 0.3 0.0 4.8 3.3 0.0 0.1 0 0.1 
Glass wool 63.8 1.6 0.5 8.4 1.8 16.9 0.5 0.1 0.2 0.7 7.4  

Table 2 
Mixture proportioning.  

No Code (QFS) 
(g) 

Glass wool 
(g) 

Silica carbide (SiC) 
(%) 

Water 
(g) 

1 Q80G20S0 80 20 0 27 
2 Q80G20S0.05 80 20 0.05 27 
3 Q80G20S0.1 80 20 0.1 27 
4 Q80G20S0.3 80 20 0.3 27 
5 Q80G20S0.5 80 20 0.5 27 
6 Q85G15S0.1 85 15 0.1 24 
7 Q90G10S0.1 90 10 0.1 24 
8 Q95G5S0.1 95 5 0.1 24 
9 Q100G0S0.1 100 0 0.1 22  
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2.3. Characterization methods 

2.3.1. Compressive, water absorption, and apparent density 
The compressive strength was performed using a Zwick testing 

machine (Zwick Roell Group, Ulm, Germany), with a displacement 
speed of 1 mm/s. For each composition, at least three replicated speci-
mens were tested, and the average was regarded as the representative 
value of the strength. The error bars added to the strength graphs 
represent the standard deviation between measurements. 

Water absorption was determined after samples were immersed in 
deionized water for 24 h in accordance with ASTM C642 [41]. The 
apparent densities of the sintered porous ceramic samples were 
measured using the Archimedes method in accordance with the EN 1936 
standard. 

2.3.2. XRD analyses 
The starting materials and the prepared ceramics were ground to 

powder and examined by XRD using a Rigaku Smartlab diffractometer, 
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. 

2.3.3. SEM/EDX analysis 
Broken samples were coated with carbon and analyzed using SEM- 

EDX (Zeiss Ultra Plus). Analyses were performed with both secondary 
and backscattered electron detectors, with 15 kV acceleration voltage 
and working distance of about 8.2 mm. 

2.3.4. Micro-computed tomography and specific area 
Desktop micro-computed tomography (Skyscan 1272, Bruker 

microCT) was used to determine the average porosity, detailed 

Fig. 2. XRD of the starting materials.  

Fig. 3. SEM images of glass wool and QFS.  
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distributions for wall, and pore thicknesses. The X-ray tube was set to 50 
kV and the generated beam was filtered with a 0.5 mm aluminum filter. 
Projection images with a pixel size of 5 μm were collected every 0.2◦

over 360◦ with an exposure time of 2.3 s and a frame averaging of two. 
Projection images were reconstructed with NRecon (v. 1.6.10.4 using 
GPUReconServer [1.6.10] as the reconstruction engine, Bruker 
microCT). To remove artifacts, the following settings were applied 
during reconstruction: ring artifact correction (2) and beam hardening 
correction (20%). Morphological analysis was performed with CT Ana-
lyser software (Version: 1.17.7.2). To keep analysis times reasonably 
short, a cylindrical volume of interest with diameter of 1250 pixels and 
height of 2000 pixels was selected for analysis. Images were first pro-
cessed with a Perona-Malik type anisotropic diffusion filter followed by 
binarization with global thresholding and despeckle (objects smaller 
than 50 voxels in 3D). Finally, binarized images were subjected to 3D 
morphometric analyses. 

The specific surface area of the porous samples was determined by an 
ASAP 2000 Micrometrics device, based on Brunauer–Emmett–Teller 
(BET) theory. Nitrogen molecules physically adsorbed on the solid 
sample surface were used to assess the surface area. 

2.3.5. TG/DSC analysis 
The TG analysis was performed with a simultaneous TG/DSC mea-

surement in air, using a NETZSCH STA 449F3 TG/DSC instrument at a 
constant heating rate of 5 ◦C/min. The sample was heated from room 
temperature to 1000 ◦C. 

3. Results and discussions 

3.1. Materials characterization 

The XRD patterns in Fig. 2 revealed that QFS was mainly made of 
quartz [(SiO2), pdf.04-014-7568], albite [(NaAlSi3O8), pdf 04-017- 
1022], microcline [(KAlSi3O8), pdf. 04-008-1783] and traces of 
muscovite [(KAl2AlSi3O10(OH)2), pdf. 04-012-1906]. Meanwhile, glass 
wool was amorphous, except for a few nanocrystalline phases ascribed 
to stainless steel, Fe–Cr (pdf number 00-034-0396), likely from the 
grinding operation (Fig. 2). 

The SEM micrographs of as-received glass wool show a fibrous 
structure (Fig. 3). Additionally, milling mainly reduced the length of the 
fibers, since many fibers conserved their circular shape. This is consis-
tent with some previous studies that showed that pulverization could 
dismantle the fibrous structure of glass wool [42]. The milling of glass 
wool is expected to improve the reactivity during sintering reactions due 
to better homogenous mixing at the green stage. The SEM image of 
milled QFS showed that the particles were angular and irregular in 

shape. 
The TG/DSC of glass wool revealed that glass wool loses about 8% of 

its mass around 550 o C (Fig. 4). This mass loss is ascribed to the presence 
of organic binder. Some exothermic peaks are associated with the main 
area of mass loss, likely ascribed to the burning of carbon chains from 
the organic binder. The endothermic peak that occurred around 700 ◦C 
is ascribed to the melting of glass wool. 

At variance, the TG/DSC of QFS showed that the material was rela-
tively stable with almost no mass loss till 1000 ᵒC [28]. 

3.2. Phase composition of the prepared porous ceramics 

The XRD patterns of the sintered porous ceramics are presented in 
Fig. 5. After sintering, the trace of muscovite crystalline reflections 
disappeared, but the other crystalline phases remained; however, the 
intensity of the crystalline peaks reduced, suggesting an increase in the 
amorphous content after sintering. Apart from the original crystalline 
phases from QFS, no new crystalline phases were observed. The increase 
in the amorphous phase in Q80G20S0.1 compared to Q100G0S0.1 is 
ascribed to the melting of glass wool at a lower temperature, that also 
induced the dissolution of some crystalline phases. The peak intensities 
were also observed to decrease with the increase in SiC content, indi-
cating that the presence of SiC possibly contributed to the increase in the 

Fig. 4. TG (%)/DSC (μV/mg) of glass wool.  

Fig. 5. XRD patterns of the prepared ceramics.  
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amorphous content. 

3.3. Microstructural characterization 

The effect of SiC on the microstructure of the prepared porous ce-
ramics is presented in Fig. 6. It could be observed that numerous pores of 
various sizes were distributed on the surface of all the prepared samples; 
both glass wool and SiC content influenced this. When the glass wool 

content was maintained at 20 wt%, only small pores were present in the 
samples without SiC (Q80G20S0). However, the addition of SiC resulted 
in the formation of larger closed pores. The pore size increased rapidly 
with the increase in SiC content. That is likely associated with the for-
mation of more gas, resulting in the dissociation of SiC above 900 ᵒC, 
according to equation (1) [11]. Smaller pores are formed first, then are 
connected to form large pores. 

Fig. 6. Effect of SiC on the microstructure of the prepared ceramics.  
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2SiC+ 7/2 O2̅̅̅̅̅̅̅̅̅̅̅ →
T > 900◦C 2SiO2 + CO2 + CO (1) 

Aside from that, when the amount of SiC was maintained at 0.1%, the 
reduction of glass wool content from 20 to 5% (Fig. 7) led to a reduction 
of the porosity. When the glass wool content was 5%, the formed liquid 
phase was too low to allow densification nor closed pores. At 10 wt%, 
the amount of glass wool favored densification but not closed pores. The 
amount of glass wool started to significantly affect the formation of 
closed pores from 15 wt%. Hence, a sufficient amount of glass wool was 

necessary to favor the formation of the glassy phase and the oxidation of 
SiC for the formation of closed porosity at 950 ᵒC. 

To better understand the pore properties, selected samples were 
imaged with micro-computed tomography and the porosity was 
analyzed in 3D. The results are presented in Fig. 8, Table 3, and the 
appendix. 

The total porosity increased from 20 to 75% and pore thickness from 
100 to 955 μm as the amount of SiC increased. However, the trend was 
not perfectly consistent. The wall thickness, on the other hand, remained 

Fig. 7. Effect of glass wool content on the microstructure of the prepared porous ceramics containing 0.1% SiC.  
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almost constant with an average value between 62 and 68 μm (Table 3). 
The total porosity was significantly increased with the addition of SiC, 
but remained relatively stable from 0.1% SiC on, albeit a sharp increase 
of pore thickness was observed with the increase of SiC from 0.3 to 0.5% 
(Fig. 8 and Table 3). In Fig. 8, the gray area represented the ceramic 
body while various colors (green, yellow and red) represented the pores 
depending on their size and depth. Pore thickness varied between 0 and 
780 μm for Q80G20S0, whereas a wider pore thickness distribution was 
observed in samples with SiC (0–2200 μm) (appendix). The large pro-
portion of open porosity may also be exploited for filtering applications 
as this could enable good water (or air) permeability [43,44]. Wall 
thickness varied from 0 to 160 μm for Q80G20S0, whereas samples with 
SiC had a wall thickness with wider distribution (0–220 μm) (appendix). 

Fig. 8. Micro-computer images of indicated compositions.  

Table 3 
Total porosity, closed porosity, pore, and wall thickness of indicated 
compositions.  

No Code Total 
porosity 
(%) 

Closed 
porosity 
(%) 

Pore 
thickness 
(μm) 

Wall 
thickness 
(μm) 

1 Q80G20S0 20% 18% 100 64 
2 Q80G20S0.05 61% 7% 408 68 
3 Q80G20S0.1 71% 7% 798 66 
4 Q80G20S0.3 69% 6% 653 63 
5 Q80G20S0.5 75% 7% 955 63 
6 Q85G15S0.1 56% 4% 284 62  
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An exception was found for Q80G20S0.5 which also had much thicker 
walls (0–360 μm) than other samples. Pore diameter and wall thickness 
play an important role on the mechanical properties; notably, smaller 
pore diameters and thicker pore walls are favorable for higher me-
chanical strength, often targeted for building materials from foam ce-
ramics, where both high porosity and good mechanical properties are 
desired [11,45]. 

In addition to micro-computer tomography, the BET specific surface 
area of all samples was performed, and the results were relatively low 
(below 1 m2/g). This indicates that the surface of the material at the 
nanometer-scale is relatively non-porous even though the structure is 
highly porous at micrometer to millimeter-scale as shown in the micro- 
computed tomography results. In addition, there might be closed pores 
that remain unreachable by N2 gas in the BET surface area detection. 

3.4. Physical properties 

The effects of SiC and glass wool content on water absorption and 
apparent density are presented in Fig. 9. The water absorption values 
increased with the increase in the SiC content up to 0.3%, and then 
remained almost constant between 0.3 and 0.5 wt%. A sharp increase in 
water absorption values (about 6%) was noticeable, especially when SiC 
content increased from 0 to 0.1 wt %; this was attributed to the increase 
in pore size of the samples resulting from the increase in SiC. The water 
absorption values are also consistent with the SEM results in Fig. 6. 
Besides, the apparent density decreased sharply with the increase in SiC 
content up to 0.1 wt%, and then remained almost constant from 0.1 to 
0.5 wt%. The apparent density decreased from 2.0 g/cm3 at 0 wt% SiC to 
0.7 g/cm3 at 0.5 wt% SiC. 

Meanwhile, the water absorption values decreased with an increase 
in glass wool content and were in the range of 0–18%. There was no 

significant difference in water absorption values in the samples con-
taining 0 and 5 wt% glass wool. This might be due to a lower formation 
of glassy phase as a result of lower glass wool content in the matrix. 
Increasing the glass wool to 10 wt% led to a sharp decrease in water 
absorption values, ascribed to its fluxing effect. Also, the water ab-
sorption value of samples containing 10 wt% and 20 wt% glass wool 
were similar, indicating that 10 wt% could be the optimum glass wool 
content to induce lower water absorption in case higher porosity is not 
targeted. Similarly, the apparent density decreased with the increase in 
glass wool and ranged from 0.9 to 2.3 g/cm3. The sample containing 20 
wt% glass wool presented the lowest apparent density (0.9 g/cm3), 
ascribed to a higher proportion of closed pores induced by glass wool. 
The bulk density depends on the total porosity, while water absorption 
could be influenced by pore size and/or pore type (open or closed) 
characteristics [11,46]. Playing on the mix design could then help to 
achieve materials with relatively high porosity, good mechanical prop-
erties, and low water absorption, becoming properties of interest for 
building materials from foam ceramics [11]. 

3.5. Mechanical properties 

The effect of SiC and glass wool content on the compressive strength 
of the prepared ceramics are presented in Fig. 10. The compressive 
strength of samples without glass wool were lower than those of the 
samples containing glass wool. The compressive strength increased with 
the addition of glass wool reaching values of 50 MPa with 10 wt% glass 
wool. Increasing the glass wool content above 10 wt% led to a significant 
decrease in the compressive strength. At 15 wt% and 20 wt%, the 
compressive strength values were 35 MPa and 5 MPa, respectively. 
Thus, the addition of glass wool was beneficial for improving the 
compressive strength only up to 10 wt%. 

Fig. 9. Effect of SiC and glass wool on the water absorption and apparent density.  

Fig. 10. Effect of SiC and glass wool on the compressive strength.  
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Conversely, the compressive strength of samples without SiC were 
higher than those containing SiC. The compressive strength decreased 
with the increase in SiC content. When the SiC content increased from 0 
wt% to 0.05 wt%, the compressive strength decreased from 30 MPa to 
10 MPa. A further increment in the SiC content to 0.5 wt% resulted in 
compressive strength of 5 MPa. Hence, it could be stated that the higher 
the SiC content, the lower the density and the lower the compressive 
strength. This observation is consistent with other reported studies on 
porous ceramics [47–49]. 

The effect of added SiC and glass wool content on the macrostructure 
of the prepared ceramics is presented in Fig. 11. As for the case of SEM 
images, it could be seen that the addition of SiC contributed to the in-
crease of the pore size, with the largest pores reaching 2 mm on samples 
containing from 0.1% SiC. With the increase of SiC from 0.1% to 0.5 wt 
%, no significant increase on the size of the largest pore could be 
observed. However, the number of largest pores increased, induced by 
gas released from the oxidation of SiC at a temperature above 900 ᵒC 
[11]. 

The addition of SiC also influenced the color of the prepared ceramic 
which tended to darken with the increase of SiC, likely ascribed to the 
SiC slightly darker color. 

In summary, for compressive strength, increasing glass wool was 
beneficial to a certain extent (about 10 wt%) after which the strength 
started to decrease. Meanwhile, increasing SiC content resulted in a 
decrease in the compressive strength, induced by the higher proportion 
of closed porosity. The compressive strength achieved in this study was 
in the range of 5–50 MPa, consistent with some previous studies on 
waste-based porous ceramics. For instance, 4–10 MPa compressive 
strength was achieved with porous ceramics prepared from fly ash, red 
mud, sodium borate, and sodium silicate [50]. The results obtained in 
this study showed that the addition of SiC and glass wool in the right 
proportion could improve the properties of some tailings-based porous 
ceramics. 

4. Conclusions 

This study demonstrated that industrial residues from mining in-
dustries (QFS) and construction and demolition waste (glass wool) could 
be suitable to produce porous ceramics with interesting properties. The 
high amount of alkali oxides in QFS and mainly glass wool (16 wt% of 
Na2O) was beneficial for the reactivity of these materials at a relatively 
low temperature (below 1000 ᵒC). The lower melting temperature of 
glass wool promoted the formation of glassy phase from about 700 ᵒC. 
However, the synergetic effect of glass wool and SiC in the formation of 
closed pores started to be significant from 15 wt% glass wool and 0.05 
wt% SiC. Increasing SiC beyond 0.1 wt% had little effect on the size of 
the largest pores. The physical and mechanical properties of the porous 
ceramics were observed to largely depend on the porosity. With 
increasing glass wool content, the water absorption and apparent den-
sity decreased. 

The mechanical properties of the porous ceramics ranged from 5 to 
30 MPa while the water absorption ranged from 2 to 10%. The density 
varied from 0.7 to 1.2 g/cm3. The total porosity varied between 20 and 
75%, and the wall thickness between 62 and 68 μm. The materials are 
not flammable and could be a good alternative for lightweight building 
materials for high-rise buildings. Future studies on water permeability 
and thermal conductivity, as well as the potential to functionalize the 
prepared porous ceramic for filtering applications, will be of interest. 
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