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A B S T R A C T   

This paper deals with the synthesis and thermal stability of one-part metakaolin geopolymer composites con-
taining high volume of spodumene tailings (Quartz Feldspar Sand; QFS) and glass wool (GW). One of the ob-
jectives of the study was to prepare materials encompassing a maximum amount of waste streams with some 
potential thermal stability. Several compositions were prepared with sodium metasilicate anhydrous (Na2SiO3) 
wt.% of 0.5, 2.5, 5, 10 and 12,5. The one-part metakaolin geopolymer composites were cured at 60 ◦C for 24 h 
and the mechanical properties were assessed at 7 days and after post-heat treatment at 500, 750, 1000, 1100 or 
1200 ◦C. X-ray diffraction, dilatometry, scanning electron microscopy and thermogravimetry analyses were used 
to study the stability of the prepared geopolymer composites until 1100–1200 ◦C. The results showed that more 
than 20 MPa compressive strength could be achieved with metakaolin geopolymer composites containing only 
20 wt% of metakaolin. Metakaolin-GW geopolymer composites were stable up to 500 ◦C. Meanwhile, their 
counterparts containing QFS were stable up to 1100–1200 ◦C; samples prepared with higher dosage of sodium 
(Na2SiO3 > 5 wt%) retained more than 50% of their initial strength after thermal treatment at 1100 ◦C. Inter-
estingly, for dosages of Na2SiO3 ≤ 5 wt%, more than 300% increase of strength was observed after thermal 
treatment at 1100–1200 ◦C. The use of QFS limited the thermal shrinkage at mild temperatures (<1000 ◦C), but 
favoured densification and strength development at 1100–1200 ◦C.   

1. Introduction 

Geopolymers or more broadly alkali activated materials could be 
defined as materials that enclose any binder system resulting from the 
reaction of solid or dissolved alkali metal source with a solid silicate 
powder [1]. These materials have gained acceptance and interest due to 
their excellent physical, mechanical and thermal properties [2–9]. One 
of the advantage of geopolymers over ordinary Portland cement (OPC) 
binders was found to be their superior thermal stability, with higher 
retention of strength after exposure to high temperatures [10–14]. 
Indeed, while OPC binders were observed to be seriously damaged after 
thermal exposure to temperatures above 500 ◦C [15], many geopolymer 
formulations were found to be relatively stable until 800–1200 ◦C 
[16–21], depending on the starting precursor and the type of alkaline 

reagent. In addition to the thermal stability, geopolymers also possess a 
potential for upcycling a wide range of aluminosilicate materials, either 
as precursors or fillers in their matrix [7,22–27]. It is worth noting that 
European and international regulations are now encouraging recycling 
and reuse of waste streams as secondary raw materials instead of land-
filling, in order to promote circular economy which aims to minimize 
waste and maintain as long as possible the value of products and re-
sources [28,29]. These potential secondary raw materials include 
spodumene tailings and glass wool waste. 

Spodumene tailings constitute an industrial side stream generated 
from the production of lithium hydroxide/carbonate from spodumene 
rock, the annual production of which was estimated to be 350,000 tons 
in Finland [30,31]. For the case of glass wool wastes, they are mainly 
generated from construction and demolition activities and glass wool 
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industry [32] and were estimated at 800,000 tons per year in Europe 
[33]. At variance to waste glasses that have been substantially studied as 
secondary raw materials for geopolymer or geopolymer composites [22, 
34–38], only limited studies [32,39] were carried out on glass wool 
wastes, despite their similarity in terms of chemistry and mineralogy 
with many studied waste glasses. Actually, as for the case of many 
studied waste glasses, glass wool wastes present an amorphous structure 
and SiO2, Na2O, CaO, Al2O3, and MgO as main oxide components 
[37–40]. Furthermore, there is a lack of information on the thermal 
stability and properties of geopolymers or geopolymer composites 
containing glass wool or spodumene tailings. It is worth pointing out 
that the thermal stability is an important aspect not only for refractories 
materials but also for building materials presenting some risks to be 
exposed to high temperatures during their life cycle [11,21]. 

One of our objectives was to prepare materials encompassing a 
maximum amount of waste streams with some potential thermal sta-
bility. Hence, the present study investigated the synthesis and thermal 
stability of metakaolin geopolymer composite containing high volume 
(~80 wt%) of spodumene tailings and glass wool. 

To avoid the risks associated with handling alkaline solutions, the 
ease of use of one-part geopolymer approach (“just add water”) was 
employed here to favor the practical application of the results [7,41,42]. 
The thermal stability of the synthetized materials was assessed by 
measuring the residual strength after thermal treatment at 500, 750, 
1000, 1100 or 1200 ◦C. Thermogravimetry and dilatometry were also 
performed to assess their thermal evolution. Scanning electron micro-
scopy and X-ray diffraction were used for phases analysis. The effect of 
particle fractioning and milling of spodumene tailings on the thermal 
stability was also assessed. 

2. Experimental 

2.1. Materials 

The metakaolin used in this study was Metamax metakaolin from 
BASF company. The spodumene tailings (quartz feldspar sand: QFS) 
material was obtained from Keliber Oy, Finland. Previous studies have 
shown that QFS was made of about 32 wt% quartz and 55 wt% feldspars 
[31]. The glass wool (GW) was supplied by ISOVER Saint-Gobain, 
Finland. The sample was pure GW without organic resins as an addi-
tive. The GW and QFS were milled for 1 and 2 h respectively in a tum-
bling ball mill (Germatec, Germany), Jar mill type TPR-D-950-V-FU-EH, 
85 rpm, 10L jar and 150 balls. For the milling operation, the jar was 
loaded with 2 kg QFS or 300 g of glass wool. The particle size distri-
butions of metakaolin, QFS, milled QFS and GW, determined by laser 
particle size analyser (Beckman Coulter LS 13,320) are presented in 
Fig. 1. The fraction below 90 μm of the as-received QFS was also 
determined by mechanical sieving and was observed to be around 40 wt 
%. The sieving operation of QFS was performed to reduce the amount of 
colouring impurity. 

The chemical composition of metakaolin, GW and QFS determined 
by X-ray fluorescence spectroscopy (XRF, Axios mAX; Malvern PAN-
alytical, UK) is presented in Table 1. It is worth pointing out that the two 
fractions of QFS (below and above 90 μm) were also analysed and were 
found to have approximately the same mineralogical and chemical 
composition. However, a small difference was observed in the iron oxide 
component of the two fractions, which was about 0.3 wt% in the fraction 
below 90 μm and 0.5 wt% in the fraction above. 

Fig. 1. Particle size distribution of the starting materials. 
Sodium metasilicate (Na2SiO3) with 44.7–47.6% SiO2 and 49.1–51.5% Na2O from ‘Alfa Aesar’ was used as alkaline reagent. 
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2.2. Specimens preparation 

The one-part geopolymer composites were prepared according to 
mix design in Table 2, by dry mixing the solid constituents. 

Considering our objective to enclose a maximum amount of waste 
streams, the amount of metakaolin was fixed at 20 wt% after some 
preliminary experiments. The amount of sodium metasilicate added in 
the dry mixtures led to a Na/Al molar ratio of 0.04, 0.2, 0.45, 0.93 and 
1.1; Na being from the sodium metasilicate powder and Al from meta-
kaolin. These amounts corresponded to weight percentages of sodium 
metasilicate of 0.5, 2.5, 5, 10 and 12.5 respectively. The water content 
was adjusted to keep similar consistency for the mixes. The slurry was 
stirred at 1000 rpm for 5 min and the obtained plastic paste was cast in 
20*20*80 mm3 (20*20*80 × 10− 9 m3) steel moulds and cured at 60 ◦C 
for 24 h, then unmoulded and left at room temperature in a curing 
cabinet (temperature of about 22 ◦C and relative humidity of about 
25%) for 6 days before mechanical testing. 

Additional samples (3′ and 3′′) using composition 3(Q75K20S5) were 
prepared with QFS <90 μm (3′) and milled QFS (3′′) in order to study the 
effect of milling and sieving QFS on the thermal stability of the geo-
polymer composites with identical mix designs. 

In order to assess the effect of exposure to elevated temperatures on 
the stability of the prepared geopolymer composites, part of samples was 
heated in an ENTECH SF 6/17–3 electrical furnace at 500, 750, 1000, 
1100 or 1200 ◦C, 5 ◦C/min heating rate and 2 h dwell time. The samples 
were then left to cool down naturally in the furnace. 

2.3. Characterization methods 

2.3.1. Compressive strength 
The compressive strength was performed using a Zwick testing ma-

chine, with a loading rate of 1.2 kN/s. For each composition, at least 
three replicates specimens were tested, and the average was regarded as 
the representative value of the strength. The compressive strength was 
measured on the prepared geopolymer composite samples as well as 
after their post heat treatment at 500, 750, 1000, 1100, and 1200 ◦C. 

2.3.2. XRD analyses 
The starting materials and the prepared geopolymer composites were 

powdered and examined by X-ray diffraction using a Rigaku Smartlab 
diffractometer, with a Cu K-beta radiation, step width of 0.02◦, scan 
speed 4.0628◦/min, 2θ range of 5–80◦, operated at 135 mA and 40 kV. 

2.3.3. SEM/EDX analysis 
Fractured samples were coated with carbon and analysed using 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDX) on a Zeiss Ultra Plus device. Analyses were per-
formed with a secondary electron detector with 15 kV acceleration 
voltage and the working distance was about 8.2 mm. 

2.3.4. TGA analysis 
The Thermogravimetry analysis (TGA) was performed with a 

simultaneous TG/DSC measurement in air, using a NETZSCH STA 449F3 
TG/DSC instrument at a constant heating rate of 5 ◦C/min. The samples 
were heated from room temperature to 1200 ◦C. 

2.3.5. Dilatometry analysis 
The dilatometry analysis was carried out on a NETZSCH DIL 402 

Expedis dilatometer. Prepared samples were heated to 1100 ◦C at 5 ◦C 
per min. Two heating cycles were applied to the measured samples, with 
2- and 1-h dwell time respectively for the first and the second cycle. The 
measuring chamber was separated from the heating chamber which was 
open ended and subjected to a constant flow of nitrogen (40 ml/min) as 
the purge gas to prevent unwanted gaseous/evaporated matter getting 
into the measurement chamber. The tested sample dimensions were 
roughly 10 × 5 × 5 mm3. A small constant force of 0.2 N (200 mN) was 
applied to the samples by the measuring probe to maintain contact 
during testing. 

3. Results and discussion 

3.1. Mechanical properties 

The compressive strength results of prepared geopolymer composites 
are presented in Fig. 2. The compressive strength increased with the 
addition of sodium metasilicate for both QFS and glass wool based 
geopolymer composites, reaching values above 20 MPa with 10 wt% 
sodium metasilicate (Na2SiO3). However, these values are low in com-
parison to those obtained with the same amount of activator with 
ground granulated blast furnace slag [42]. At 12.5 wt% sodium meta-
silicate, the QFS based geopolymer achieved 45 MPa. This trend was not 
observed for the GW based geopolymer composites where no significant 
increase in strength was observed with the increase of sodium meta-
silicate from 10 to 12.5 wt%. 

This difference in compressive strength is ascribed to the higher 
alkalinity induced by the increase of sodium metasilicate which fav-
oured higher extent of dissolution of metakaolin. Consequently, more 

Table 1 
Chemical composition (wt.%) of metakaolin, GW and QFS.  

Samples SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 MnO SO3 Other SUM 

Metakaolin 53.0 44.5 0.4 0.0 0 0.3 0.1 1.4 0.1 0 0 – 99.8 
QFS 77.5 13.5 0.3 0.3 0.0 4.8 3.3 0.0 0.1 0.0 0 – 99.9 
GW 63.4 1.9 1 8.3 2.5 16.1 0.6 0.0 0.0 – 0.2 6 100  

Table 2 
Mix design information.  

Ref QFS (g) GW (g) Metakaolin (g) Sodium metasilicate (g) Water (g) 

1 (Q79.5K20S0.5) 79.5 0 20 0.5 25 
2(Q77.5K20S2.5) 77.5 0 20 2.5 25 
3(Q75K20S5) 75 0 20 5 25 
4(Q70K20S10) 70 0 20 10 25 
5(Q67.5K20S12.5) 67.5 0 20 12.5 25 
6(G79.5K20S0.5) 0 79.5 20 0.5 40 
7(G77.5K20S2.5) 0 77.5 20 2.5 40 
8(G75K20S5) 0 75 20 5 40 
9(G70K20S10) 0 70 20 10 40 
10(G67.5K20S12.5) 0 67.5 20 12.5 40  
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geopolymer gel was formed and better strength was developed. For the 
case of metakaolin-QFS based geopolymers, the addition of sodium 
metasilicate mainly interacted in the metakaolin geopolymer matrix 
embodying the QFS particles, and possibly on the interfacial zone and 
surface of QFS particles. For the case of metakaolin-GW geopolymer 
composites, part of glass wool was also dissolved to form sodium silicate 
gel [39]. The low increase in the strength when increasing the amount of 
sodium metasilicate from 10 to 12.5 wt% for the metakaolin-GW geo-
polymer may be associated to the sensitivity to humidity of the sodium 
silicate gel from glass wool dissolution. Indeed, alkali activated glass 
wool was observed to present limited stability in water [39] and could 
be sensitive to the relative humidity of air in the curing cabinet which 
was about 25%. A possible other reason for the relative low increase in 

strength in the metakaolin-GW geopolymer composites could be the 
limited curing time. Indeed, Tchakouté et al. [40] have observed a 
gradual strength increase while curing for 56 days metakaolin geo-
polymer prepared with water glass from waste glass with a chemical 
composition comparable to the studied glass wool; that means longer 
curing period may have led to better mechanical properties of the 
metakaolin-GW geopolymer composites. However, the mechanical 
properties of the prepared geopolymer containing 10 and 12.5 wt% 
sodium metasilicate remained above 20 MPa, satisfying the compressive 
strength requirement for building materials according to ASTM C62 
[43]. 

The effect of heat treatment on the compressive strength of the 
prepared geopolymers is presented in Fig. 3. 

Fig. 2. Effect of Na2SiO3 addition on the 7 days compressive strength of the prepared geopolymer composites.  

Fig. 3. Effect of heat treatment on the compressive strength of metakaolin- QFS and metakaolin- GW geopolymer composites.  
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The thermal stability of metakaolin-GW geopolymer composite was 
limited to 500 ◦C, with a decrease of the compressive strength after 
thermal exposure at 500 ◦C from 5 to 3 MPa for specimens 8(G75K20S5) 
and from 20 to 14 MPa for specimens 9 (G70K20S10). All the samples 
melted and flowed down after thermal exposure at 750 ◦C. That means 
caution should be taken for the high temperature use of geopolymers 
containing high volume of glass wool or comparable waste glass as solid 
precursors. However, metakaolin geopolymers prepared with alkaline 
activator made of waste glass was observed to be stable until 800 ◦C 
[44], since the global weight fraction of the waste glass was limited in 
the system. Meanwhile, albeit metakaolin-QFS geopolymers of compo-
sition 5 (Q67.5K20S12.5) containing 12.5 wt% Na2SiO3 decreased in 
strength when exposed to 1100 ◦C, a reduction of the amount of the 
alkaline reagent led to better strength conservation below 1000 ◦C. The 
reason for reduction could be ascribed to the formation of microcracks 
associated to the structural dehydration of the geopolymer gel [21]. The 
loss in strength of composition 4 (Q70K20S10) was however relatively 
low as the material conserved more than 50% of the synthetized strength 
at 1100 ◦C. That is a proof of a relatively good thermal stability in 
comparison to OPC based system where the strength is often seriously 
damaged when exposed from 500 ◦C [5,15]. The composition 5 
(Q67.5K20S12.5) and composition 4(Q70K20S10) were only stable 
until 1100 ◦C. Beyond this temperature, the samples were deformed, 
sticking on the holder plates in the furnace. However, samples with 
lower amount of sodium conserved a good shape upon heating till 
1200 ◦C. Interestingly, they maintained their synthetized strength upon 
heating to 750 ◦C, and showed a significant strength increase (more than 
300%) after exposure at 1000–1200 ◦C. 

The strength increase agrees with the increase in the homogeneity 
observed in the microstructural section. The effect of particle size frac-
tioning (sieving) and milling of QFS was also observed to affect the 
compressive strength after thermal exposure at 750–1200 ◦C, as shown 
in Fig. 4. 

Milling of QFS significantly increased the strength at 1000 and 

1100 ◦C, in comparison to the samples with un-milled QFS. However, a 
decrease in strength of samples prepared with milled QFS was observed 
after thermal exposure at 1200 ◦C. Samples prepared with the as- 
received QFS presented a slightly better performance after post heat 
treatment, in comparison to the samples prepared with sieved QFS; this 
suggests that the presence of QFS particles above 90 μm were favourable 
for compressive strength retention at high temperature. A possible 
reason for that could be the lower melting rate or lower sensitivity to 
heat associated to coarser QFS particles. However, the as-received QFS 
presented higher amount of visual heterogeneity, and samples prepared 
with the sieved fraction were better in aesthetic and whiteness appear-
ance (Fig. 5); this was ascribed to their slightly lower amount in col-
ouring impurity such as the trace of iron oxide observed in the chemical 
composition. 

3.2. Microstructure 

The microstructural images of composition 9 (G70K20S10) are pre-
sented in Fig. 6. The matrix is showing a mixture of geopolymer binder 
with some relic of needle-shaped glass wool. 

An interfacial bonding on the relic of glass wool with the geopolymer 
matrix is also observed as result of partial dissolution and reaction of 
glass wool. Indeed, alkali activation of metakaolin is known to produce 
an amorphous geopolymer structure [1]; but glass wool also reacts in 
alkaline condition, the main reaction product being an X-ray amorphous 
sodium silicate gel. However, due to the limited hydrolytic stability of 
this gel, it was suggested to use co-binders such as metakaolin that could 
enrich the reaction product by their reactive Al, in order to produce a 
more stable geopolymer matrix [39], the composition of the gel 
depending on the difference in dissolution kinetic of metakaolin and 
glass wool. Investigation on the microstructure of the thermally treated 
metakaolin- GW geopolymer composite was not performed due to their 
limited thermal stability. At variance, the metakaolin-QFS geopolymer 
composite was observed to be relatively thermally stable and their 

Fig. 4. Effect of milling and particle size fractioning on the compressive strength of metakaolin-QFS geopolymer composites prepared with 5 wt% Na2SiO3.  
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microstructural examination was performed on the samples before and 
after their thermal exposure at 1100 ◦C (Fig. 7). 

The microstructural composition of the QFS geopolymer composites 
was made of a mixture of metakaolin geopolymer gel surrounding QFS 
particles which mainly acted as filler. Hence, QFS could also be used as 
aggregates/fillers in the preparation of geopolymer mortar. After 
exposure of the materials at 1100 ◦C, a more homogeneous matrix was 
obtained, due to the partial melting of the geopolymer matrix and QFS 
particles. The sintering is consistent with the composition of QFS that 
included albite and microcline, which are feldspar minerals known to 
melt above 1150 ◦C. This is also consistent with the behavior of QFS 
observed in the production of porcelain like materials [30]. However, 
the presence of sodium from alkali activation here favoured or 
contributed in the formation of the glassy matrix during exposure to 
high temperatures. Microstructural features ascribed to closed porosity 
are also observed on the thermally treated geopolymers, likely due to the 
imprisonment of air between particles by the liquid phase formed at 
high temperature, as often observed in ceramic processing [45–48]. 

The EDS analyses of GW and fifty randomly selected points per-
formed on compositions 3(Q75K20S5)-1100 ◦C, 3′′-1100 ◦C, 4 
(Q70K20S10)-1100 ◦C, as well as non-thermally treated compositions 4 
(Q70K20S10) and 9(G70K20S10) were plotted in Na–Si–Al ternary di-
agrams (Fig. 8). The graph in the upper left is for GW and non-thermally 
treated geopolymer composites while the upper right graph is for the 
geopolymers composites thermally treated at 1100 ◦C. For thermally 

treated samples, it is observed that formulations 3(Q75K20S5)-1100 ◦C 
and 3′′-1100 ◦C presented a comparable phase composition meanwhile 
formulation 4(Q70K20S10)-1100 ◦C presented a higher proportion of 
sodium, in agreement with the mix design. Interestingly, comparison of 
results from formulation 4(Q70K20S10) before and after thermal 
treatment showed that the points were less scattered after thermal 
treatment. This was due to partial melting of phases and diffusion 
phenomena occurred at high temperature, which induced a more ho-
mogenous composition in the sintered matrix. 

For the case of non-thermally treated samples, the points analysis of 
composition 9(G70K20S10) is showing two types of gel compositions, 
one of them being closer to pure GW composition (GW enriched gel), 
representing the gel formed at the interfacial zone with residual GW in 
the geopolymer matrix. For both QFS and GW based geopolymer com-
posites, the areas of grouped points are ascribed to gel phase while 
isolated points are for undissolved residual particles from the starting 
materials. 

The difference in the gel composition between formulation 4 
(Q70K20S10) and 9(G70K20S10) containing the same amounts of 
metakaolin and sodium metasilicate is ascribed to the difference in the 
behavior of QFS and glass wool. Indeed, part of glass wool dissolved and 
participated in the formation of the geopolymer gel [39] while QFS 
mainly acted as filler at mild temperatures. 

However, the comparison of the composition of the gel formed in 
formulation 9(G70K20S10) with the C-A-S-H type gel and N-A-S-(H) 

Fig. 5. Visual appearance of QFS, QFS <90 μm, milled QFS and corresponding geopolymer composites containing 5 wt% Na2SiO3, after thermal treatment at 1100 
and 1200 ◦C. 

Fig. 6. SEM images of metakaolin-GW geopolymer composite.  
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type gel areas in the CaO–Al2O3–SiO2 ternary diagram reported in 
Ref. [49] showed that no C-A-S-H type gel was formed, indicating the 
low participation of Ca from glass wool in the gel formation in agree-
ment with some previous studies [39]. 

3.3. TGA and dilatometry analysis 

The TGA analyses of compositions 3(Q75K20S5), 4(Q70K20S10) and 
8(G75K20S5) are presented in Fig. 9. 

The mass loss varied from about 4 to 7% at 1200 ◦C, depending on 
the mixture composition. For the case of QFS based geopolymer com-
posites, higher mass loss was observed for compositions containing 
milled QFS and higher amount of sodium metasilicate, likely due to the 
formation of more geopolymer gel. As commonly observed for inorganic 
polymers, the TGA curves could be divided into four regions. The weight 
loss below 100 ◦C (region I) is ascribed to the evaporation of hygroscopic 
water, while the one between 100 and 300 ◦C (region II) is ascribed to 

the evaporation of structural water from the geopolymer gel [50–52]. 
The amount of mass loss was about 1% in region I and between 1.5 and 
3.5% in Region II. The continuous weight loss from 300 ◦C till about 
800 ◦C (region III) is ascribed to the elimination of structural water from 
the condensation of silanol and aluminol groups from the geopolymer 
gel, forming Si–O-T tetrahedral linkages (T = Si or Al) [18,51]. The mass 
loss in region III varied between 1 and 2%. No major weight loss was 
observed above 800 ◦C (region IV) indicating the absence of further 
thermal decomposition reactions; above this temperature, there is onset 
of sintering reactions leading to the formation of ceramic body [52]. At 
1200 ◦C, the mass retention of the prepared geopolymers varied be-
tween 93 and 96%, indicating their relatively good thermal stability. 

The dilatometry curves of QFS based geopolymer composites of 
compositions 3(Q75K20S5) and 4 (Q70K20S10) after two heating cycles 
at 1100 ◦C are presented in Fig. 10. The curves of composition 3′ pre-
pared with sieved QFS (fraction below 90 μm) and composition 3′′

prepared with milled QFS are also plotted. 

Fig. 7. SEM images of metakaolin- QFS geopolymer composites and their counterpart thermally treated at 1100 ◦C.  
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Dilatometry analysis is an important tool that provides valuable in-
formation on the thermal stability of materials, as well as on onset 
temperatures of some reactions occurring during heating [51,53]. 

All the samples were subject to thermal shrinkage when exposed to 
elevated temperature. A slight depletion on the shrinkage curve around 
200 ◦C is ascribed to the loss of water from the geopolymer gel [52]. This 
was more marked for composition 4 (Q70K20S10) that presented about 

1% of thermal shrinkage at this temperature, in consistence with higher 
weight loss observed for this composition in the TGA analysis. A small 
peak ascribed to alpha-beta quartz inversion was also observed around 
573 ◦C on all the curves, in consistence with the presence of some quartz 
mineral in QFS material. All the samples then remained relatively stable 
until above 900 ◦C before starting their major shrinkage. After the first 
heating cycle at 1100 ◦C, the thermal shrinkage was about 3% for 
composition 3(Q75K20S5) and 8% for composition 4(Q70K20S10). 
However, particle size fractioning and milling of QFS significantly 
affected the thermal shrinkage as observed for the case of composition 3′

prepared with fractioned QFS and composition 3′′ prepared with milled 
QFS; these compositions presented a thermal shrinkage of about 6 and 
15% respectively after the first heating cycle at 1100 ◦C. Hence, milling 
QFS and increasing the amount of sodium favoured the increase in the 
thermal shrinkage, but the effect of milling was more significant. It is 
observed that the major part of the shrinkage occurred during the first 
dwell time of 2 h at 1100 ◦C. 

The samples were stabilised after the first heating cycle and negli-
gible shrinkage was observed after the second heating cycle, except for 
composition 4(Q70K20S10) where some permanent shrinkage occurred 
during the second dwell time of 1 h at 1100 ◦C. Hence, composition 4 
(Q70K20S10) will be less suitable for possible high temperature appli-
cations in comparison to composition 3(Q75K20S5). The values of 
thermal shrinkage during the second heating cycle were below 1% 
except for composition 4(Q70K20S10) which presented a higher 
shrinkage of about 3%. The thermal stability of pure metakaolin geo-
polymer has been substantially studied and was found to rely on the Si/ 
Al ratio in the geopolymer binder and the type of alkali cation of the 

Fig. 8. Points analysis of glass wool (GW), formulations 4(Q70K20S10), 9(G70K20S10), 3(Q75K20S5)-1100 ◦C, 3′′-1100 ◦C and 4(Q70K20S10)-1100 ◦C normalized 
in Na–Si–Al ternary diagram and formulation 9(G70K20S10) in CaO–Al2O3–SiO2 ternary diagram. 

Fig. 9. TGA curves of referred compositions.  
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Fig. 10. Dilatometry curves of referred metakaolin QFS geopolymer composites.  

Fig. 11. XRD patterns of metakaolin-QFS and metakaolin-GW based geopolymers prepared with 10 wt% Na2SiO3 and the counterpart of containing QFS after 
exposure at 1100 ◦C. 
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activating solution [8,17,19,20,54]. At 1000 ◦C, the thermal shrinkage 
of metakaolin geopolymer prepared with R2O/Al2O3 = 1 (R = Na or K) 
was observed to vary between 7 and 20%, increasing with the increase of 
Si/Al ratio in the range 1.15–2.15, the use of sodium cation in the 
activating solution favouring higher thermal shrinkage, mainly at Si/Al 
ration ≤1.65 [19]. Hence, it could be deduced that the lower thermal 
shrinkage value (below 2%) obtained at 1100 ◦C (dwell time not 
included) during the first heating cycle with the composition 4 
(Q70K20S10) was ascribed to the presence of QFS. Hence, QFS material 
could be used either to reduce the thermal shrinkage of geopolymer 
materials until 1000–1100 ◦C, or as aggregate material to improve 
densification of ceramic based geopolymers at 1100–1200 ◦C. 

3.4. XRD analysis 

The X-ray diffraction was used to study the phase evolution of the 
prepared geopolymer composites upon heating at 1100 and 1200 ◦C. 
The geopolymer composites made of 10 wt% of sodium metasilicate that 
were observed to present acceptable strength as building materials were 
considered for XRD analysis (Fig. 11). 

The XRD pattern of metakaolin-GW geopolymer from composition 9 
(G70K20S10) was completely amorphous, suggesting the resulting 
product from alkali activation of metakaolin and eventually GW to be 
amorphous. This is consistent with previous results on alkali activation 
of glass wool, which was observed to lead to an amorphous sodium 
silicate gel when activated with NaOH or sodium silicate solution [39]. 
Meanwhile, the metakaolin-QFS geopolymer from composition 4 
(Q70K20S10) presented crystalline reflections from unreacted QFS, 
mainly quartz: SiO2 (Pdf no 04-014-7568), albite: 
Na0⋅98Ca0⋅02Al1⋅02Si2⋅98O8 (Pdf no 04-017-1022), microcline: KAlSi3O8 
(Pdf no 04-007-8600) and traces of muscovite: 
K0⋅8Na0⋅2Fe0⋅05Al2⋅95Si3⋅1O10(OH)2 (Pdf no 04-012-1906). This agrees 
with the low extent of Al and Si dissolution from spodumene/lithium 
tailings (QFS) in the alkaline conditions of geopolymers synthesis 

observed by Perumal et al. [24]; QFS mainly acted here as filler in the 
green metakaolin geopolymer matrix. However, the presence of QFS 
significantly affected the thermal stability of the geopolymer composite 
as shown in previous sections. Post heating of composition 4 
(Q70K20S10) to 1100 ◦C led to a decrease in the intensity of initial 
crystalline reflections without forming new crystalline phases. It was 
also observed that the use of milled QFS (composition 3’’(Q75K20S5)) 
instead of the as-received one (composition 3(Q75K20S5)) resulted in 
reduced crystalline reflections of the geopolymer composites, mainly 
after post heat treatment at 1100 and 1200 ◦C (Fig. 12). 

As for the case of composition 4 (Q70K20S10) prepared with higher 
amount of sodium metasilicate, the reduction in crystalline reflections 
after post heat treatment for both compositions 3 and 3′′ are ascribed to a 
partial melting of some QFS particles. However, the partial melting was 
more marked for the composition with milled QFS (sample 3′′). Conse-
quently, the formation of the amorphous liquid phase was more marked 
for this composition, with related effects the thermal shrinkage and the 
mechanical properties. 

The X-ray analysis of the thermally treated glass wool geopolymer 
composite was not performed because of the limited thermal stability 
observed on these samples. Indeed, the metakaolin-GW geopolymer 
composites melted and flowed down after thermal exposure at 750 ◦C. 
This limited thermal stability was ascribed to the higher amount of Na2O 
in glass wool (about 16 wt%). Considering the relatively good thermal 
stability until 900 ◦C of pure metakaolin geopolymer observed in pre-
vious studies [19,20], it could be deduced that reducing the amount of 
glass wool would have led to materials with improved thermal stability. 
It should also be noted that considering the similarity and high amount 
of 14 wt% of Na2O in some waste glasses [38,55,56], caution should be 
paid in their use for the manufacturing of geopolymers if the resulting 
materials present high risk to be exposed to elevated temperatures. The 
high amount of Na2O in these waste streams could however be valorised 
as fluxing agent in the manufacture of building materials using ceramic 
processing [45,57,58]. 

Fig. 12. Effect of milling on the XRD patterns of metakaolin-QFS geopolymers containing 5 wt% Na2SiO3.  
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4. Conclusions 

The present study provided insights on the properties and thermal 
stability of one part metakaolin geopolymer composites containing high 
volume of spodumene tailings (QFS) and glass wool (GW), demon-
strating the potential for upcycling these side streams as secondary raw 
materials in geopolymers containing only 20 wt% of metakaolin. Both 
geopolymers series provided acceptable compressive strength (above 20 
MPa) for building application when the dosage of sodium metasilicate 
reached 10 wt%. However, GW based geopolymers presented a limited 
thermal stability (only up to 500 ◦C) at variance to QFS based geo-
polymers which were relatively stable until 1100–1200 ◦C. 

Milling and particle size fractioning of QFS influenced both the 
thermal shrinkage and colour change of the geopolymer composites. 

Depending on the targeted use of the materials, the use of QFS in 
different forms (milled, fractioned or as-received) in geopolymer com-
posites could act either as fillers and mitigate the thermal shrinkage 
until 1000–1100 ◦C or as high temperature strength improvement to 
improve densification and strength development at 1100–1200 ◦C. 
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