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Abstract: 

This paper deals with the valorization of quartz and felspar rich lithium mine tailings (QFS) in the 

development of construction materials. Ladle slag was used as green strength increasing agent. 

Sodium hydroxide and carbonate were used as fluxing agents to allow sintering at 700 - 900 ºC. Of 

these, sodium hydroxide was found to be the more efficient. The sintered ceramics were 

characterized by X-ray diffraction, scanning electron microscopy, compressive test, water 

absorption, apparent density and dilatometry; the results were found to comply with ASTM C62-99 

specifications for building brick, and interesting for a sustainable use of resources. 
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1. Introduction 

The management of industrial by-products remains a challenging issue and the search for their 

recycling has become a recommended practice aiming to reduce the disposal cost and protect the 

environment [1–4].  Among these industrial by-products, mine wastes are currently one of the most 

generated in the world. Globally, they are estimated at 20-25 billion tons per year, of which 5 to 7 

billion tons are mine tailings [2,3], the rest being mainly waste rocks. Mine tailings contain the non- 

valuable minerals rejected during the ore beneficiation process.  Considering resources depletion 

and environment preservation, increasing pressures are supporting the need for recycling mine 

tailings. Among the utilization options, construction materials were found to be able to absorb a 

large quantity of suitable industrial by-products [5–7], with additional benefit in mitigating 

depletion of natural resources used as feedstock for building industry. 

Accordingly, many studies were carried out on the valorization of mine tailings for  the production 

of building materials, using several methods including ceramic processing [8–13]. For instance, 

Taha et al. [13] investigated the use of coal mine tailings in fired bricks production and observed a 

very interesting ornamental looks and acceptable mechanical properties for bricks fired at 1020 ºC 

with no other raw materials. Ahmari and  Zhang [8] studied the feasibility of utilizing copper mine 

tailings for the production of eco-friendly bricks based on geopolymer technology. The procedure 

they used included mixing the tailings with an alkaline sodium hydroxide solution (10 - 15 M), 

forming the brick by compressing the mixture within a mold and curing the brick at 60–120 °C. 

Their results showed that copper mine tailings can be used to produce eco-friendly bricks meeting 

ASTM requirements. Chen et al. [14] studied the production of fired bricks from hematite mine 

tailings, by mixing it with fly ash and clay and obtained good quality fired bricks at 980–1050 ºC, 

with mechanical strength and water absorption of 20–23 MPa and 16–18%, respectively, and other 

physical properties meeting the Chinese Fired Common Bricks Standard (GB/T5101-2003). 
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Little information is available on the valorization of lithium mine tailings. Lithium is an essential 

metal with widespread applications including rechargeable lithium ion batteries for energy storage, 

electric mobility and cordless devices, glasses,  ceramics, greases and rubbers [15–17]. Lithium 

demand is increasing, and its global production estimated at about 175 000 LCE tons (Lithium 

Carbonate Equivalent tons) in 2015 is expected to reach 650 000 tons in 2025 and 1 Mt in 2029 

[16,18]. Spodumene (LiAl(SiO3)2,),  with the stoichiometric chemical composition of 8.0 wt% 

Li2O, 27.4 wt% Al2O3 and 64.6 wt% SiO2 is the  major source of hard rock based commercial 

lithium. It is usually found in nature in pegmatite deposits associated with quartz, feldspars and 

micas [20,21]. Due to the increasing global demand of lithium, quartz and feldspar rich tailings i.e. 

quartz-feldspar sand (QFS) from lithium ore processing is likely to be more generated in near 

future.  For instance, Keliber Oy company is projecting to generate about 350 000 tons/ year of 

quartz and feldspar rich tailings (QFS) in the near future [22]. The reuse of such tailings also agrees 

with the concept of circular economy, aiming to capitalize material flow recycling while 

considering economic growth and sustainable development [23–25]. 

The present paper deals with the valorization of lithium mine tailings (quartz feldspar sand; QFS) in 

the production of low temperature ceramics for potential building applications. The ceramic 

processing option was chosen due to the presence of albite and microcline in the QFS. 

Ladle slag (LDS), an under-utilized crystalline metallurgical residue [26–28], was tested as green 

strength increasing agent.  Sodium carbonate and sodium hydroxide were used as fluxing agents to 

produce low temperature ceramics at 700-900 °C. In traditional ceramics, the vitrification that 

generally starts from 900 °C is marked by the melting of some solid phases that binds the remaining 

solid particles and increases the bonding strength [29–31]. The use of fluxing agents helps to 

enhance sintering or decrease the vitrification temperature [32,33]. 

The QFS and LDS were characterized by XRD and TG/DSC analysis and the synthetized materials 

were characterized by X-Ray diffraction, Scanning electron microscopy and Dilatometry analysis. 
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The suitability of the synthetized materials for building applications was assessed by the 

determination of their compressive and flexural strength, apparent density and water absorption.  

 

2. Experimental 

2.1. Materials 

The chemical composition of QFS and LDS used in this study is presented in Table 1.  

The oxide composition was determined by X-ray fluorescence, using a wavelength dispersive XRF 

spectrometer (AxiosmAX, PANanalyctical). The QFS, the final tailings from spodumene flotation, 

was received from Keliber Oy, Finland and was found to be environmentally-friendly according to 

Finnish regulation, with no hazardous elements, as shown by the results on the leaching test 

presented in Table 2. The LDS was also provided by a Finnish company. The particle size 

information of QFS and LDS, analysed by a laser diffraction technique using a Beckman Coulter 13 

LS 320 particle size analyser is presented in Table 3. 

The particle size of QFS used was significantly reduced after grinding, from d50 of 171.4 µm to d50 

of 10.70 µm. This final particle size was close to the one of LDS, which presented a d50 of 12.34 

µm. Sodium carbonate (99% Na2CO3) and sodium hydroxide (99% NaOH) of laboratory grade 

were used.  

 

2.2. Specimens preparation 

The preparation of the fresh mixtures was performed by mixing QFS, LDS, sodium hydroxide or 

sodium carbonate and water. The details on the mix proportioning are presented in Table 4.  

The compositions containing both QFS and LDS were first dry mixed. Sodium compound was 

dissolved in water and the alkaline solution was mixed with the dry powder for 5 min, using an 

electric mixer at 3000 rpm, until obtaining a homogenous paste. Samples containing 0 wt% sodium 

compound were prepared by mixing QFS and QFS/LDS with an appropriate amount of water 
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(Table 4).  The samples were then cast in rectangular alloy molds (80×20×20 mm). The alloy molds 

were vibrated on a vibration table for 1 min to remove air bubbles and left for 24h at room 

temperature (~20 ºC), then 24 hours at 105 ºC, before being sintered at 700, 800 and 900 ºC; heating 

rate of 2 ºC/min with a dwell time of 2 hours at each temperature. The heating rate of 2 ºC/min was 

adopted to reduce the sensitivity to form cracks, due to rapid residual water loss or rapid solid-state 

reaction during heating. The heating temperature range of 700-900 °C was explored to check if the 

fluxing agents can lower the sintering temperature below the one of traditional ceramics which are 

usually sintered around 900-1050 ºC   [10,31,34]. This temperature range was also adopted based 

on the results obtained from preliminary investigations. 

   

2.3. Characterization methods 

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

The three-point flexural test of specimens was performed using a Zwick testing machine with a 

maximum load of 100 kN and a loading rate of 0.05 kN/s; sample dimensions: length 80 mm, width 

20 mm, and height 20 mm. For each composition, three replicates specimens were tested. The 

supports span was 40 mm. The flexural strength (δ) was determined using the equation below: 

δ =3FL/2bd2 

Where: δ is flexural strength in N/mm2; F is maximum load in N; L is supports distance in mm; b is 

width of the tested beam in mm and d is height of the tested beam in mm.  

The compressive strength was done using the same device, with a loading rate of 2.4 kN/s, height of 

the sample 20 mm and compressed surface 20 × 20 mm2.  For each composition, three replicates 

specimens were tested, and the average was regarded as the representative value. The error bar 

indicates the standard deviation between specimens. 

Water absorption was determined after samples immersion in deionized water for 24 hours and 

apparent density, using the Archimedes' principle according to SFS-EN 1936 standard. 
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2.3.2. XRD analysis 

The samples were powdered and examined by X-ray diffraction using a Rigaku Smartlab 

diffractometer, with a Cu K-beta radiation, step width of 0.02o,  scan speed 2.0156 o/min, 2θ range  

of 5–80o, operated at 200 mA and 45 kV. The quantification of the crystalline phases was 

performed by the Rietveld refinement method using 10 wt% rutile (TiO2) as internal standard.   

 

2.3.3. SEM/EDX analysis 

Polished sections were made from QFS and synthetized specimens. Scanning Electron Microscopy 

(SEM) and Energy Dispersive X-ray Spectroscopy (EDX) (Zeiss Ultra Plus) were used to study the 

microstructure of the materials and to analyze chemical composition of the phases. Analyses were 

performed with a backscatter electron detector with 15 kV acceleration voltage and the working 

distance was about 8.5 mm. The sample surfaces were coated with carbon prior to measurements. 

 

2.3.4. TG/DSC and dilatometry analysis 

TG/DSC analysis 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 1600 °C. 

Dilatometry analysis was carried out on selected samples that presented acceptable mechanical 

properties. The samples were molded and cut to 8×8×10 mm and the experiment was performed on 

a NETZSCH DIL 402 Expedis dilatometer. Prepared samples were heated in two cycles: Firstly to 

800 ºC at 2 ºC/ per min, 2 hours dwell time, and secondly at 900 ºC, heating rate 2 ºC/ per min and 

2 hours dwell time. The heating chamber was open ended, but a constant flow of nitrogen (40 

ml/min) was used as the purge gas to prevent unwanted gaseous/evaporated matter getting into the 

measurement chamber, which was separated from the heating chamber where the sample was put. 
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3. Results and discussion 

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

The compressive strength of selected green specimens (not heated but dried in the oven at 105 ºC 

for 24 hours) is presented in Figure 1. 

All the samples were found to set after 24 hours at room temperature, albeit samples made of QFS 

without LDS addition were weaker and required to be gently handled during unmolding operation. 

After drying at 100 ºC, the positive effect of LDS addition on the green strength was observed by an 

increase in the compressive strength to about 3 MPa compared to 0 MPa for the specimens made of 

100 wt% of QFS. The strength of the specimens containing LDS was further increased with the 

addition of sodium hydroxide while formulations made with 100 wt% of QFS and sodium 

hydroxide presented compressive strength below 1 MPa. The positive effect of LDS on the green 

strength is interesting and useful for specimens handling before sintering. These results are in 

agreement with previously reported studies on LDS which was found to be able to produce 

materials with good mechanical properties by alkali activation [26,27]. However, the percentage 

used in this study was too low to allow a good stability of the materials. 

The compressive strength of the sintered specimens is presented in Figure 2 (2a and 2b for 

specimens containing LDS, 2c and 2d for specimens made of QFS only).   

 

Compressive strength of the materials is observed to significantly vary according to specimen’s 

composition from about 0.3 MPa to about 55 MPa.  

The main reasons for strength variation were the type and amount of the sodium compounds as well 

as the sintering temperature. All the samples prepared with sodium hydroxide performed well in 

comparison to their counterparts prepared with sodium carbonate, although the Na2O/Al2O3 molar 

ratio was almost the same in both type of formulations. Strength was also found to increase with the 

increase in the amount of sodium compound mainly in the specimen prepared with sodium 
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hydroxide. For specimens prepared with sodium carbonate, no significant increase in strength was 

observed for formulations prepared with more than 3 wt% of sodium carbonate.  

The temperature for highest strength development was 900 ºC in specimens prepared with low 

amounts of sodium compounds. However, strength did not significantly increase or showed a slight 

reduction between 800 ºC and 900 ºC for formulations prepared with more than 3 wt% of sodium 

carbonate and 5 parts (~5 wt%) of sodium hydroxide. The composition no 9, prepared with 7 parts 

(~7 wt%) of sodium hydroxide presented the highest compressive strength, with the values of about 

52, 55 and 46 MPa at 700, 800 and 900 ºC respectively. This formulation also presented a slight 

deformation at 900 ºC. The compressive strength of the specimens containing 10 wt% LDS and 1 

part (~1 wt%) of sodium compounds were all below 10 MPa at 700 - 900 ºC (Figure 2a and 2b). 

Sample no 1, made of 90 wt% QFS and 10 wt% LDS with no sodium compound presented a 

compressive strength of about 2, 3 and 8 MPa at 700, 800 and 900 ºC respectively. This highlights 

the positive effect of sodium addition in the sintering of the specimens and strength development.  

 

The compressive strengths of specimens prepared with QFS and sodium compounds without 

addition of LDS are presented in Figures 2c and 2d. All the samples prepared with QFS and sodium 

carbonate presented a compressive strength below 10 MPa. However, the compressive strength of 

specimens containing 1 and 3 parts NaOH were superior to their counterpart containing LDS, 

suggesting that LDS addition was mainly beneficial only as green strength increasing agent. 

Actually, industrial byproducts or natural  raw materials used for fired bricks usually content about  

50-70% SiO2 [8,13,35–38]. The presence of alkaline and alkaline earth in these materials is 

beneficial for sintering, favouring at lower temperature the formation of  intergranular liquid phase, 

which allows mass transport phenomena and local binding of the solid grains [37].  Hence, LDS 

addition is likely not to have positively affected the sintering reactions. This is suggested to be 

linked to its superior refractory character, in comparison to QFS as show in the DSC analysis in the 
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next section. The compressive strength of building materials such as bricks is one of the most 

important engineering properties. The minimum requirement of compressive strength for building 

bricks varies depending on standards and the working conditions that will be applied to the bricks 

[31,39,40]. For instance,   IS 1077: 1992 specifies the minimum compressive strength of common 

burnt clay building bricks from 3.5 to 35 MPa, depending on brick grade or targeted application 

[40] . Meanwhile, ASTM C62-99 specifies the minimum of 10.3 MPa for bricks subjected to 

negligible weathering conditions and 20.7 MPa for bricks subjected to severe weathering conditions 

[39]. 

From Figure 2, it is also noted that the compressive strength values of many compositions were 

above 20 MPa, satisfying the minimum requirement of compressive strength for many building 

materials,  including paving bricks subjected to light traffic [6,37,39,41]. 

Based on the compressive strength results, some compositions were considered for flexural strength 

and further characterization. 

Figure 3 presents the flexural strength of compositions prepared with 3, 5 and 7 parts wt% of 

sodium compounds at 800 and 900 ºC: composition 4 (90 QFS, 10 LDS, 3 parts Na2CO3); 5 (90 

QFS, 10 LDS, 3 parts NaOH); 6 (90 QFS, 10 LDS, 5 parts Na2CO3); 7 (90 QFS, 10 LDS, 5 parts 

NaOH); 8 (90 QFS, 10 LDS, 7 parts Na2CO3) and 9 (90 QFS, 10 LDS, 7 parts NaOH). Almost 

similarly to the compressive strength trend, the flexural strength was found to increase with the 

increase of the sodium compound and sintering temperature, and higher flexural strength were 

obtained with specimens containing sodium hydroxide, with a maximum value of about 14 MPa at 

900 ºC. It is also noted that the shapes of the failure curves are all typical of brittle materials like 

ceramics.  

The apparent density and water absorption values of referred compositions are presented in Figure 

4.  
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The water absorption values were in the range of 4 to 20%, decreasing with the increase of the 

sintering temperature and the amount of alkali content in the materials. The water absorption values 

of composition no 9, containing about 7 wt% of sodium hydroxide varied from about 10% at 700 ºC 

to 4% at 900 ºC, while its counterpart made with sodium carbonate varied from about 19% at 700 

ºC to 15% at 900 ºC. This confirms again a higher fluxing effect of sodium hydroxide in comparison 

to sodium carbonate. The higher performance of sodium hydroxide in comparison to sodium 

carbonate can be ascribed to the more aggressive character (higher alkalinity) of sodium hydroxide 

[42,43], which favored some dissolution of QFS  and LDS during the mixing operation and led to 

better sintering reactions. Apparent density values were in the range of 1.65 to 2 g.cm-3, increasing 

with the sintering temperature, at variance to water absorption. Lower densities and higher water 

absorption values were obtained with specimens prepared with sodium carbonate and the trend of 

increase of density with the increase of sintering temperature was less obvious in comparison to 

compositions prepared with sodium hydroxide. This may be linked to carbonate dissociation and 

release of CO2 during sintering, which contributed in the increase of porosity and led to matrix with 

lower strength.  

Water absorption is an important parameter for building materials such as bricks, since it influences 

properties such as permeability and durability [31]. However, that will still depend on the targeted 

application of the bricks. For instance, according to ASTM C62-99 specifications for building brick 

[39], there is no limit for water absorption for bricks that will be subjected to negligible weathering, 

while those to be subjected to severe weathering should present 17% as maximum value of water 

absorption. Hence, only formulations prepared with 3 -7 wt% NaOH that presented low water 

absorption and adequate strength could be used in severe weathering conditions. 

 

3.2. Characterization of QFS and LDS 

The XRD spectra of QFS and LDS are presented in Figure 5.  
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The QFS presented crystalline reflections mainly ascribed to quartz: SiO2 (Pdf no 04-014-7568) and 

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)  were also 

observed. The LDS presented crystalline reflections ascribed to calcio-olivine:  Ca2SiO4 (Pdf no 04-

006-8894), mayenite_ Ca12Al14O32.55 (Pdf no 04-015-5594), Periclase_ MgO (Pdf no 04-005-4664), 

Calcium Aluminum Oxide_Ca3 Al2 O6 (Pdf no 04-007-4797) and Calcium Magnesium Aluminum 

Silicon Oxide_Ca10Mg1.5Al13Si1.5O34  (Pdf no 04-009-3800).   These results are in agreement with 

the origin of the QFS which is from spodumene ore, known to be commonly associated with 

minerals such as quartz and micas, as well as albite and microcline felspars [19,20]. 

 

The TG/DSC analysis of QFS and LDS is presented in Figure 6.  

 Both materials showed a relatively good thermal stability, with a mass loss of about 1.1 and 0.5% 

at 1600 °C for QFS and LDS respectively.  The DSC curve of QFS presented an endothermic peak 

around 573 ºC ascribed to α - β quartz phase transformation [44]. A broad endothermic peak is 

observed around 1200 ºC likely due to the initial eutectic melting of the sample as almost no mass 

loss is concomitantly observed. The broadness of the peak is an indication of multicomponent 

phases in QFS.  For the case of LDS, the peak ascribed to the melting of the sample was observed 

around 1300 ºC, indicating a higher refractory behavior. This agrees with the chemical composition 

of LDS which contains fewer amounts of alkali elements.  

 

3.3. Phase composition of the synthetized materials 

Heating QFS  to 900 ºC has mainly led to the disappearance of the initial traces of muscovite 

transformed to amorphous structure with the loss of (OH) groups, and the formation of traces of 

anorthoclase_K0.224 Na0.710 Ca0.069 Al1.036 Si2.952 O8 (pdf no 04-013-2165),  nepheline_ K0.7 Na2.75 

Ca0.15 Al3.75 Si4.25 O16 (pdf no 04-011-2330) and amorphous phases (Figure 7).  
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Anorthoclase is an intermediate member of the high albite – sanidine alkali feldspar solid solution 

series while nepheline is a feldspathoid mineral characteristic of alkaline rocks [45,46]. However, 

albite, microcline and quartz reflections were maintained in the samples, but their crystalline 

reflections were found to reduce with the increase of sodium content, because of the formation of 

advanced melting in the samples, generating an amorphous phase. It is also noted that specimens 

containing 10 wt% LDS presented almost the same crystalline reflections as specimens made of 100 

wt% QFS. This was due to the lower crystalline reflections of LDS in comparison to QFS, as shown 

in Figure 5. 

The estimated percentage of crystalline phases using the Rietveld refinement method is presented in 

Figure 8, showing an increase in the amorphous content with the increase of sodium in the 

specimen, in agreement with the reduction of crystalline reflections in Figure 7. For instance, quartz 

proportion was found to reduce from about 30% in QFS to about 10% in composition 9 (~7 wt% 

NaOH) treated at 900 ºC (Figure 8).  

 

Formation of feldspathoids and quartz /silica reduction in matrixes containing aluminosilicates and 

Na2O during ceramic processing has been previously reported [37,47]. In a study at 1000 ºC of  

Na2O–SiO2–Al2O3 system related to reactions of sodium containing minerals in ash melting 

process, Wang et al., [47] noticed that with rising content of Na2O, the fusion temperature of the ash 

was reduced, and albite was generated gradually from about 900 ºC, then transformed to nepheline 

after SiO2 was consumed following equations 1 and 2 : 

 

Na2O + Al2O3 + 6SiO2 2NaAlSi3O8 (Albite)                                       (1) 

 

NaAlSi3O8 (Albite) + Al2O3 + Na2O                           3NaAlSiO4 (Nepheline)          (2) 
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In view of the reduction of crystalline reflection of quartz in the composition with higher content of 

sodium compound at 900 ºC, onset of similar reactions is likely to have occurred in the specimen. 

However, the limited amount of nepheline found in the specimens (about 4 %) is most likely from 

local reactions. Hence, partial melting of some phases due to eutectic formations, increasing 

interfacial bonding between material particles is most likely to has been responsible of strength 

development. This is supported by the increasing amount of the amorphous phase with the increase 

of sodium content in the system and is further evidenced in the microstructural characterization 

presented in the next section.   

 

3.4. Microstructural characterization 

The back scattered scanning electron image of the powdered QFS used is presented in Figure 9.  

 

 

 

The QFS analyzed in the XRD section was found to contain quartz, albite, microcline and a few 

amount of muscovite. From the chemical formula of these minerals, weight percentage of each 

element can be assessed. Quartz contains about 46.74 wt% of Si and 53.26 wt% of O. Albite 

contains about 8.30 wt% Na, 0.76 wt% Ca, 10.77 wt% Al, 31.50 wt% of Si and 48.66 wt% of O.  

Microcline contains about 14.05 wt% of K, 9.69 wt% of Al, 30.27 wt% of Si and 45.99 wt% of O. 

Point analysis of some particles in the QFS image (Figure 9) is summarized in Table 5.   

 

The comparison of the information from Table 4 and the XRD analysis allowed to ascribe and 

identify quartz, albite and microcline in the powder. Muscovite was not identified, possibly due to 

its lowest amount (~ 4.7%) in QFS. 

The back scattered images of compositions 3, 9 and 14 treated at 900 ºC are presented in Figure 10. 
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A clear difference was observed between the images of each composition. On the image of 

composition 3 (prepared with 1 part NaOH) which presented a very low compressive strength, 

relics of QFS and LDS particles are bigger and their boundaries are well marked. Furthermore, the 

size of the relic of QFS particles is very close to the one of powdered QFS, because of low sintering 

reactions between particles. Almost any evidence of material melting can be observed. 

The image of compositions 9 and 14, containing 7 and 3 parts of NaOH respectively, showed 

smaller roundish shaped boundaries relics of QFS particles and good interfacial bonding between 

these relics and the amorphous matrix between the particles. This is a results of a better sintering 

reaction which was favored by the increase of sodium content in these compositions. Higher 

magnification images of compositions 3 and 9 are presented in Figure 11, with complementary 

information from the Figure presented in Table 6. 

The compositions 3 and 9 were all prepared with QFS (90 wt%) and LDS (10 wt%). The only 

difference between these compositions is the proportion of sodium (7 parts in composition 9 and 1 

part in composition 3). The contrast in these two images is then only linked to the difference in 

sodium proportion between the two compositions. A more compact and good interfacial bonding 

between relic of starting particles is very well highlighted in the image of composition 9. A 10µm 

line analysis (A-B) from a relic of quartz particle to the amorphous phase showed that the reduction 

of silica in the line is gradual at the interfacial zone, while the increase in the content of K, Ca, Al 

and Na elements is also gradual, further supporting a very good interfacial bonding, which has 

favored a good compressive and flexural strength. The elemental weight composition of selected 

points in Figure 11 is presented in Table 6. 

 

Point analysis of composition 9 showed that the composition of the glassy phase melted (points 3 to 

8) around the relic of particles is almost constant. This agrees with the hypothesis of partial melting 
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suggested in the XRD section. The thermal agitation has favored atoms migration in the melted 

phase which presented a close atomic proportion of Al, Si, Na, K and Ca in the points selected. The 

potassium content in the melted phase was about 3 to 4 wt% and suggests a great participation of 

microcline and muscovite in the melting. This was also confirmed by XRD analysis.  

The amount of the glassy phase was lower for composition 14, due to the lower amount of Na in 

comparison to composition 9. Indeed, in aluminosilicate glasses, SiO2 is a network former while 

Al2O3 keeps the viscosity high above the glass transition temperature and can be network former or 

modifier. Na2O is a network modifier and lower the glass transition temperature and the viscosity in 

the melt [48,49]. Points 16-18 are in a LDS particle of composition 3 (90 wt% QFS +10 wt% LDS 

+ 1 part NaOH) after thermal treatment at 900 °C. The analysis of these points showed that LDS 

particles are made of several crystal phases, at variance to QFS where most of the particles were 

found to be made of a single crystalline phase. 

 

 

3.5. Dilatometry analysis 

The dilatometry curves of samples no 7 (90 QFS, 10 LDS, 5 parts NaOH), 8 (90 QFS, 10 LDS, 7 

parts Na2CO3), 9 (90 QFS, 10 LDS, 7 parts NaOH) and 14 (100 QFS, 3 parts NaOH) are presented 

in Figure 12.  

The first circle represents the sintering shrinkage while the second cycle gives an indication on the 

materials stability until 900 ºC. On the heating curves, a sharp transient increase in  expansion is 

observed around 573 ºC, due to α - β  inversion of quartz, in agreement with the DSC results and 

reported studies on materials containing quartz [50]. For all the selected compositions, the materials 

only expand until about 600 ºC before starting to shrink. This suggests that no or minor sintering 

reactions occurred until 600 ºC, confirming the choice of 700°C reasonable as minimum sintering 

temperature that could allow some sintering reactions. The sintering shrinkages (DL/Lo) at 800 ºC 
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were about -0.5%, -0.7% and -0.8% for specimens no 7 (~ 5 wt% of sodium hydroxide), no8 (~ 7 

wt% of sodium carbonate) and no9 (~ 7 wt% of sodium hydroxide) respectively. Specimen no 14 (~ 

3 wt% of sodium hydroxide), presented the lowest DL/Lo of about -0.25%.  The permanent 

shrinkage was also significant during the dwell time indicating ongoing of sintering reactions and 

was more marked for specimens prepared with sodium hydroxide, as a result of the better fluxing 

performance of NaOH in comparison to Na2CO3. The values of DL/Lo  after 800 ºC treatment are 

comparable with reported values of shrinkage of fired brick materials based on industrial wastes 

[36].  During the second heating cycle, the sample expanded almost linearly up to about 800 ºC 

before resuming the sintering reactions started in the first cycle. Permanent shrinkage mostly 

occurred during the heating above 800 °C and dwell in 900 °C for samples containing LDS 

(Compositions no 7, 8, 9), while additional compacting during cooling was observed in sample 14 

made of 100 wt% QFS (Figure 13). This suggests that sample 14 would undergo some significant 

additional shrinkage if dwell time was increased while other mixtures would have been less 

affected. The likely reason for that is the higher content in sodium/potassium in QFS, in comparison 

to LDS. 

The coefficient of thermal expansions between 600 and 800 ºC were about 11.48×10-6 C-1, 

11.24×10-6 C-1 11.95×10-6 C-1 and 9.18×10-6 C-1 for composition no 7, 8, 9, and 14 respectively. The 

thermal expansion coefficient  of a glass decreases with the increase of the rigidity of the glass 

network and is linked to the amount of additives which affect the asymmetry of the amplitude of 

thermal vibrations [51]. This agrees and explains the lower coefficient of thermal expansion for 

sample containing lower sodium compound. Sodium hydroxide is also found to favor higher 

coefficient of thermal expansion, in comparison to sodium carbonate. The coefficients of thermal 

expansion obtained are in the same order of magnitude as some reported values for inorganic 

polymers and ceramics [51–53]. 
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The thermal stability of the materials was globally improved after the first heating cycle and the 

values of DL/Lo in the second cycle were about -0.2%, -0.35%,  -0.5% and -0.35% for specimens no 

7, 8, 9 and 14 respectively. The physical evolution of materials during heating is an important factor 

to be considered for building and refractory materials [41,54].  The thermal stability of the materials 

until 800- 900 ºC was better  than those of some inorganic polymers (geopolymer) [48,53,54] and 

suggests a possible suitability of the materials for low temperature refractory applications, until 

about 800 ºC.  

The results presented above clearly demonstrate that QFS can be used in the production of low 

temperature building ceramics, with some advantages for sustainability. All felsic mining i.e. 

tailings rich in quartz and felspars may also be suitable to be valorised using the same approach. 

These tailings include molybdenum ore tailings, gold ore tailings and quartz ore tailings [55].   

 

 

4.  Conclusion 

The management of mining wastes remains an important issue to be addressed. Low temperature 

(700-900 ºC) ceramics with interesting physical properties were successfully prepared from quartz, 

feldspar sand lithium mine tailings (QFS). Ladle slag (LDS) was used as increasing green strength 

agent in some compositions. Sodium carbonate and sodium hydroxide were used as fluxing agent, 

in the proportion range of 1 to 7 per 100 parts of the dry mass of QFS/LDS. Sodium hydroxide was 

found to perform better as fluxing agent, leading to specimens with higher compressive strength, 

higher density and lower water absorption. The maximum values of compressive and flexural 

strength were 55 and 14 MPa respectively, while water absorption and apparent density values 

ranged from about 4 to 19% and 1.65 to 2 g.cm-3 respectively. Most of the compositions prepared 

with 3 - 7 wt% NaOH presented good properties, meeting the requirement of building brick 

according to ASTM C62-99. Scanning electron micrograph of the sintered ceramics presented a 



18 
 

dense microstructure with some relic of starting materials. Densification resulted from solid state 

reactions and partial melting of phases, with the reduction of crystallinity and quartz proportion in 

the matrix. Dilatometry analysis showed that the relative length change (DL/Lo) of the specimens 

was between -0.6% and -1.5% after two sequential heating cycles, the first at 800 and the second at 

900 ºC, with coefficient of thermal expansions of 9 to 12×10-6 C-1 between 600 and 800 ºC and 

higher sintering shrinkage for specimens prepared with NaOH. 

The overall results are of great interest for sustainability and the valorization of QFS and similar 

tailings in the production of low temperature ceramics for building applications.  
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FIGURE CAPTIONS 

 

Figure 1: Effect of LDS on the green strength of referred compositions 

Figure 2: Compressive strength of the synthetized specimens 

Figure 3: Effect of sodium compound on the three-point flexural strength of referred compositions 

sintered at indicated temperatures 

Figure 4: Effect of sodium compound on the water absorption and apparent density of referred 

compositions 

Figure 5: XRD spectra of QFS and LDS 

Figure 6: TG/DSC curves of QFS and LDS 

Figure 7: XRD spectra of QFS and compositions no 3, 9, 10, and 14 sintered at 900 ºC 

Figure 8: Effect of sodium hydroxide in the reduction of quartz in referred compositions  

Figure 9: SEM image of powdered QFS 

Figure 10: SEM image of composition 3, 9 and 14 at 900 ºC 

Figure 11: SEM image of compositions 3 and 9 at higher magnification and 10µm A-B line 

analysis in composition 9 

Figure 12: Dilatometry curves of compositions no 7, 8, 9 and 14 
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Table 1:   Chemical analysis of QFS and LDS  (wt%) 

 

  

 

 

 

Table 2: Leaching test of the spodumene tailings (QFS) determined according to SFS-EN 12457-3 
and limits suggested by the Finnish regulation (VNa 331/2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 MnO SUM 
 

QFS 77.5 13.5 0.2 0.3 0.0 4.8 3.3 0.0 0.1 0.0 99.9 
 

LDS 7.16 32.30 1.64 48.43 5.66 - 0.02 0.85 0.01 - 99.5 

 Solubility (mg/Kg) 
Hazardous 
elements 

QFS Limits  

As < 0,05 0.5 
Ba < 0,06 20 
Cd < 0,04 0,04 
Cr < 0,05 0,5 
Cu 0,05 2 
Hg < 0,01 0,01 
Mo < 0,06 0,5 
Ni < 0,1 0,4 
Pb < 0,05 0,5 
Sb < 0,05 0,06 
Se < 0,05 0,1 
Zn < 0,6 4 

DOC 26,7 500 
Cl- < 4 800 
F- < 2 10 

SO42- 11,6 1000 
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Table 3: Particle size information of QFS and LDS 

 

 

 

Table 4: Mixture proportioning 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Percentage 
of size  

<10% 
[µm] 

<25% 
[µm] 

<50% 
[µm] 

<75% 
[µm] 

<80% 
[µm] 

<90% 
[µm] 

<95% 
[µm] 

<99% 
[µm] 

QFS as 
received 

63.07  109.2  171.4  253.1 278.1  360.9 481.2  1028.1  

QFS after 
grinding 

1.765  4.016   10.70  29.15  37.62  83.15  125.6  234.5  

LDS after 
grinding 

1.295  4.525  12.34 31.45  38.00  64.93  89.18  140.3 

Ref QFS (g) LDS (g) Sodium 
carbonate 
(g) 

NaOH (g) Water (g) Sintering 
temperature 

1 (0wt% Na) 90 10 - - 24  
 
 
 
 
 
700, 800, 
900ºC 

2 (~1wt% Na2CO3) 90 10 1 - 24 

3 (~1wt% NaOH) 90 10 - 1 24 

4 (~3wt% Na2CO3) 90 10 3 - 24 

5 (~3wt% NaOH) 90 10 - 3 24 

6 (~5wt% Na2CO3) 90 10 5 - 24 

7 (~5wt% NaOH) 90 10 - 5 24 

8 (~7wt% Na2CO3) 90 10 7 - 24 

9 (~7wt% NaOH) 90 10 - 7 24 

10 (0wt% Na) 100 - - - 20 

11 (~1wt% Na2CO3) 100 - 1 - 22 

12 (~1wt% NaOH) 100 - - 1 22 

13 (~3wt% Na2CO3) 100 - 3 - 22 

14 (~3wt% NaOH) 100 - - 3 22 
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Table 5: Elemental weight composition of points analyzed in the back scattered image of powdered 
QFS  
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Point 
Analysis 

O Na Al Si K Total Ascribed mineral based on 
XRD analysis 

1 43.34 0.58 10.39 32.03 13.66 100 Microcline (KAlSi3O8) 
2 43.15 0.3 10.29 32.31 13.94 100 
3 45.95 8.69 11.16 34.2 0 100  

 
Albite (Na Al Si3O8) 

4 45.74 8.69 11.03 34.54 0 100 
5 46.05 8.53 11.01 34.41 0 100 
6 46.01 8.59 11.09 34.31 0 100 
7 46.49 6.67 10.46 32.65 3.72 100 
8 45.92 7.54 10.83 33.72 2 100 
9 50.54 0 0 49.46 0 100 Quartz (SiO2) 
10 49.87 0 0 50.13 0 100 
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Table 6: Elemental weight composition of selected points from Figure 11  

 

 

 

 

 

 

 

 

 

 

 

 

Point 
Analysis 

O Na Al Si K Ca Fe Mg Mn Ti Total Suggested mineral 
based on XRD 
analysis 

1 50.33 0 0 49.67 0 0 0 0 0 0 100 Relic of quartz 
(SiO2) particle  2 50.32 0.49 0 49.19 0 0 0 0 0 0 100 

3 44.6 7.23 5.96 34.14 3.49 1.99 2.59 0 0 0 100 Amorphous phase 
(melt)  4 43.6 7.42 6.15 31.94 3.23 1.95 5.71 0 0 0 100 

5 44.96 7.19 6.21 35.17 3.54 2.34 0.58 0 0 0 100 
6 45.34 6.74 9.6 33.77 3.94 0.6 0 0 0 0 100 
7 44.67 7.33 6.15 35.8 3.3 2.44 0.31 0 0 0 100 
8 45.44 7.06 5.99 35.03 3.38 2.57 0 0.52 0 0 100 
9 46.35 8.69 10.91 34.04 0 0 0 0 0 0 100 Relic of albite 

particles 10 46.12 8.74 10.81 34.33 0 0 0 0 0 0 100 
11 46.21 8.75 10.99 34.05 0 0 0 0 0 0 100 
12 46.11 8.69 10.91 34.29 0 0 0 0 0 0 100 
13 45.49 8.75 11.03 34.72 0 0 0 0 0 0 100 
14 49.88 0 0 50.12 0 0 0 0 0 0 100 Relic of quartz 

particle 15 49.03 0 0 50.97 0 0 0 0 0 0 100 
16 34.65 0 0 0 0 0 0.84 62.03 2.47 0 100  

LDS particle with 
several crystal 
phases 

17 37.62 0 28.38 1.9 0 30.0
3 

0 2.07 0 0 100 

18 33.84 0 9.63 1.56 0 34.8 0 1.15 0 19.0 100 
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Figure 3:  
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Figure 4:  
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Figure 8:  
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Figure 10:  
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Figure 11:  
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Figure 12:  
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