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A B S T R A C T   

In the context of the increasing demand for lithium, the extraction of lithium from spodumene is being pursued. 
During the processing of spodumene, large quantities of leached spodumene concentrate (LSC) are produced as a 
by-product. To avoid the deposition of the material, potential reuse of the material within the cement industry is 
investigated. XRD and XRF analyses show that the LSC consists predominantly of leached spodumene and thus of 
an Al2O3 and SiO2 containing material. The pozzolanic composition of the material suggests a reusability of the 
material as supplementary cementitious material (SCM) within the cement industry. To test this approach, the 
hydration properties of LSC powders in combination with OPC cement are investigated. The chemical and 
mineralogical composition was determined using X-ray methods, followed by the assessment of the hydration 
behavior of LSC by puzzolanity testing and calorimeter of the heat flow. The tests show that a low-sulfur LSC (up 
to 1.8 %) is very reactive for mixtures of up to 20 % and produces high mechanical strengths in combination with 
an OPC. The influence of different raw material sources and process-related fluctuations on the conversion rate 
from α to β spodumene is negligible.   

1. Introduction 

Currently, one of the biggest challenges facing the cement industry is 
the reduction of its carbon footprint. Cement is by far the most 
commonly used building material [1].The cement industry is the 
third-largest energy consumer (about 7 %) and the second-largest direct 
producer of CO2 (about 27 %) in industry [2]. In 2022, about 4.1. 1012 

tonnes of cement were produced worldwide [3]. The cement industry is 
therefore responsible for approx. 2.1. 1012 tonnes of CO2 emissions [4]. 
Although China was the largest cement producer in 2019 with 56 %, the 
EU followed in third place with 4.4 % after India (7.8 %) [5]. The high 
CO2 emissions are primarily attributed to two factors. First, the 
energy-intensive primary clinker production accounts for approximately 
one-third of the CO2 emissions [2]. Second, the decomposition reaction 
(CaCO3 → CaO + CO2) occurring during cement production, is respon
sible for the remaining two-thirds of the CO2 emissions [2]. CO2 savings 
can therefore be achieved primarily by the type of fuel used in clinker 
production, CO2-free Ca sources, and by the reduction of clinker in the 

end product. One option to reduce CO2 emissions is to add supplemen
tary cementitious materials (SCM) to the cement clinker. These factors 
reduce the clinker content and they can function as additives to optimize 
the properties of the respective cement. Currently, SCMs account for 
about 14 % of the raw meal blend [6]. In Europe the average proportion 
of clinker in cement is around 76 %, the aim is to reduce the clinker 
content to below 70 % by 2050 [6]. 

In the context of the energy transition, there is currently a growing 
demand for lithium. Lithium possesses unique properties that make it 
valuable in various applications, including the glass and ceramic in
dustry [7]. However, its most prominent use is in the field of 
rechargeable batteries [7]. Approx 60 % of the lithium produced 
worldwide originates from hard rock, the remaining 40 % is extracted 
from brines [8]. There are various lithium-bearing minerals such as 
petalite, lepidolite, and zinnwaldite. One of the most important minerals 
for industrial use is spodumene (LiAl[Si2O6]). The production of a 
lithium compound from spodumene concentrate involves typically the 
acid-roasting process [7,9]. In this process, the mined α-spodumene is 
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initially heated to 1100 ◦C, resulting in a phase transformation of 
α-spodumene via γ-spodumene to β-spodumene [10]. In contrast to the 
chemically very stable α-spodumene, γ- and β-spodumene are leachable, 
with β-spodumene being the most suitable [11]. Acid roasting is carried 
out at about 250 ◦C using concentrated sulfuric acid. The solid phase is 
then separated from the sulfuric acid which contains the through 
ion-exchange-extracted lithium and further processing steps are carried 
out [10,12]. At the end of the process, a very pure lithium carbonate or 
lithium hydroxide is obtained. 

Pure spodumene contains about 8 wt% Li2O therefore, most of the 
spodumene remains as an industrial by-product (leached spodumene 
concentrate/-abbrev. LSC). Currently, a significant portion of these by- 
products (LSC) is being deposited, which can lead to environmental is
sues on one hand and represent a waste of resources on the other hand 
[13–15]. 

LSC consists mainly of aluminosilicates (HAl[Si2O6]) with varying 
amounts of sulfate and calcium. Initial studies on the use of this by- 
product as supplementary cementitious materials (SCM) have been 
conducted by several authors [13,14,16–18]. In various publications, it 
has been shown that LSC has only a small proportion of reactive 
aluminosilicate phases despite the high contents of SiO2 and Al2O3 [17, 
19,20]. In all these publications, the LSC has a rather high SO3 content of 
more than 6 wt%, a residue from leaching with sulfuric acid. [21] citing 
other researchers, indicate that the elevated SO3 content might act as a 
limiting factor in the utilization of LSC as SCM, as higher proportions 
could potentially compromise the gypsum content in cement. 

In this paper, the properties of an LSC with a very low SO3 content 
were investigated. Firstly, the composition of the LSC was determined, 
secondly, initial tests on the reactivity of the material in combination 
with a CEM I [22] were carried out. 

2. Materials 

The present LSC originates from experiments, which were conducted 
on a pilot plant scale and provided by RockTech Lithium Inc. The 
spodumene concentrate used for the tests originates from four separate 
locations, with two samples provided from one location. The moisture 
content in the samples is approx. 22 wt% and was analyzed using a 
Halogen Moisture Analyzer Excellence Plus HX204 (Mettler Toledo). 
The pure density of 2.5 g/cm3 was determined by MVP-D160-E He- 
pycnometer – Quantachrome multipycnometer (Quantachrome In
struments). The loss on ignition (LOI) of the previously dried samples is 
4–6 wt% after 2 hours of annealing at 1000◦C. An overview of the 
samples and selected characteristic properties is listed in Table 1 The 
provided data represent an average obtained from three measurements 
each. 

For the experiments carried out in this study, the LSC was dried at 40 
◦C and ground with a disk mill (agate insert) for 60 s at 700 rpm. A grain 
size analysis was performed on the untreated and prepared specimens 
using a laser granulometer Mastersizer 3000 (Malvern-Panalytical). For 
technical reasons, the > 1 mm fraction of the untreated samples was 
removed beforehand. The results show that the untreated samples have 
a D50 value between 20 and 40 µm, while the treated samples have a D50 
value between 7 and 11 µm (Fig. 1). The ordinary portland cement 
(OPC) used is a CEM I 42.5 R [22] from Schwenk Zement GmbH & Co. 

3. Methods 

3.1. Chemical analysis (XRF and ICP-MS) 

The X-ray fluorescence analyses (XRF) were performed using an S8 
TIGER 2 (Bruker-AXS). The chemical composition was determined 
quantitatively with the certified GEO-QUANT-Advanced standard, by 
applying the Spectra Plus software. Sulfur and Lithium contents were 
measured separately by ICP-MS at ALS-Global in Ireland. 

3.2. XRD/Rietveld 

The phase compositions of the LSC samples were determined by 
Theta/Theta X-ray diffractometer X′Pert Powder (Malvern-Panalytical) 
featuring a Cu tube (λKα=1.5406 Å) operated at a current of 40 mA and a 
voltage of 45 kV. The counting time per step was 178.245 s and a Pixcel 
Line detector was used. For the identification of the starting materials, 
the databases ICDD Version 2004 and COD 2016 were utilized. Rietveld 
refinements [23] were performed using TOPAS-Academic V7 [24] 
software. The CIF files were retrieved from the ICSD database 2023/2 
and are listed in Table 2. 

The quantification of the crystalline and amorphous fractions was 
determined by the Rietveld method (XRD) using 10 wt% rutile (TiO2) as 
an internal standard. The Rwp value (residual value/quality factor) of the 
performed Rietveld refinements was below 6 for all samples [25]. 

3.3. Scanning electron microscopy/ energy dispersive X-ray spectroscopy 
– SEM/EDS 

Samples 1.2 LSC and 3. LSC were examined with SEM. The studies 

Table 1 
Sample overview with information on moisture, loss on ignition, pure density 
and the D50 of the treated samples.  

Sample moisture [wt 
%] 

loss on ignition 
[wt%] 

pure density [wt 
%] 

D50 

(treated) 

1.1 LSC 20.69 ±0.27 4.55 ±0.07 2.49 ±0.01  9.2 
1.2 LSC 23.76 ±0.08 5.50 ±0.08 2.46 ±0.01  10.1 
2 LSC 23.45 ±0.05 4.52 ±0.03 2.48 ±0.01  10.7 
3 LSC 23.06 ± 1.14 4.33 ±0.03 2.54 ±0.01  9.6 
4 LSC 20.86 ±1.09 4.66 ±0.26 2.52 ±0.01  8.5  

Fig. 1. Grain size distribution of the treated (LSC - T) and untreated LSC 
samples. After grinding the material, it has an grain size (D50) of 7–11 µm, 
which corresponds approximately to the grain size of the CEM I 42.5 R used. 

Table 2 
Overview of the CIF files used for Rietveld refinement from the ICSD, the 
chemical formula, and the name used in this report.  

ICSD-number chemical composition mineral mame/compound 

9161 TiO2 Rutile 
9668 LiAl[Si2O6] α -Spodumene 
69394 LiAl[Si2O6] β -Spodumene 
24897 LiAl[Si2O6] γ -Spodumene 
67212 HAl[Si2O6] leached α -Spodumene 
69215 HAl[Si2O6] leached β -Spodumene 
16331 SiO2 Quartz 
92567 Ca[SO4] x 2 H2O Gypsum 
22022/654 (Ca, Na)[(Al,Si)4O8] Anorthite 
9770 Na[AlSi₃O₈] Albite  
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were performed using a Tescan CLARA equipped with an Ultim Max 
S100 EDX detector (Oxford Instruments). The previously unground but 
dried samples were attached to a carbon tape and coated with carbon. 

3.4. Pozzolanicity/Frattini method 

To test the pozzolanicity of the samples, the Frattini test according to 
DIN EN 196–5 [26] was carried out after 8 and 15 days. In this regard, 
the LSC samples, along with a reference sample of α-spodumene (10 wt 
%), were mixed with a CEM I 42.5 R cement. Cement blends with 10, 15, 
and 20 wt% LSC additives were tested. 

3.5. Heat flow calorimetry 

For the determination of the heat of hydration, 5.0 g composed of 
CEM I 42,5 R and LSC (10 % and 20 %) were prepared with a water/ 
binder weight ratio of 0.5. The heat of hydration was investigated with 
an isothermal calorimeter TAM-Air (TA Instruments). The heat flow was 
recorded for 160 hours. Measurements were carried out by SCHWENK 
Zement GmbH & Co. KG. The results are shown in Fig. 4. 

3.6. TG-DSC/MS 

The thermogravimetry and differential scanning calorimetry (TG- 
DSC) (NETZSCH STA 449 F3 Jupiter®) with coupled mass spectrometry 
(MS) (QMS 403 D Aeolos) analysis was performed. The samples were 
heated under Argon-atmosphere from room temperature to 1100 ◦C at a 
heating rate of 10 ◦K/min using a covered corundum crucible. The 
program Proteus version 6 was used to evaluate the TG-DSC data. The 
MS data was analyzed with the program Aeolus. 

3.7. Mechanical properties 

The tests of the compressive strength were carried out following the 
standard DIN EN 196–1 [27]. A testing device from Strassentest Baus
toff-Prüfsystheme was used. A CEM I 42.5 R was applied to produce the 
test specimens. In addition to a reference sample made of pure CEM I as a 
binder for comparison purposes, binder blends of CEM I with additions 
of 10, 15, and 20 % LSC were tested. An overview of the blends can be 
seen in Table 3 Following the requirements of DIN EN 196–1 [27]. The 
results of the compressive strength are based on 6 measurements. 

4. Results and discussion 

4.1. Chemical analysis (XRF and ICP-MS) 

The chemical composition of the LSC, shown in Table 4, indicates 
that the material consists of approx. 90 wt% SiO2 and Al2O3. In addition, 
the chemical concentrations of Fe2O3, CaO, K2O, MgO, and SO3 were 
determined in all samples. The overall composition corresponds to the 
composition of residues from spodumene lithium production, as 
described in other publications [13,14,17,18]. As sulfur and calcium are 
introduced to the material by the leaching process, their concentration 
in the material depends on the specific process steps and can vary in 
different publications. The results of the XRF and ICP-MS analysis do not 
show any contents that are critical for the application of this material as 

SCM. A slightly increased sulfur content in sample 1.2 LSC and an 
increased amount of residual lithium in samples 1.2 LSC and 3 LSC are 
noticeable and might be due to incomplete leaching or phase conver
sion. Sample 1.2 LSC also showed an increased LOI of 5.5 wt%. 

4.2. XRD/Rietveld-LSC 

The XRD (Fig. 2, Table 5, as well as the supplementary information 
Fig. S1-S4) analyses showed that most LSC samples contain primarily the 
different modifications of leached and pristine spodumene. The leached 
modifications of the γ- and β-spodumene account for approx. 65 wt% in 
the samples. The proportion of residual spodumene modifications is 
much lower (< 10 wt%). In sample 1.2 LSC no pristine spodumene 
phases could be detected, which indicates almost complete leaching of 
this sample. In comparison, sample 3 LSC contained a high proportion of 
residual α -spodumene (8 wt%). Quartz, feldspar, and gypsum occur as 
minor phases. The calculated amorphous content using the Rietveld 
method in the samples ranges between 1 and 15 wt%. 

Overall, the composition of the samples exhibited considerable 
variability. Sample 2 LSC has a large amount of leached β-spodumene 
(58 wt%), whereas sample 1.1 LSC has an amount of only 40 wt%. The 
presence of α-spodumene in sample 3 LSC, as well as an increased pro
portion of leached γ-spodumene, as observed in samples 1.1 LSC and 1.2 
LSC, suggests that the transformation of α-spodumene to β-spodumene 
was not completed. The incomplete phase transformation in sample 3 
LSC also explains the increased residual lithium content of this sample. 
Since α-spodumene is not leachable, the lithium remains in the crystal 
lattice of the α-spodumene. An increased residual lithium content was 
also found in sample 1.2 LSC, even though no remnants of residual 
spodumene could be detected in the sample. In addition, this sample 
contains 1.75 wt% SO3, which is seven times higher than in other 
samples (Table 5). This could be an indication that the sample was not 
washed after sufficient neutralization. This issue indicates that acid 
roasting as well as the leaching process needs accompanying phase 
characterizations for quality control. 

4.3. TG-DSC/MS 

The TG-DSC results of the raw material (LSC) exemplified by samples 
1.2 LSC and 3. LSC is shown in Fig. 3. An initial loss of mass up to 
approximately 100 ◦C is due to the evaporation of remaining adhesive 
water. The TG curve shows a distinct mass loss of 3.75 wt% (3 LSC) and 
3.91 wt% (1.2 LSC) between 100 and 900 ◦C. The MS analysis has shown 
that this is due to the release of OH or H2O. This observation agrees with 
those of Müller, et al. [28], who attribute this mass loss to the dehy
dration of HAl[Si2O6] according to the reaction (Eq. 1):  

HAlSi2O6 → Al Si2O5.5 + 0.5 H2O                                                   (1) 

For a pure material (HAl[Si2O6]), this would stoichiometrically 
correspond to a mass loss of 4.99 %. Since the material investigated in 
this study originates from natural resources featuring gangue and which 
was not completely converted during processing, a lower mass loss as 
seen here is to be expected. Between 1000 and 1100 ◦C a prominent 
exothermic peak can be seen, which is not accompanied by a mass 
change. A subsequent XRD examination of the material has shown that 
this is due to mullite formation. 

4.4. Microstructure: scanning electron microscopy/ energy dispersive X- 
ray spectroscopy – 

SEM analysis confirmed the phase assemblages found by XRD. In 
contrast to the other samples, sample 1.2 LSC shows noticeable, needle- 
shaped gypsum crystals (Fig. 4). In contrast to XRD, this method was 
able to detect the presence of potassium-containing mica. However, its 
total content in the sample is presumably so low that potassium- 

Table 3 
Composition of the test specimens for compressive strength and bending tensile 
strength testing according to DIN EN 196–1 [27].  

LSC [%] LSC [g] CEM I 42,5 R [g] Sand [g] Water [g] Sum [g]  

0 - 450  1350  225  2025  
10 45 405  1350  225  2025  
15 67,5 382,5  1350  225  2025  
20 90 360  1350  225  2025  
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Table 4 
Chemical composition of LSC samples measured by XRF. Sulfur (SO3) and lithium (Li) were analyzed by ICP-MS, all data in wt%.   

XRF ICP-MS 

Sample LOI SiO2 Al2O3 Fe2O3 CaO K2O MgO Mn2O3 Others SO3 Li 
1.1 LSC 4.6 65.8 25.7 1.2 0.6 0.6 0.6 0.1 0.8 0.25 0.11 
1.2 LSC 5.5 65.3 25.1 1.5 1.0 0.7 0.7 0.1 0.1 1.78 0.30 
2 LSC 4.5 66.3 24.6 1.3 0.9 0.7 1.1 0.2 0.4 0.28 0.15 
3 LSC 4.3 68.3 25.1 0.7 0.2 0.6 0.2 - 0.6 0.23 0.36 
4 LSC 4.7 65.4 24.3 1.3 0.9 0.7 1.1 0.3 1.3 0.18 0.18  

Fig. 2. Rietveld refinement of sample 1.2 LSC and 3.LSC with 10 % Rutile (internal standard). The main phases are the leached β and γ spodumene. Quartz, feldspar, 
and gypsum were found as minor phases. 

Table 5 
Rietveld refinement of sample 1.2 LSC with 10 % Rutile (internal standard). The 
main phases are the leached β and γ spodumene. Quartz and feldspar were found 
as minor phases.  

Phase 1.1 LSC 1.2 LSC 2 LSC 3 LSC 4 LSC 
Rutile (internal standard) 10 10 10 10 10 
leached γ-spodumene 24 27 6 16 5 
leached β-spodumene 41 40 58 44 67 
α-Spodumene - - - 8 1 
β-Spodumene - - 4 - - 
γ-Spodumene 2 - 5 - 3 
Quartz 10 4 7 6 6 
Gypsum - 1 - > 1 - 
Feldspar 7 10 10 7 8 
Amorphous fraction 15 9 2 8 1  

Fig. 3. TG-DSC analysis of the raw material (dashed line 1.2 LSC, solid line 3 
LSC) heated up to 1100 ◦C, heating rate 10◦ K/min. 

J. Woskowski et al.                                                                                                                                                                                                                             



Construction and Building Materials 438 (2024) 137096

5

containing mica was no longer detectable by XRD. Occasionally, 
spherical particles with a chemical composition similar to spodumene 
could be determined in sample 3 LSC. These are presumably melting 
droplets of b-spodumene that formed during the temperature treatment 
and cooled down again quickly. Fig. 5 and Fig. 6 

4.5. Pozzolanicity/Frattini method 

The pozzolanic tests show that all tested mixtures of the LSC in 
combination with a CEM I 42.5 R were in the pozzolanic range after 8 
and 15 days (Fig. 3). The lower CaO concentration after 15 days in
dicates that CSH phases are still being formed. In contrast, the Frattini 
reference sample with 10 wt% α-spodumene was not pozzolanic after 8 
nor after 15 days. This suggests that the crystal lattice of the a-spodu
mene is too dense, and the Si-Ions are not available for a reaction with 

the calcium. Hence, a disproportionately high concentration of α-spod
umene could potentially impede the reactivity of LSC. However, sample 
3 LCS containing 8 wt% α-spodumene does not exhibit diminished 
reactivity. This suggests that an incomplete phase transformation can be 
tolerated to some extent without affecting negatively the pozzolanicity 
of LSC. Furthermore, the distinct difference in terms of different pro
portions of β-spodumene does not have a noticeable effect on the poz
zolanicity either. The performance of sample 1.2 LSC is outstanding. It is 
located in the pozzolanic field, though the measuring points are 
noticeably shifted (lower Ca2+ concentrations and higher OH- contents). 
This is probably due to the increased SO3/gypsum content in this 
sample. 

Considering the Rietveld quantification results, which indicate 
amorphous content ranging from 1 % to 15 %, it is evident that pozzo
lanic activity is not primarily influenced by the amorphous content of 

Fig. 4. SEM images of the dried but untreated 1.2 LSC (a and c) and 3 LSC (b and d). The abbreviations used indicate Gypsum (Gp), quartz (Qz), spodumene (Spd), 
and leached spodumene (Spd(L)). 

Fig. 5. Pozzolanicity test according to DIN EN 196–5 on different admixtures of LSC samples and α spodumene with a CEM I 42.5 R from Schwenk, results after 8 
days (left) and 15 days (right). When the data points lie within the green range, they exhibit pozzolanic properties. For comparison purposes, the pozzolanic ranges of 
silica fume (SF), metakaolin (MK), and pulverized fly ash (PFA) were given [29–31]. 
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the LSC samples (cf. Table 5). Evidently, the SiO2 present in the leached 
γ and β spodumene exhibits a lesser degree of chemical binding, such 
that its interaction with the cementitious matrix is possible. 

4.6. Heat flow calorimetry 

The Investigation of the hydration heat showed that an increase in 
LSC reduces the overall hydration heat. An addition of 10 wt% LSC 
(dashed lines) showed a heat flow of 300 J/g after 160 hours, while an 
LSC proportion of 20 wt% (solid lines) showed a heat flow of 260 J/g 
(Fig. 4b). The main peak, due to the formation of C-S-H phases and 
portlandite [32], appeared after approx. 12 hours in calorigrams of both 
blends (Fig. 4a). In addition to the main peak of hydration, a shoulder 
can be observed after approx. 29 hours on the descending branch of the 
main peak, which is probably due to the formation of secondary 
Aluminat-Ferrat- triosulfate (AFt/i.e. Ettringite) [32]. This shoulder is 
more pronounced in the 20 % mixture. Despite the differences in the 
composition of the samples, they behave similarly and are reproducible. 
Sample 1.2 LSC exhibited a slight deviation, the peak maxima were 
shifted to the right times. The main hydration peak of the 10 wt% blend 
showed a delay of about 2 hours, while the 20 wt% blend shows a delay 
of about 3–4 hours. The second hydration peak of the 20 % blend also 
revealed a more pronounced expression (i.e. the heat flow is increased) 
of this peak in addition to the time delay. 

4.7. Mechanical properties 

In order to test the performance of the LSC as SCM, the compressive 
strength [27] of the samples 1.2 LSC and 3 LSC were tested after 7 and 
28 days and compared to the reference sample with pure CEM I. LSC 
mixtures of 10, 15 and 20 wt% were tested. The test specimens were 
visually checked and were of flawless quality. The test results are shown 
in Fig. 7, primary data in the supplementary information (Table. S1). 
After 7 days, a decrease in compressive strength could be observed with 
increasing LSC content (1.2 LSC: − 15.9 %; − 16.4 %; − 18,7 %) (3 LSC: 
− 9.1 %; − 12.3 %; − 17.5 %) compared to the reference sample with 
pure CEM I. The sample 1.2 LSC consistently exhibits slightly lower 
strength than sample 3 LSC. This could be due to the higher sulfur 
content, but it should be noted that the standardization regulation [27] 
used allows deviations of up to 10 % from the mean value and a repe
tition of the test is generally recommended. Therefore, without further 
repetition of this test, it is not possible to say whether this observation is 

conclusive. After 28 days, the compressive strength of the test specimens 
increases noticeably with increasing LSC content (1.2 LSC: 3.9 %; 
10.1 %; 11.4 %) (3 LSC: 6.2 %; 6.7 %; 10.2 %). Hence, a significant ef
fect of the sulfur content on the mechanical strength of the samples 
could not be observed. 

5. Conclusions 

This study investigates LSC samples with low SO3 contents derived 
from the acid-roasting process of Lithium extraction from spodumene. 
Of particular interest were the chemical composition, qualitative and 
quantitative phase analysis, as well as an initial examination of the 
material with regard to its pozzolanic properties. To sum up the results, 
the following statements can be made: 

Fig. 6. : Hydration heat of CEM I 42,5 with addition LSC (10 % and 20 %). In figure a) the heat flow is given in [mW/g], in figure b) the cumulative heat release is 
given in [J/g]. 

Fig. 7. Results of compressive strength after 7 and 28 days with LSC mixtures 
of samples 1.2 LSC and 3 LSC of 0, 10, 15 and 20 %. Specify with error bar. The 
standard error in relation to the mean value is below 0.7 MPa for all 
measurements. 
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1. The XRF investigations show that the material consists of about 
65 wt% SiO2 and about 25 wt% Al2O3. In addition, other elements 
such as potassium, calcium, iron, and magnesium occur in signifi
cantly lower concentrations. No critical element concentrations were 
found which would prevent the use of the materials as SCM.  

2. ICP measurements show a sulfur content, reported as SO3, of 
0.23–1.75 wt% and a residual lithium (Li) content of 0.11–0.36 wt%.  

3. The qualitative and quantitative XRD analysis showed that most of 
the SiO2 and Al2O3 are bound in the form of HAl[Si2O6]. In addition, 
minor amounts of quartz, feldspars, gypsum, and spodumene modi
fications can be observed. In addition, mica could also be identified 
as a secondary phase by SEM analysis, although this could not be 
detected in XRD. The phase composition of the individual samples 
varies in part extensively.  

4. The pozzolanic studies of the LSC showed pozzolanic properties of 
the material in combination with a CEM I 42.5 R with a LSC content 
between 10 and 20 wt%. The SO3 (gypsum) content influences the 
pozzolanic activity. However, this does not influence the reaction 
negatively.  

5. The calorimetric investigations showed a decrease in the heat of 
hydration with increasing LSC content. The main hydration peak 
(maximum heat flow) appears after approx. 12 hours, whereby with 
increasing LSC a second maximum becomes increasingly apparent 
after approx. 29 hours. An increased SO3 content retards slightly the 
reaction.  

6. Tests of the compressive strength show a reduced early strength after 
7 days compared to the reference sample and an increased late 
strength after 28 days. The compressive strength improves with 
increasing LSC content and is most pronounced with the addition of 
20 wt% LSC. The results indicate a slightly more pronounced 
reduction in early strength after 7 days in the sample 1.2. LSC with 
increased sulfur content. However, further tests are required to check 
whether the impact of the given sulfur content is significant. 

The results of this study indicate that the LSC investigated is well 
suited for use as an SCM. The influence of different raw material sources 
and process-related fluctuations on the conversion rate from α to β 
spodumene is negligible. Sulfur had the major impact on the properties 
of the material as SCM. The sulfur contents of up to 1.8 % investigated 
here did show a negative effect on the strength development of the 
material. 
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