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A B S T R A C T   

In this study, lithium slag was utilised as a supplementary cementitious material (SCM) to develop pozzolanic 
activity and reduce CO2 emissions related to cement production, with a focus on comprehensive chemical tests 
and microstructural assessments. Lithium slag was primarily characterised through laser particle size analyser, X- 
ray fluorescence, X-ray diffraction, scanning transmission electron microscopy coupled with energy dispersive X- 
ray spectroscopy, and thermogravimetry. These tests indicate that lithium slag holds 31.6% amorphous phase 
with rich aluminosilicate minerals, making it an excellent candidate as pozzolan. The unsaturated lime and 
electrical conductivity pozzolanic activity precursor tests evaluated the potentiality of using lithium slag as a low 
carbon pozzolan. The optimum percentage of lithium slag as a supplementary cementitious material was 
determined from Frattini, strength activity index, and R3 tests by replacing 0–60% cement. Results show that 
40% lithium slag mortar could achieve 93% strength activity index in 28 days. The microstructure development 
of lithium slag was assessed and ettringite, monocarboaluminate, and intermixed calcium aluminosilicate hy-
drates were formed at 56 days.   

1. Introduction 

Supplementary cementitious materials (SCM) have been known for 
over fifty years. It is used as a partial replacement of cement, and an 
optimized proportion helps to develop the mechanical, durability, and 
microstructural properties of concrete. Using SCM will reduce cement 
demand for concrete construction and, thereby, reduce carbon footprint 
[1]. Lithium slag is generated from lithium refinery plants and pre-
dominantly composed of silicon, aluminium, calcium, and iron, with 
small amounts of light metals, making it an excellent candidate for use as 
SCM [1–6]. Previous studies explored various recycling methods of 
lithium slag, especially as a construction material, which encompass its 
incorporation in concrete production by partially replacing cement 
[2–4,7–14], its use in alkali-activated binder [15–19], as backfill [20, 
21], fine aggregate [22], light weight aggregate [23], and in 
manufacturing of bricks [24]. Researchers are also using lithium slag as 
a SCM without calcination or mechanical activation, as its silica-alumina 
rich oxide composition, amorphous content, and mineral phases in 
amorphous state provides a remarkable advantage to enhance the 

pozzolanic activity [2,25]. The aim of this research is to utilize lithium 
slag as a SCM to reduce CO2 emissions related to cement production. 

Lithium is extracted from the minerals spodumene, lepidolite, pet-
alite, or zinnwaldite [26]. Primarily, the lithium rich minerals are mixed 
with sulfate salts and lime, chlorine, or carbonate salts, followed by 
roasting at 850–1150 ◦C to form β-spodumene from α-spodumene 
[26–28]. The negative Gibbs free energy at this temperature range in-
dicates the formation of reactive and amorphous β-spodumene which 
helps in the extraction of higher percentages lithium sulfate by the 
sulfuric acid treatment [26]. The generated lithium slag after the lithium 
extraction retains sufficient amorphousness and aluminosilicate rich 
phases to induce pozzolanic reaction as a SCM [29]. Sulfate, chlorine, 
and carbonate anions of different salts and acids help to recover lithium 
from β-spodumene, and these negative ions beyond the threshold limit 
in lithium slag may deteriorate concrete by early cracks, which restrict 
its high-volume usage as a pozzolan. Therefore, in this study, the 
pozzolanic activity of low-high volume lithium slag as a SCM will be 
assessed through portlandite consumption, strength development, and 
hydration heat. 
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The reactivity of the pozzolans is usually characterised by the 
reduction of calcium ions and electrical conductivity in a lime solution 
[30]. The Ca2+ ions in the solution diffuse and are immediately adsorbed 
onto the pozzolan surface, and the reaction products are formed from 
the diffused Ca2+ ions at pH > 12.0 [31–33]. As more Ca2+ ions combine 
with pozzolan to form hydration products, the pH and electrical con-
ductivity of the unsaturated lime solution decreases with time [31, 
34–36]. The reactive silica and alumina of pozzolan react with Ca2+ ions 
to form poorly structured calcium silicate hydrate (C–S–H), hydrogarnet 
(C-A-H) and/or strärtlingite (C-A-S-H) hydration products. The pozzo-
lanic reaction also forms AFt or in combination with AFm phases 
depending on the availability of sulfate, carbonate, hydroxyl, or chloride 
ions in the solution [33,37,38]. This study will assess the formation of 
hydration products of the lime reacted lithium slag on early to extended 
hydration period through microstructural tests. 

Earlier, the pozzolanic activity of lithium slag was calculated from 
the oxide composition [6] and strength activity index (SAI) [39–41]. 
Researchers also explained the strength development of the lithium slag 
concrete products through microstructural assessment, specifically 
diffraction peaks of crystalline hydration phases [4,42,43] and scanning 
electron microscopy (SEM) coupled energy dispersive X-ray spectros-
copy (EDS) [41,44]. The previous studies left an opportunity to focus on 
the comprehensive chemical tests to assess lithium slag pozzolanic ac-
tivity in line with other low-carbon SCMs, and the assessment of 
amorphous, amorphous intermediate, and crystalline hydration prod-
ucts contributing to strength development and pozzolanic activity. This 
research investigates, for the first time, the detailed quantification of the 
pozzolanic activity of lithium slag as a SCM in concrete production 
through chemical tests and microstructural analysis of hydration prod-
ucts, and comparison with other low-carbon SCMs, thereby contributing 
to a better understanding of its potential as a sustainable replacement for 
cement in concrete construction. In this study, lithium slag was char-
acterised through X-ray fluorescence (XRF), X-ray diffraction (XRD), 
scanning transmission electron microscopy (STEM) coupled EDS, and 
thermogravimetry (TG). The unsaturated lime and electrical conduc-
tivity tests are used as precursor pozzolanic activity tests to determine 
the reactivity of lithium slag based on the chemical composition, 
amorphousness, and crystal structure. The optimized percentage 0–60% 
lithium slag was quantified from Frattini, SAI, and R3 (rapid, relevant, 
and reliable) tests. The diffraction patterns and STEM-EDS were used for 
characterisation of the amorphous and crystalline phases formed by the 
unsaturated lime reacted lithium slag from early and prolonged 
hydrations. 

2. Materials and methods 

2.1. Material characterisation 

The physical and chemical properties of lithium slag and cement 
were investigated in this study. The water content of the received 
lithium slag was 28.3%. The lithium slag was dried at 105 ± 5 ◦C 
temperature for 24 h to remove the moisture and micronized in a 
traditional ball mill for 10 min at 50 rpm to break the soft agglomerate. 
The general purpose (GP) cement met the requirements of AS 3972 [45]. 
The oxide compositions of cement, ground lithium slag, and hydrated 
lime are shown in Table 1. The major oxides of lithium slag were SiO2, 
Al2O3, CaO, and SO3 and their proportions were 54.6%, 21.1%, 7.5%, 
and 5.6%, respectively. 

A Malvern Mastersizer 2000 laser particle analyser was used to 
determine the grain size distribution of cement and lithium slag in 
Fraunhofer mode [46], as shown in Fig. 1. The grain size distribution of 
sand was determined by using the ASTM C778 standard sieves [47]. The 
median particle size of cement, lithium slag, and sand were 17, 38, and 
280 μm, respectively [14]. River sand containing 99% pure crystalline 
silica was used in the study meeting the requirements of AS 1141 [48]. 
The hydrated lime was Analytical Reagent (AR) grade containing 95% 

pure lime, and the calcium carbonate content was less than 1%. The 
specific gravity of cement, sand, and lithium slag were 3.10, 2.66, and 
2.46, respectively [14]. 

The mineral phases of ground lithium slag were determined from the 
XRD, where 10% corundum (by weight) was used as an internal stan-
dard [49]. The diffraction patterns of the materials were recorded using 
the Bruker D8A with Cu Kα radiation (λ = 1.54056 A

◦

) to detect the 
minerals in the 2-θ range 5

◦

–120
◦

with a step rate 0.02
◦

/s at 40 kV 
voltage and 40 mA current. The mineral phases were determined from 
the ICDD PDF4+ database and TOPAS v.6 was used for the Rietveld 
refinement. The diffraction patterns and the main crystalline mineral 
phases of lithium slag and cement are shown in Fig. 2. The relative 
composition of the crystalline mineral phases of lithium slag were 2.1% 
β-spodumene (LiAlSi2O6), 6.6% bassanite (CaSO4.0.5H2O), 5.4% cal-
cium magnesium carbonate (Ca0.845Mg0.155(CO3)), 23.8% quartz (SiO2), 
28.2% anorthite (CaAl2Si2O8), 2.3% albite (NaAlSi3O8), and 31.6% 
amorphous phase. The amorphous phase in the region 21.8–33

◦

2-θ 
contains mostly aluminosilicate composed minerals, as shown in Fig. 2. 
The presence of carbonate-based minerals in lithium slag are sourced 
from lithium carbonate production [4]. Similarly, the relative quantifi-
cation of the mineral phases of cement was determined without using an 
internal standard [50]. The relative composition of cement minerals 
were 64% tricalcium silicate (Ca3SiO5), 15.2% larnite (Ca2SiO4), 9.7% 
tricalcium aluminate (Ca3Al2O6), 6.6% brownmillerite (Ca2Al0.55-

Fe1.45O5), 2.6% gypsum (CaSO4.2H2O), and 1.9% portlandite (Ca 
(OH)2). The weighted R-factor of Rietveld refinement of lithium slag and 
cement were 9.14 and 7.7%, this suggest that the curve fitting model 
provided good approximation in the identification of the mineralogic 
phases [51]. 

For STEM imaging, a small quantity of lithium slag powder was ul-
trasonically dispersed into ethanol, followed by an air drying of the 
single drop lithium slag dispersion on a carbon-coated specimen grid. A 
High-angle annular dark-field (HAADF) image and elemental mapping 
of the lithium slag were generated using the Talos FS200X G2 field 
emission gun (FEG) STEM coupled Super-X EDS detectors at 200 keV, as 
shown in Fig. 3(a and b). EDS elemental mapping were analysed in Velox 
software at selected areas, as shown in Fig. 3(a) of HAADF STEM image. 
In Fig. 3(a), irregular flaky and angular shaped lithium slag are visible, 
with a combination of smooth and rough textures. The EDS spectrum on 
selected area 1 of lithium slag grain shows the presence of silicon, 
aluminium, calcium, potassium, iron, carbon, and oxygen, as shown in 
Fig. 3(b). In contrast, the EDS spectrum on selected area 2 shows the 
presence of calcium, sulphur, and oxygen. The elemental composition of 
area 2 suggests the presence of bassanite, while a complex formation of 
different minerals may combine in the agglomerate in area 1. The STEM- 
EDS and XRF analysis of lithium slag detected notable concentration of 
iron and potassium. In this study, the XRD analysis of lithium slag 
cannot accurately distinguish the lithium bearing different micas viz. 
muscovite (KAl2(AlSi3O10)(OH)2), lepidolite (K(Li,Al)3(AlSi3O10)(O,OH, 
F)2), phlogopite (KMg3(AlSi3O10)(OH)2), and biotite (K(Mg,Fe)3(Al-
Si3O10)(OH)2) [52–54]. The correction applied for the modelling of 
quantitative XRD phase analysis of lithium slag needed further 

Table 1 
Oxide content of cement, ground lithium slag, and hydrated limea (in mass 
percentage) [14].  

Oxides Cement Lithium slag Hydrated limea 

SiO2 20.7 54.6 0.12 
Al2O3 5.7 21.1 0.08 
Fe2O3 2.9 1.5 0.05 
CaO 63.1 7.5 95 
MgO 1.3 0.6 0.6 
SO3 3.3 5.6 <0.10 
K2O 0.4 0.9 – 
Na2O 0.3 0.7 –  

a Data sourced from manufacturer product data sheet. 
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refinement to get the preferred orientation of the mica crystals [52,55]. 
The thermogravimetry (TG) of the lithium slag and cement was 

carried out on SDT Q600 and assessed in accordance with ASTM C1872 
[56], as shown in Fig. 4. The mass loss from the room temperature to 
170 ◦C in the TG/DTG curves of lithium slag and cement is caused by the 
loss of moisture and bassanite water [57,58]. An irreversible conversion 
of γ-calcium sulfate to β-calcium sulfate occurred at 370–410 ◦C with a 
little broad exothermic peak in the cement DTG curve [59]. The mass 
losses for lithium slag and cement at 400–750 ◦C were due to the 
dehydroxylation of the zeolite phases [60] and decomposition of 

carbonates, respectively [57]. The mass loss of hydroxylated defects of 
the zeolite phases occurs at ~700 ◦C, and this reduces the crystallinity of 
the pozzolans, as detected from XRD [61]. The total mass loss of lithium 
slag and cement were 8.4% and 2.8%, respectively at 990 ◦C. In this 
study, the lithium slag holds 31.6% amorphous phase containing mostly 
aluminosilicate glassy phases which can contribute to the pozzolanic 
reaction during hydration of cement particles. Therefore, it is worth-
while to assess the pozzolanic activity of lithium slag through different 
pozzolanic activity tests. 

Fig. 1. Grain size and volume distributions of cement and lithium slag through laser particle size analyser. Grain size distribution of sand by traditional sieving.  

Fig. 2. Diffraction patterns and minerals of cement 
and lithium slag. The notations of lithium slag min-
erals are ba, s, q, m, al, an, and c are bassanite (PDF# 
00-041-0224), β-spodumene (PDF# 04-016-0110), 
quartz (PDF# 00-033-1161), calcium magnesium 
carbonate (PDF# 04-012-6929), albite (PDF# 00- 
009-0466), anorthite (PDF# 00-012-0301), and 
corundum (PDF# 04-004-2852), respectively. The 
notations of cement minerals are g, b, a, p, l, and t are 
gypsum (PDF# 04-009-1810), brownmillerite (PDF# 
04-015-8019), alite (PDF# 04-018-9701), portlandite 
(PDF# 04-006-9147), larnite (PDF# 04-007-2687), 
and tricalcium aluminate (PDF# 04-008-8069), 
respectively.   
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2.2. Experimental methodology 

2.2.1. Pozzolanic activity precursor tests 
The pozzolanic reactivity of lithium slag was primarily determined 

from unsaturated lime consumption and electrical conductivity precur-
sor tests. A schematic work hierarchy of the precursor pozzolanic ac-
tivity tests is represented in Fig. 5. The mix proportions and test ages of 
the pozzolanic activity tests are shown in Table 2. The unsaturated lime 
consumption test [32] was conducted by adding 70 mL unsaturated lime 
solution to 1 g lithium slag at constant 40 ◦C. An unsaturated lime so-
lution was prepared by adding 1 g pure lime (AR grade) in 1000 mL 
deionised water for 24 h [36]. The pH and electrical conductivity of the 

lime solution were 12.38 and 3.82 mS/cm, respectively at 25 ◦C with 
nonlinear temperature compensation meeting the requirements of EN 
27888 [62]. The samples were vacuum filtered by using Whatman 42, 
2.5 μm nominal pore size after 1, 3, 7, and 28 days. The CaO concen-
tration was determined by adjusting the pH of the filtered solution to 
12.5 ± 0.2 using 0.1 M HCl, and the alkaline mixture is titrated against 
0.03 M EDTA solution using Patton-Reeder’s indicator. The CaO con-
centration was determined by using Eq. (1). 

[CaO] (mmol / litre)=
1000 × M1 × V1 × f1

V2
(1)  

where, M1, V1, V2, and f1 are the molarity of EDTA (0.03 M), volume of 

Fig. 3. HAADF-STEM image with locations (area 1 and 2) where EDS spectra were generated (a), and (b) EDS spectra of areas 1 and 2 at 200 keV.  
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Fig. 4. TG-DTG curves of lithium slag and cement from room temperature to 990 ◦C. The shaded areas in the TG-DTG curves show the mass loss due to presence of 
moisture and gypsum, portlandite, and carbonates, respectively. 

Fig. 5. Schematic representation of the work hierarchy of different pozzolanic activity tests.  
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EDTA used for the titration in (mL), volume of the filtered solution used 
for the titration, and normalisation factor for the standardisation of 
EDTA, respectively. 

Later, the electrical conductivity [63] of lithium slag was measured 
by placing 2.1 g lithium slag in 70 mL unsaturated lime solution (1 g/L) 
in a sealed polyethylene container. The mixture was slowly rotated and 
immediately kept in an oven at 40 ◦C. On the other hand, 2.1 g lithium 
slag was placed in 70 mL distilled water at same experimental condition 
[30]. Hach HQ40d conductivity meter (0.01 μS/cm–200 mS/cm at 
25 ◦C) was first calibrated with the manufacturer standard solution. The 
relative electrical conductivity (C) was determined by Eq. (2), where C0 
and Ct are the initial electrical conductivity and electrical conductivity 
of at different time durations, respectively. 

C=
C0 − Ct

C0
(2)  

2.2.2. Pozzolanic activity tests 
In the Frattini test, 20 g of binder weighed (0.0001 g accuracy) and 

100 mL deionised water added [64]. Two replica samples were pre-
pared, immediately capped, and kept at 40 ◦C. The samples were vac-
uum filtered after 1, 3, 7, and 28 days. The OH− concentration is 
determined by adding methyl orange indicator and titrated against 0.1 
M HCl solution. The OH− concentration was determined by using Eq. 
(3). 

[OH − ] (mmol / litre)=
1000 × M2 × V3 × f2

V2
(3)  

where, f2, M2 and V3 are the normalisation factors for the stand-
ardisation of HCl, molarity of HCl (0.1 M), and volume of HCl used for 
the titration in (mL). 

The compressive strength of 50 mm cube mortars was determined by 
utilizing 10–60% lithium slag as a SCM [65]. The water content of the 
mixes was determined from the flow diameter of the control specimen ±
5 mm [66,67]. The mixing procedure of the mortar for the SAI test is 
shown in Fig. 5. The mortar specimens were placed in an unsaturated 
lime curing bath at 23 ± 2 ◦C with RH 55 ± 5% followed by an ambient 
curing for 24 h in a moist room. The compressive strength test was 
conducted on 7, 28, and 90 days and the SAIs were calculated from Eq. 
(4) [68]. 

SAI =
compressive strength of the moratr with SCM

compressive strength of control mortar
(4) 

The R3 test [69–71] was performed to determine the independent 
reactivity of 10–60% lithium slag used as SCM. The mix proportions of 
the R3 test are shown in Table 3. Later, the pure lime (AR grade) and 
lithium slag were hand mixed with the prepared alkaline solution, and 
immediately put into the TAM AIR isothermal calorimetry chamber at 
40 ◦C for 7 days. The cumulative heat release from the pozzolan (QSCM) 
was calculated from Eq. (5), where Q, mp, and f are the cumulative heat 
from 75 min to 168 h, mass of the paste, and mass fraction of SCM in the 
paste specimen. Later, the bound water of R3 test pastes was determined 
from Eq. (6), where mc+p, mc+dp, and mc are the mass of dried SCM and 
crucible, mass of heated SCM and crucible, and mass of cooled crucible. 

QSCM

(

J/g of SCM

)

=
Q

(
mp × f

) (5)  

Chemically bound waterSCM

(

g/100 g of SCM

)

= 100 ×
mc+p – mc+dp

mc+p − mc
(6)  

2.3. Microstructural analysis of unsaturated lime reacted lithium slag 

The hydrated phases of lithium slag cement mortars are sensitive to 
grinding, as the temperature and friction during intense grinding have 
the possibility of losing crystal water, phase disassemble, and contami-
nation [72,73]. In this study, the reacted lithium slag from the electrical 
conductivity test was found suitable for the determination of hydrated 
phases to avoid heavy mechanical micronization [74]. The reaction 
product was separated by filtration and the hydration was stopped by 
using isopropanol (solvent exchange method), which was replaced in 
every 24 h until 3 days and dried at 40 ◦C for 8 h to dry the sample. The 
sample was vacuum desiccated for another 72 h [25,73]. The samples 
were powered and passed through a 75 μm sieve. The diffraction pattern 
of the reacted ionised samples was recorded by using the Bruker D8D 
with Co Kα radiation (λ = 1.78899 A

◦

) to detect the hydrated phases of 
the minerals at 35 kV voltage and 40 mA current [74]. The sample was 
dispersed in ethanol and droplets were sprayed on the low background 

Table 2 
Mix proportions for different pozzolanic activity tests.  

Tests Mix ID Cement 
(g) 

Lithium 
slag (g) 

Sand 
(g) 

Water 
(g) 

Time 
(days) 

ULC – – 1 – 75a 1, 3, 7, 14, 
and 28 

EC – – 2.1 – 70a 0–56 
Frattini Control 20 0 – 100 1, 3, 7, 

and 28 10% LS 18 2 
20% LS 16 4 
30% LS 14 6 
40% LS 12 8 
50% LS 10 10 
60% LS 8 12 

SAI Control 500 0 1375 242 7, 28, and 
90 10% LS 450 50 240 

20% LS 400 100 242 
30% LS 350 150 245 
40% LS 300 200 250 
50% LS 250 250 255 
60% LS 200 300 260  

a Unsaturated lime solution containing 1 g/L lime in deionised water. Here, 
ULC and EC stand for unsaturated lime consumption and electrical conductivity, 
respectively. 

Table 3 
Mix design for R3 test.  

Specimen 
ID 

Lithium slag 
(g) 

Ca(OH)2 

(g) 
CaCO3 

(g) 
Potassium solutiona 

(g) 

10% LS 4 36 5 54 
20% LS 8 32 5 54 
30% LS 12 28 5 54 
40% LS 16 24 5 54 
50% LS 20 20 5 54 
60% LS 24 16 5 54  

a The content of potassium solution is 4 g/L KOH and 20 g/L K2SO4 in distilled 
water. 

Fig. 6. [CaO] removal % from unsaturated lime solution (1 g/L) by lithium slag 
at 1, 3, 7, 14, and 28 days for 40 ◦C. 
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holder by a dropper. The droplets were air dried, and the diffraction data 
was collected within 5–35

◦

2-θ range with a step rate 0.013
◦

/s. The 
diffraction data was recorded in XRD Wizard software with 0.1 s/step 
and the total time duration for an analysis was 25 min. The hydrated 
phases of the reacted samples were determined from Diffrac. eva v.6 
software and ICDD PDF4+ database. The STEM coupled EDS of the lime 
reacted lithium slag after the electrical conductivity test was performed 
as detailed earlier. 

3. Results and discussions 

3.1. Pozzolanic activity precursor tests 

3.1.1. Unsaturated lime consumption 
Fig. 6 shows the percentage reduction of CaO concentration from the 

fixed lime (1 g/L) solution at 40 ◦C by lithium slag on 1, 3, 7, 14, and 28 
days. For the assessment of the pozzolanic activity of lithium slag, 1 g/L 
unsaturated lime solution was prepared in this study to minimize the 
potential shortcoming that 2 g/L lime does not completely dissolve [33]. 
A saturated lime solution prepared from 2 g/L Ca(OH)2 in deionised 
water exceeded the lime solubility and the excess lime retained on the 
filter paper that increased the residual lime concentration of a pozzolan 
[33]. In Fig. 6, the lithium slag is highly efficient in consuming 19.4% 
lime in one day, followed by 33.5% and 60.4% lime removal on 3 and 7 
days, respectively. The efficiency of lime removal slightly reduced after 
7 days, and 28.5% lime was removed by lithium slag from 7 to 14 days. 
Lithium slag was able to exhibit 889 mg Ca(OH)2/g pozzolanic activity 
at 31.6% amorphous content, and fulfills the pozzolanic activity 
requirement of BS 8615-1 [75]. However, the pozzolanic reaction 
further slowed after 14 days. The reduction of Ca2+ ions from the so-
lution lead to the reduction of pH, and therefore the pozzolanic reaction 
slowed down. A small concentration of lime (0.7%) was increased in 
solution on 28 days, and this may be due to the atmospheric CO2 inside 
the capped plastic bottles that may precipitated CaCO3 by reacting with 
portlandite in the prolonged test duration [31,33,76]. In addition, the 
soluble alkali metal ions (Na+, K+, Mg2+, etc.) from the amorphous 
minerals of lithium slag may substitute calcium from the pore solution of 

aluminosilicate phases in near neutral and basic solutions [77]. There-
fore, the Ca2+ substitution may slightly reduce the lime removal effi-
ciency. A further discussion of this phenomenon is presented in later 
sections. 

Walker and Pavia et al. [30] determined the lime consumed by PFA, 
micro silica (MS), red brick dust (RBD), ground tile (GT), and yellow 
brick dust (YBD), and their normalised lime removal capacities were 6.5, 
4.7, 19.2, 12.3, and 20%, respectively. The data from different studies 
were normalised based on test duration, concentration of saturated lime 
solution, and mass of pozzolan. Additionally, Donatello et al. [33] 
mentioned that the normalised lime consumption of MK, SF, and PFA 
were 15.3, 6.5, and 6.4% respectively. Also, Li et al. [78] determined the 
lime consumption of raw and ground circulating fluidised bed (CFB) fly 
ashes (FA) and the normalised lime consumption were 10.4 and 11.7%, 
respectively. Based on the above discussion, the normalised lime con-
sumption of SF, PFA, and MS were low (<10%), followed by raw 
CFB-FA, ground CFB-FA, and GT were found moderate (10–15%), and 
MK, RBD, and YBD were high (>15%). In this study, the normalised lime 
removal capacity of lithium slag was 6.3%, as insufficient Ca2+ ions in 
the unsaturated lime solution could not form much hydration products 
[33,35]. 

3.1.2. Electrical conductivity 
The reduction of the electrical conductivity in an unsaturated lime 

solution represents the degree of pozzolanic activity of the SCM in an 
alkaline medium. The minerals of lithium slag react with available Ca2+

and OH− ions in the unsaturated lime solution, and the reduction of the 
electrical conductivity slows down with the alkalinity. The variation of 
electrical conductivity of lithium slag in an unsaturated lime solution (1 
g/L) at different time intervals at 40 ◦C is shown in Fig. 7. The electrical 
conductivity of lithium slag in 1 g/L unsaturated lime solution provided 
a significant understanding of the formation of hydration products. A 
conductivity rise of 1444 μS/cm was recorded at 120 s after the place-
ment of lithium slag in the deionised water. Therefore, the electrical 
conductivity of lithium slag in distilled water versus time was plotted in 
Fig. 7 to indicate the conductivity contribution by the soluble salts of 
lithium slag. Finally, the theoretical electrical conductivity is plotted in 

Fig. 7. Variation of electrical conductivity of the lithium slag in unsaturated lime solution (1 g/L) with time. The variation of relative electrical conductivity of 
lithium slag with time (red coloured line plot). Here, EC stands for electrical conductivity. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 7 from the difference in the electrical conductivity of lithium slag in 
lime and deionised water. A positive theoretical conductivity indicates 
the state of reaction of lithium slag with CaO, while a value close to zero 
indicates the reaction equilibrium. 

At an early stage, the electrical conductivity of lithium slag 
decreased rapidly with time. At 235.5 h, the electrical conductivity of 
the concentrated lime solution was reduced by 51.9% to initial, followed 
by a 2.6% increase till 56 days. This clearly suggests that the pozzolanic 
reaction slowed down at 235.5 h, as Ca2+ and OH− ions were highly 
reduced from the unsaturated lime solution, and some unreacted poz-
zolans were left to continue the pozzolanic reaction. Particularly, a 
higher concentration of CaO in the unsaturated lime solution was 
required to continue the pozzolanic reaction for further reduction in the 
electrical conductivity [33,35]. The susceptibility of increasing residual 
lime concentration of pozzolan restricts the use of higher lime concen-
trated solution for electrical conductivity test [33]. Lithium slag showed 
a steady electrical conductivity increase in both unsaturated lime and 
distilled water till 1100 h, as the ion dissolution from the salts of lithium 
slag continued to add electrical conductivity. In this study, a negligible 
negative theoretical electrical conductivity was recorded from 235.5 h 
till 1100 h, and the average maximum negative value was 81 μS/cm at 
521.7 h (2.1% of the maximum electrical conductivity). This was 
probably due to the differences in the ion concentrations of lithium slag 
used in unsaturated lime and deionised water, which could not be 
avoided after the sample quartering procedure. At this stage, the reac-
tion between lithium slag and unsaturated lime solution obviously 
attained equilibrium and the soluble alkali metal ions were probably 
initiate to deplete Ca2+ ions from the pozzolan surface [77,79]. Later, 
the electrical conductivity of lithium slag in deionised water was slightly 
decreased after 1100 h, and this may be due to the adsorption of heavy 
metal ions (Cr3+, Fe3+, etc.) on the pozzolan surface from ionic solution 
at low pH [80,81]. Thus, the theoretical electrical conductivity turned 
positive again that steadily increased to 190 μS/cm till 56 days. This 
indicated that a slow pozzolanic reaction was induced after 1100 h, as 
some alkali metals could form hydration products with calcium alumi-
nosilicate at low pH. The adsorption of heavy metals on the pozzolan 
surface is only possible after the precipitation of sufficient hydration 
products, and higher removal of Ca2+ and Al3+ ions from the solution 
[82]. 

The variation in volume and alkalinity of the unsaturated solution, 
mass of pozzolan, and temperature affects the rate of reduction of the 
electrical conductivity of the solution [34,36]. Luxán et al. [34] cat-
egorised the pozzolanic material based on the change in electrical con-
ductivity within 2 min. The mass of lime, mass of pozzolan, and volume 
of water in the unsaturated solution were used as the normalisation 
parameters. The pozzolans are characterised as non-pozzolanic, variable 
and good pozzolanic when the normalised reduction in the electrical 
conductivity are <2.29 × 10− 4, 2.29 × 10− 4 – 6.86 × 10− 4, and >6.86 ×
10− 4, respectively. In this study, the normalised reduction in the elec-

trical conductivity of lithium slag was 3.31 × 10− 4 at 2 min, and 
therefore lithium slag showed a variable pozzolanicity based on Luxán 
et al. [34] pozzolan classification. The relative conductivity of lithium 
slag in 1 g/L unsaturated lime solution was calculated and plotted as a 
line (red coloured) chart in Fig. 7. The rate of increase in the relative 
conductivity was moderate till 102 s and 103 s. Later, the relative con-
ductivity rapidly increased till 104 s. The relative conductivity of lithium 
slag with unsaturated lime solution at 102, 103, and 104 s were 14, 23.5, 
and 33.5%, respectively. Payá et al. [36] investigated the electrical 
conductivity of nine different sources of low calcium fly ash at 40 ◦C 
whose median SiO2+Al2O3+Fe2O3 and Blaine fineness were 82.3% and 
249 m2/kg, respectively. The median values of the relative conductivity 
of the pozzolans at 102, 103, and 104 s were 9.4%, 14.44%, and 20.18%, 

respectively at 40 ◦C. Lithium slag and low calcium fly ash both had a 
slow increase in the relative conductivity till 103 s, but lithium slag 
speeded up in increasing the relative conductivity from 103 to 104 s, and 
this was higher in the same comparison [36]. On the other hand, the 
relative conductivity of high calcium fly ash [36], metakaolin [83,84], 
and volcanic ash [85] were reported higher than the low calcium poz-
zolans at 103–104 s at 40 ◦C. 

The results of precursor pozzolanic activity tests on lithium slag are 
simple but effective for understanding the generic behaviour of lithium 
slag as a pozzolan. However, a rigorous application of Frattini, SAI, and 
R3 tests are required to determine the pozzolanic activity of lithium slag 
and its maximum utilisation as a low carbon SCM by optimising hy-
dration heat, strength, and microstructure. 

3.2. Pozzolanic activity of 0–60% LS 

3.2.1. Frattini test 
The unreacted concentrations of CaO and alkalinity of an aqueous 

cement-SCM mixture (w/b = 5) were determined through titrations and 
compared with lime solubility at the same alkalinity at 40 ◦C [64]. A 
cement-SCM mixture is considered pozzolanic when the lime concen-
tration at a measured alkalinity in the suspension is less than the satu-
rated lime concentration at that alkalinity. In Fig. 8, the data points 
above and below the lime solubility curve are characterised as 
non-pozzolanic and pozzolanic systems, respectively. 

The calcium and hydroxyl concentrations of 0–60% LS pastes’ sus-
pension solution were determined on 1, 3, 7, and 28 days at 40 ◦C, and 
the data points are shown as a scatter plot in Fig. 8. The initial hydroxyl 
concentration of the control sample was greater than 57.5 mmoL/l (pH 
> 12.76) and suitable to continue the pozzolanic reaction [33]. In this 
study, 0–40% LS pastes were characterised as non-pozzolanic systems in 
1 day, and interestingly, 50–60% LS pastes were found as pozzolanic 
mixtures. From Table 1, the theoretical CaO concentration in Frattini 
test specimens for control, 50% and 60% LS mixes are 126 g/L, 70.6 g/L, 
and 59.5 g/L, respectively. The calcium concentration and alkalinity of 
50–60% LS pastes in the suspension solution were highly decreased, but 
a slight increase in the alkalinity was provided by Na+, K+, and Mg2+

ions of cement clinker and pozzolan [33]. Hence, at the same alkalinity, 
the theoretical lime concentration became higher for 50–60% LS pastes, 
while experimentally determined calcium concentrations were lower 
and 50–60% LS pastes were pozzolanic. As expected, the lime concen-
trations of 0–60% LS pastes were decreased gradually on 3, 7, and 28 
days and all mixes were characterised as a pozzolanic system. Also, the 
alkalinity of the solution degraded with time, as the calcium ions in the 
suspension solution reacted with SCM to form hydration products. The 
Frattini test was unable to characterise the pozzolanic and 
non-pozzolanic mixtures for high volume lithium slag pastes and this is a 
major shortcoming after the poor interlaboratory reproducibility 
(average coefficient of variation is 73%) [71,86]. Most researchers used 
20% pozzolan (by wt.%) as a SCM in Frattini test, and found metakaolin 
(MK), silica fume (SF), pulverised fuel ash (PFA), bentonite, and kaolin 
were pozzolanic [33,87–89]. In this study, an increase of the SCM per-
centage diluted the clicker and reduced the total lime content in the 
mixes. The 0–60% LS pastes produced a contradictory result to char-
acterise the pozzolanic mixes, as 50–60% LS pastes became pozzolanic 
in 1 day. Apart from the Frattini test, the relative reduction percentage 
of the CaO concentrations can be calculated to characterise the reac-
tivity of 0–60% LS pastes on 1–3, 3–7, and 7–28 days. A relative per-
centage decrease in the CaO concentration of 0–60% LS pastes on 1–3, 
3–7, and 7–28 d is shown as a bar diagram in Fig. 8. The relative 
decrease in the CaO concentrations of 30–60% LS are extremely low on 
1–3 days and the pozzolanic activity of the mixes may be dormant at this 
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stage. The hydraulic activity of 30–60% LS pastes is accelerated at 3–7 
days and the lime removal from the saturated solution is faster, followed 
by a stable stage at 7–28 days. Thus, pozzolanic activity of lithium slag 
initiated after 3 days, as the glassy aluminosilicate amorphous phase 
reacted with the pore solution of cement pastes in alkaline condition 
[90]. The relative decrease in CaO concertation at 3–7 days propor-
tionally increased with the amorphous phase percentage of the mixes, 
therefore the alkali metals in the amorphous phases of lithium slag 

obviously started reacting with calcium and aluminosilicate phases to 
form amorphous hydration products [91–97]. Later, the calcium 
removal was stabilised at 79% for 20–60% LS pastes at 7–28 days, as 
maximum calcium ions were removed from the saturated solution. 

3.2.2. Strength activity index (SAI) 
The compressive strength and average SAIs of 0–60% LS mortars are 

presented in Fig. 9. The error bars in the bar chart indicated the 

Fig. 8. Change in concentration of [CaO] versus [OH]- on 1, 3, 7, and 28 days for 0–60% LS pastes (w/b = 5) through Frattini test at 40 ◦C. The equation of the lime 
solubility curve is expressed as [CaO]max = 350

[OH]− 15 [33,64]. The bar diagram represents the relative reduction of the CaO concentration of 0–60% LS pastes on 1–3, 
3–7, and 7–28 days. 

Fig. 9. Compressive strengths and average SAIs of 0–60% LS mortars on 7, 28, and 90 days. The top, middle, and bottom dash lines indicated the strength 
requirement of the mortars for 85% (EN 450-1 [98] for 90 days), 75% (ASTM C618 [66] for 7 and 28 days; EN 450-1 [98] for 28 days) and 65% (RILEM TC 267-TRM 
phase 3 [99] for 28 days) SAIs. 
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maximum and minimum compressive strength of the 0–60% LS mortars. 
The mix design of 0–60% LS mortars is shown in Table 2. The w/b ratio 
of the mortars was determined by the flowability requirements specified 
by ASTM C1437 [67]. The mortar flow of the mixes was kept within ±5 
mm of the control and the flow diameter was determined. The w/b ratio 
of 10–20% LS mortars was equal to the control followed by an increasing 
trend for 30–60% LS mortars as shown in Table 2. The flow diameter of 
the fresh control mortar was 232 mm. The water demand for 30–60% LS 
mortars (greater than 25% SCM by ASTM) was higher than the control 
mix, limiting the requirement of workability. 

The 7 and 28 days compressive strength of the control were 39.9 and 
51.1 MPa, respectively. Although the amorphous phase content of 
0–60% LS mixes was increased, the 7 days strength development of the 
0–60% LS pastes consistently decreased due to lack of sufficient clinker 
in the system to form amorphous hydration products. The 28 days 
compressive strength of 10–20% LS mortars was increased compared to 
the control, followed by a consistent strength reduction for rest of the 
mixes. The maximum 7 and 28 days SAI were 89% and 115% for 10% 
and 20% LS, respectively, while 60% LS produced the lowest SAI (57% 
and 60%) in the same comparison. As lithium slag is a new SCM, the 
compressive strength test of the 0–60% LS mortars was extended to 90 
days. Inert and slowly reactive SCMs can be pozzolanically active after 
28 days and screening inert, moderate, and high reactive systems from 
0 to 60% LS mortars can be easily comparable [71]. The development of 
SAI of 0–60% LS mortars was slightly higher on 90 days than the 28 
days. The 20% LS mortar produced the maximum SAI was at 116%, 
followed by the 10% LS mortar at 110% at 90 days. A maximum of 40% 
LS could gain 77% SAI to qualify the minimum 7 days SAI requirement 
[66,99], and also met EN 450-1 [98] requirements at 28 and 90 days 
with 93% and 92% SAIs, respectively. 

A 75% SAI requirement at both 7 and 28 days compressive strength 
tests was set by ASTM C618 [66]. In this study, 10–50% LS mortars met 
the 7 and 28 days SAI requirements. On the other hand, EN 450-1 [98] 
requires a minimum of 75% and 85% SAIs at 28 and 90 days, respec-
tively. A 10–50% LS mortars met the EN requirement of SAI at 28 days as 
shown in Fig. 9, while The SAIs of 10–40% LS mortars passes at 90 days. 
Based on ASTM and EN standards threshold requirements, a 40% LS 
mortar is found to have sufficient SAI at 7, 28, and 90 days. RILEM TC 
267-TRM phase 3 [99] categorised the reactivity of pozzolans based on 
the SAI, where non-reactive, moderately reactive, and highly reactive 
pozzolans were classified when SAIs are less than 65%, 65–100%, and 
more than 100%, respectively at 28 days. Based on RILEM TC 267-TRM 
phase 3 [99], 10–40% LS mortars were found to be highly reactive 
systems at both 28 and 90 days, while 20–50% LS were moderately 
reactive at 7 days. Besides, the SAI of 60% LS paste was found unreactive 
at 7 and 28 days but became moderately pozzolanic at 90 days. RILEM 
TC 267-TRM phase 3 [99] was found to be effective in classifying 
different percentage of SCM contained systems, which extends the SAI 
requirements specified by ASTM and BS standards. 

3.2.3. R3 test 
The chemicals used for the R3 test provide a highly alkaline system 

which facilitates the SCM to combine with the portlandite to continue 
the pozzolanic reaction. The hydration products formed by the pozzo-
lanic reaction produce significant heat [71,100]. The amount of heat 
released in the R3 test is related to the formation of hydration products 
and bound water. Fig. 10(a and b) shows the heat rate and cumulative 
heat released per g of SCM of 10–60% LS pastes. As expected, the heat 
rate and cumulative heat continued to reduce with the increase of 
lithium slag content in the R3 test mix. From Fig. 10(a), the hydration 
heat rate of R3 test mixes showed distinct phases that can be categorised 

into four regions. Firstly, a high heat burst was observed within 15–20 
min of mixing dry materials in the alkaline water. The dry binders 
dissipate a high amount of heat for a short duration due to wetting and 
dissolution in water followed by a dormant period [101–103]. Secondly, 
the formation of AFt is induced in the dormant period at 3–4 h due to the 
dissolution of reactive SO4

2− , Al3+, and CO3
2− ions [104]. The dormant 

period was slightly delayed for 30–60% LS pastes than the 10–20% LS. 
Thirdly, the dormant phase is accelerated by amorphous silicate phases 
of the pozzolan and portlandite to form C–S–H, C-A-S-H or N-(C)-A-S-H 
at 20–22 h of hydration followed by a deacceleration of hydration heat 
[101–104]. The dissolved alumina and bassanite of the pozzolan in 
presence of the lime in the solution controls the induction period [105]. 
In this study, the primary hydration peaks of 30–60% LS were slightly 

Fig. 10. Isothermal calorimetric analysis of R3 test pastes: (a) heat rate versus 
time, and (b) cumulative heat versus time. 

S.A. Rahman et al.                                                                                                                                                                                                                             

astm:C1437
astm:C618


Cement and Concrete Composites 143 (2023) 105262

11

delayed compared to the 10–20% LS pastes. Also, the hydration heat 
rate in the accelerating phase was consistently reduced with the increase 
of lithium slag content in the R3 test mix proportion. In the deacceler-
ation phase, the AFt reacts with the available sulfate and carbonate to 
produce the AFm phase, and a second hydration heat peak occurred at 
30–44 h. The 30–60% LS pastes had a higher sulfate content than the 
10–20% LS, therefore the deacceleration phase was shifted left by 9–10 
h. 

In Fig. 10 (b), the total hydration heat produced in the R3 test by 
10–60% LS pastes were 194, 146, 84.6, 53.1, 39.7, and 30.9 J/g SCM, 
respectively. Kalina et al. [106] classified the pozzolan reactivity based 
on the hydration heat generated by the R3 test at 40 ◦C. A SCM was 
considered highly pozzolanic, moderately pozzolanic, and inert when 
the cumulative hydration heat is more than 200, 100–200, and less than 
100 J/g SCM, respectively [106]. The total hydration heat of 30–60% LS 
pastes was less than 100 J/g SCM, and the systems can be classified as 
inert. In contrast, the total hydration heat of 10–20% LS pastes was in 
between 100 and 200, and similarly, the mixes can be categorised into 
moderately pozzolanic. Based on the above discussion, 30–60% LS 
mixes were unable to produce required hydration heat to be used as a 
SCM. Later, RILEM TC 267-TRM phase 3 [99] classified different SCMs 
and the study specified the range of the cumulative hydration heat for 
natural pozzolan was 50–300 J/g SCM. In this study, the total hydration 
heat produced by 50–60% LS mixes was less than the threshold hydra-
tion heat requirement by the natural pozzolan. The bound water content 
of 7 days R3 test 10–60% LS specimens were 6.69, 6.36, 5.73, 4.99, 4.49, 
and 4.35 g/100 g of dry paste, respectively. The bound water content of 
10–40% LS pastes met the requirements for natural pozzolans (4.5–8.3 
g/100 g dry paste) [99]. 

4. Microstructure of hydrated products 

4.1. XRD 

The XRD analysis of raw and lime reacted lithium slag (at 40 ◦C) at 1, 
3, 7, and 56 days are represented in Fig. 11 (a). The lime reacted lithium 
slag formed early AFt and was found stable from 1 to 7 days at 10.61

◦

, 
18.41

◦

and 24.32
◦

2-θ (Co Kα) as shown in Fig. 11 (b). In general, Bas-
sanite (CaSO4.0.5H2O) dissolves at 23–37 ◦C within a minute and forms 
AFt with available alumina at 1 day [105,107]. The externally added 
lime and available sulfate and alumina in lithium slag further acceler-
ated the AFt formation at 3 days, followed by consecutive decrease in the 
XRD peak at 7 and 56 days. The diffraction patterns of lime reacted 
lithium slag detected stable AFm phase monocarboaluminate (C4AX2Hn, 
X = OH− , NO−

3 and, C4AXHn, X = SO2−
4 , CO2−

3 ) at 13.56
◦

and 26.75
◦

2-θ 
(Co Kα) [74]. In addition, the monocarboaluminate may contain 
different anion species in a single crystal [108]. At higher lime content, 
the AFt partially reacts with available soluble sulfate and carbonate to 
transform into monocarboaluminate [74,109,110]. In R3 test, the sec-
ond hydration peak showed AFm formation after 30–42 h, as shown in 
Fig. 10(a). The AFt and AFm peaks followed a similar trend, and both 
peaks of both phases lowered at 7 and 56 days. In addition, the forma-
tion of C–S–H peak at 34.3

◦

2-θ (Co Kα) was detected from the XRD 
patterns [74,111]. The C–S–H peak broadening is visible till 3 days and 
reduced at both 7 and 56 days, as shown in Fig. 11(c). It was probably 
because, the soluble alkali metal ions Na+, K+, and Mg2+ ions from 
anorthite, albite, spodumene, and magnesium bearing calcite may react 
with C–S–H to form amorphous phases, and therefore, the diffraction 
peak of C–S–H reduced at 7 and 56 days [33,74]. The reactive alkali 
metals in the amorphous phase of lithium slag attacked the crystalline 
and semi-crystalline phases and a progressive reduction of AFt, AFm, 
and C–S–H occurred after 3 days [112] and showed a consistent trend of 
CaO removal discussed in earlier sections. The formation of amorphous 
phases reduces gel and capillary pores, and therefore provides consistent 
strength development from 7 to 90 days [111]. A further discussion on 

Fig. 11. Diffraction patterns of unsaturated lime reacted lithium slag after 
electrical conductivity test (a), ettringite: AFt (b), and (c) C–S–H at 1, 3, 7, and 
56 days. Here, AFt, M, Ba, S, An, Al, and Mg notations stand for ettringite, 
monocarboaluminate, bassanite, β-spodumene, anorthite, albite, and magne-
sium bearing calcite, respectively. 
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the formation of hydration products of unsaturated lime reacted lithium 
slag is presented in section 4.2. 

4.2. STEM-EDS 

The microstructure of the hydrated phases of unsaturated lime 
reacted lithium slag was studied in this section. A summary of the hy-
dration products from the reaction of unsaturated lime and lithium slag 
at 1, 3, 7, and 56 days is shown in Fig. 12. The size fractions of lime 

reacted lithium slag powder were 1–7 μm, and discretely dispersed in a 
carbon grid analysed in STEM. A HAADF-STEM image of the 1 day lime 
reacted lithium slag is shown in Fig. 13(a). The AFt and AFm needles are 
clearly visible in between the lithium slag agglomerates and are closely 
held. The EDS was generated at positions 1–4 (Fig. 13(a)), and the 
spectra are shown in Fig. 13(b). 

The AFt are short stubby crystal needles associated with high 
aluminium peak [113] and the position 3 (Fig. 13(a and b)) indicated 
the higher peaks of Ca, S, Al, and O, directed the formation of AFt [114]. 

Fig. 12. Summary of the hydration products from unsaturated lime reacted lithium slag at 1, 3, 7, and 56 days.  

Fig. 13. HAADF STEM images of lithium slag after the electrical conductivity test on 1 day (a), 3 days (c), 7 days (e), and 56 days (g) specimens, and the numeric 
digits on the images are the selected areas for EDS generation. The EDS spectrum of selected areas 1–4 for 1 day (b), 5–8 for 3 days (d), 9–12 for 7 days (f), and (h) 
13–18 for 56 days. 
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A small peak of C-Kα at position 3 (Fig. 13(b)) may form AFm phase 
monocarboaluminate [110]. The diffraction pattern of lime reacted 
lithium slag showed that monocarboaluminate is a stable hydration 
product, and the principal and sandwiched layers of mono-
carboaluminate lamellar structure are [Ca2(Al)(OH)6]+ and 
[0.5X.2.5H2O]- (X = CO2−

3 and SO2−
4 ), respectively [108]. Here, carbon 

was associated with higher peaks of Al, Ca, S, and O, which may indicate 
the formation of monocarboaluminate (Fig. 13(a and b)) [74,108,110]. 
The Ca-Kα peak in the EDS indicates the degree of calcium reacts with 
amorphous aluminosilicate phases of lithium slag in positions 1, 2, and 
4. The positions 1, 2, and 4 (Fig. 13(a and b)) suggested that the 
aluminosilicate phase partially, moderately, and insignificantly reacted 
with unsaturated lime solution. The hydration product of the peaks of 
Ca, Si, Al, and O indicated the formation of C-A-S-H in 1 day [74,115, 
116]. Again, a small amount of Na-Kα peak was detected at position 1 
and 4, and at high aluminium rich phase sodium reacts poorly structured 
C–S–H to form amorphous aluminium bearing pectolite N-(C)-A-S-H at 1 
day [117–119]. The porosity of N-(C)-A-S-H phase is higher than that of 
the C-A-S-H, and amorphous or amorphous intermediate phases may 
form in prolonged hydration, which may reduce the porosity, and 

induce strength in SCM based concrete products [120]. 
The lime reacted lithium slag sample was analysed at 3 days, and the 

EDS was generated at positions 5–8 (Fig. 13(c and d)). The peaks of C, S, 
Al, Ca, and O at position 5 (Fig. 13(d)) indicated the formation of AFt/ 
AFm phases. The positions 6 and 8 (Fig. 13(c and d)) suggested that 
sodium was partially reacted with aluminosilicate phase to form N-(C)- 
A-S-H. The peaks of Ca, Si, and Al at position 7 (Fig. 13(c)) indicated the 
formation of C-A-S-H. In Frattini test, the relative decrease in CaO from 1 
to 3 days was not accelerated (Fig. 8 (bar diagram)), as the alkali metals 
in the amorphous phase of lithium slag delayed in the formation of 
hydration products. Therefore, the diffraction pattern of reacted lithium 
slag showed the maximum intensities of AFt, AFm, and C–S–H at 3 days, 
as shown in Fig. 11(a–c). 

The EDS was generated at positions 9–12 (Fig. 13(e and f)) of the 
unsaturated lime reacted lithium slag at 7 days. The position 9 (Fig. 13 
(f)) on the crystal associated with higher Al, C, Ca, S, and O peaks 
indicated the formation of AFt/AFm phases [110]. The peaks of Na, Ca, 
Al, Si, and O at position 12 (Fig. 13(e and f)) indicated the formation of 
N-(C)-A-S-H. Moreover, at 7 days, the dormant peaks of Mg-Kα and K-Kα 
at positions 10 and 11 (Fig. 13(f)) may form the amorphous intermediate 

Fig. 13. (continued). 
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M-C-A-S-H [91–94] and K-A-S-H [95–97,118] at low pH. The Mg-Kα 
peak at position 10 (Fig. 13(e)) indicated that the Mg bearing calcite 
dissolved in lime solution and at low pH, Mg reacted with C-A-S-H may 
form M-C-A-S-H hydrates at 7 days [121–123]. Lithium slag reacted with 
89% CaO at 7 days, and the electrical conductivity was highly reduced 
(Fig. 7), thus there is a strong possibility in the formation of amorphous 
intermediate hydration products M-C-A-S-H and K-A-S-H [97,124]. As a 
result, the relative decrease in the CaO concentration from 3 to 7 days 
was accelerated (Fig. 8), and these newly formed amorphous interme-
diate phases reduced the porosity of N-(C)-A-S-H, and the strength 
development of lithium slag concrete products was accelerated [91–93, 
117]. Therefore, the alkali metal ions from the lithium slag amorphous 
phase attacked the crystalline and partially crystalline phases from 3 to 7 
days and formed amorphous and amorphous intermediate hydration 
products, and consequently the AFt, AFm, and C–S–H diffraction peak 
was slightly reduced at 7 days than 3 days (Fig. 11(a–c)). 

Finally, the positions 13–17 (Fig. 13(g and h)) of unsaturated lime 
reacted lithium slag at 56 days were analysed by STEM-EDS. The peaks 
at position 14 (Fig. 13(h)) suggested the formation of AFt/AFm phases, 
as described for the positions 3, 5, and 9, respectively. The peaks of Ca, 
Al, Si, and O in the position 13 (Fig. 13(h)) indicated the formation of C- 
A-S-H phase, as positions 2 and 7. The peaks in position 15 and 16 
(Fig. 13(h)) showed an intense Fe-Kα and Mg-Kα, respectively. It was the 
small concentration of iron sourced from mica minerals of lithium slag 
that partially substituted silicon to form C-A-F-S-H at extended hydra-
tion at position 15 (Fig. 13(g)) [121–123]. The change in the electrical 
conductivity of lithium slag at 1100 h (Fig. 7) indicated that iron was 
adsorbed on the pozzolan surface at low pH, and this supported the 
formation of amorphous intermediate C-A-F-S-H hydration products 
which partially substituted calcium at 56 days [118]. The adsorption of 
iron on the pozzolan surface was concentrated at few locations of 
lithium slag agglomerates, as shown in Fig. A(d) (appendix). In addition, 
the Mg-Kα peak at position 16 (Fig. 13(g and h)) indicated that the 
magnesium bearing calcite dissolved in lime solution, and at low pH, 
magnesium reacted with A-S-H may form M-A-S-H hydrates at 56 days 
[91–93,117]. At low pH, the unsaturated lime reacted with aluminium 
rich sites of pozzolan to form stable C-A-H hydrate at position 17 (Fig. 13 
(g)) [74,91,116]. The formation of amorphous intermediate hydrated 
phases in the lime reacted lithium slag at 56 days further reduce the gel 
and capillary pores [111], and induce the strength development of 
10–60% LS mortars at 28 and 90 days, as shown in Fig. 9. Also, the 
development of crystalline C–S–H diffraction peak at 56 days was highly 
reduced compared to 7 days (Fig. 11(c)), as some of the hydration 
products formed amorphous intermediate (intermix C-A-S-H) phases in 
extended duration of hydration [93]. The STEM-EDS colour mapping of 
the 1, 3, 7, and 56 days HAADF images are provided in the appendix 
section, as shown in Fig. A (a-d).6. 

5. Further discussion 

The physical, chemical, and mechanical properties of lithium slag 
and its products can be compared with the standard specifications for 
natural SCMs [66,75] and manufactured SCMs [125], as shown in 
Table 4. The sum of major oxides along with CaO, MgO, and total alkali 
content of lithium slag met the major standard requirements. The sulfate 
content of lithium slag is 5.6% which is slightly higher than the standard 
requirements [66,75,125]. High sulfate content in lithium slag can 
trigger an internal sulfate attack in concrete, causing durability issues. 
However, studies have shown that using low volume lithium slag as a 
supplementary cementitious material (10–30%) with high SO3 content 
does not affect the strength [4,126] and durability [4]. In this study, at 
40–60% cement replacement, the excess sulfate is unlikely to attack the 
remaining C3A phase of cement due to the lower amount of cement and 
the filler effect of lithium slag. Also, no significant reduction in strengths 
was observed in three months, indicating that excess sulfate content 
does not pose a substantial threat to mechanical and durability 

properties of composites. The loss of ignition (LOI) of lithium slag at 
750 ◦C was 7.8%. The LOI of lithium slag is slightly higher than the AS 
3582.4 [125] and BS 8615-1 [75] conditions but meets the ASTM C618 
[66] requirement. The grain size of lithium slag was slightly coarser than 
the standard compliance, but the 31.6% amorphous phase of lithium 
slag contributed to the rapid strength development of mortars contain-
ing 10–60% lithium slag. A 40% LS mortar were also met the standard 
[66,75,125] requirements of 7, 28, and 90 days SAIs, and water 
requirement to have a same flowability of the control. 

On the other hand, SAI and R3 test cumulative hydration heat data 
were also effective in the characterisation of the reactivity of 0–60% LS 
pastes. The reactivity of lithium slag in 10–60% LS can be interpreted 
through RILEM TC 267-TRM phase 3 [99], where SAIs of <65, 65–100, 
>100% are characterised as non-reactive, moderately reactive, and 
highly reactive systems, respectively. The R3 test 7 days cumulative heat 
generated from 10 to 60% LS pastes can be classified by Kalina et al. 
[106] proposition viz. <100, 100–200, and >200 J/g SCM are charac-
terised inactive, moderately pozzolanic, and highly pozzolanic systems, 
respectively. Here, 7, 28, and 90 days SAIs of 10–60% LS versus R3 test 7 
days cumulative hydration heat is shown in Fig. 14. It is seen that, 
10–20% LS are moderately reactive and pozzolanic, 30–50% LS are 
moderately reactive but inactive (failing to produce the required amount 
of hydration heat), and 60% LS are non-reactive (unable to grain the 
required amount of strength) and inactive. The probability of the 
occurrence for 7 days SAI with 7 days R3 test hydration heat exactly 
matches with the specification proposed by RILEM TC 267-TRM phase 3 
[99]. However, the pozzolanic reactivity of lithium slag was induced 
after 7 days, and 10–20% LS gained sufficient SAI to be characterised as 
highly reactive systems at 28 days. In addition, 30% and 60% LS induced 
pozzolanic reactivity at 90 days, and systems became highly and 
moderately pozzolanic reactive. In contrast, the SAI of 40–50% LS was in 
between 65 and 100% at 7, 28, 90 days. Interestingly, the increase in the 
SAIs of 10–30% LS characterised the mixes from moderately pozzolanic 
to highly pozzolanic systems at 28 and 90 days, where the probability of 
gaining strength is likely to be exclusive from RILEM TC 267-TRM phase 
3 [99] dataset for 52 different types of SCMs. The 7 days R3 test total 
heat provided a high correlation (R2 = 0.63–0.72) with SAIs, while 
RILEM TC 267-TRM phase 3 [99] mentioned R2 > 0.70 for wide range of 
pozzolans. Therefore, R3 test provided potential contribution in the 
characterisation of the strength development of 10–60% LS mortars. 

Table 4 
Comparison of the pozzolans standard requirements with lithium slag and its 
products.  

Parameters ASTM 
C618 [66] 

BS 8615- 
1 [75] 

AS 3582.4 
[125] 

Lithium 
slag 

CaO, max % – 10 – 7.5 
MgO, max % – 4 5 0.6 
Total alkali content 

(Na2O eq), max % 
– 5 – 1.3 

SiO2 + Al2O3 + Fe2O3, 
min % 

70 70 70 77.2 

SO3, max % 4 3 3 5.6 
LOI, max % 10 7 6 7.8a 

Moisture content, max % 3 – 0.5 0.02 
Retained on 45 μm sieve, 

max % 
34 40 50 45 

Water requirement (% of 
control), max % 

115 115 120 105b 

7 days SAI, min % 75 – 75 77b 

28 days SAI, min % 75 75 75 93b 

90 days SAI, min % – 85 – 92b  

a LOI at 750 ◦C as per ASTM C311 [68]. 
b The water requirement and SAIs of 40% LS mortar are presented. 
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6. Conclusions 

In this study, for the first time, the pozzolanic activity of lithium slag 
was assessed through different chemical tests and investigations of the 
development of amorphous, amorphous intermediate, and crystalline 
hydration products of lime reacted lithium slag at different ages. The 
following conclusions are extracted from the results and discussions.  

• The raw lithium slag possessed 31.6% amorphous phase, and mostly 
contained Na, Ca, and Mg bearing aluminosilicate phases, which is 
consistent with other commonly used pozzolans. Therefore, it is 
considered suitable to use as a pozzolanic material.  

• The unsaturated lime consumption test resulted in 889 mg/g 
pozzolanic activity, and the electrical conductivity test reached re-
action equilibrium at 235.5 h. The significance of the results ob-
tained from unsaturated lime consumption and electrical 
conductivity tests as vital precursors requires conducting Frattini, 
SAI, and R3 tests to assess the extent of cement replacement needed 
to achieve optimum pozzolanic activity in lithium slag.  

• In this study, 40% lithium slag as a SCM could react with 79% CaO of 
cement proportion, provided 93% SAI at 28 days, produced 53.1 J/g 
SCM hydration heat with portlandite at 7 days. However, using 20% 
lithium slag as an SCM yielded maximum SAI, while higher per-
centages (50–60%) led to reduced strength and hydration heat.  

• The development of secondary hydration products from the reaction 
lithium slag with lime at different stages was assessed by XRD and 
STEM-EDS. The Na+, Mg2+, Al3+, K+, and Fe3+ ions in the amor-
phous aluminosilicate phase of lithium slag are incorporated in 
C–S–H structure to form a combination of crystalline, amorphous 

intermediate, and amorphous hydration products forming a dense 
microstructure.  

• The physiochemical and compressive strength properties of lithium 
slag as a pozzolan meet ASTM C618 [66], BS 8615-1 [75], and AS 
3582.4 [125] requirements. This study also found lithium slag to be a 
competent SCM from the correlation (R2 > 0.63) of R3 and SAI tests 
in comparison to RILEM TC 267-TRM phase 3 specifications [99]. 

A direct correlation between various pozzolanic activity tests in the 
characterisation of lithium slag as a SCM may produce ambiguity due to 
differences in the working methods, curing conditions, lime pozzolan 
ratios, water to binder ratios, reaction mechanisms, and alkali release by 
pozzolan [33,127–129]. Therefore, mechanical and durability proper-
ties of concrete are required to assess the effectiveness of lithium slag as 
a SCM for further understanding. 
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Fig. 14. Assessment of pozzolanicity of 10–60% LS at 7, 28, and 90 days SAIs with 7 days R3 test cumulative hydration heat.  
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Appendix

Fig. A. STEM-EDS colour mapping of the elements of unsaturated lime reacted lithium slag at 1 day (a), 3 days (b), 7 days (c), and (d) 56 days.  
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