
Mineralogical and crystallographic characterization of aluminosilicate gel 
in lithium slag geopolymer

Usman Javed1, Faiz Uddin Ahmed Shaikh2, Prabir Kumar Sarker2

1Ph.D. student at Department Civil Engineering, School of Civil and Mechanical Engineering, Curtin University, Perth, Australia
2Professor at Department of Civil Engineering, School of Civil and Mechanical Engineering, Curtin University, Perth, Australia

Abstract:  
Geopolymers are low-carbon binders compared to clinker-based binder systems. The alkali-
aluminosilicate gel is the main binding component of lithium slag geopolymer. The fly ash and silica 
fume partially replaced the lithium slag to improve the geopolymerization. The aluminosilicate gel was 
formed by polycondensation of aluminosilicate tetrahedrons among alkali species in a highly alkaline 
environment containing the solution of sodium hydroxide and sodium silicate as the alkaline activators. 
The automated mineral analysis revealed that the higher amorphous aluminosilicate gel, which mainly 
consists of anorthite and mordenite, was evident in fly ash, silica fume-added composites, and zeolite 
aluminosilicate of anorthite also appeared to gel the particles. Rietveld's quantitative analysis revealed 
the presence of crystalline zeolite phases, such as analcime and calcium chabazite, among other 
crystalline and amorphous phases. However, the microstructure was dominantly occupied by an 
amorphous aluminosilicate phase. Lithium slag could be a reliable geopolymer precursor for geopolymer 
binder; however, chemical improvements of lithium slag can enhance the development of 
aluminosilicate gel and various other engineering properties.
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1. Introduction 
The significant concentration of CO2 that is emitted by the conventional Portland cement industry is what 
drives researchers to search for environmentally friendly and sustainable alternatives to ordinary 
Portland cement (OPC) concrete [1]. Using industrial waste in construction and building applications is 
a viable and cost-effective way to combat global warming and climate change [2, 3]. Utilizing industrial 
waste to create innovative cementitious binders has made significant strides, particularly in laboratory-
scale testing [4]. In contrast, classic concrete designs utilizing supplemental cementitious materials, 
alkali-activated materials are a broader category of innovative binders that can be generated by reacting 
an alkali activator source with a solid aluminosilicate precursor in the presence of a high pH, whereas 
geopolymer is composed of aluminosilicate and has a low calcium content [5]. These binders exhibit 
outstanding qualities equal to those of OPC concrete, including sulfate resistance [6, 7], corrosion 
resistance in reinforced concrete [8], and fire resistance [9]. Several mineral resources and industrial 
wastes, such as fly ash [10], ground granulated blast furnace slag [11], rice husk ash [12], and 
metakaolin [13] are used as precursors in geopolymer. Similarly, lithium slag is a byproduct of lithium 
refineries that is rich in aluminosilicate and could be exploited as a geopolymer precursor, according to 
previously published studies [14-18].

The industrial byproduct of lithium extraction from spodumene ore is lithium slag. Due to its application 
in rechargeable batteries, pharmaceuticals, glass, and ceramic sectors, the demand for lithium has 
skyrocketed. Throughout 2017 and 2018, lithium production increased by around 23%, from 69,000 to 
85,000 tonnes, respectively [19]. During the manufacturing of lithium carbonate, roughly 10 tonnes of 
lithium slag are produced for every tonne of lithium carbonate produced [20, 21]. Fluorite (F-) and sulfate 
ions (SO4

-2) may be leached from lithium slag after improper disposal [15], posing a risk to the ecology. 
Since the leaching and percolation of the sulphatic component from dumped lithium slag have 
detrimental effects on human health, the disposal of lithium slag waste has become an environmental 
concern. 

Spodumene is calcined at 1200°C to increase its reactivity by transforming α-spodumene into β-
spodumene during the extraction of lithium from its ore. After this transformation during the extraction 
of lithium carbonate, lithium slag is generated as a result. However, the high sulfate content of lithium 
slag causes the false setting of geopolymer paste, limiting its usefulness as a binder. Due to its high 
concentration of sulfate ions (SO4

-2), gypsum/anhydrite is chemically unsuitable for the hydration of 
cement. In addition, the conventional cement industry is the primary source of carbon footprints, which 
can be contributed to the energy-intensive clinker production, whilst its incorporation in geopolymer 
provides sustainable solutions to problems related to carbon emissions, thereby exacerbating global 
warming and climate change [2, 3].

Due to the transition of alumino-silicate into crystalline polymorphs during calcination, lithium slag is low 
in reactive alumino-silicate phases, however, lithium slag includes a greater concentration of silica and 
alumina. Around 1100°C, Peltosaari et al.[22] observed the transformation of spodumene into the 



tetragonal crystal-shaped -spodumene polymorph. The fundamental components of lithium slag—
amorphous alumino-silicate, quartz, gypsum, albite, sulfate, and calcium—making it an ideal match to 
other cementitious materials, such as fly ash and slag [23, 24]. Several studies [20, 23, 25] have 
investigated the use of lithium slag as a pozzolanic material to improve the characteristics of cement-
based products and, by extension, reduce CO2 emissions. It has been demonstrated that compressive 
strength increases with age when lithium slag is used as a supplemental cementitious composite, 
although this gain in strength is not observed in an earlier age of concrete due to the presence of more 
sulphatic components [24]. In addition, the increased gypsum concentration in typical concrete designs 
restricts the substitution ratio that may be employed with lithium slag [14]. The formation of zeolite 
phases following alkali activation governs the growth of geopolymer strength efficiently. Research into 
using lithium slag as a pozzolanic material to enhance the properties of cement-based materials and, 
by extension, reduce CO2 emissions, has been conducted in recent years [20, 22, 23] Compressive 
strength has been shown to increase with age after lithium slag is added as a supplementary 
cementitious composite, but this improvement is not seen in the early ages of the concrete due to higher 
sulphatic components [24]. Additionally, the higher gypsum content in conventional concrete design 
limits the replacement ratio that can be used with lithium slag [14]. The generation of zeolite phases 
upon alkali activation effectively controls the strength development of geopolymer

This article is a derivative study from the authors’ published research. It aims to identify and quantify the 
mineral and crystallographic constituents that are present in a geopolymer made of lithium slag that also 
contains fly ash and silica fume. The automated Scanning Electron Microscopy (SEM) along with the 
quantitative Energy Dispersive Spectroscopy (EDS) technique was utilized to determine the mineralogy 
of geopolymer composites. This technique determines the quantities of minerals by analyzing the 
spectral signatures of backscattered electron micrographs of polished epoxy-impregnated specimens. 
The crystal phases were identified by X-ray Diffraction (XRD) phase identification, and the Rietveld 
quantitative analysis with the internal standard method was employed to quantify the phases. 

2. Materials and Methods

2.1. Materials
In this investigation, the primary precursor employed was lithium slag, a residual material derived from 
spodumene ore during lithium extraction processes. Prior to use in the research, the lithium slag 
underwent calcination at a temperature of 700°C. The geopolymer's chemical modification agents 
consisted of silica fume and fly ash. Ecotec provides silica fume, an amorphous, densified commercial 
product with a specific surface area ranging between 15 and 30 m2/kg. To prevent the premature setting 
of the geopolymer with augmented silica fume content, sodium tetraborate decahydrate 
(Na2B4O7·10H2O) was incorporated into the mixture. The chemical oxide compositions of lithium slag, 
silica fume, and fly ash are presented in Table 1.

Borax powder, which is 99.9% pure sodium tetraborate, was employed for the investigation. Rowe 
Scientific and PQ Australia, respectively, provided the sodium hydroxide and sodium silicate alkaline 
activators. The sodium silicate (with a specific gravity of 1.53 g/cm3) comprised Na2O, SiO2, and water 
in the ratios of 14.70, 29.40, and 55.90%, respectively, whereas the sodium hydroxide solution had a 
concentration of 8M.

2.2. Methods
2.2.1. Mix proportions 

Lithium slag, sodium tetraborate, fly ash, and silica fume are all included in the mix amounts. Fly ash 
was substituted for 0 and 50% of the lithium slag in the mix, whereas silica fume was substituted for 0 
and 40% of the lithium slag in the mixes that included silica fume. To prevent the flash setting of 
geopolymer, 3% of the precursor weight of sodium tetraborate was added to mixtures that contained 
silica fume. The mix ratios were created to examine the impact of fly ash and silica fume on the 
quantitative analysis of the mineral and crystallographic phases of the geopolymer samples. The ratio 
of sodium silicate to sodium hydroxide in the alkaline activator was 3. Table 1 lists the constituents' 
amounts per cubic meter volume of the mix.
Table 1: Mix proportions of the fly ash and silica fume mix [17]

Abbreviations Lithium Slag 
(kg/m3)

Fly ash/Silica 
Fume (kg/m3)

Added Water
(kg/m3)

Sodium Hydroxide 
(kg/m3)

Sodium Silicate 
(kg/m3)

100LS0FA 1212 0 232 106 318
50LS50FA 606 606 232 106 318
0LS100FA 0 1212 232 106 318
100LS0SF 1202 0 230 106 318
60LS40SF 730 472 230 106 318



2.2.2. Mineralogy of geopolymer
By employing automated SEM in conjunction with EDS and the TESCAN Integrated Mineral Analyzer 
(TIMA), the mineralogy of a lithium slag geopolymer with fly ash and silica fume as chemical modifiers 
was identified. On blocks of epoxy-impregnated resin that contained geopolymer specimens, a study of 
mineral liberation was performed. The authors' published paper [16] elaborates the detail of the sample 
preparation process for specimens that have been epoxy-impregnated. Electron beam energy, probe 
current, and beam intensity testing parameters were held constant at 25 keV, 5.43 nA, and 18.99, 
respectively. Using a spot size, working distance, and pixel size of 85.18nm, 15mm, and 1μm, 
respectively, the high-resolution mode of dot scanning was chosen.

2.2.3. Crystal phase identification
The mineral phases in powdered lithium slag and lithium slag geopolymer specimens were identified by 
XRD phase identification and quantified by adding 10% weight of fluorite, which acts as an internal 
standard for calibration and gives excellent precision for the Rietveld refinement [25]. To ensure 
uniformity, the mixture was then micronized in an ethanol solution for 10 minutes. To avoid the preferred 
orientation of crystals, the specimen was dried for 24 hours on a hotplate at 40˚C before being gradually 
put into a specimen holder with a glass slide [26]. This procedure makes it possible to precisely identify 
and estimate the mineral phases that are present in the sample. A Bruker D8 Advance Bragg-Brentano 
Diffractometer was used to perform XRD. Cobalt (Co K, = 1.789) was used as the radiation source, and 
a LynxEye was used as the X-ray detector. The working conditions' voltage and current were both set 
at 35 kV and 40 mA, respectively. Peak phase identification for the spiked geopolymer pastes and 
powdered specimens was carried out using the DIFFRAC EVA software and the International 
Crystallographic Diffraction Data (ICDD, PDF-2 release 2019).

2.2.4. Quantitative crystallographic analysis
A Bruker D8 Advance Bragg-Brentano Diffractometer was used to perform XRD using Cobalt (Co K, = 
1.789) was used as the radiation source, and a LynxEye was used as the X-ray detector. A powdered 
sample was placed in a sample holder and subjected to a diffraction examination.  The experimental 
parameters' voltage and current were both set at 35 kV and 40 mA, respectively. A step size of 0.013 
and a scan range of range between 5-130˚ two theta angles, were used to record the data for the 
diffractogram. Peak phase identification for the spiked geopolymer pastes and powdered specimens 
was carried out using the DIFFRAC EVA software and the International Crystallographic Diffraction Data 
(ICDD, PDF-2 release 2019). The Rietveld quantitative analysis of the diffraction data was performed 
using Topas (Bruker AXS version 5). The parameters indicated in Table 2, which are shown below, 
were used in the Rietveld refinement.

Table 2: Parameters for XRD Rietveld quantitative analysis in Topas Bruker AXS v.5 [17] 
Instrument Bruker D8 Advance (Automated)

Radiation Source Co_Kα (λ=1.789Å, 35kV, 40 mA)
Geniometry range 5-130˚

Step Size 0.013˚
Counting Time 0.7 sec

Rietveld Refinement TOPAS (Bruker AXS Version 5)
Primary and Secondary radius 217 mm

Angular range 3.384˚Equatorial Convolution
FDS angle 0.3˚

Source length 12 mmAxial Convolution
Primary and secondary Soller 2.3˚

3. Discussion of Results
3.1. Mineral phase characterization

Lithium slag geopolymer has a complex geo-chemistry due to its highly crosslinked polysilicate (-Si-O-
Al-) tetrahedral structure and low calcium alkali activated system. Silicon, oxygen, and aluminum atoms 
are all interconnected in a lengthy chain within them. As illustrated in Figure 1, automated SEM/EDS is 
used to evaluate the aluminosilicate gel (N-(C)-A-S-H) in resin-impregnated polished geopolymer 
specimens. At 70˚C, aluminosilicates were dissolved in water to form mordenite and anorthite phases 
during hydrothermal curing. The alkali aluminosilicate gel system includes these mineral phases, which 
have been determined to be zeolitic-based. Mordenite (24.08%) and anorthite phase (15.81%) as a 
major alkali-aluminosilicate gel in lithium slag geopolymer is formed through the polycondensation of 
aluminosilicates from leached spodumene, anorthite, and albite contributing from lithium slag (fig 1-a, 
e).
Chemical traces and the microstructure of lithium slag geopolymer paste are visible in backscattered 
micrographs of the paste and in micrographs of the paste's mineral phase. Cracks and voids are more 
pronounced in the 100LS0FA mix combination. The size of the air bubble trapped in the fracture was 



between 75 and 150 µm in diameter, while the crack's breadth was between 10 and 50 µm. Larger gaps 
and fissures likely resulted from a lack of sufficient N-(C)-A-S-H gel around the lithium slag particles. 
Quantitative EDS analysis also demonstrated the dissolution of higher aluminosilicates. Albite 
production was notable following geopolymerization in the 100LS0FA geopolymer paste specimen; it 
jumped from 1.13% in lithium slag to 48.24% in the lithium slag geopolymer mix. The production of the 
53.17% mordenite phase may be traced back to the aluminosilicate gel that was spiked with 50% fly 
ash and replaced lithium slag geopolymer. Davidovits [27], and Glukhovsky [28], which are reported in 
various other published studies [29-32] have all studied zeolites and alkali aluminosilicate gel, and they 
all report similarities in molecular and crystal structure. By encasing the precursor particles in a higher 
mordenite phase, the microstructure was densified after fly ash was incorporated into the lithium slag 
geopolymer. Microstructure densification occurred when the anorthite phase in fly ash replaced 
geopolymer in the precursor particles' gaps. The amorphous character of N(C)ASH gel, which forms as 
a result of alkali activation of low calcium precursors, has been confirmed by analyses of its chemical 
and crystallographic properties in the literature [32]. N(C)ASH gel, on the other hand, might have a 
similar stoichiometric makeup to mordenite and anorthite but with varying definite aluminosilicates 
concentration. Additionally, TIMA leveraged to identify the similar mineral composition of N(C)ASH gel 
without restricting the Si/Al ratios in identifying mineralogy, however, these two minerals have undergone 
major changes in the aluminosilicate concentration. Because the concentration of alkali cations (Na+, 
Ca+) on the alumina tetrahedron varies, the N(C)ASH gel is depicted as mordenite and anorthite in 
phase micrographs.
After adding silica fume, the anorthite phase in lithium slag geopolymer (100LS0SF) increased from 
15.81% to 22.10%. The addition of sodium tetraborate is responsible for the rise. When sodium 
tetraborate is added to lithium slag, no new crystal phase forms. The mineral phase microscopy shows, 
however, that it accelerated the dissolution of aluminosilicates and decreased the number of voids and 
cracks. Quartz particles were more abundant in the silica fume incorporated mix (60LS40SF), as seen 
in TIMA. However, the dissolution of   Albite, mordenite, quartz, and anorthite are only a few of the 
mineral phases that experienced large increases, reaching 36.16, 29.21, 16.11, and 10.28%, 
respectively. Local cracks inside silica particles may have emerged from the dissolution of silica after 
the setting of geopolymer matrix but have been created by the increased rate of polycondensation of 
aluminosilicate at the confluence of silica-rich quartz particles. It is pertinent to mention that the 
dissolution of silica after setting the mix has not resulted between 8.21-9.21% for quartz particles ranging 
between 200-250 µm, 19.05 to 21.89% dissolution for smaller particles for 59.33 and 64.86 µm sized 
particles as evidenced by image analysis of TIMA using Image J (Fiji software). Hence, by producing a 
higher alkali aluminosilicate gel, substituting fly ash and silica fume has enhanced the geopolymer 
microstructure.
Conclusively, the addition of sodium tetraborate, replacement of fly ash, and silica fume undergo an 
interesting variation of geochemistry. Upon adding 3% sodium tetraborate, anorthite emerged as a 
dominant binding phase along with 22.10% of its concentration in quantitative EDS (fig 1-c, g). Hence, 
higher anorthite generation accounted for increasing compressive strength from 4.62 MPa to 10.89 MPa 
as reported in the published research [17]. Similar trends of increasing percentages of mordenite 
(53.17%) and anorthite (28.88%) were reported upon the incorporation of 50% fly ash along with the 
increasing compressive strength from 4.62 to 11.31 MPa for 100LS0FA and 50LS50FA mixes, 
respectively. However, the concentration of quartz increased to 16.11% with the incorporation of 40% 
silica fume, the significant rise in compressive strength was observed from 10.89 MPa to 21.58 MPa for 
0 and 40% silica fume incorporated mixes, respectively. The higher quartz content provided conducive 
hydrothermal conditions for the generation of mordenite (29.21%) and anorthite (10.28%).

3.2. Crystal phase identification
The crystallographic phases were identified using Diffrac EVA software after conducting XRD. The 
phases present in lithium slag are spodumene, anorthite, quartz, and gypsum. After geopolymerization 
of lithium slag, the main crystallographic phases identified in XRD of lithium slag geopolymer containing 
fly ash and silica fume were quartz (PDF# 00-046-1045), anorthite (PDF# 00-024-0783), calcite (PDF# 
00-005-0586), albite (PDF# 00-046-1219), gypsum (PDF# 04–011-1764), sodium clinoptilolite (PDF# 
00-047-1870). The aluminosilicate gel was dissolved into a geopolymer paste matrix and recrystallized 
into amorphous aluminosilicate gel. Most of the aluminosilicate is in the form of amorphous gel, whereas 
few zeolites crystallize in an aluminosilicate gel matrix with the curing age as evident from the literature 
[33]. Moreover, the amount of amorphous phase was determined by Rietveld phase quantification 
analysis that gave insight into the microstructure development of the geopolymer paste matrix.   



Figure 1: Mineral phase micrograph and corresponding backscattered micrograph of geopolymer 
pastes, a, e: 100LS0FA; b, f: 50LS50FA; c, g: 100LS0SF; d, h: 60LS40SF [17]

3.3. Rietveld phase quantitative analysis 
The crystal phases present in lithium slag geopolymer paste containing fly ash and varying percentages 
of silica fume were identified and quantified by phase identification and Rietveld quantitative analysis. 
In Rietveld refinement, model intensity peaks to analyze the crystalline mineral phases present in the 
paste. The analysis showed that the primary sources of aluminosilicates in lithium slag were anorthite 
and spodumene, while quartz and calcite were the sources of silica and calcium. After 
geopolymerization, analcime and calcium chabazite were the primary binding zeolites formed in the fly 
ash-added paste matrix. The study also found that the concentration of anhydrite, a sulfate mineral, 
increased to 8.03% (which was barely 1.46% in lithium slag), causing extensive cracking in the 
100LS0FA mix. The substitution of 50% fly ash resulted in a significant reduction of anhydrite to 0.03%. 
Thus, the lowering of porosity is evident from the BSE micrograph (fig 1-e). Literature has reported the 
higher sulfate content in precursor results in the abrupt loss of flow between 2 to 12 min, interrupting the 
polycondensation of aluminosilicates and increasing the water demand of the geopolymer gel system 
[34, 35]. 
Researchers found that the amount of amorphous phase in the geopolymer paste is proportionate with 
the development of strength development, the determination of the zeolite phase may have reduced the 
amount of amorphous phase. Analcime and calcium chabazite were found to be the geopolymer's 
primary binding phases, and their concentration increased when fly ash gradually replaced lithium slag. 



Microstructural morphology and the concentration of analcime show that geopolymerization of fly ash 
cenosphere occurred with the integration of 50% fly ash into lithium slag geopolymer [36]. 
As shown by phase quantification in Rietveld refinement of LSSF geopolymer at different proportions of 
silica, increasing the amount of silica added increases the geopolymer's reactivity. Mordenite, Na-
clinoptilolite, and analcime were shown to be the most important binding phases, and their concentration 
increased alongside the Si/Al ratio. Moreover, the use of sodium tetraborate and silica fume curtailed 
gypsum/anhydrite production. A proportion of anhydrite was found limited in sodium tetraborate added 
mix compared to without addition. However, the gypsum/anhydrite content was brought down from 
1.04% in the precursor lithium slag to 0.76% after silica was added. In terms of anhydrite and sulfate 
species quantification, the results of the Rietveld quantitative analysis of lithium slag geopolymer are 
consistent with those of TIMA. Both methodologies agree that anorthite and mordenite are 
aluminosilicate minerals and crystal phases and that anhydrite inhibits the formation of aluminosilicate 
gel. 

Figure 2: Quantitative phase analysis of LS-FA geopolymer paste (a: 100LS0FA, b: 50LS50FA, c: 
0LS100FA) and LS-SF geopolymer d: 100LS0SF, e: 70LS30SF, f: 60LS40SF) [17]
4. Conclusions
Lithium slag is a lithium refinery waste that chemically reacts with fly ash and silica fume to make a 
geopolymer binder. The main binding phases of alkali aluminosilicate gel influenced geopolymer paste's 
strength development behavior. The experimental conclusions are as follows.

1. TIMA visualized the aluminosilicate gel's mineralogy. The geopolymer made from lithium 
slag's microstructure was gelled by mordenite and anorthite. The incorporation of both sodium 
tetraborate and fly ash has a positive effect in the generation of aluminosilicate gel matching 
with that of mordenite and anorthite.

2. Crystallographic zeolite-based binding phases like calcium chabazite, analcime, mordenite, 
albite, and anorthite were the most common in LSFA mixtures. Rietveld quantitative data 
revealed that mordenite, sodium clinoptilolite, albite, anorthite, and analcime formed the zeolite-



binding phases in LSSF geopolymer. Good-fitting zeolite-based aluminosilicate crystals were 
found and quantified using Rietveld quantitative analysis of the geopolymer paste.

3. Automated mineral analysis and Rietveld quantitative methods are powerful tools to 
characterize zeolite formation and amorphous aluminosilicate gel which has significant impacts 
on the strength development of geopolymer. 
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