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Abstract

The mining industry can generate wastes from excavation and mineral processing, namely waste
rock, and mine tailings, which poses potential environmental ricks worldwide. The European
Union mining industries have discarded their waste residues for more than 100 years. It is
estimated that almost 65% of the waste produced in the EU is mineral waste. Large amounts of
waste rock and tailings are stored in stockpiles and tailing impoundments without further
exploration. Small portions of these wastes are utilized as fillers or backfills with cement pastes.
The challenge lies in how to valorize those underutilized side streams, turning mining waste issues
into a secondary raw materials opportunity. Alkali-activated materials are alternative cementitious
materials with a lower carbon footprint than traditional Portland cement. The typical raw
precursor, calcined kaolin (metakaolin), is rich in aluminosilicates, generating a three-dimensional
framework under alkali conditions. Mining wastes, that contain aluminosilicate minerals are
potential precursors for alkali activation. In contrast to calcined kaolin, mining wastes containing
aluminosilicate-bearing minerals can be chemically inert and cannot be directly used as
precursors. This requires enhanced chemical reactivity or mixing with other reactive raw
materials.

The aim of this work was to investigate the potential of using mining wastes as secondary raw
materials for alkali activation and valorizing waste rock and mine tailings in alkali-activated
materials. It focuses on enhancing the chemical reactivity of mining wastes via a potentially
greener approach (mechanochemical activation) compared to the calcination. Mechanochemical
activation was implemented on both mine tailings and waste rock. Further, mine tailings are
incorporated with metakaolin and blast furnace slag to produce alkali-activated tailing co-binders.
The role of tailings in final alkali-activated materials was also investigated using diverse
characterization methods.

The phlogopite and carbonate-bear phosphate mine tailings and muscovite-bearing sulfidic
waste rock were subjected to mechanochemical activation, and they generated amorphous phases,
which yielded a higher alkaline dissolution. The sole mine tailings or waste rock-based alkali-
activated materials were successfully synthesized. Incorporation of mine tailings in alkali-
activated co-binders, such as metakaolin and blast furnace slag, can significantly affect the
hydration process, alkali activation, and physical performance. The role of tailings in alkali-
activated materials is complicated, especially after mechanochemical activation. The amorphous
part of phosphate mine tailings participates in alkali activation, forming C-(N)-A-S-H and other
zeolites. Although sulfidic mine tailings contain only crystalline substances, they considerably
alter the hydration and porosity of the final products.

Keywords: alkali-activated materials, amorphization, blast furnace slag,
mechanochemical activation, metakaolin, mine tailings, mining waste rock
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Tiivistelmä

Kaivosteollisuuden louhinta- ja mineraalinkäsittelyprosessit tuottavat valtavia määriä jätettä,
pääasiassa sivukiveä ja rikastushiekkaa. Euroopan unionin kaivosteollisuus on tuottanut näitä
jätteitä jo yli 100 vuoden ajan, ja EU:ssa tuotetusta jätteestä lähes 65 %:n on arvioitu olevan
mineraalijätettä. Sivukivet ja rikastushiekka varastoidaan pääasiassa läjittämällä ne rikastushiek-
ka-altaisiin, ja vain pieni osa jätteistä hyödynnetään esimerkiksi täyteaineena sementtipastassa.
Nämä alihyödynnetyt sivuvirrat voisivat kuitenkin toimia uusioraaka-aineena neitseellisten luon-
nonvarojen sijaan, mikä vähentäisi läjitykseen päätyvän jätteen määrää.

Alkaliaktivoidut materiaalit ovat vaihtoehtoisia sementtimäisiä materiaaleja, joilla on perin-
teistä portlandsementtiä pienempi hiilijalanjälki. Tyypillinen lähtöaine on kalsinoitu kaoliini
(metakaoliini), joka sisältää runsaasti alumiinisilikaatteja, jotka reagoivat alkalisissa olosuhteissa
lujittuvaksi materiaaliksi. Alumiinisilikaattimineraaleja sisältävät kaivosjätteet ovat potentiaali-
sia raaka-aineita alkaliaktivointiin. Toisin kuin kalsinoitu kaoliini, alumiinisilikaattia sisältävät
kaivosjätteet ovat tyypillisesti kemiallisesti inerttejä, eikä niiden käyttö suoraan alkaliaktivoitu-
jen materiaalien lähtöaineena ole mahdollista. Sen sijaan ne vaativat kemiallisen reaktiivisuu-
den parantamista tai sekoittamista muiden reaktiivisten raaka-aineiden kanssa.

Tämän työn tavoitteena oli tutkia mahdollisuuksia hyödyntää kaivosjätettä alkaliaktivoinnin
lähtöaineena sekä kaivosjätteen hyödyntämistä alkaliaktivoiduissa materiaaleissa. Työ keskittyy
kaivosjätteiden kemiallisen reaktiivisuuden parantamiseen mekanokemiallisella aktivoinnilla.
Mekanokemiallista aktivointia sovellettiin sekä kaivoksen rikastusjätteeseen että sivukiveen.
Lisäksi kaivoksen rikastushiekkaan yhdistettiin metakaoliinia ja masuunikuonaa, ja seoksesta
valmistettiin alkaliaktivoituja materiaaleja. Rikastushiekan roolia lopullisissa alkaliaktivoiduis-
sa materiaaleissa tutkittiin erilaisilla karakterisointimenetelmillä.

Flogopiittia ja karbonaatteja sisältävää fosfaattirikastushiekkaa sekä muskoviittia sisältävää
sulfidista sivukiveä aktivoitiin mekanokemiallisesti. Näin muodostui amorfista faasia, joka on
lähtöainetta reaktiivisempi alkalisissa olosuhteissa. Käsitellyistä rikastushiekasta ja sivukivestä
valmistettiin onnistuneesti alkaliaktivoituja materiaaleja. Kaivosjätteiden yhdistäminen muiden
lähtöaineiden, kuten metakaoliinin ja masuunikuonan, paransi alkali aktivoidun materiaalin omi-
naisuuksia. Rikastushiekan rooli alkaliaktivoiduissa materiaaleissa on monimutkainen erityisesti
mekanokemiallisen aktivoinnin jälkeen. Fosfaattisen rikastushiekan amorfinen osa voi osallis-
tua alkaliaktivointiint muodostaen C-(N)-A-S-H:ta ja zeoliittirakenteita. Vaikka sulfidiset rikas-
tusjätteet sisältävät vain kiteistä ainetta, myös se vaikuttaa alkaliaktivointireaktioihin ja loppu-
tuotteen ominaisuuksiin.

Asiasanat: alkaliaktivoidut materiaalit, kaivosjätteet, masuunikuona, mekano-
kemiallinen aktivointi, metakaoliini, rikastushiekka, sivukivi





 

The only true wisdom is in knowing you know nothing. 
Socrates 
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1 Introduction 

1.1 Background  

Extractive waste from the mining industry has been discarded for more than 100 

years. According to the latest European statistics report, roughly 65% of total waste 

generated in the EU-27 in 2018 was mainly mineral waste [1]. Mine tailings and 

mining waste rock are dumped near the mining site or stored in tailing management 

facilities in which sulfidic mining waste can be a potential source of pollution, such 

as acid mine drainage (AMD) and acid rock drainage (ARD) [2]. Although other 

mine wastes, such as non-sulfidic mine wastes, seldom pose acid mine drainage, 

the storage of tailings can be an environmental risk, such as dam failure, which 

induces huge costs of money and energy. These tremendous amounts of waste are 

underutilized due to the remaining valuable metals and mineral residues, indicating 

the opportunity for resource recovery or as secondary raw materials for 

construction. Therefore, this potential attracts diverse multidisciplinary interests, 

including geology, chemistry, materials engineering, and environmental 

engineering.  

At the meanwhile, greenhouse gas emissions have become a global 

environmental concern, leading to huge uncertainty about climate change. One ton 

of ordinary Portland cement (OPC) manufactured produces about 0.9 tons of 

carbon dioxide [3]. Seeking alternative construction materials is important. Alkali-

activated materials (AAMs) have been regarded as low-carbon alternatives that can 

reduce 80% of CO2 emission [4]. AAMs have been extensively investigated due to 

their sustainability and lower carbon footprint [5]. AAMs are generated by reacting 

aluminosilicate solids with an alkaline solution. The typical precursors are 

metakaolin (MK), blast furnace slag (BFS), fly ash, etc. AAMs also have different 

benefits for conventional construction materials in terms of mechanical properties 

[4], refractoriness [6], [7], chemical resistance [8], heavy metal immobilization [9], 

and flexible curing conditions [10]. AAMs can be classified into high-Ca AAMs 

and low-Ca AAMs, that typically generate C-(N)-A-S-H gel and N-A-S-H gel, 

respectively [11]. Therefore, precursors rich in aluminosilicates are a promising 

candidate for AAMs after proper pre-treatment. Furthermore, it is of interest to 

develop tailings, or waste rock-based AAMs, which can further lower the 

manufacture expense and CO2 emissions of the final products. 
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Mine tailings and mining waste rocks consist of various types of clay minerals, 

including phyllosilicates. Most aluminosilicate-rich mining wastes are chemically 

inert when exposed to alkali activators, hindering further application of such side 

streams. Hence, it is essential to improve the chemical reactivity of the precursor 

for alkali activation. The most promising paths to enhance the chemical reactivity 

of mining wastes are thermal and mechanical treatment, respectively [12]–[17]. 

High-temperature calcination is energy- and time-consuming in comparison to 

mechanochemical activation which is more efficient and greener [18].   

In order to improve the performance of final products, blending mining waste 

with other industrial by-products has been widely studied [19]–[24]. The role of 

mining waste in the binder system largely depends on the chemical reactivity of the 

precursor. For instance, successfully pre-treated precursors can participate in the 

reaction even at an early age, whereas inert mine tailings can be utilized as fillers. 

However, the filling action also affects the hydration or particle package behavior 

in the final binder system, showing enhanced or detrimental consequences. 

In this thesis, systematic research was conducted on mining wastes, including 

waste rocks and mine tailings. Mining waste-based AAMs were produced by alkali 

activation of mechanochemically activated mine tailings and mining waste rock. 

Two synergies with MK and BFS were investigated to better understand the 

chemical and physical effects of mine tailings in the co-binder system. 

1.2 Aims of the thesis 

The main scope of the thesis was to develop a new binder system based on mine 

wastes including mine tailings and waste rocks after mechanochemical treatment 

and to investigate how tailings influence different binding systems, such as alkali-

activated MK and BFS.  

The main objectives were as follows: 

– To enhance the chemical reactivity of mine tailings/waste rock by increasing 

the alkaline solubility of aluminum and silicon (Papers I & II). 

– To synthesize alkali-activated materials from mine tailings and waste rock and 

investigate the potential of main minerals, such as phlogopite, carbonate, and 

muscovite, for alkali activation (Papers I & II). 
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– To explore the role of mine tailings in different binding systems, such as alkali-

activated MK and BFS, and how they participate in the reaction process, 

porosity, and leaching behavior (Papers III & IV). 

The enhanced chemical reactivity of phosphate mine tailings was conducted via 

mechanochemical activation in detail in Paper I, in which tailings-based AAMs 

were synthesized. The potential of mechanochemical-activated sulfidic mining 

waste rock for alkali activation was investigated in Paper II. Paper III examined the 

recycling of mechanochemically activated phosphate mine tailings in alkali-

activated co-binders with MK. Paper IV studied the incorporation of bioleached 

sulfidic mine tailings in one-part alkali-activated BFS mortar, and how it affects 

the chemical and physical properties of the resulting specimens. 

1.3 Outline of the thesis 

This thesis consists of five chapters: 

– Chapter I: “Introduction” presents the overall background of the research topic. 

– Chapter II: “Literature review” offers overviews of the scientific literature on 

current utilization and disposal of mining wastes in different sectors. It 

emphasizes the pre-treatment methods used for mining wastes and how mining 

wastes were recycled based on a circular economy.  

– Chapter III: “Materials and methods” describes the raw materials (Siilinjärvi 

phosphate mine tailings, Neves Corvo mining waste rock and Davidschacht 

sulfidic mine tailings after bioleaching by G.E.O.S. Ingenieurgesellschaft mbH) 

used in this thesis and their characterization technologies.  

– Chapter IV: “Results and discussion” explains the key results of this thesis. 

Furthermore, a relevant discussion of four articles is provided.  

– Chapter V: “Conclusion” presents the highlights of the thesis. 
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2 Literature review  

2.1 Mining and its concerns 

Mining is one of the most important economic endeavors all over the world, since 

it generates key materials and excavates energy resources supporting massive 

human activities. However, mining has significant impacts on the environment due 

to a large amount of solid waste, including waste rock and tailings with no 

commercial use, and liquid waste containing chemicals used in the beneficiation 

process [25]. All these processes—mining, mineral beneficiation, and metal 

extraction—can generate solid, liquid, and gas wastes. In particular, the mining of 

complicated ores can produce higher amounts of mining wastes per ton of product, 

and it will also produce a quantity of fine tailings [26]. Therefore, there are 

approximately 20,000–25,000 million tons of mining waste per year produced 

around the world [27]. There is huge potential to reprocess, remediate, and valorize 

mining wastes by transforming the unwanted wastes into valuable resources. 

2.2 Mining waste  

Mining is the first operation in the commercial exploitation of minerals and energy 

resources, and it is also one of the oldest human industrial activities. There can be 

different mine wastes generated from mining, mineral processing, and metallurgy 

extraction, such as solid, liquid and gas wastes. Nevertheless, this thesis 

concentrates on the valorization of solid mining waste, including mining waste rock 

and mine tailings. The main wastes produced during the different mining stages are 

depicted in Fig. 1. 
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Fig. 1. Mining wastes generated from the mining industry (Modified from [28]). 

2.2.1 Mine tailings  

The tailings are a mixture of crushed rock and processing chemical liquids from 

milling, washing, and concentrating that remain after the extraction of valuable 

metals, minerals, or coal from the mining industry [29]. Normally, the tailings are 

powdery with a particle size of ~100 µm which are wet depending on how they are 

stored. The chemical and physical properties of mine tailings can vary due to their 

minerology and types of mining. The type of mine tailings can be defined by the 

ores, such as sulfidic mine tailings, quartz mine tailings, phosphate mine tailings, 

bauxite mine tailings, vanadium mine tailings, and coal mine tailings. Among these, 

sulfidic mine tailings can cause environmental risks due to the presence of metal 

sulfide, such as pyrite (FeS2), chalcopyrite (CuFeS2), and galena (PbS). The 

exposure of sulfide to moisture and oxygen can produce sulfuric acid, causing 

AMD. AMD is a well-known environmental issue that can contaminate rivers and 

underground water near the mining area [30]. The tailings contain solid and water, 

which are usually discharged in tailings management facility (TMF), such as tailing 

impoundments. However, potential risks can occur due to dam falls and seepage 

water, where toxic components are detrimental to ecological surroundings and 

human health [31]. Another environmental issue lies in the mine tailings dust which 

is detrimental to human respiratory system, especially in arid and semi-arid regions.   
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2.2.2 Waste rock 

In addition to mine tailings, waste rock is also a non-economical compound that is 

excavated to access ores. The particle size of waste rock can vary from site to site. 

For instance, Smith et al. [32] investigated the Diavik waste rock project, in which 

the particle size ranged in mass from 5 kg to 10 kg. Sulfidic mining waste rock 

often contains sulfide minerals, which may lead to ARD if disposed of without 

proper treatments. To reduce the environmental impact of waste rock, these dumps 

should be shaped appropriately. In particular, sulfidic waste rock needs to be 

covered to prevent sulfide oxidation after mine closure [27]. 

Therefore, remediation and reprocessing of mining waste are essential. 

Nowadays, there are many technologies that can facilitate the utilization of mining 

waste, such as alkali activation.  

2.2.3 Current disposal of mining wastes 

The waste rocks generated from the mining industry are regarded as solid wastes, 

especially sulfidic waste rock, which can sometimes be hazardous to the 

environment. For instance, Neves Corvo (SOMINCOR by Lundin Mining) has 

accumulated 7.3 Mt of waste rock stored at the Cerro do Lobo TMF, in which 3.1 

Mt of oxidized waste rock has been stored in temporary stockpiles by the end of 

2019 as shown in Paper II. The mining company has implemented a variety of 

methods to reduce the environmental impacts of waste disposal, such as immersing 

tailings in ponds [33]. Similar to the treatment of mining waste rocks, mine tailings 

are also usually accumulated in dam impoundments. Tailings are considered more 

harmful than waste rocks because they contain waste liquids and chemicals. The 

dam of tailings can be dangerous if the deposition is improper. Hundreds of 

accidents of dam failure or dam falls have been reported worldwide.  

The backfill of crushed waste rock into goafs is widely used; however, the 

influence of particle size and compact behavior needs to be carefully taken into 

consideration [34]. Thickened tailings can also be backfilled and co-disposed with 

waste rock [35]. Cemented paste backfill can be an alternative method, because 

contaminants can be stabilized in binders [36].   

However, to tackle this long-term issue even after the mine closure, it is 

essential to seek alternative technologies. Recycling, reusing, and reprocessing can 

extract valuable substances from mine tailings. Valorization of mining waste rocks 

as aggregates for concrete manufacturing has recently been investigated [37]. 
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Nevertheless, the mineral residues are still solid wastes at this stage. Therefore, the 

utilization of mineral residues, or even raw mining wastes, as secondary materials 

for the construction sector is of interest. 

2.3 Alkali-activated materials 

AAMs are produced from (calcium) aluminosilicate rich precursors in alkaline 

conditions [38]. Duxson et al. [39] proposed a reaction for aluminosilicates during 

alkali activation, in which solid aluminosilicates are transformed into synthetic 

alkali aluminosilicates through dissolution, gelation/reorganization, and 

polymerization/hardening (Fig. 2). AAMs have been widely studied in the 

application of building materials due to their potential for sustainability and low 

CO2 emission [5]. Usually, the aluminosilicate precursors need to be amorphous, 

which can be rapidly dissolved in high alkaline solutions, such as sodium silicate 

and sodium hydroxide solutions. The concentrated aluminosilicate solution results 

in a three-dimensional network by polymerization. MK, a high pozzolanic 

aluminosilicate material, is produced by the calcination of kaolin at temperatures 

around 750 °C [40]. MK typically contains Al(IV), Al(V), and Al(VI) before alkali 

activation, after which Al(V) and Al(VI) are converted to tetrahedral coordination 

with the association of alkali cations to maintain a neural charge balance [41]. BFS 

can generate quite a different hydration product, which is commonly calcium 

(alumino)silicate hydrate (C-(A)-S-H) compared to N-A-S-H from alkali-activated 

MK [42]. The hydration mechanism of BFS varies from MK series since the 

chemical composition of BFS is high in calcium and low in aluminum. The 

dissolution of glassy phases, which contain both monovalent and divalent network-

modifying cations, was proposed by previous studies [43]. The process is a 

complex alkali reaction involving the destruction of the BFS and the consequent 

polycondensation (Fig. 3) [44].  

Mining waste is currently underutilized in the mining industrial. They represent 

potentially abundant aluminosilicate resources for cementitious material 

manufacturing, including AAMs [45]. Seeking a proper method to valorize mining 

waste is of interest. Efforts have been made to transfer mining wastes to high value-

added materials [46].   
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Fig. 2. Schematic implication of alkali activation (Modified from [39]). 

Fig. 3. Mechanism of glassy phase in alkali conditions (Modified from [43]). 

2.3.1 One-part alkali-activated materials  

The fabrication of AAMs can be classified into two-part AAMs and one-part AAMs. 

Traditional (two-part) AAMs are manufactured by reacting solid aluminosilicate 
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precursors with a solution, such as alkali hydroxide or alkali silicate [47]. By 

contrast, one-part AAMs refer to the mixing of dry alkali hydroxide and alkali 

silicate with precursors prior to adding water, which is also called “just add water” 

[48]. One-part AAMs show similarity to conventional OPC, which is more 

convenient than two-part AAMs in terms of the preparation and transportation of 

alkali solutions.  

Purdon [49] highlighted the preparation of alkali-activated mortar by adding 

water to dry mixed slag and sodium hydroxide powder in 1940. Many researchers 

have subsequently patented one-part AAMs with a similar method using raw 

materials, such as MK, BFS, fly ash and calcined shale and clays [50]–[52].  

2.3.2 Mining waste-based alkali-activated materials 

Mine waste, which is rich in Si and Al, is a potential precursor for alkali activation. 

Many studies have been carried out to upcycle these wastes. Unlike pozzolanic 

materials such as MK and BFS, mining wastes have low chemical reactivity. The 

incorporation of mining waste into alkali-activated co-binders can be a promising 

way to produce construction materials with metal(loid) stabilization. Zhang et al. 

[53] studied the co-binding of fly ash with up to 100% copper mine tailings under 

alkali activation by different concentrations of sodium hydroxide solution, in which 

Si/Al, NaOH concentrations, and curing time considerably affected the alkali 

activation process of the co-binder. Compressive strength, varying from 1.37 MPa 

to 21.2 MPa, can be controlled by adjusting the content of fly ash. Ahmari and 

Zhang [54] investigated the mix of cement kiln dust (0–10%) with copper mine 

tailings, showing that cement kiln dust can significantly improve the physical and 

chemical properties of geopolymer bricks, which meets the lowest standard limit 

of ASTM. Falayi et al. [55] showed that fly ash and blast oxygen furnace slag can 

modify mine tailings-based geopolymers, in which slag-mine tailings geopolymers 

require a lower curing temperature than fly ash-mine tailings-based geopolymers. 

Duan et al. [56] synthesized AAMs by iron ore mine tailings with 30% fly ash, 

showing that porous fly ash-mine tailings-based geopolymers had a high porosity 

of 74.6%. Kiventerä et al. [22], [57], [58] conducted some studies on alkali-

activating sulfidic mine tailings, reporting the following: 1) All tailing geopolymers 

can reach a compressive strength of 3.5 MPa. 2) The addition of 5% BFS can 

increase the compressive strength from 1.3 MPa to 4.4 MPa with a 5 M NaOH 

solution. A 25% BFS modified mine tailings geopolymer achieved compressive 

strength of 25 MPa at 28 days with a 5 M NaOH solution. 3) A high immobilization 
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efficiency was achieved for the main elements, such as Cr, Cu, Ni, Zn, and Mn, but 

not for As and V. MK and BFS are chemically reactive in comparison to mine 

tailings, which are often blended with the inert precursors. In Papers III and IV, MK 

and BFS were used as co-binders in the preparation of AAMs.  

Other researchers have also attempted to combine aluminum sludge wastes, 

glass wool residues, and waste glasses with mine tailings to produce alkali-

activated co-binders [59]–[61]. High compressive strength was obtained under a 

relatively higher curing temperature ranging from 80 to 100 °C, which showed that 

a higher curing temperature can promote the geopolymerization reaction [62].  

The valorization of mine tailings as the sole precursor has also been 

investigated. Aseniero et al. [63] studied the alkali activation of gold mine tailings 

with a sodium hydroxide/lime sludge solution and showed that aluminosilicate 

clays play a vital role during geopolymerization. Manjarrez and Zhang [64] 

performed alkali activation of copper mine tailings with different concentrations of 

NaOH solution, indicating that both moisture content and concentration of NaOH 

had significant effects on the performance of the resulting samples. Ahmari and 

Zhang [65] fabricated tailings-based bricks with different forming pressures, curing 

temperatures, and concentrations of NaOH solution and reported the very high 

compressive strength. The research group of Pacheco-Torgal et al. investigated the 

alkali activation of tungsten mine tailings with proper pre-treatment. The thermal 

treatment of mine tailings can significantly improve chemical reactive and 

amorphous content [66]. Different aggregates were utilized to fabricate geopolymer 

mortar with a high compressive strength of over 80 MPa [67]. The authors also 

conducted a cost analysis of tailings-based geopolymer mortars, showing that it is 

possible to use such geopolymer binders as repair mortars compared to commercial 

repair products [68]. Sodium silicate solution-activated mine tailings were studied 

by Falah et al. [69] and Koohestani et al. [70], who showed that sodium silicate 

concentration has a significant effect on the curing behavior of tailings-based 

geopolymers. The feasibility of the potential use of mining wastes as sole 

precursors in AAMs was investigated in Papers I and II.  

Alkali-activated mine tailings have been addressed by many studies most of 

which failed to use leaching tests to evaluate the impact of the final products on the 

environment. Ahmari and Zhang [71] investigated the stabilization of copper mine 

tailings via geopolymerization, and found that Zn, Mo, Cu, and Mn are effectively 

immobilized. Kiventerä et al. [57] studied the alkali activation of gold mine tailings, 

and found that heavy metals, such as Cr, Cu, Ni, Zn and Mn were practically 

immobilized. The leaching test is essential to ensure the availability of final 
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products for future application in the construction sector. The leaching test on one-

part alkali-activated BFS mortar with bioleached sulfidic mine tailings was 

performed in Paper IV. 

In general, mining wastes are potentially promising candidates as precursors 

for AAMs if they are rich in aluminosilicates. However, it is essential to implement 

pre-treatment on the precursors prior to alkali activation. For instance, there are 

typically two methods used in the literature: thermal treatment and 

mechanochemical treatment. Both approaches can facilitate the formation of 

amorphous phases in the precursor through the dehydroxylation of aluminosilicate 

and carbonate structure [72].  

2.4 Pre-treatment to improve alkaline reactivity of minerals  

2.4.1 Thermal treatment  

As mentioned above, thermal treatment has been widely used to improve the 

chemical reactivity of mine tailings. The most typical example of thermal treatment 

is the calcination of kaolin to produce MK [73], [74]. Under high temperatures, the 

hydroxyl group can be disrupted to change the coordination of aluminum. 

MacKenzie et al. [75] showed that heat treatment can be used to increase the 

reactivity of 2:1-layered aluminosilicates, since aluminum is commonly 

coordinated with silicon in comparison to 1:1-layered aluminosilicates (MK). 

However, exceptions were reported by Pacheco-Torgal and Jalali [76], who 

demonstrated that muscovite can be an excellent precursor for alkali activation. The 

X-ray diffraction (XRD) patterns of mine tailings treated with different 

temperatures shows that 950 °C can significantly decrease the crystallinity of 

muscovite; nevertheless, the detailed minerology of the mine tailings has still not 

been fully investigated [66].   

Alkaline roasting can be another promising and modified thermal treatment for 

enhancing the chemical reactivity of tailing precursors. Moukannaa et al. [23], [77] 

carried out the alkaline roasting of tailings with sodium hydroxide and successfully 

prepared alkali-activated co-binders with MK and fly ash, showing high 

mechanical strength.  

Due to the energy consumption and complex minerology of mine tailings, the 

feasibility of utilizing thermal treatment to enhance reactivity for alkali activation 

can be complicated.  
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2.4.2 Mechanochemical treatment  

Other than thermal treatment, a potentially more efficient and greener method, 

mechanochemical treatment sheds some light on generating viable precursors for 

alkali activation. Mechanochemical activation refers not only to the reduction of 

particle size and increment of specific surface area but also to producing lattice 

defects and affecting chemical bonding [78]. Mackenzie et al. [75] implemented 

the mechanochemical process rather than thermal treatment to enhance the 

chemical reactivity of 2:1-layered lattice aluminosilicates for alkali activation. The 

results showed that the vibratory disc mill at 15 min had a similar XRD pattern to 

ball milling at 60 h, which indicates that the vigorous vibratory disc mill can 

efficiently generate amorphous precursors. The intense grinding can considerably 

disrupt the 2:1-layered aluminosilicate structure, thereby fulfilling the alkaline 

solubility of Al and Si during alkali activation. Therefore, the feasibility of using a 

vibratory disc mill on mining wastes that contain 2:1-layered aluminosilicate was 

investigated in Papers I and II.  

Mechanochemical treatment began about 300 years ago, when Francis Bacon 

reported that it is possible to use grinding to obtain chemically reactive materials. 

Principally, the course of mechanochemical treatment induces plastic deformation, 

smaller particle size, crystal structure fracture, and dehydroxylation (-OH group 

migration). During mechanochemical treatment, the sudden impact between 

particles and grinding media can produce high surface area and energy, thereby 

promoting chemical reactions [79]. The mechanochemical activation of kaolinite 

was carried out by Aglietti et al. [80], showing improved chemical reactivity via 

amorphization. The alkali activation of mechanochemically activated fly ash 

successfully obtained a high compressive strength of 45 MPa after 8 days of curing 

under ambient condition [81]. Adesanya et al. [82] studied the possibility of using 

a mechanochemical approach (vibratory disc mill) to transfer phyllite into an alkali-

activated binder precursor. In Paper I, a vibratory disc mill was used to enhance the 

chemical reactivity of phlogopite mica-bearing phosphate mine tailings. The 

preliminary alkali activation potential was also investigated using a sodium silicate 

solution.  

Chemically assisted grinding can promote a decrease in the particle size of 

minerals. For instance, ball milling of mica in different organic media was 

conducted by Papirer and Martz [83], who showed that grinding media can 

profoundly influence grinding efficiency. Ikazaki et al. [84] carried out chemically 

assisted dry comminution (CADC) on sericite, showing that CADC can 
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significantly increase the specific surface area and ion exchange capacity. The 

additive action was intensively analyzed by Paramsivam and Vedaraman [85], 

indicating that the surface tension and dipole moment of the liquid additive can 

considerably affect solid liquid interactions and alter grinding behavior. Lithium-

derived grinding aids have been found to disrupt the 2:1-layered lattice 

aluminosilicate structure of muscovite [86] through the occupation of vacant sites 

in the octahedral layer. However, a large LiCl solution was used, which is not 

sustainable for precursor manufacturing, and a long grinding time was required due 

to the ball-milling method. Therefore, Paper II investigated the effect of a small 

amount of Li-containing grinding aid (0.2 wt%) on mica-rich mining waste rock 

and how mechanochemically activated waste rock works as a precursor for alkali 

activation.  
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3 Materials and methods 

3.1 Materials  

3.1.1 Mine tailings 

The mine tailings, used in this research, were phosphate mine tailings (PMT) and 

sulfidic mine tailings (SMT) from Finland and Germany, respectively. The PMT 

was received from Siilinjärvi phosphate mining site (yearly production:10 Mt/a; 

Stock: 280 Mt). It contains various minerals such as phlogopite (64%), dolomite 

(6%), calcite (14%), and tremolite (1.4%). The chemical composition of PMT was 

characterized by XRF (Table 1). 

Table 1. Chemical composition of phosphate mine tailings (% w/w) (Under CC BY 4.0 

license from Paper I © 2020 Authors). 

Components SiO2 Al2O3 CaO MgO K2O Fe2O3 P2O5 TiO2 MnO Others L.O.I 

Weight % 32.99 7.09 12.92 17.27 5.53 7.99 0.95 0.27 0.12 0.86 14.01 

The fine SMT was obtained from Davidschacht tailings impoundment (Freiberg, 

Germany) after bioleaching performed by G.E.O.S. Ingenieurgesellschaft mbH. 

The main phases are identified as chlorite, muscovite, gypsum, albite, sphalerite, 

quartz, and pyrite. The results of the XRF analysis are shown in Table 2.  

Table 2. Chemical composition of sulfidic mine tailings (% w/w) (Under CC BY 4.0 

license from Paper IV © 2022 Authors). 

Components SiO2 SO3 Al2O3 CaO MgO K2O Fe2O3 P2O5 TiO2 MnO CuO PbO ZnO 

Weight % 51.97 12 6.6 0.8 0.7 1.6 14.4 0.2 0.5 0.1 0.1 0.2 0.2 

3.1.2 Sulfidic waste rock  

Apart from mine tailings, this thesis also investigates the potential of using waste 

rocks as secondary raw materials for alkali activation. The Neves Corvo sulfidic 

waste rock was obtained in rock form, which still requires crushing and milling 

before further treatment. The Neves Corvo mine is operated by SOMINCOR 

(Lundin Mining), an underground high-grade Cu-Zn mine situated on the Iberian 

Pyrite Celt. The waste rock consists of various minerals with disseminated sulfides 

including muscovite, clinochlore, quartz, pyrite, and gypsum. Over the period from 
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2010 to 2019, Neves Corvo accumulated more than 7.3 Mt of waste rock at the 

Cerro do Lobo TMF, where 3.1 million tons of oxidized waste rock had dumped in 

the stockpiles near the mining site. Currently, Lundin mining tries to control the 

stability of mining wastes. 

The received sulfidic waste rock was jaw crushed and double roller crushed. 

The chemical composition of sulfidic mining waste rock is presented in Table 3.  

Table 3. Chemical composition of sulfidic waste rock (% w/w) (Under CC BY 4.0 license 

from Paper II © 2021 Authors). 

Components SiO2 SO3 Al2O3 CaO MgO K2O Fe2O3 TiO2 MnO L.O.I 

Weight % 52.31 12.34 12.15 0.56 1.98 1.49 16.69 0.56 0.13 0.97 

3.1.3 Metakaolin  

MK is a calcined clay from kaolin, which is traditionally used in the production of 

porcelain. It is an anhydrous aluminosilicate precursor, that can be dissolved in 

alkali activators to form three-dimensional frameworks. MK was received from 

MetaMax, Aquaminerals Finland Ltd. The chemical composition of MK is shown 

in Table 4.  

Table 4. Chemical composition of metakaolin (% w/w) (Under CC BY-NC-ND 4.0 license 

from Paper III © 2020 Authors). 

Components SiO2 SO3 Al2O3 CaO MgO K2O Fe2O3 TiO2 MnO L.O.I 

Weight % 53 - 44.5 − - 0.1 0.4 1.4 - 0.3 

3.1.4 Blast furnace slag 

The BFS used in this study was received from Finnsementti, Finland, in which the 

d50 and density are 10.8 µm and 2.93 g/cm2, respectively. The chemical composition 

of the BFS is given in Table 5.  

Table 5. Chemical composition of blast furnace slag (% w/w) (Under CC BY 4.0 license 

from Paper IV © 2022 Authors). 

Components SiO2 SO3 Al2O3 CaO MgO Na2O K2O Fe2O3 P2O5 

Weight % 32.33 4 9.58 38.51 10.24 0.51 0.53 1.23 0.01 
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3.1.5 Other materials  

The alkali activator was prepared using sodium hydroxide pellet (>97%, VWR 

Chemicals), and sodium silicate solution (VWR Chemicals, SiO2: 26.8%, Na2O: 

8.2%). Grinding aid, 2-propanol (≥99.7%; VWR Chemicals), was used for 

mechanochemical activation. The lithium-containing grinding aid consisted of 40 

wt% LiCl (BioXtra, ≥99.0%) in methanol (99.9%, VWR Chemicals). Rutile 

(powder; <5 μm; ≥99.9% trace; metal basis) was used as the internal standard. 

Standard sand (Normensand, Germany) with a particle size ranging between 0.08 

and 2 mm was used for mortar preparation (CEN standard sand according to EN 

196-1). Deionized (DI) water was utilized wherever necessary. 

3.2 Methodology  

3.2.1 Pre-treatment and samples preparation  

A vibratory disc mill (Retsch RS 200) was used for mechanochemical activation. 

The PMT was intensely ground for 1 min, 2 min, 4 min, 8 min, and 16 min at 1500 

rpm with a 0.5 wt% grinding aid (2-propanol) in Paper I, dubbed Gx (x = 1, 2, 4, 8, 

and 16 min). The preliminary alkali activation of PMT was conducted with a 

commercial sodium silicate solution with Ms = 2 (SiO2/Na2O). Mechanochemical 

activation of sulfidic waste rock (SWR) was performed by vibratory disc mill for 8 

and 16 min with the addition of 0.2 wt% grinding aid (40 wt% LiCl methanol 

solution) in Paper II, named G8, G8LiCl, G16, and G16LiCl. In Paper III, PMT 

was ground by a vibratory disc mill for 4 min. Alkali-activated PMT were prepared 

by adding 100 g PMT (PMT, G2, and G16) to 90 g alkali activator with solid/liquid 

of 2 in Paper I. The alkali activation of mechanochemically activated (MA) mining 

wastes is presented in Table 6. 

Table 6. Summary of alkali activation of mechanochemically activated mining wastes. 

Mining wastes Grinding time 

(min) 

Grinding aid (0.2 

wt%) 

Alkali activation  conditions Paper 

PMT 1, 2, 4, 8, 16 2-propanol Sodium silicate 

solution  

40 °C, 7 

days 

I 

SWR 1, 8, 16 LiCl methanol 

solution 

Sodium silicate with 

sodium hydroxide 

solution 

Room 

temperature, 

7 & 28 days 

II 
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The mixed design for alkali-activated SWR was shown in Table 7 (Paper II). This 

is the utilization of sole SWR as precursor for alkali activation.  

Table 7. Mix design of alkali-activated sulfidic waste rock (Adapted under CC BY 4.0 

license from Paper II © 2021 Authors). 

Samples name SWR (wt%) NaOH (wt%) Sodium silicate solution (wt%) Water/binder ratio 

IPG16LiCl 73.15 1.74 25.11 0.2 

The formulation of alkali-activated PMT and MK co-binders is given in Table 8 

(Paper III). MK was used as a co-binder for alkali activation since it can supply 

reactive aluminosilicate units.  

Table 8. Formulation of alkali-activated phosphate mine tailings-metakaolin co-binder 

(Adapted under CC BY-NC-ND 4.0 license from Paper III © 2020 Authors). 

Sample name PMT (wt%) MK (wt%) H2O Na/Al Si/Al Liquid/solid 

PM 0/10 0 100 4.31 0.59 1.31 0.45 

PM 1/9 10 90 4.29 0.65 1.39 0.45 

PM 2/8 20 80 4.07 0.72 1.49 0.45 

PM 3/7 30 70 3.70 0.8 1.62 0.35 

PM 4/6 40 60 3.69 0.9 1.77 0.35 

PM 5/5 50 50 3.67 1.03 1.97 0.35 

PM 6/4 60 40 3.65 1.2 2.24 0.35 

PM 7/3 70 30 3.64 1.44 2.60 0.35 

PM 8/2 80 20 2.54 1.79 3.14 0.3 

PM 9/1 90 10 2.53 2.37 4.03 0.3 

PM 10/0 100 0 4.07 3.47 5.72 0.4 

Bioleached sulfidic mine tailings incorporated into alkali-activated BFS mortar was 

conducted using the recipe in Table 9 (Paper IV).  

Table 9. Mix design of one-part alkali-activated blast furnace slag mortar with sulfidic 

mine tailings (Adapted under CC BY 4.0 license from Paper IV © 2022 Authors). 

Exp. name Abbrev. BFS (g) SMT (g) Sodium silicate (g)  Standard sand (g) 

100BFS0SMT MT0 90 0 10 200 

90BFS10SMT MT10 81 9 10 200 

80BFS20SMT MT20 72 18 10 200 

70BFS30SMT MT30 63 27 10 200 

60BFS40SMT MT40 54 36 10 200 

50BFS50SMT MT50 45 45 10 200 
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3.2.2 Materials characterization  

The chemical composition of the raw materials was characterized by a PANalytical 

AXiosmax XRF spectrometer with a rhodium tube, which has a maximum power 

rate of 4 kW. The particle size distribution was determined using a laser diffraction 

particle sizer analyzer (LS 13320, Beckman Coulter, Inc., Brea, CA, USA). The 

specific surface area was measured using ASAP 2000 Miscrometrics based on 

Brunauer–Emmett–Teller (BET) theory. The mineralogy and substances were 

subjected to a Rigaku SmartLab 9 kW, with a Co source (40 kV and 135 mA, Kα1 

= 1.78892 Å; Kα2 = 1.79278 Å; Kα1 /Kα2 = 0.5), scan rate of 3°/min and 0.02°/step. 

Quantitative phase analysis was carried out using PDXL2 Software Suite with 

integrated access to the International Centre of Diffraction Data (ICDD) Powder 

Diffraction File (PDF) database (version PDF-4 2019). Thermal analysis was 

conducted using a Netzsch STA 449 F3 TGA-DTA/DSC analyzer (Selb, Germany) 

with mass spectrometry to detect water and carbon dioxide molecules. Around 20 

mg of specimen was placed in a platinum crucible with a lid and heated in the 

furnace to up to 1550 °C with a heating rate of 10 °C/min under the inert 

atmosphere. X-ray photoelectron spectroscopy analysis was performed using the 

Thermo Fisher Scientific ESCALAB 250Xi XPS system. Chemical 

characterization of the specimen was identified using diffuse reflectance infrared 

Fourier transform, and the spectra were collected using a Bruker Vertex 80v 

spectrometer (USA) with a range of 400 to 4000 cm−1. The morphology of the 

specimen was determined with Zeiss ULTRA plus Field Emission Scanning 

Electron Microscopy (FESEM) with an acceleration voltage of 5 kV. Energy 

dispersive spectroscopy analysis was performed with a voltage of 15 kV and a beam 

current of 120 × 10−8 A. The morphological features and selected area diffraction 

of the specimen were tested using a transmission electron microscope (JEOL JEM-

2200FS, Japan).  

3.2.3 Mineral identification  

Mineral liberation analysis (MLA) is widely used in the mining industry to 

demonstrate the minerology of samples after comminution. It is a versatile 

technique for showing the interaction of individual minerals. To obtain an in-depth 

understanding of mechanochemically activated precursors, the ground samples 

were subjected to MLA using Zeiss ULTRA plus FESEM. The particles were 

isolated by milling with graphite and mounted in epoxy resin. Due to the unique 
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average atomic number (ANN) of each mineral, different gray levels were revealed. 

The MLA was conducted on mechanochemical-activated PMT in Paper I.  

3.2.4 Alkaline solubility evaluation  

The alkali activation potential was investigated by evaluating the alkaline solubility 

of mechanochemically activated precursors. Elements, including Si, Al, Fe, K, Mg, 

and Ca, were measured after the solubility test. The samples were mixed with 6 M 

NaOH solution in polypropylene bottles at the liquid/solid (mass ratio) of 200/1. A 

horizontal shaking table (IKA KS 260 orbital shaker) was used to thoroughly mix 

the samples with alkali solution at rotational speed of 150 rpm for 24 h under 

moderate conditions at 23 ± 0.5 °C. The filtrate was collected by filtering the 

resulting samples using a 0.2 µm filter paper and acidified by 6 M HNO3 to a pH 

lower than 1. The elements were measured using the inductive coupled plasma-

optical emission spectroscopy (ICP-OES) technique.  

3.2.5 Physical characterization of alkali activated materials  

The unconfined compressive strength (UCS) was carried out with a Zwick Roell 

100 kN machine with a loading force of 2.4 kN/s until failure. The flexural strength 

was determined with a loading force of 0.05 kN/s until failure.  

Physical properties, including apparent porosity and water absorption, were 

tested according to the standard EN-1936: 2006 [87].  

Soaking tests were carried out by immersing three hardened samples in DI-

water for 24 h with a sample/water mass ratio of 1/3 for each batch. Thereafter, the 

liquid and the samples were subjected to Inductively coupled plasm optical 

emission spectrometer (ICP-OES) and UCS, respectively, in Paper III.  

3.2.6 Leaching test 

In Paper IV, the European standard EN 12457-2 “Characterization of waste–

Leaching Compliance test for leaching of granular waste materials and sludge” and 

the Toxicity Characteristic Leaching Procedure (TCLP) [88] were used for mortar 

samples after 7 days and 90 days of curing. To simulate the end-of-life or second-

life scenario, a particle size of <200 µm was chosen for homogeneity. As the 

standard requires a particle size of <4 mm, the evaluation of comparing <4 mm and 
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<200 µm was also performed only for mortars containing 20 wt% SMT for a better 

understanding of the service life of the samples.  

Regarding the EN 12457-2 leaching test, the samples were crushed and 

immersed in DI-water at a liquid/solid ratio of 10 L/kg in Nalgene polypropylene 

tubes and stirred at 100 rpm on a reciprocal shaker for 24 h.  

Regarding TCLP, the samples were tested using extracted fluid 2 (pH 2.88 ± 

0.05 at 25 °C, acetic acid solution). The extraction fluid was mixed with crushed 

samples at a L/S ratio of 20 L/kg and shaken at 100 rpm for 18 h.  

For elemental analysis after the leaching test, the leachates were measured for 

As, Cd, Cr, Cu, Ni, Pb, S, V, and Zn using ICP-OES. 

3.2.7 Porous structure analysis  

The porosity analysis and structural reconstruction were carried out using X-ray 

µCT and explored using Thermo Fisher PerGeos® software version 2020.2. In 

Paper IV, the mortar samples were examined with a GE phoenix v|tome|x s X-ray 

µCT device at the Geological Survey of Finland, Espoo, Finland. The images were 

obtained using an accelerating voltage of 120 kV and a tube current of 150 µA with 

a power of 18 W. A 0.5 mm Cu beam filter was utilized. The samples were scanned 

in four vertically shifted scans, with 2,500 angle steps per scan for a total of 10,000 

projections. At each angle, the detector waited for a single exposure time and then 

took an average of three exposures, with a single exposure time of 500 ms. This 

resulted in total scan times of 5.5 hours. The voxel resolution was 16.9 μm. 

The CT images were cropped with the dimension of 1000×1000×4500 mm 

(approximately 1.7×1.7×7.6 cm3) using PerGeos®. Segmentation and arithmetic in 

pre-processing were performed based on the recipe modified from two phases 

watershed segmentation, including broader kill, after which the volume fraction 

function generated the reconstructed porosity. The figures were exported using 

Explore Workshop within the software.  

Further investigation of pore structure was based on  

𝑆  ,                                                         (1) 

where A3d and V3d refer to the area and volume of the pore, respectively. When S = 

1, the pore is regular-shaped like an ideal sphere. We visualized pore distribution 

using the filters of S > k1 (k1 = 1.1, 3, 5…,15) and S > k2 = 0.95 (Fig. 36). Thus, 
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large/connected pores and cracks were mostly identified when S > 1.1, whilst pixel-

sized/small pores were mostly identified with S < 0.95 (Table 10).  

Table 10.  Identification of labelled pores in terms of shape factors (Adapted under CC 

BY 4.0 license from Paper IV © 2022 Authors). 

Sample’s name Shape factor S (VA3d) Percentage (%) 

MT0 S < 0.95 78.07 

0.95 < S < 1.1 15.56 

S > 1.1 6.37 

MT10 S < 0.95 75.63 

0.95 < S < 1.1 15.52 

S > 1.1 8.85 

MT20 S < 0.95 75.54 

0.95 < S < 1.1 14.27 

S > 1.1 10.19 

MT30 S < 0.95 70.50 

0.95 < S < 1.1 16.78 

S > 1.1 12.72 

MT40 S < 0.95 68.35 

0.95 < S < 1.1 16.86 

S > 1.1 14.79 

MT50 S < 0.95 67.28 

0.95 < S < 1.1 14.75 

S > 1.1 18.07 
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4 Results and discussion  

4.1 Mechanochemical activation of mining waste 

This section displays and discusses how mechanochemical activation affects the 

alkaline reactivity of mining wastes. This is the major discussion based on Papers 

I and II. 

4.1.1 Structural changes analyzed by XRD analysis  

Mechanochemical activation significantly changed the structure of minerals in 

mine tailings as indicated by the XRD results. The PMT consists of calcite (ICDD, 

PDF-4 #04-012-0489), dolomite (ICDD, PDF-4 #04-015-9848), phlogopite (ICDD, 

PDF-4 #04-012-5381), tremolite (ICDD, PDF-4 #04-013-22249). The 

diffractograms show significant line broadening for G16 because of the structural 

collapse of aluminosilicates, and carbonate minerals compared with the highly 

crystalline G1 sample. The increasing amorphous phase resulted from the high-

energy input inducing structure alteration, which was the grinding time (Fig. 4) [89]. 

It is obvious that phlogopite, as a 2:1-layered lattice aluminosilicate, shows 

considerable destruction. Cleavage along the (00l) reflections was significant, 

indicating a change in lattice structure and lattice defects (Fig. 5). Other than the 

cleavage plane, the general reflections, such as (110), (220), and (330), were also 

highly altered. The carbonates, such as calcite and dolomite, experienced profound 

structural changes, in which noticeable changes was observed in the peak area and 

height.  
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Fig. 4. XRD patterns of ground phosphate mine tailings with different durations (Under 

CC BY 4.0 license from Paper I © 2020 Authors). 
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Fig. 5. Reflections (h k l) changes in XRD profiles of ground specimens (Under CC BY 

4.0 license from Paper I © 2020 Authors). 

Interestingly, the mechanochemical activation of SWR was not successful for those 

performed without a Li-containing grinding aid. Although SWR contained 

aluminosilicates, it was not possible to be amorphized with highly intense grinding. 

Thereafter, a LiCl methanol solution was introduced to assist the transformation of 

the crystalline phase to disordered phases. The structural disruption was observed 

from chemically assisted grinding, in which muscovite and clinochlore showed 

significant decreases in crystalline intensity (Fig. 6). The mechanism by which 

grinding affects the structure of 2:1-layered aluminosilicate will be discussed in 

section 4.1.5.  

The estimation of the content of amorphous phases was carried out by adding 

rutile as an internal standard. Quantitative analysis showed that the amorphous 

phase significantly increased with increasing grinding time or chemical assistance 

(Fig. 7). The amorphous phase mainly resulted from the structural disorder of 2:1-

layered aluminosilicates and carbonates, such as phlogopite, muscovite, 

clinochlore, calcite, and dolomite.   
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Fig. 6. XRD patterns of ground sulfidic waste rock (Under CC BY 4.0 license from Paper 

II © 2021 Authors). 

 

Fig. 7. Quantitative analysis of (a) mechanochemically activated phosphate mine 

tailings and (b) mechanochemically activated sulfidic waste rock (Under CC BY 4.0 

license from Papers I & II © 2020, 2021 Authors). 
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4.1.2 Structural changes analyzed by FTIR  

Fourier-transform infrared spectroscopy (FTIR) is critical for reflecting the 

structural alteration of minerals. Fig. 8 shows the FTIR patterns of the ground SWR 

for different durations. The collapse of the silicate structure was reflected by the 

disappearance of the Si-O stretching band at 1062 cm−1 and the bending band at 

520 cm−1. Due to the severe distortion during the grinding process, this led to a 

misfit between octahedral and tetrahedral sheets [90]. The band between 1700 and 

2200 cm−1 can be ascribed to the harmonic combination, with the band ranging 

from 400 to 1000 cm−1 [91]. For aluminosilicates, the intensity of the OH stretching 

band for both clinochlore and muscovite decreased at 3550 cm−1 and 3627 cm−1, 

indicating that LiCl grinding aid significantly increased dehydroxylation during the 

mechanochemical process [92]. 

Fig. 8. FTIR spectra of ground sulfidic waste rock at different times and grinding aids 

(Under CC BY 4.0 license from Paper II © 2021 Authors). 
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4.1.3 Structural changes analyzed by TGA/DTA 

Thermal analysis of ground samples can reveal structural alterations during 

mechanochemical activation. Samples G1 to G16 expressed different thermal 

behavior under the measurement of thermogravimetric analysis (TGA) and 

differential thermal analysis (DTA) (Fig. 9). As for G1 to G8, a similar thermal 

trend appeared (Fig. 9a and b). The endothermic peak at 700 °C can be ascribed to 

the decomposition of carbonates, including dolomite and calcite, according to the 

reactions [93] 

 MgCa CO → CaCO  MgO CO ↑ (2) 

and 

 CaCO → CaO CO ↑. (3) 

The thermogram expressed only a large peak, indicating a small carbon dioxide 

pressure for a merged gas release [94], [95]. The continuous dehydroxylation of 

phlogopite reflected from the mass spectroscopy ranged from 900 to 1100 °C (Fig. 

9c). It accompanied the decomposition of tremolite, which transfers into pyroxene, 

silica, and water [96], [97]. A broad endothermic peak was observed in the DTA 

curve of G1 at 1200 °C, which is in line with the breakage of the bridge oxygen 

bond. This phenomenon became less obvious in the samples with extended 

grinding time, and it completely converted to an opposite exothermic peak when it 

was ground longer than 4 min. It also occurred in other similar studies of 

pyrophyllite, which is a type of 2:1-layered aluminosilicate mineral [98]–[100]. 

The authors postulated that the exothermic peak at 1200 °C can be the 

crystallization of broken aluminosilicates due to grinding into mullite [101]. 

G16 expressed totally different thermal features from the other samples, as it 

contained the highest amount of amorphous phase. Therefore, it could experience 

the recrystallization of disordered structures during thermal analysis. In other 

words, the thermal features of ground samples were able to reflect the 

mechanochemical processing. It is obvious that a bulk of weakly bonded hydroxyl 

groups decomposed at around 350 °C after 16 min grinding. The hump that 

appeared at around 120 °C can be assumed to be the water release due to the phase 

transformation from calcite to aragonite, which is found in other mechanically 

treated calcite [102]. The proton migration generates H+ during the 

mechanochemical activation, and furthermore, it reacts with OH- forming more 

water molecules according to 
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 OH → H O  (4) 

and 

 H OH → H2O. (5) 

The dehydroxylation of iron-containing phlogopite is different from that of non-

iron-containing 2:1-layered aluminosilicates, such as pyrophyllite and muscovite, 

in which the extra oxygen migrates to the aluminum sites [103], [104]. The fate of 

CO2 also appeared to change with incremental grinding time (Fig. 9d). It showed a 

decreased onset temperature of CO2 release because the extra surface energy was 

stored in the amorphous phase, thereby lowering the activation energy [105]. The 

decomposition of dolomite and calcite displayed two distinct double peaks in the 

MS curve of G4. It showed a lower summit at 702 °C in comparison with that of 

G1, and G2 at 730 °C and 712 °C, respectively. The magnitude of the lower 

temperature endothermic peak increased at the price of the higher temperature 

reaction due to mechanochemical activation [106]. There are five stages 

representing different carbonate decompositions in the CO2 MS curve of G16. Peak 

1 is associated with the decomposition of the Type-II MgCO3 (amorphous dolomite) 

layer at 579 °C [107]. The appearance of disordered MgCO3 resulted from the 

degradation of dolomite after intensive grinding [94]. Prior to the decomposition 

of amorphous CaCO3 (peak 3, 802 °C), the peak 2 is in line with the Type-I MgCO3 

(crystalline dolomite) layer at 783 °C. Moreover, the oxidation of Fe2+ at 796 °C 

by reaction 

 2Fe 2OH → 2Fe 2O H ↑ (6) 

overlapped with the decomposition of CaCO3 (Eq. 3) [93]. Peak 4 can be ascribed 

to the release of CO2 at 870 °C from Eq. 2 [107]. Peak 5 corresponds to the 

decomposition of high crystalline calcite at around 957 °C from Eq. 3 [105]. 
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Fig. 9. Thermal behaviors of ground specimens, (a) TGA curves, (b) DTA curves, (c) MS 

of water, and (d) MS of carbon dioxide (Under CC BY 4.0 license from Paper I © 2020 

Authors). 

4.1.4 Morphology changes due to mechanochemical activation  

The BSE images were obtained using an MLA method, which is widely 

implemented in identifying the mineralogy and chemical composition of individual 

minerals. It is obvious that three main mineral groups can be classified as 

phlogopite, calcite, and dolomite based on their gray levels (Fig. 10). The results 

are in line with those of the XRD analysis. Two morphologies of G1 and G16 are 

given in Fig. 10a and b. G1 showed the isolated minerals with very few large and 

interconnected particles. It mostly consisted of acicular and laminar grains under 

2-dimensional images, which may result in bias in a 3-dimensional scale. G16 

expressed irregularly shaped particles due to its long grinding time. This indicates 

that mechanochemical activation facilitated the cleavage of particles and generated 

small fragments. The small particles were prone to aggregating into large groups 

with a dimension of 500 µm containing different minerals. The limitation of MLA 
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is that it cannot detect particles with a size lower than 2 µm [108]. The 

mineralogical composition of one typical particle is shown (Fig. 10c), in which 

phlogopite is the major component interlocked with an actinolite entity. This 

interaction means that the defective layered aluminosilicate can allow small 

particles to get inside and assist in the amorphization. It is possible that mineral 

interaction can improve the alkaline reactivity of mine tailings during the 

mechanochemical process (see solubility test in section 4.2.1).  

Fig. 10. MLA analysis of (a) G1, (b) G16, and (c) mineralogy of the particle in G16 (Under 

CC BY 4.0 license from Paper I © 2020 Authors). 

The particle distribution, BET surface area and morphology of mechanochemically 

activated SWR are shown in Fig. 11. There is no significant difference observed in 

G1 and G16 when the samples are ground without LiCl-containing grinding aid, 

and the BET surface area increases from 2.10 m2/g to only 3.81 m2/g. By contrast, 

G16LiCl explicitly obtains a lower particle size distribution (the size of half particle 

is lower than 3 µm) and a higher BET surface area (18.01 m2/g). The large and 

thick laminar muscovite can be seen in G1 using a scanning electron microscopy 

(SEM). When SWR was milled for 16 min without grinding aid, regularly shaped 

particles still exist. G16LiCl, on the contrary, shows irregularly shaped particles 

indicating the amorphous phases.  
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Fig. 11. (a) Particle size distribution and BET surface area of mechanochemically 

activated sulfidic waste rock, (b) morphology of G1, (c) G16, and (d) G16LiCl (Under CC 

BY 4.0 license from Paper II © 2021 Authors). 

4.1.5 Mechanism of mechanochemical activation  

Due to the 2:1-layered aluminosilicates, such as phlogopite, muscovite, and 

clinochlore, the mechanochemical activation can profoundly induce delamination, 

structural defects, and bond collapse, leading to the increase of the amorphous 

phase, which can be alkali-attacked to dissolved aluminosilicate units forming 

three-dimensional frameworks. The schematic implication of 

phlogopite/clinochlore structure change is different from that of muscovite due to 

their intrinsic features, in which phlogopite/clinochlore is trioctahedral 

aluminosilicate, while muscovite is a dioctahedral one [109]. There is one vacant 

site in every three units in the octahedral layer of the muscovite. Therefore, the 

hydroxyl group can firmly bond with the Al atoms. By contrast, there are no void 

sites in the Mg octahedral layer in phlogopite, and the bonding with hydroxyl is not 
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as strong as that of muscovite. It seems that the mechanochemical activation of 

phlogopite and muscovite has different mechanisms (Figs. 12 and 13).  

The chemical bonds of phlogopite can be identified as the ionic bond of Mg-

OH, covalent bond including Al-O, Si-O in tetrahedral layer, and electrostatic force 

within the interlayer. The grinding process led to the dislocation of the layered 

structure of phlogopite when it was ground from 1 to 8 min. However, the structure 

collapses after 16-min grinding, and dehydroxylation occurs within the octahedral 

layer, leading to an amorphous phase.  

As for muscovite, the original mechanochemical activation shows that it can 

still retain crystallinity after even 16-min grinding. Therefore, the LiCl methanol 

grinding aid appears to be strong for assisting the amorphization of muscovite. 

There are two possible routes for Li+ to affect the grinding process. On the one hand, 

the lithium ion is prone to enter the void of the octahedral layer, leading to the 

charge balance of the octahedral layer expelling of the potassium ion from the 

interlayer [86]. On the other hand, lithium possesses a smaller size and higher 

electronegativity, and it is possible for it to enter the interlayer space, pushing 

potassium ion out in an ion exchange reaction (Fig. 13).  

 

Fig. 12. Schematic implication of phlogopite structure change during mechanochemical 

activation (Under CC BY 4.0 license from Paper I © 2020 Authors). 
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Fig. 13. Schematic implication of muscovite structure change during mechanochemical 

activation (Under CC BY 4.0 license from Paper II © 2021 Authors). 

4.2 Alkali activation of mechanochemically activated mining 

wastes 

The mechanochemical activation significantly changes the structure of 

aluminosilicates and carbonates, leading to an increment in the amorphous phase. 

Similar to typical MK (amorphous), the alkali activator can easily chemically attack 

amorphous aluminosilicate structures, dissolving certain amounts of tetrahedral 

aluminates and silicates. The subsequent polycondensation can form a 3-

dimensional aluminosilicate framework. Thus, aluminate and silicate solubility are 

essential for evaluating the alkaline solubility of MA samples, thereby indicating 

the potential of preparing AAMs.  

4.2.1 Alkali activation potential  

The MA PMT was subjected to a solubility test, as shown in Fig. 14. In general, the 

dissolution of each element increased with grinding time. Potassium ions 

experience a dramatic surge after 8-min grinding. This phenomenon arises from the 

collapse of the interlayer and cation exchange with Na+ in the alkali solution. A 

significant difference can be observed between Al, Si, and Fe, Ca, Mg, in which Fe, 

Ca, and Mg are prone to precipitate in alkali conditions, so that they practically 

remain 0 wt% during the solubility test. By contrast, Al and Si achieved 

dissolutions of 4.9% and 9.1% with equivalent concentrations of 57.4 mg/L and 

441.9 mg/L.  
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Fig. 14. Evaluation of alkaline reactivity of ground samples (Under CC BY 4.0 license 

from Paper I © 2020 Authors). 

Mechanochemical activation can also enhance the chemical reactivity of SWR 

which is rich in aluminosilicates. However, the grinding aid is essential in assisting 

the amorphization (enhancing chemical reactivity). The solubility of aluminum and 

silicon for MA SWR is shown in Fig. 15. G16 displays a similar alkaline dissolution 

below 2 wt%, which means that the mechanochemical activation is not successful. 

Nevertheless, G16LiCl showed significant improvement in both Al and Si 

solubility, in which Al reached a dissolution of more than 40 wt%. This result 

coincides with XRD analysis showing that G16LiCl obtains an amorphous phase 

of around 43.1%. The solubility of Si is also enhanced for G16LiCl and is originates 

from aluminosilicates rather than quartz in raw waste rock.  
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Fig. 15. Solubility of Al and Si for mechanochemically activated sulfidic waste rock 

(Under CC BY 4.0 license from Paper II © 2021 Authors). 

It is essential to seek a suitable pre-treatment for individual precursors since the 

mineralogy and chemical composition can vary with different side streams. There 

is no one-for-all method for achieving suitable chemical reactivity. Originally, for 

aluminosilicate-rich raw materials, two main pre-treatment approaches were 

utilized: heat treatment and mechanochemical treatment. The significance lies in 

the generation of amorphous phases, which can further react with alkali solution to 

form AAMs [72].  

4.2.2 Mechanical performance 

The mechanical properties of alkali-activated mining wastes depend highly on the 

reactivity of the precursor. The alkali activation of raw PMT was not successful 

under the current experimental conditions (Fig. 16). Furthermore, alkali-activated 

raw PMT did not harden after 7 days of curing. AAMs produced from G2 also 

displayed soft behavior. By contrast, alkali-activated G16 showed a favorable 
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compressive strength of 4 MPa, which means that the chemical reactivity was 

successfully improved by mechanochemical activation.  

 

Fig. 16. Compressive strength of corresponding alkali-activated materials generated 

from phosphate mine tailings after mechanochemical activation (Adapted under CC BY 

4.0 license from Paper I © 2020 Authors). 

Similarly, alkali-activation of sulfidic waste rock was also carried out. The 

compressive strength of G16LiCl is shown in Fig. 17. Further, the 28-day 

compressive strength of waste rock-based AAMs reaches about 10.3 MPa, which 

meets the lowest requirement for brick application without weathering conditions, 

according to ASTM C62-99 [110]. The strength-bearing phase can be N-A-S-H 

formed during the alkali activation with inert minerals, such as quartz and pyrite, 

filling in the binders as fine aggregates. Considering the initial content of Al in 

SWR is relatively low (13 wt%), although a 40% solubility of Al is obtained, the 

resulting AAM reasonably shows a moderate compressive strength after 28 days of 

curing. It is worthy to mention that the alkali activation of raw waste rock was also 

carried out, showing a constant slurry form after curing of 28 days under ambient 

conditions. Furthermore, SWR contains heavy metals, such as Pb, As, and Zn, 

which is potential leaching problem for the subsequent application as construction 

materials. Therefore, it requires future durability and long-term leaching test to 

verify the feasibility of waste rock-based AAM.  
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Fig. 17. Compressive strength of alkali-activated materials from mechanochemically 

activated sulfidic mining waste rock (Under CC BY 4.0 license from Paper II © 2021 

Authors). 

4.3 Alkali-activated mine tailings with co-binders 

It is still a big challenge to alkali-activate sole mine tailings even after suitable pre-

treatment with the aim of high mechanical performance. Therefore, alkali 

activation of mine tailings with co-binders is essential. Usually, co-binders, such as 

MK and BFS, are extensively used to prepare AAMs. The Papers III and IV 

concentrated on how mine tailings play a role in such systems.   

4.3.1 Metakaolin as a co-binder  

XRD analysis  

The alkali activation of MA PMT and MK was performed under various mass ratios 

(Table 8). The XRD patterns of the PM samples are displayed in Fig. 18. Various 

mineral phases were identified, including phlogopite (ICDD, PDF-4 No. 04-012-

5381), calcite (ICDD, PDF-4 No. 04-012-0489), dolomite (ICDD, PDF-4 No. 04-

015-9848), and tremolite (ICDD, PDF-4 No. 04-013-2249). One new phase was 

also determined as vermiculite (ICDD, PDF-4 No. 04-017-7291) in PM 3/7, PM 
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4/6 and PM 5/5. Vermiculite is an analogous aluminosilicate mineral to phlogopite, 

in which certain cations and water fill its interlayer. This means that the interlayer 

of phlogopite expands during the grinding process, resulting in loosely bonded K+. 

It also coincides with potassium solubility as more than 50% of K can be dissolved 

under alkali conditions. Gaylussite, a carbonate mineral, appeared in PM 5/5 by 

reacting amorphous calcite with the alkali activator. In PM 6/4, natrolite zeolite was 

formed during alkali activation. Another zeolite, cancrinite, was presented in PM 

7/3, which can be originally crystalized from C-(N)-A-S-H [111].  

Fig. 18. XRD profiles of phosphate mine tailings-metakaolin-based geopolymer 

samples δ: gaylussite (PDF# 04-010-3621); θ: natrolite (PDF#04-011-7181); λ: sodium 

calcium carbonate (PDF#04-02102551); *: cancrinite (PDF#04-015-7815); Q: Quartz 

(PDF#04-007-2627) (Under CC BY-NC-ND 4.0 license from Paper III © 2020 Authors). 

FTIR analysis  

FTIR is an essential technique for detecting the environment of chemical bonding. 

Fig. 19 displays the FTIR spectra of tailings-MK based geopolymers. The 

geopolymerization can be reflected in the band alteration. The gradual 

disappearance of the in-plane vibration of the Al-O-Si band indicates the 

geopolymerization of the amorphous phlogopite phase generated from 

mechanochemical activation at 665 cm−1. The symmetric Al-O-Si stretching 

vibration band at 720 cm−1 of MK was weakened due to alkali activation [112]. The 

quartz band was assigned to a frequency range from 780 to 790 cm−1 [113]. Due to 

the dissolution of MK, the original Si-O-T (1300 cm−1) no longer existed after alkali 

activation. However, new peaks appeared at 1200 cm−1 in PM 3/7, which was 

ascribed to the Si-OH stretching vibrations in the final geopolymer [112]. Moreover, 
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the dash line continued to shift to a lower wavenumber with the increment in PMT 

content, displaying that more geopolymerization occurred. The signal of 

geopolymer formation was ascribed to the band at 700 cm−1, which moved to a 

lower frequency [114]. Other clues representing geopolymerization resulted from 

broad OH stretching and bending bands at 3450 cm−1 and 1650 cm−1 [115]. It is 

obvious that the sharp OH stretching band at 3711 cm−1 arose from Mg3(OH) 

vanishing, compared to that of raw PMT in Table 11. These results can be due to 

the dehydroxylation during mechanochemical activation. The carbonate minerals 

can react with alkali activator, showing the stretching vibration of the functional 

group of Na2CO3 ranging from 2000 to 2200 cm−1 [116]. The formation of 

cancrinite can be assigned to the bands at 879 cm−1 for C-O bending and at 1400 

cm−1 for C-O stretching [111], [117], [118]. In PM 6/4, the frequency range of 720 

to 760 cm−1 is in line with the formation of natrolite containing four-membered 

rings [113], [118]. As for PM 7/3, the new band at 760 cm−1 showed the v4 Si-O, 

which is also found in other cementitious binders of C-S-H and N-A-S-H gels [119].  

 

Fig. 19. FTIR spectra of phosphate mine tailings-metakaolin-based geopolymers (Under 

CC BY-NC-ND 4.0 license from Paper III © 2020 Authors). 
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Table 11. Description of the main bands of 4-min ground phosphate mine tailings 

(Under CC BY-NC-ND 4.0 license from Paper III © 2020 Authors). 

Wavenumber (cm−1) Band characterization Reference 

3711 OH-stretching vibration (phlogopite) [120]–[122] 

3665 OH-stretching vibration Group I (tremolite) [123] 

3535 OH-stretching vibration Group III (tremolite) [123] 

2979 Carbonate v2 overtone (dolomite) [124], [125] 

2873 Carbonate (calcite) [124], [125] 

2519 2v2+v4 combination mode (dolomite, calcite) [124], [126] 

1795 Carbonate (calcite) [124] 

1635 Carbonate v3 (apatite) [120], [127] 

1395 C-O Asymmetric stretching v3 (dolomite, calcite) [128] 

1162 Si-O-T (T: Si or Al) (phlogopite) [129] 

974 Non-diagnostic Si-O stretching (phlogopite) [120], [121] 

905 Out-of-plane bending v2 (dolomite, calcite) [121], [127] 

823 Apical Al-O bond from AlO4 (phlogopite) [120], [121] 

732 In-plane bending v4 (dolomite, calcite) [126] 

693 Perpendicular vibration (phlogopite) [120], [121] 

665 In-plane vibration of Al-O-Si (phlogopite) [120], [121] 

628 OH vibration (phlogopite) [120], [121] 

579 Asymmetric deformation v4 (apatite) [130] 

Morphology analysis  

To investigate the alkali activation process, energy dispersion spectroscopy (EDS) 

was utilized to identify both the chemical composition and morphological features 

of the resulting AAMs. The alkali-activated PMT and MK showed that tailings can 

participate in geopolymerization and zeolite formation. PM 3/7 and PM 4/6 showed 

the transformation of phlogopite to vermiculite (Fig. 20) [131]. The formation of 

vermiculite can be the alkaline ions and water filling into expanded interlayers due 

to mechanochemical activation [132]. It seems that PM 4/6 generated more gel 

phases than PM 3/7. Dissolved aluminate units can hinder the dissolution of 

silicates, resulting in a lack of geopolymerization linkage [133].  
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Fig. 20. SEM images of (a) PM 3/7 and (b) PM 4/6 (Under CC BY-NC-ND 4.0 license from 

Paper III © 2020 Authors). 

PM 5/5 showed a different morphology in comparison to PM 3/7 and PM 4/6 (Fig. 

21), in which the light gray area showed calcium-rich gel and the dark gray domain 

represented sodium-rich gel according to EDS results. In the area of calcium-rich 

gel, the crystalline calcite was embedded, while the gel was derived from 

amorphous calcite. Specifically, amorphous calcite can react with alkali solution, 

forming calcium hydroxide and gaylussite; thereafter, the intermediate substances 

further participated in geopolymerization to generate N-A-S-H and C-(N)-A-S-H 

gels. The halo in the Ca mapping resulted from the boundary between the Ca-rich 

gel and the Na-rich gel, where the gaylussite was formed. This interface blocked 

the interaction between the N-A-S-H and C-(N)-A-S-H gels, leading to an 

undesirable mechanical property.  

Fig. 21. BSE images with elemental mapping of PM 5/5 (Under CC BY-NC-ND 4.0 license 

from Paper III © 2020 Authors). 
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The zeolite appeared in PM 6/4, where needle-like natrolite can be observed in the 

geopolymer matrix (Fig. 22). Bundles of natrolite forming a fan-like cluster were 

generated from the recrystallization of broken T-O bonds [134], [135]. The 

elemental points analysis (P1 & P2) revealed the existence of natrolite and 

geopolymer binders, respectively. It is hypothesized that the nucleation of natrolite 

arises from the chemical reaction between alkali activators, MK, and 

mechanochemically activated PMT, as shown by [136] 

 

precursors calcite, dolomite alkali activator
initial stage at 40 ℃
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ gaylussite

aluminosilicate species
final stage at 40 ℃
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ natrolite C N A S H.

  

 

Fig. 22. Microstructure of PM 6/4 with EDS analysis (Under CC BY-NC-ND 4.0 license 

from Paper III © 2020 Authors). 

PM 7/3 displayed the best mechanical performance among all the PM samples. It 

is in line with its lowest apparent porosity. The condense geopolymer matrix is 
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shown in Fig. 23. The Mg and K-rich particles in EDS mapping were assigned to 

the unreacted mine tailings due to the chemical inertness. The morphology of PM 

7/3 showed column-shaped particles, which was ascribed to the formation of (C)-

N-A-S-H gels [137]. The formation of C-(N)-A-S-H gel was derived from N-A-S-

H gel through cation exchange, in which PM 7/3 contained the highest amount of 

Ca content [138]. However, the pH of PM 7/3 was 12.67, which is higher than that 

in the literature (pH = 12). The formation of C-(N)-A-S-H gels depended on the 

chemical reaction between carbonate minerals and MK. Moreover, the C-(N)-A-S-

H gel can crystallize into cancrinite under the current curing conditions. 

 

Fig. 23. SEM images of PM 7/3 with elemental mappings (Under CC BY-NC-ND 4.0 

license from Paper III © 2020 Authors). 

To further analyze the gel chemistry, Na2O-Al2O3-SiO2 and CaO-Al2O3-SiO2 

ternary diagrams were accomplished using EDS point analysis (Fig. 24). PM 3/7 

showed that there was no geopolymer gel formed in either diagram, which is in line 

with its low compressive strength. Nevertheless, PM 4/6 and PM 5/5 displayed both 

N-A-S-H and (C)-N-A-S-H gels after alkali activation, indicating increased 

compressive strength compared to that of PM 3/7. PM 5/5 showed a significant 

amount of N-A-S-H gel, which is accordance with the observation using SEM. The 

N-A-S-H gel zone in PM 6/4 is possibly assigned to natrolite. The Na-rich C-(N)-

A-S-H gel was confirmed by elemental mapping. The increment in mine tailings 

considerably affects geopolymer processing. Furthermore, 70% of mine tailings 

can promote the formation of geopolymer binders and the crystallization of 

cancrinite. In terms of Na/Al ratio of PM samples, the accumulation of mobile 

alumina occurred with Na/Al >1. It can hinder polycondensation to some extent.  
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Fig. 24. Ternary diagrams of PM samples after 7 days of curing (Under CC BY-NC-ND 

4.0 license from Paper III © 2020 Authors). 

Mechanical performance 

The 7-day UCS of alkali-activated mine tailings with MK are shown in Fig. 25. It 

can be observed that the mass ratio of PMT/MK was vital to mechanical properties 

and the alkali activation process. The formation of geopolymer binders was the 

main load-bearing phase. When a higher amount of MK was introduced, it showed 

a lower compressive strength; the compressive strength continuously increased 

with the growth of mine tailings content, at which it gained the highest compressive 

strength with 70% tailings incorporated. The pure metakaolin geopolymer shows a 

deteriorated compressive strength compared with other samples incorporated with 

phosphate mine tailings. The liquid to solid ratio varied due to the rheological 

properties of the slurry, and the pure metakaolin AAM had higher liquid to solid 

ratio, which can explain the lower strength.  
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Fig. 25. Compressive strength of the alkali-activated phosphate mine tailings and 

metakaolin after 7 days of curing (Under CC BY-NC-ND 4.0 license from Paper III © 2020 

Authors). 

A soaking test was also performed on certain PM samples after 7 days of curing by 

immersing samples in DI-water for 24 h, followed by compressive strength 

measurement in wet condition (Fig. 26a). The liquid was collected for subsequent 

ICP-OES analysis (Fig. 26b). There was a synergetic effect of swelling and 

regeopolymerization for all PM samples. For PM 3/7 and PM 4/6, the aluminum 

species participated in regeopolymerization, showing a slight improvement in 

compressive strength. PM 5/5, PM 6/4, and PM 7/3, however, displayed 

conspicuous swelling due to a high level of geopolymerization. There was a 

significant Al leaching for PM 3/7, and this leaching behavior became less obvious 

with increasing PMT content. This resulted from the increasing geopolymerization, 

forming a dense binder matrix with a higher amount of PMT. The similar trend of 

Na and Si indicates chemical bonding between the Na cation and Si4O8(OH)6
4−, 

SiO(OH)3−, and SiO2(OH)2
2– [139]. Aluminum leaching, by contrast, showed the 

opposite behavior, which means that fewer aluminates participated in 

geopolymerization. PM 7/3 showed considerable strength decline after the soaking 
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test, which was caused by the structural collapse of the cancrinite-like geopolymer 

matrix (Fig. 27). Water molecules can easily penetrate the cancrinite structure due 

to its porous structure with cages [140]. The limited space of the column had 

difficulty with entering more water molecules, leading to expansion and pressure 

differences on a nano-scale [141]. 

 

Fig. 26. Compressive strength of PM samples after soaked in DI-water for 24 h (a), ICP-

OES analysis and pH of the liquid after soaking test (b) (Under CC BY-NC-ND 4.0 license 

from Paper III © 2020 Authors). 

Fig. 27. Structural alteration of cancrinite structure during the soaking test (Under CC 

BY-NC-ND 4.0 license from Paper III © 2020 Authors). 

4.3.2 Blast furnace slag as a co-binder 

XRD analysis  

The sulfidic mine tailings incorporated in one-part alkali-activated slag revealed 

different outcomes. Fig. 28 reveals the XRD patterns of MT0, MT20, and MT50 at 

different curing times of 3 days, 7 days, 14 days, and 28 days. Since the SMT is 

chemically inert in alkali conditions without any pre-treatment, it can hardly 
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participate in alkali activation. Therefore, the SMT shows crystalline features 

throughout the 28 days of curing. The hump represents the C-(N)-A-S-H gel at 

around 35° (2 theta). The main phases of SMT remain intact in MT20 and MT50, 

including chlorite (ICDD PDF#04-014-3772), muscovite (ICDD PDF#01-071-

6666), gypsum (ICDD PDF#04-015-8263), albite (ICDD PDF#01-086-0099), 

sphalerite (ICDD PDF#04-016-7384), quartz (ICDD PDF#04-015-8431), and 

pyrite (ICDD PDF#04-014-6085). 
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Fig. 28. XRD patterns of (a) MT0, (b) MT20, and (c) MT50 (Under CC BY 4.0 license from 

Paper IV © 2022 Authors). 
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The MA precursors have a tendency to participate in alkali activation, as they were 

chemically enhanced. Generally, certain elements can dissolve and react with 

reactive units, such as aluminosilicates from MK, thereby forming C-(N)-A-S-H 

gels. When there is a suitable curing condition, the gels are prone to recrystallize 

to certain zeolites, such as natrolite and cancrinite, in this case. On the contrary, a 

tailing precursor without any pre-treatment is normally regarded as a fine aggregate 

because it remains intact under alkali conditions. Furthermore, the role of tailings 

can be complicated, and it relies heavily on chemical composition, mineralogy, and 

upper value chain treatment (mineral processing).  

FTIR analysis  

The incorporation of sulfidic mine tailings into a one-part alkali-activated slag 

mortar was conducted for valorization purposes. The FTIR spectra of the MT 

samples are shown in Fig. 29. In MT0, the δ (Si-O-Si) was attributed to the band at 

491 cm−1, while the vs (Si-O-T) was located in the range of 600 to 800 cm−1. Two 

broad peaks at 1108 cm−1 and 1655 cm−1 were assigned to the chemical features of 

unreacted slag, which can be the (Si-O)v bond and δ (H2O), respectively [72], [142], 

[143]. A typical asymmetric stretching vibration of the Si-O-T bond (vas Si-O-T) 

was shown in the range of 850–1300 cm−1 [144], which overlays in the same range 

of unreacted slag residues. The OH stretching band was observed in the range of 

2400 to 3600 cm−1 [145]. Due to the carbonation of the samples, a shoulder peak 

was observed around 1450 cm−1. For MT20 and MT50, the incorporation of sulfidic 

mine tailings resulted in a Si-O stretching peak complex at 1062 cm−1 and 521 cm−1. 

The shift of (Si-O)v to a higher frequency indicates the formation of the (C, N)-A-

S-H gel [143]. 
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Fig. 29. FTIR spectra of (a) MT0, (b) MT20, and (c) MT50 (Under CC BY 4.0 license from 

Paper IV © 2022 Authors). 
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Morphology analysis  

The incorporation of SMT in a one-part alkali-activated slag mortar was 

investigated, in which SMT played the role of fine aggregates. SMT is different 

from mechanochemically activated PMT, since PMT contains certain amounts of 

amorphous phases that can participate in geopolymerization. When those tailings 

are quite chemically inert with low alkaline solubility, they can hardly generate 

strength-bearing structures or geopolymers. Fig. 30 shows the phase identification 

of pure one-part alkali-activated slag, in which spots 1 to 3 represent sand, 

unreacted slag, and geopolymer binder phases, respectively [146]. The morphology 

of MT20 is shown in Fig. 31, in which the mine tailings do not seem to participate 

in geopolymerization even after 90 days of curing. The phase identification of 

MT20 after 90 days of curing is shown in Table 12.  

Fig. 30. BSE images of MT0 after 90 days of curing with EDS point analysis (Under CC 

BY 4.0 license from Paper IV © 2022 Authors). 
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Fig. 31. BSE images of MT20 after 90 days of curing with EDS point analysis (Under CC 

BY 4.0 license from Paper IV © 2022 Authors). 

Table 12. Phase identification of MT20 after 90 days of curing (Under CC BY 4.0 license 

from Paper IV © 2022 Authors). 

Spot Ca Si Al Mg Fe Na K O S As Phase 

1 - 31.79 10.74 - - - 14.24 43.23 - - Muscovite 

2 32.62 15.83 5.49 5.97 - 1.95 0.32 36.54 1.28 - Unreacted slag 

3 - 50.84 - - - - - 49.16 - - Fine sand 

4 - 49.87 - - - - - 50.13 - - Coarse sand 

5 1.16 4.42 0.73 - 63.28 2.78 - 27.63 - - Iron-rich phase 

6 - 21.43 18.99 0.74 - 0.81 6.90 44.48 - - Chlorite 

7 - - - - 47.64 - - - 52.36 - Pyrite 

8 - - - - 48.30 - - - 51.70 - Pyrite 

9 18.80 10.37 4.77 1.88 4.11 9.69 0.83 42.76 - - (C)-N-A-S-H 

10 - - - - 46.68 - - - 51.39 1.93 Arsenopyrite 

11 - 49.48 - - - - - 50.52 - - Coarse sand 

12 31.22 17.03 5.60 6.04 - 0.58 0.50 37.90 1.13 - Unreacted slag 



70 

Mechanical performance 

The mechanical performance of the MT samples is shown in Fig. 32. A considerable 

difference in compressive strength among MT samples was observed, from 29.6 

MPa to 66 MPa, when there was up to 50% SMT incorporated. MT10 obtained the 

highest compressive strength of 90.7 MPa after 28 days of curing, similar to the 

results reported in previous research [142]. After 90 days of curing, MT0, MT10, 

and MT20 showed almost equivalent compressive strength, considering the bias. 

MT20, however, showed the highest compressive strength of 91.1 MPa, superior 

to that of MT0 and MT10. The reduction in compressive strength from 28 days to 

90 days possibly arose from volume shrinkage [147]. MT50 gained the lowest 

compressive strength among all the samples, which was still higher than 50 MPa 

after 90 days of curing.  

All MT samples gained increased flexural strength from 3 days to 28 days of 

curing. However, MT10 and MT20 showed a slight decrease in flexural strength 

after 90 days of curing while the others displayed increased flexural strength. The 

decline in flexural strength can resulted from drying shrinkage after a quick 

strength gain after 3 days [148]. The flexural strength of MT0 showed the highest 

value of 13.9 MPa, followed by that of MT30 (13.4 MPa) after 90 days of curing.  

 

Fig. 32. (a) Compressive strength and (b) flexural strength of MT samples (Under CC BY 

4.0 license from Paper IV © 2022 Authors). 

X-ray µCT for porosity analysis  

Porosity is an important parameter that affects the performance of mortar samples. 

There are certain techniques for porosity analysis, such as mercury intrusion 
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porosimeter (MIP) and Barrett, Joyner, and Halenda (BJH) method. Specifically, a 

visualized and non-destructive measurement, X-ray microcomputed tomography 

(X-ray µCT), was used for monolithic MT samples for porosity analysis. It is 

crucial to define the region of interest to obtain representative results [149]. To 

separate the pores from the binder and aggregates matrix, a two-phase watershed 

segmentation recipe was carried out.  

The X-ray µCT cross-section of MT samples with the same position along the 

z-axis are presented in Fig. 33. The light gray area was assigned to the high-density 

area, such as sand and mine tailings, while the dark spot corresponded to the air 

pore.  

Fig. 33. X-ray tomography images of horizontal cross-sections for 90-day MT samples 

(Under CC BY 4.0 license from Paper IV © 2022 Authors). 

Fig. 34 shows the reconstructed 3D porosity of the MT samples. This indicates that 

overall porosity increased with growing tailing contents; however, MT10 obtained 

the lowest porosity among all specimens (Fig. 35a). The shape factor with different 

values was filtered and visualized using the segmentation function in PerGeos® 

software in Fig. 36. As shown in the figure, the small pores are decreasing, and the 

large pores are increasing with higher SMT incorporated. The fractions of different 

types of pores are given in Fig. 35b, where the large pore/connected pores/cracks 

are increased with a higher tailing content. This is in line with the poor mechanical 

properties when 50% tailings were incorporated into the mortar. Apart from 

porosity, a lower BFS content led to a lower portion of the binders.  
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Fig. 34. Segmented 3D porosity reconstruction of 90-day MT samples (Under CC BY 4.0 

license from Paper IV © 2022 Authors). 

Fig. 35. Porosity (a) and shape factor-based porosity composition (b) of MT samples in 

which the pixel-size/small pores, perfect pores, and large connected pores/cracks are 

denoted in purple, green, and yellow colors, respectively (Under CC BY 4.0 from license 

Paper IV © 2022 Authors). 
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Fig. 36. Visualized pore structures after filtering by VA3d shape factor (S < k, k = 1.1, 3, 

5…, 15) (Under CC BY 4.0 license from Paper IV © 2022 Authors). 

Leaching test  

AAMs can stabilize metal(loid)s from mining wastes, especially sulfidic mining 

wastes. When incorporating mine tailings into AAMs as potential construction 

materials, it is essential to evaluate the leaching behavior of the resulting samples. 

Further, a simulation of after-service conditions should be carefully considered to 

minimize the environmental impact. 

The leaching test results of the alkali-activated samples, including the elements 

of Cr, Cu, Ni, Pb, and Zn and standards, are presented in Table 13. The end-life 

leaching of all alkali-activated samples exceeds the inert waste threshold (<200 

µm). This is because the oxyanions can show higher leaching under alkali 

conditions [150], [151]. There was a lower leaching of metal(loid)s when the 

samples were cured for 90 days, which means that they formed a more consolidated 

matrix after long-term curing [58]. Apart from the end-life leaching test, a large 
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particle size was also applied to the EN 12457-2 test (<4 mm). MT20 fulfilled the 

requirements for construction materials, in which the metal(loid)s concentration 

was below the threshold. 

Table 13. EN 12457-2 batch leaching test results of alkali-activated samples after 7 days 

and 90 days of curing in comparison with the EU landfill directive indicative values for 

inert and non-hazardous waste. The results are the averages of two replicates, and the 

concentrations are in mg/kg (Under CC BY 4.0 license from Paper IV © 2022 Authors). 

Sample name pH As Cd Cr Cu Ni Pb S V Zn 

MT0 (7d) 12.6 <0.4 <0.01 0.05 <0.04 <0.02 <0.02 3992 7 <0.02 

MT0 (90d) 12.5 <0.4 <0.01 0.02 <0.04 <0.02 <0.05 4847 4 <0.02 

MT10 (7d) 12.7 4.8 0.03 0.08 0.2 0.03 <0.02 4843 12 <0.02 

MT10 (90d) 12.6 1.7 <0.01 0.04 0.1 <0.02 <0.05 5354 5 <0.02 

MT20 (7d) 12.6 7.8 0.05 0.08 0.4 0.08 <0.02 5658 11 <0.02 

MT20 (90d) 12.6 4.0 0.02 0.05 0.2 0.03 <0.05 6063 7 <0.02 

MT20 (90d) 

(<4 mm) 

12.6 1.9 0.01 0.02 <0.04 <0.02 <0.02 2843 3 <0.02 

MT30 (7d) 12.6 14.7 0.10 0.09 0.9 0.13 0.01 6483 12 <0.02 

MT30 (90d) 12.6 5.6 0.03 0.05 0.5 0.04 0.06 6847 7 <0.02 

MT40 (7d) 12.6 20.4 0.13 0.09 1.6 0.23 0.01 7158 12 <0.02 

MT40 (90d) 12.5 10.7 0.06 0.06 0.8 0.11 0.05 7654 8 <0.02 

MT50 (7d) 12.5 34.6 0.22 0.11 2.6 0.38 0.02 8078 14 <0.02 

MT50 (90d) 12.5 16.5 0.10 0.08 1.4 0.19 0.06 8361 9 <0.02 

Inert waste threshold 0.5 0.04 0.5 2 0.4 0.5 
  

4 

Non-hazardous waste 

threshold 

2 1 10 50 10 10 
  

50 

Moreover, TCLP was also conducted on alkali-activated samples, showing a lower 

leaching of As (Table 14). The metal(loid)s concentrations of As, Ba, Cd, Cr, and 

Pb were lower than the regular thresholds of US for all alkali-activated samples. 

This means that the samples can potentially be used under acid conditions, such as 

acid rain or AMD. Nevertheless, long-term leaching is also required for further 

application.  
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Table 14. Toxicity Characteristic Leaching Procedure (TCLP) results of alkali-activated 

samples after 7 and 90 days curing in comparison with the US EPA regulatory 

thresholds. The results are the averages of two replicates, and the concentrations are 

in mg/kg (Adapted under CC BY 4.0 license from Paper IV © 2022 Authors). 

Sample name pH As Ba Cd Cr Cu Pb Zn 

MT0 (7d) 11.0 <0.3 9.7 <0.02 <0.04 <0.08 <0.4 <0.2 

MT0 (90d) 11.3 <0.3 9.7 <0.02 <0.04 <0.08 <0.4 <0.2 

MT10 (7d) 11.0 0.32 8.3 <0.02 <0.04 <0.08 <0.4 <0.2 

MT10 (90d) 11.3 0.30 9.6 <0.02 <0.04 <0.08 <0.4 <0.2 

MT20 (7d) 10.8 0.66 9.8 <0.02 <0.04 <0.08 <0.4 <0.2 

MT20 (90d) 11.2 0.40 9.7 <0.02 <0.04 <0.08 <0.4 <0.2 

MT20 (90d) (<4 mm) 10.5 0.44 7.4 <0.02 <0.04 <0.08 <0.4 <0.2 

MT30 (7d) 10.7 1.21 9.5 <0.02 <0.04 0.18 <0.4 <0.2 

MT30 (90d) 11.0 0.49 10.3 <0.02 <0.04 0.14 <0.4 <0.2 

MT40 (7d) 10.5 2.15 10.1 <0.02 <0.04 0.26 <0.4 <0.2 

MT40 (90d) 10.9 0.92 9.5 <0.02 <0.04 0.26 <0.4 <0.2 

MT50 (7d) 10.2 3.25 9.8 <0.02 <0.04 0.45 <0.4 <0.2 

MT50 (90d) 10.6 1.82 9.3 <0.02 <0.04 0.25 <0.4 <0.2 

US EPA regulatory 

Thresholds1 

100 2000 20 100   100   
 

1SW-846 Test Method 1311: Toxicity Characteristic Leaching Procedure [152]. 

4.4 Advantages, challenges, and outlook 

Much work is directed toward addressing the concern of large amounts of waste 

from the mining industry, which pose a profound threat to the environment. AAMs 

are regarded as alternative cementitious materials to conventional Portland cement. 

A wide investigation of AAMs has been conducted, showing that the manufacturing 

of such materials can be sustainable with a lower carbon footprint. A series of 

aluminosilicate precursors, such as clays and industrial by-products, are typical 

sources for making AAMs. Mining wastes usually contain Al, Si, Ca, Fe, and Mg 

elements, which can be used as potential precursors for AAMs. Si, Al, Ca, Mg, and 

Fe are commonly elements with alkali cations appearing in AAMs. The typical 

geopolymer gels in AAMs are N-A-S-H, C-A-S-H, and C-(N)-A-S-H. Mg and Fe 

cations have chance to substitute the Al3+ in AAMs. 
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Together with chemical composition, the mineralogical composition of mine 

tailings, such as aluminosilicates and carbonates, is essential for alkali activation. 

Mining wastes, such as PMT and SWR, are aluminosilicate-rich and have low 

chemical reactivity. Mechanochemical activation is a potential method to increase 

the reactivity of the tailings. Papers I and II successfully indicated that the chemical 

reactivity of mining wastes was enhanced by mechanochemical activation. The 

reason why we did not choose a thermal treatment is the high energy requirement 

to obtain an amorphous phase (1450 °C) [153]. Although chemical reactivity can 

be improved by mechanochemical activation, upgrading to an industrial scale is 

still a big challenge. For instance, milling is regarded as the most energy 

consumption process in mining industry. Since it estimated that mining and milling 

take up equal operation cost, milling costs significantly influence the overall mine 

operating costs [154].  

The chemical reactivity of mine tailings can profoundly affect the reaction with 

co-binders. In this thesis, both raw tailings are aluminosilicate-rich, and they are all 

2:1-layered aluminosilicates. We applied mechanochemical activation on PMT 

before alkali activation, whereas SMT was used as received without 

mechanochemical activation. MA PMT showed enhanced chemical reactivity, in 

which aluminosilicate and carbonate minerals participate in geopolymerization and 

the formation of zeolites. The mine tailings displayed a complicated role rather than 

simple fillers in the binder matrix. Further, the identification of the fate of mine 

tailings during alkali activation requires multiple characterizations, such as XRD, 

FTIR, XPS, SEM, Transmission electron spectroscopy (TEM), and other physical 

performance tests. Although SMT was not chemically improved, it was obtained 

from the bioleaching process, which can generate sulfates and introduce other 

chemicals. The incorporation of SMT hardly affected the binder chemistry, but it 

changed the hydration behaviors and other physical properties.  

This thesis gives more information about the use of mine tailings as precursors 

in AAMs as well as the effect of mechanochemical treatment on the reactivity of 

the tailings. However, there is still need for future research. Research of valorizing 

mining wastes in AAMs requires extensive investigation, including integration 

with other industrial by-products. Using mine tailings in AAMs requires a better 

understanding of the mechanisms of alkali activation and gel formation. The 

research challenges still exist in diverse areas, including identifying the chemical 

and physical properties of raw materials, tailored pre-treatments if applicable, mix 

design and curing conditions exploration, materials characterization, long-term 

durability, and seeking suitable applications. It should be mentioned that alkali 
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activation is not the only method for transforming mining wastes into high value-

added materials. Ceramics, clinkers, acid-activated materials, and aggregates are 

promising for certain raw materials, but action is recommended after the extraction 

of valuable metals from such wastes. 

Some challenges still exist when approaching the market with AAMs based on 

the mine tailings. The commercialization and marketing of AAMs can be lengthy 

due to the lack of industrial standards and regulations. It is also difficult for 

customers and traditional cement production companies to overcome the 

conventional thinking of new materials. Collaboration between raw materials 

suppliers, such as mining companies and cement producers, is complicated in terms 

of local availability, lack of technology and cost allocation.  
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5 Conclusions 

Mining waste rock and mine tailings are complex, with diverse chemical and 

physical properties in terms of excavation and beneficiation. Normally, as-received 

raw materials are highly crystalline, which is not suitable for directly preparing 

AAMs. Therefore, proper pre-treatment methods are required to improve the 

chemical reactivity of mining wastes. The incorporation of mining tailings with 

other reactive co-binders in the mix design is also feasible for obtaining target 

materials. MK and BFS are commonly used for fabricating AAMs. The role of mine 

tailings can be complicated due to their physical and chemical properties. In the 

process of alkali activation, reactive mine tailings can participate in 

geopolymerization and form zeolites, while chemically inert mine tailings hardly 

join the reaction; however, they significantly affect the hydration process and 

porosity of the final specimens.  

The studies in this work concentrated on enhancing the chemical reactivity of 

mining wastes by mechanochemical activation for the purpose of alkali activation. 

The mining wastes were received from Siilinjärvi phosphate mining site (PMT with 

stock of 280 Mt), Neves Corvo Cu-Zn mine (SWR with stock of 7.3 Mt), and 

Davidschacht tailings impoundment (SMT with stock of 1.5 Mt). All the mining 

wastes analyzed herein are aluminosilicate-rich, which can potentially be used as 

raw materials for alkali activation.  

Mechanochemical activation is a promising method for increasing the 

reactivity of mine tailings. After mechanochemical activation, phlogopite, 

carbonate-bearing PMT experiences amorphization where the structure of 

aluminosilicates and carbonates collapses after a vibratory disc mill for 16 min. 

Quantitative analysis of the amorphous phase was conducted by XRD with internal 

standards. The mineral phase changes were clearly reflected in the thermal analysis 

due to the dehydroxylation of the aluminosilicates. XPS is also a versatile method 

for revealing the bonding environment of a layered structure. The alkaline 

dissolution of MA PMT, especially Si and Al, increased, thereby fabricating sole 

mine tailings-based geopolymers. The amorphous phase is sometimes reflected in 

the morphology of particles, in which irregularly shaped particles are assigned to a 

disordered structure. MLA is frequently used in mineral processing for bulk 

minerology analysis; however, it can also show the overall morphology and 

mineralogy of MA materials.  

By contrast, some of the other aluminosilicates in SWR hardly become 

amorphous, even after intensively grinding for 16 min. A certain grinding aid, such 
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as LiCl methanol solution, is needed to assist amorphous phase formation. SAD 

patterns can also reveal the existence of an amorphous phase regarding the halo 

rings’ appearance. The solubility of Al increased over 40 times after 

mechanochemical activation. Moreover, the AAMs were successfully prepared 

from MA SWR with a compressive strength of around 10 MPa after 28 days of 

curing at room temperature, and the existence of an N-A-S-H gel was proved by 

SEM-EDS.  

The MA PMT was incorporated into MK geopolymers with a systematic mix 

design. This indicates that mine tailings can actively participate in 

geopolymerization after mechanochemical activation. The amorphous 

aluminosilicates can promote the formation of zeolites, such as natrolite and 

cancrinite, while calcium-rich carbonates turn to dissolve Ca, generating C-(N)-A-

S-H gel. When different amounts of mine tailings were embedded, they displayed 

various binder development, including C-A-S-H, N-A-S-H, and C-(N)-A-S-H gels. 

SEM mapping and ternary diagram-based point analysis revealed the gel chemistry 

of each sample. With 70% tailings mixed, we observed the highest compressive 

strength over 20 MPa after 7 days of curing. However, the compressive strength 

decreased considerably after the soaking test, which means that a cancrinite-like 

geopolymer can hardly retain the column-like structure under water.  

The outcome was different when SMT was incorporated without any pre-

treatment. Nevertheless, the compressive strength reached 91.1 MPa after 90 days 

of curing with 20 wt% BFS replaced by SMT. Although the role of mine tailings is 

fine aggregates in this case, the hydration kinetic analysis showed that SMT 

accelerates the pre-induction period, while it hinders hydration when the addition 

is more than 20 wt%. X-ray µCT can visualize the 3D microstructure of mortar 

samples, thereby identifying porosity. The results showed that the lowest porosity 

was found in the mortar sample with 10 wt% mine tailings. The 90-day leaching 

test displays 20 wt% mine tailings that can be incorporated into alkali-activated 

slag mortar with a low mobility of metal(loid)s, which is a potential construction 

material. However, longer-term durability and leaching tests are required in real 

on-site applications. 

Finally, tailings are mineral residues with complex properties in particle size 

distribution, chemical composition, and minerology. There is no all-in-one 

approach to valorizing those chronic burdens; however, a waste-to-wealth solution 

is possible when a specific strategy is tailored accordingly.  
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