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Abstract 11 

The main objective of this paper was to investigate the alkali activation of mine tailings (MT) after 12 

mechanochemical activation and the effect of metakaolin (MK) addition. Finnish mica-rich tailings from a 13 

phosphate mine were studied as precursors for alkali-activated materials (AAM) with a potential application 14 

as a substitute for ordinary Portland cement (OPC). The principal physical properties (water absorption, 15 

apparent porosity and unconfined compressive strength) were measured for samples containing 30% to 70% 16 

tailings. Zeolite phases such as natrolite and cancrinite were observed and the formation of C-(N)-A-S-H1 17 

and N-A-S-H gels was identified by XRD, DRIFT, FESEM-EDS and NMR technologies. A life cycle 18 

assessment (LCA) was conducted on specimens in comparison to OPC. This work indicated that phosphate 19 

MT can be recycled through alkali activation with lower CO2 emission compared to all-metakaolin 20 

geopolymers and that the binder phase formed at the most promising tailings contents (60% to 70%) was C-21 

(N)-A-S-H gel. 22 

Keywords: mine tailings; metakaolin; geopolymers; gel chemistry; life cycle assessment; zeolite; 23 

mechanochemical activation  24 

 25 

1. Introduction 26 

Greenhouse gas emissions are a global issue and the leading cause of the global climate change. One tonne 27 

of Portland cement manufactured produces approximately one tonne of carbon dioxide (Hasanbeigi et al., 28 

2010). Therefore, developing materials with lower CO2 emission as alternative to the traditional Portland 29 

cement is important. Alkali-activated materials (AAM) are cementitious binders that have been investigated 30 

for several decades with respect to their excellent performances and mechanical properties, refractory, and 31 

acid resistance (Bakharev, 2005; Duxson et al., 2007; Novais et al., 2018; Vickers et al., 2015). AAM can 32 

contribute to reduce the carbon footprint, especially when waste materials, such as fly ash, slag, waste rocks 33 

and mine tailings are utilised (Kinnunen et al., 2018; MacKenzie et al., 2007; Maragkos et al., 2009; 34 

Rattanasak and Chindaprasirt, 2009).  35 

AAM are produced from solid precursors under alkaline conditions, which involves both a high-calcium 36 

system and low-calcium system (geopolymer), containing C-(A)-S-H gel and N-A-S-H gel, respectively 37 

(Provis, 2013). Moreover, the coexistence of both cementitious binder gels; that is, C-(N)-A-S-H is possible. 38 

(Yip et al., 2005) The compatibility of C-S-H and N-A-S-H systems has been found to be highly susceptible 39 

to the threshold value of OH- concentration, which also influences the gel formation sequences (S Alonso 40 
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and Palomo, 2001; Santiago Alonso and Palomo, 2001). Calcium addition has also been used to modify the 41 

N-A-S-H gels, forming (N,C)-A-S-H gels under high pH conditions (>12) (García-Lodeiro et al., 2010). The 42 

product phase of sodium-silicate activation of Ca-containing aluminosilicate precursors consists of 43 

amorphous C-A-S-H gel along with C-(N)-A-S-H gel (Myers et al., 2015).  44 

MT are currently underutilised industrial side streams, with potential to be used as a secondary raw material 45 

in AAM. The usual disposal of phosphate MT is done by transporting them to storage impoundments 46 

(Kauppila et al., 2013). The storage of tailings poses an environmental risk and cost money and energy for 47 

construction and maintenance. Therefore, the reprocessing and remediation of mining waste is an interesting 48 

alternative. The Siilinjärvi phosphate MT (Eastern Finland) consists of 65% phlogopite mica (2:1-layer 49 

lattice aluminosilicate) in addition to carbonates, silicates and apatite (O’Brien et al., 2015). It cannot be 50 

directly used for alkali activation due to its poor chemical reactivity. Furthermore, the gel formation of MT-51 

based geopolymer is a complex issue as it depends on the specific minerals presenting in the tailings and has 52 

been little explored so far. Since MT are not highly reactive precursors, they have been mostly used in 53 

conjunction with reactive raw materials, such as metallurgical slag. Thermal analysis was successfully 54 

conducted on the tailings-slag geopolymers, indicating both C-S-H and C-A-S-H gels decomposition and 55 

recrystallisation (J. Ye et al., 2014). Zhang et al. (Zhang, 2013) summarised that waste materials such as 56 

hematite tailings, gold MT, copper MT can be used for producing geopolymer bricks, among which the 57 

coexistence of CaCO3 and N-A-S-H gel systems was achieved by introducing cement kiln dust for alkali 58 

activation (Ahmari and Zhang, 2013). These studies shed the light on the gel formation in tailings-based 59 

geopolymers and on how to guide the gel development in tailings-based geopolymers. 60 

Pre-treatment is often necessary for MT before utilisation. S. Moukannaa et al. (Moukannaa et al., 2019, 61 

2018) studied the heat treatment and alkaline fusion on phosphate MT, and they also investigated the alkali 62 

activation of such pre-treated tailings with fly ash and MK. Although this study carried out the recycling of 63 

phosphate MT, the tailings consisted mainly of fluorapatite and quartz, and therefore the findings are not 64 

relevant to the utilisation of mica and carbonate-rich side streams. In addition, high-energy pre-treatments 65 

can be energy and time consuming compared to mechanochemical treatment, which is a more efficient and 66 

greener method (Boldyreva, 2013). Mechanochemical activation, especially intensive grinding, can generate 67 

internal stress, induced by shear force and impact between particles and grinding media. In our previous 68 

research, the amorphisation of phlogopite-bearing phosphate MT by mechanochemical activation was 69 

observed (Niu et al., 2020). Alkaline reactivity tests demonstrated that mechanochemical activation 70 

improved reactivity seen as increased silicon and aluminium dissolution rates in alkaline media. 71 

Mechanochemical activation has been conducted on different precursors, such as kaolin (Balczár et al., 72 

2016), fly ash (Mucsi et al., 2015), natural minerals (MacKenzie et al., 2007) and vanadium MT (Wei et al., 73 

2017) for the purpose of alkali activation; however, the effect of mechanochemical activation on phosphate 74 

MT has not been studied.  75 

Therefore, the aim of this work was to alkali-activate phosphate MT with various tailings/MK mass ratios 76 

and to investigate the mechanism of gel formation in this complex multi-mineral system. Thus, it might be 77 

possible to guidance the utilization of mine tailings as secondary materials for construction and building 78 

application. Life cycle assessment of the end-products was conducted and compared to similar construction 79 

materials based on ordinary Portland cement (OPC). 80 

2. Materials and methods 81 

The metakaolin (MK; MetaMax, Aquaminerals Finland Ltd) was purchased from BASF (Germany) and the 82 

phosphate MT were obtained from Siilinjärvi phosphate mining site (yearly production:10 Mt/a; Stock: 83 

280 Mt), Finland, which mainly consists of phlogopite (64%), dolomite (6%), calcite (14%) and tremolite 84 

(1.4%). The chemical compositions of both MK and MT are provided in  85 

Table 1. The sodium hydroxide (VWR Chemicals, >97%) and sodium silicate solution (VWR Chemicals, 86 

SiO2: 26.8%, Na2O: 8.2%) were used as alkali activator. Twelve M NaOH solution was prepared before 87 

experiments and left overnight to cool down. 88 



The MT were subjected to mechanochemical activation (Vibratory disc mill; Retsch RS 200) before alkali-89 

activation according to our previous research. It indicated that 4-min ground raw tailings obtained a D50 of 90 

7.22 µm and a BET surface area of 6.9745 ± 0.0210 m2/g. In addition, it also generated around 40% of 91 

amorphous phase according to Rietveld refinement. The X-ray diffraction and DRIFT were also conducted 92 

on both precursors as provided in Figure A.1. The typical DRIFT bands of MK are shown in Figure A.1a, 93 

after which Table 1 provides the positions and assigned bands of MT. It should be noted that the shift of 94 

dolomite and calcite bands is significantly attributed to the pre-treatment and the Mg/Ca ratio in the initial 95 

composition. For instance, the bands in the range of 2,600 to 2,500 cm-1 can be assigned to the combination 96 

of v1 and v2 modes, which is in line with the previous studies (Gunasekaran and Anbalagan, n.d.; Nguyen et 97 

al., 1991). The morphologies of MK and mechanically activated MT are shown in Figure A.2 using scanning 98 

electron microscope (FESEM, Zeiss). The particle shape of MT is normally irregular as MK. 99 

Table 1. Chemical composition of the raw materials by XRF analysis 100 

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

PMT 32.99 7.09 12.92 17.27 5.53 7.99 0.95 0.27 0.12 0.86 14.01 

MK 53 44.5 - - 0.1 0.4 - 1.4 - - 0.3 

 101 

2.1 Preparation of alkali-activated samples 102 

The alkali-activation was subjected to the binary mixture of mechanochemically activated phosphate MT and 103 

MK. The mix design is given in Table 2. The mass ratio of sodium silicate solution and sodium hydroxide 104 

solution was fixed at 1.4 for all samples. The liquid to solid ratio was variable due to the rheological 105 

properties of the slurry; however, the samples named through PM 3/7 to PM 7/3 had a constant liquid/solid 106 

mass ratio of 0.35. Two precursors were dry-mixed for 5 min before alkali-activation. The slurry was 107 

thoroughly blended by a high shear mixer at 1,000 rpm for 5 min; thereafter, it was shaped by using 108 

Polyethylene moulds with dimensions of 20 mm in height and 25 mm in diameter. The vibrating machine 109 

(Vortex-Genie 2, Prolab Oy) was used to remove all air bubbles. The samples were demoulded after curing 110 

at 40 °C for 24 h and then continuously cured in a sealed plastic bag for 7 days.  111 

Table 2. Experimental mix design for alkali-activated materials* 112 

Sample name 
PMT (Phosphate 

tailings)/wt% 

MK 

(Metakaolin)/wt% 
H2O/Na Na/Al Si/Al 

PM 0/10 0 100 4.31 0.59 1.31 

PM 1/9 10 90 4.29 0.65 1.39 

PM 2/8 20 80 4.07 0.72 1.49 

PM 3/7 30 70 3.70 0.8 1.62 

PM 4/6 40 60 3.69 0.9 1.77 

PM 5/5 50 50 3.67 1.03 1.97 

PM 6/4 60 40 3.65 1.2 2.24 

PM 7/3 70 30 3.64 1.44 2.60 

PM 8/2 80 20 2.54 1.79 3.14 

PM 9/1 90 10 2.53 2.37 4.03 

PM 10/0 100 0 4.07 3.47 5.72 

* The calculated ratios are based on the assumption of fully reacted reactants. 113 

2.2 Sample characterisation  114 

Physical properties, such as apparent porosity and water absorption were tested according to the standard 115 

EN-1936: 2006 (EN, 2007). After the preliminary UCS test of all the samples, subsequent characterisations 116 

were conducted on five samples in particular through PM 3/7 to PM 7/3, since they were synthesised under 117 

the same L/S ratio. The 7-day cured samples were crushed into pieces and mounted for scanning electron 118 

microscopy (SEM). Apart from the SEM analysis, the fragments were ground manually using pestle and 119 



mortar and submerged in isopropanol to remove the loosely bound water, thereby ceasing the alkali 120 

activation. The resulted powders were subsequently stored in a desiccator until measurement.  121 

X-ray diffraction analysis was subjected to a Rigaku SmartLab 4.5 kW, with the equipment parameters of Co 122 

source (40 kV and 135 mA) Kα (Kα1=1.78892 Å; Kα2= 1.79278 Å; Kα1 /Kα2= 0.5), scan rate of 3 °/min and 123 

0.02 °/step. The phase identification was conducted using the PDXL2 Software Suite with integrated PDF-4 124 

(2019) database. Chemical characterisation of hardened samples was performed by using diffuse reflectance 125 

infrared Fourier transform (DRIFT). The spectra were collected using a Bruker Vertex 80v spectrometer 126 

(USA) with a range of 400 to 4,000 cm-1, and 40 scans were taken at a resolution of 1 cm-1 for each sample. 127 

The morphology of AAM was characterised with Zeiss ULTRA plus FESEM, with an acceleration voltage 128 

of 5 kV. FESEM-EDS (Energy Dispersive X-ray Spectroscopy) analysis was conducted using FESEM with 129 

an acceleration voltage of 15 kV and beam current of 120×10-8 A. The polished cross-sections of PM 130 

samples were subjected to at least 50 points analysis under the magnification of ×3000 and the working 131 

distance was 6 to 8 mm. UCS was performed with the Zwick Roell 100kN machine with a loading force of 3 132 

mm/min until failure. Soaking tests were performed by immersing three hardened samples in deionised water 133 

(DI-water) for 24 h with a sample/water mass ratio of 1/3 for each batch, after which the liquid and the solid 134 

were subjected to the inductively coupled plasma-optical emission spectroscopy (ICP-OES) and UCS, 135 

respectively.  136 

The 27Al and 29Si NMR spectra were obtained on a Bruker Advance III 300 spectrometer operating at 78.24 137 

MHz for 27Al and 59.65 MHz for 29Si. For the purpose of conducting MAS experiments, the samples were 138 

packed into 7 mm zirconia rotors, then rotated with a frequency of 7 kHz. For 27Al, 2,048 scans were 139 

accumulated with a repetition rate of 2 s, and for 29Si the corresponding parameters were 8,192 scans and 3 s. 140 

Neither proton decoupling nor cross polarisation was used. The chemical shifts were referenced to Al(NO3)3 141 

and TMS (tetramethylsilane), for which the reference shifts were set to zero ppm. 142 

2.3 Life cycle assessment (LCA) 143 

LCA is a method for assessing and evaluating potential environmental impacts of a product or system. It is 144 

performed in four phases: (1) goal and scope definition, (2) inventory phase, (3) impact assessment phase, 145 

and (4) interpretation phase (EN ISO 14040, 2006). This method has been applied in assessing the 146 

environmental impacts of numerous materials, including AAM (Abdulkareem et al., 2019; Passuello et al., 147 

2017; Petrillo et al., 2016). The goal of the study is to estimate and compare impacts generated from 148 

developing alkali-activated binder from phosphate MT and MK in comparison to OPC. The study framework 149 

considers the four processes of cradle-to-gate alkali-activated binder formulations, including raw material 150 

production, waste beneficiation, mixing of constituents and associated emissions and energy consumptions. 151 

The functional unit is the production of 1 kg of binder. Excluded processes from this study include 152 

transportation as it is assumed all raw materials considered in this study are locally produced and have 153 

similar transportation distances. The use phase and end-of-life phase are also excluded from this study as it is 154 

assumed that comparable and similar impacts are expected from these phases. 155 

The LCA study was performed using the Centrum voor Milieukunde Leiden (CML) 2016 method 156 

(Thinkstep, 2019). CML 2016 indicators provide information on the environmental issues associated with 157 

inputs and outputs of the product system (EN ISO 14040, 2006). This assessment principally focuses on 158 

global warming potential (GWP), acidification potential (AP), eutrophication potential (EP) and abiotic 159 

depletion potential (ADP fossil) impact categories. These impact categories are relevant for assessment of 160 

emissions generated during the production of binders (C. Chen et al., 2010; Van Den Heede and De Belie, 161 

2012), which is the central issue of this study. Moreover, the characterisation method for these impacts are 162 

better established than for the toxicity impacts, where both lack of reliable data and methodological 163 

uncertainty reduce their reliability (Merrild et al., 2012). The LCA modelling was performed using the GaBi 164 

LCA modelling software (version 8.6.0.20). 165 



2.4 life cycle inventory 166 

Life cycle inventory (LCI) is the phase where all unit processes included in the system boundary are 167 

quantified. LCI data of the different processes considered in this study are listed in Appendix B. Data sources 168 

for Life cycle inventory  169 

 170 

Table B.1. The data were collected from GaBi database, scientific literature and environmental reports from 171 

industrial organisations. Unit processes such as sodium hydroxide, water and electricity were sourced from 172 

the GaBi database. The unit process of sodium silicate solution was modelled following the approach and 173 

LCI data from (Fawer et al., 1999). This solution is produced by dissolving sodium silicate lumps in water at 174 

an elevated temperature and pressure to yield a solution with 37% of total solids which is thereafter filtered 175 

(Fawer et al., 1999). Data for energy production were adapted to the Finnish context, and geographical scope 176 

of this study was limited to Finland, thus, a Finnish dataset was used. Where dataset for Finland is 177 

unavailable, the EU-28 dataset was used. For the baseline study, CEM I as reported by (CEMBUREAU, 178 

2015) was used as a basis of comparison. It composed about 92.5% clinker as main constituent and minor 179 

additional constituents. Environmental impacts of capital goods such as trucks, equipment, buildings were 180 

not taken into account in this study.  181 

Oven curing is required for alkali-activated binder during production is essential for initiating chemical 182 

reaction of the binder at first instance. The energy consumed during curing in the lab was 1.87 MJ/kg at 40℃ 183 

for 24 h. Mixing of the ingredients consumed 0.0045 MJ/kg and grinding of phosphate tailings consumed 184 

1.25 MJ/kg in the lab. Kaolin as reported from the GaBi database was already dried and milled. However, to 185 

produce metakaolin, kaolin had to be calcined, consuming 2.5 MJ/kg of natural gas (Heath et al., 2014; NLK, 186 

2002). The synthesis conditions for the alkali-activated binders are defined at laboratory scale. Thus, energy 187 

consumption is lower when full scale commercially tested technology is used. 188 

3. Results and discussion 189 

3.1 Physical properties 190 

The 7-day UCS of alkali-activated binders are shown in Figure 1a. The variation of MK amount had a 191 

profound impact on the mechanical properties of tailings-metakaolin based geopolymers. It should be noted 192 

that the mix design here is not optimal for the alkali-activation of MK, thereby the solely MK-based 193 

geopolymer obtained a rather low UCS. With lower amounts of substitution of MK by MT from 0% to 30%, 194 

the UCS of each sample does not change considerably. When the proportion of MT continuously increases, 195 

the growth of UCS can be seen until it reaches 70%, at which point it gains the highest UCS of more than 20 196 

MPa. Thereafter, the UCS diminishes with the incremental MT content. The mix design of samples 197 

containing 30% to 70% MT was otherwise identical; therefore, the following characterisations were 198 

conducted on these specimens. The samples were specially dubbed as ‘PM samples’ in the following part of 199 

this article. Figure 1b demonstrates the variation of PM samples for water absorption and apparent porosity. 200 

It is obvious that apparent porosity and water absorption substantially decreased from PM 6/4 to PM 7/3, 201 

indicating the formation of highly dense binder regarding to the Si/Al ratio close to 2.6. The apparent 202 

porosity has a good correlation with their strength results; that is, the increasing UCS varies with decreasing 203 

apparent porosity and water absorption.  204 



 205 

Figure 1. a) Compressive strength of tailings-metakaolin based geopolymers after 7 days of curing, b) water absorption 206 
and apparent porosity of tailings-metakaolin based geopolymers after 7 days of curing. 207 

3.2 XRD and DRIFT 208 

The diffractograms of PM samples are presented in Figure 2, in which XRD intensity was normalised by the 209 

strongest reflections of each sample in order to compare the relative intensities. The main crystalline phases 210 

of PM samples originate from MT, of which the mineralogical components include phlogopite (ICDD, PDF-211 

4 #04-012-5381), calcite (ICDD, PDF-4 #04-012-0489), dolomite (ICDD, PDF-4 #04-015-9848), and 212 

tremolite (ICDD, PDF-4 #04-013-2249). A new phase conspicuously appeared in PM 3/7, PM 4/6 and PM 213 

5/5 according to XRD pattern, which is ascribed to the reflection of vermiculite (ICDD, PDF-4 #04-017-214 

7291). Vermiculite is structurally analogous to phlogopite and has both balanced cations (Mg2+, Ca2+ and 215 

Na+) and water filling its interlayer. It should be mentioned that the K+ becomes loosely bonded in the 216 

interlayer during mechanochemical activation. Thus, this transformation results from the cation exchange by 217 

smaller Na+ during the alkali activation. The peak of SiO2 at around 29°/2θ corresponds to the trend of 218 

decreasing amount of raw metakaolin from PM 3/7 to PM 7/3. A new carbonate mineral, gaylussite, was 219 

formed by reacting MT (containing intermediate calcium of 14.75%) with alkali activator in PM 5/5. As for 220 

PM 6/4, a crystalline zeolite, natrolite, appeared alkali activation. Another crystalline phase, cancrinite, 221 

shows in the XRD pattern of PM 7/3, nucleating from gels and acting as the microaggregates embedded in 222 

the binder matrix (N. Ye et al., 2014).  223 

 224 

Figure 2. X-ray diffraction patterns of tailings-metakaolin based geopolymer samples. δ: gaylussite (PDF# 04-010-3621); 225 
θ: natrolite (PDF#04-011-7181); λ: sodium calcium carbonate (PDF#04-02102551); *: cancrinite (PDF#04-015-226 

7815) 227 



Figure 3 shows DRIFT spectra of tailings-metakaolin based geopolymers, in which the band alternations 228 

prove the occurrence of geopolymerisation. The partial disappearance of in-plane vibration in Al-O-Si band 229 

at 665 cm-1 (see Table A.1) indicates the decomposition of tetrahedral layers in amorphous phlogopite and 230 

suggested that mechanochemical activated MT participated in the alkali activation. In addition, the weakened 231 

band at 720 cm-1 of MK during alkali activation is assigned to symmetric Al-O-Si stretching vibration (Mo et 232 

al., 2014). The frequency at 780 to 790 cm-1 appearing demonstrated the unreacted SiO2 in the original MK 233 

(Fernández-Jiménez and Palomo, 2005). The original Si-O-T band of MK in the region of 1,300 cm-1 no 234 

longer existed in any of the PM samples due to the dissolution in alkali activator; therefore, the new band 235 

appeared at 1,200 cm-1 in PM 3/7, representing the Si-OH stretching vibrations in the resulting geopolymers 236 

(Mo et al., 2014). Furthermore, this band (dash line) progressively shifted to a lower frequency with the 237 

incremental content of MT, showing that more polycondensation occurred. Another evidence is the bending 238 

band of Si-O shifting to a lower frequencies (700 cm-1), which was also characterised as the formation of 239 

geopolymers (Palomo and Glasser, 1992). Two distinct broad bands were situated at approximately 3,450 240 

cm-1 and 1,650 cm-1, representing the O-H stretching band and O-H bending band, respectively, which 241 

indicates the occurrence of polycondensation (Chindaprasirt et al., 2009). It is interesting that the sharpest O-242 

H stretching (3,711 cm-1) for the trioctahedral group (Mg3(OH)) practically disappeared, compared to that of 243 

raw tailings (see Table A.1). This observation can be interpreted to mean that the crystal phlogopite 244 

degradation likely occurred during the alkali activation. The presence of the band at approximately 1,460 cm-245 
1 in all PM samples has been ascribed to sodium carbonate (Gadsden, 1975). Another significant band 246 

between 2,000 to 2,200 cm-1 was assigned to the stretching vibration of the functional group of Na2CO3; that 247 

is, carbonate minerals, generated by reacting alkali activator with MT (Bouaissi, 2019). The hint of the 248 

formation of cancrinite can be found by the following assignments: 879 cm-1 for C-O bend (CO3
2-) and 1,400 249 

cm-1 for C-O stretch (CO3
2-), which is in line with the results of previous studies (Król et al., 2018; Mozgawa, 250 

2001; N. Ye et al., 2014). Once combined with the results of XRD, the study indicated that there was no 251 

crystalline cancrinite in PM 6/4, and the new carbonate mineral was assigned to sodium calcium carbonate 252 

(Figure 2). Furthermore, the weak bands at 736 cm-1 and 759 cm-1 could be attributed to the formation of T-O 253 

bonds in the interconnected tetrahedra in PM 6/4. The formation of single four ring (S4R) was in accordance 254 

with the previous study which stated that the band range of 720-760 cm-1 is assigned to the formation of 255 

natrolite zeolite (four-membered rings) (Fernández-Jiménez and Palomo, 2005; Mozgawa, 2001). The new 256 

peak appeared at 760 cm-1 in the spectrum of PM 7/3 which is assigned to v4 Si-O which was found in other 257 

blended gel system of C-S-H and N-A-S-H (García-Lodeiro et al., 2008).  258 

 259 

Figure 3. DRIFT spectra of the tailings-metakaolin based geopolymer samples 260 

3.3 SEM and EDS 261 

The transformation from phlogopite into vermiculite was observed in PM 3/7 and PM 4/6 (Figure 4), in 262 

which the morphology resembled the light weight aggregates (expanded vermiculite) implanted in cement 263 



matrix (Mladenovič et al., 2004). The formation of vermiculite partially resulted from the expended 264 

interlayer of phlogopite by mechanochemical activation; however, it differed from the vermiculite with Mg2+ 265 

and H2O filling in interlayers (Smith Aitken, 1965). Since the mechanochemically activated MT can release 266 

more K+ ions during the alkaline activation, it can be replaced by smaller Na+ ions by cation exchange 267 

forming Na+-H2O interlayers. From the morphology of PM 3/7, original particles are entrained in the matrix 268 

suggesting a lack of dissolution in PM 3/7. While dissolved particles from MT generate more binder gels in 269 

PM 4/6 (fewer original particles compared to PM 3/7), it can be postulated that the polycondensation stopped 270 

after MK dissolution. The Si/Al ratio for PM 3/7 and PM 4/6 was 1.62 and 1.77, respectively. According to 271 

the research by Oelkers et al. (Oelkers and Gislason, 2001), easily dissolved aluminate units can be adsorbed 272 

on reactant surfaces, thereby decreasing the dissolution of silicate units. This unbalanced dissolution leads to 273 

a lack of formation of geopolymeric linkages. Accompanied with large residues of unreacted MT, the 274 

resulting materials exhibits rather poor mechanical strength.  275 

 276 

Figure 4. SEM images of a) PM 3/7 and b) PM 4/6 277 

The gel morphology of PM 5/5 exhibited distinctly different features compared with PM 3/7 and PM 4/6, 278 

where the calcium-rich gel, sodium-deficient matrix (light grey), displayed a clear boundary with the 279 

sodium-rich (darker grey) one according to the elemental mappings (Figure 5). The calcium-rich gel had 280 

unreacted calcite (or crystalline calcite) particles embedded, in which amorphous calcite was the source of 281 

calcium for the generation of C-A-S-H binder. When alkali activators were introduced, amorphous calcite 282 

can react with sodium hydroxide, generating calcium species Ca(OH)2 (neutral) and Na2Ca(CO3)2⸱5H2O 283 

(gaylussite). The presence of gaylussite was confirmed by using XRD and DRIFT analyses (Figure 2 and 284 

Figure 3). The monomeric units of Si and Al tetrahedra were dissolved from MK into alkaline activator, 285 

forming N-A-S-H and C-(N)-A-S-H gels. Ca-rich species are prone to react with Ca-bearing species; 286 

thereafter, reaction with Si and Al species occurs. Thus, this phenomenon explains how amorphous calcite 287 

dissolution favours the generation of C-(N)-A-S-H binder, whilst Na-rich regions displayed pronounced 288 

propensity towards N-A-S-H gel. Additionally, at which alkaline concentration is higher than 10 M, the N-289 

A-S-H gel becomes the main product, whilst C-S-H gel is the secondary phase when calcium hydroxide 290 

exists (Santiago Alonso and Palomo, 2001). Consequently, amorphous carbonate minerals (calcite, dolomite) 291 

can react with the alkaline activator to generate more dissolved calcium ions; these calcium ions are 292 

incorporated in amorphous alkaline aluminosilicate hydrates. The dissolution of calcium ions led to the 293 

formation of a halo in the Ca mapping around the crystalline calcite particles. It can be interpreted that the 294 

boundary between the two gels formed a gaylussite ring (bright green in the Ca map), which resulted from 295 

the high aqueous pH in N-A-S-H gel impeding the dissolution of Ca cation. This gaylussite ring prevented 296 

the interaction between C-(N)-A-S-H and N-A-S-H gels, decreasing the compatibility of these gels which in 297 

turn led to undesirable mechanical properties.     298 



                     299 

Figure 5. FESEM back-scattered electron (BSE) images and elemental maps for the PM 5/5 300 

The scanning electron miscroscopy (SEM) image of PM 6/4 (Figure 6) reveals the crystallisation of the 301 

zeolite phase among gel binders. The main substances, natrolite and C-(N)-A-S-H phases, formed in the final 302 

product after alkali activation. The bundles of fibres or fan-like crystals in PM 6/4 have been ascribed to the 303 

formation of natrolite zeolite, which was produced by breaking the T-O bonds of chemically reactive 304 

precursors and regeopolymerisation (Huang et al., 2016; Slaty et al., 2015). The energy dispersive spectra of 305 

these two phases are provided in Figure 6 (P1 and P2). The nucleation of natrolite has been hypothesised as 306 

arising from the presence of NaOH, MK, activated MT and the curing conditions as depicted below (El 307 

Hafid and Hajjaji, 2015). 308 

 309 

There is some evidence to suggest that natrolite is likely formed on the vermiculite where the reflections of 310 

vermiculite vanished in XRD pattern (Figure 2). Therefore, it is reasonable to assume that the natrolite 311 

crystallised from the aluminosilicate tetrahedral layers with the supplementation of MK and alkali activator.  312 

 313 

Figure 6. SEM micrographs of PM 6/4 and energy dispersive spactra of fibrous phase (P1) and gel matrix (P2) 314 

In the image of PM 7/3, the tailings-metakaolin based geopolymers consisted of densely geopolymeric 315 

matrix (Figure 7). The Mg- and K-bearing particles in mapping images represented unreacted MT 316 

(phlogopite) due to its poor alkali reactivity and structural stability. This result is also in line with its lowest 317 



apparent porosity. It should be noted that the formation of zeolite-like products results from the alkalinity 318 

and composition of raw materials (Criado et al., 2007). Unlike chemically reactive raw materials (calcinated 319 

materials), the inert MT precursor must be first pre-treated in order to supply more soluble aluminosilicate 320 

phases. In this work, the pre-treatment was still insufficient for the alkali activation, unless the supplement of 321 

MK for the inadequate aluminium content in phosphate MT. The morphology in the SEM image contained 322 

column-shaped grains, which has been assigned to the formation of C-(N)-A-S-H phase (S. Chen et al., 323 

2010). The generation of C-(N)-A-S-H gel is believed to occur at the expense of N-A-S-H phase through the 324 

ion exchange mechanism; in addition, PM 7/3 possessed the highest calcium content. This phenomenon was 325 

ascribed to the assumption proposed by I. Garcia-Lodeiro (Garcia-Lodeiro et al., 2011). Nevertheless, it 326 

slightly differed from this case regarding to the effect of pH, as the pH was 12.67 (>12) for PM 7/3. The 327 

existence of C-(N)-A-S-H was confirmed, which meant that the formation of such gel is depended on not 328 

only the ion exchange mechanism but also the alkaline reaction between carbonate minerals (tailings) and 329 

MK. Furthermore, it can be hypothesised that the formation of cancrinite is ascribed to the recrystallization 330 

from C-(N)-A-S-H gel; however, crystalline cancrinite was not observed in the SEM images probably due to 331 

its scale and the complex matrix of C-(N)-A-S-H gel. From the perspective of UCS, PM 7/3 presents a 332 

promising UCS compared to other PM samples. Poor mechanical properties have been attributed to the 333 

amount of crystalline phase in the resulting samples, in which gel-to-crystal transformation leads to the 334 

reduction of mechanical strength due to the occurrence of open porosity and microcracking occurring in this 335 

course (Palomo and Glasser, 1992). 336 

                    337 

Figure 7. FESEM secondary electron images and elemental maps for the PM 7/3 338 

The minerology of MT generates complex compositions in the AAM as displayed in the ternary diagrams 339 

(Figure 8). The raw tailings barely contained sodium content, whereas it was rich in calcium. Additionally, 340 

the MT had a wider cluster in the CaO-Al2O3-SiO2 diagram, which is due to calcium-containing minerals 341 

such as calcite and dolomite. Thus, the data of raw tailings are not taken into account during chemical 342 

analysis in this section. The Na2O-Al2O3-SiO2 diagram displayed more clustered EDS data points than those 343 

in the CaO-Al2O3-SiO2 counterpart. PM 3/7 exhibited no correlation with geopolymeric gel formation in both 344 

diagrams, thereby showing rather weak UCS. However, PM 4/6 and PM 5/5 generated N-A-S-H and Na-rich 345 

C-(N)-A-S-H gel after alkali activation, illustrating the increase of UCS which almost doubled that of PM 346 

3/7. N-A-S-H gel predominantly formed in the Na2O-Al2O3-SiO2 system of PM 5/5; these results were 347 

consistent with the observation in SEM. The data points of PM 6/4 located in the N-A-S-H gel area which 348 

are genuinely assigned to the natrolite, and the Na-rich C-(N)-A-S-H gel which has confirmed in preceding 349 

results. With MT content increased to 70%, it promotes the formation of C-(N)-A-S-H gel and the 350 

(re)crystallisation of cancrinite is developed. Compared with PM 7/3, PM 5/5 and PM 6/4 predominantly 351 

consisted of Na-rich C-(N)-A-S-H gel.  352 



 353 

Figure 8. Projection of alkali-activated materials chemistry onto the i) Na2O-Al2O3-SiO2 ternary diagram and ii) CaO-354 
Al2O3-SiO2 ternary diagram showing the elemental composition of cured PM samples for 7 days and raw materials. The 355 

regions of C-(N)-A-S-H and N-A-S-H were approximately from (Walkley et al., 2016), (Ismail et al., 2014) and (van 356 
Deventer et al., 2015). 357 

The ternary diagram explicitly illustrated the development of gel formation with the increasing tailings 358 

content. At a lower content of sodium ions (Na/Al<1), the accumulation of free alumina units occurred, 359 

thereby preventing further polycondensation. With the incremental Na/Al ratio, it facilitated the alkali 360 

activation; thereafter, it produced not only N-A-S-H gel but also C-(N)-A-S-H gel after the appearance of 361 

sodium calcium carbonate and calcium hydroxide.  362 

3.4 29Si and 27Al MAS NMR 363 

The results of the NMR analysis are shown in Figure 9. Among all the products, analysis was performed for 364 

three samples: PM 3/7, PM 5/5 and PM 7/3 (which have low, medium and high compressive strength, 365 

respectively). Among all the reactants, measurements were done only for MK. Measurement of MT was 366 

unsuccessful due to its high iron content.  367 

The results of the 29Si NMR analysis are depicted in Figure 9a. The spectrum of MK displayed a broad 368 

amorphous component involving mainly Q4 and Q3 species. The high strength product, PM 7/3, displayed 369 

mainly Q2 species, which indicated the presence of non-cross-linked C-(N)-A-S-H units. The spectrum of 370 

medium strength product PM 5/5 was similar to PM 7/3, except there was a slight shift of the main peak to 371 

the right (indicating more non-cross-linked C-(N)-A-S-H phase) and the emergence of a small hump 372 

converting Q4 and Q3 species (indicating N-A-S-H phase). In the case of the low-strength sample, PM 3/7, 373 

the most dominant feature was a strong peak close to Q4 and Q3 species (indicating N-A-S-H phase). It is 374 

also possible that Q3 species formed part of cross-linked C-(N)-A-S-H. Contribution from Q2 species was a 375 

shoulder feature (indicating presence of non-cross-linked C-(N)-A-S-H). Another important feature of this 376 

sample is a considerable broad hump covering Q1 and Q0 species. This feature indicated the presence of 377 

sodium silicate species, which do not contribute to compressive strength like C-(N)-A-S-H. This is one of the 378 

reasons for PM3/7 displaying low strength. 379 

The results of the 27Al NMR analysis of are depicted in Figure 9b. MK consists of tetrahedral, pentahedral 380 

and octahedral aluminum species. The high-strength product, PM 7/3 consisted tetrahedral aluminum 381 

species, which indicated the presence of non-cross-linked C-(N)-A-S-H units. The spectrum of medium 382 

strength product PM 5/5 was similar to PM 7/3, except for the slight shift of the tetrahedral peak to the left. 383 

In the case of the low strength sample (PM 3/7), a similar tetrahedral component was visible. Notably, C-384 

(N)-A-S-H had tetrahedral aluminum; hence, the spectra of all the products exhibited a similar tetrahedral 385 

component. However, there was a small shift of this component towards right as we move from PM 7/3 to 386 

PM 3/7. This feature was due to the fact that the chemical shift values of aluminum follows the order: (Al4 in 387 

q2 )> (Al4 in q3 )> (Al4 in q4 ) (Houston et al., 2009; Myers et al., 2015). The low strength sample PM 3/7 388 



displayed an additional component at approximately 80 ppm which may belong to low-connectivity 389 

aluminate species (Faust and Ribeiro, n.d.; Sagoe-Crentsil and Weng, 2006). Since these species do not 390 

contribute to strength-enhancing C-(N)-A-S-H phase, it may contribute towards the low strength of PM 3/7. 391 

 392 

Figure 9. The results of a) 29Si NMR and b) 27Al NMR analysis for products and reactants. 393 

3.5 Soaking test  394 

The soaking test can affect the UCS of PM samples (Figure 10), and the decrease of UCS has also been 395 

observed in other studies (Boutterin and Davidovits, 2003). There is a synergetic effect between the swelling 396 

pressure and regeopolymerization for PM samples. For PM 3/7 and PM 4/6, there is a significant leaching of 397 

Al species which means that the geopolymeric reaction was unfulfilled, furthermore, there was less 398 

formation of aluminosilicate hydrates indicating a weak and porous matrix. However, dissolvable Al species 399 

took part in the regeopolymerization, which expresses large effect than swelling repulsion between particles 400 

resulting in a higher soaked strength. There is a different situation for PM 5/5, PM 6/4 and PM 7/3, where 401 

geopolymerization was achieved thereby the effect of swelling pressure is more conspicuous, leading to a 402 

lower strength.  403 

The filtrate was collected and subjected to ICP-OES analysis. The least leaching of sodium concentration in 404 

PM 3/7 could be attributed to the strongly bonded sodium cations with negative units such as Si4O8(OH)6
4-, 405 

SiO(OH)3
- and SiO2(OH)2

2-, forming a rather weak matrix (Panias et al., 2007). Another piece of evidence is 406 

the high concentration of Al in solution, indicating a lower amount of aluminium taken part in alkali 407 

activation.  408 

 409 



 Figure 10. a) compressive strength of tailings-metakaolin geopolymer samples after soaking in DI water for 24 h, b) 410 
ICP-OES analysis and pH of the liquid after soaking test 411 

As for PM 5/5 and PM 6/4, they consisted of lower amounts of C-(N)-A-S-H gel, revealing the decrease of 412 

UCS. It is reasonable to assume that C-(N)-A-S-H gel has higher water-solubility, when compared with N-A-413 

S-H and C-A-S-H gels. Another assumption is that K+ ions were dissolved from more soluble phases, and 414 

this induced capillary force resulting in microcracks within interfaces or grain boundaries. 415 

PM 7/3 had the highest degree of alkali activation and displayed the lowest leaching content of aluminium 416 

among all PM samples. Interestingly, it was the sample that was most affected by the 24-h soaking, 417 

simultaneously showing the lowest water absorption and porosity (Figure 1b). These findings might be 418 

explained by the presence of cancrinite (Figure 11). Structural alternation occurred in the cancrinite-like (C-419 

N-A-S-H) gel, in which water can easily penetrate into the cancrinite structure. Cancrinite can be found in 420 

nature as a porous mineral, of which the fundamental layers of six-membered rings of SiO4 and AlO4 421 

tetrahedra are stacked along the c-axis in an AB-AB sequence (Hackbarth et al., 1999). There are two types 422 

of cages within cancrinite structures: 11-hedral cavities and ε-cages along with 12-ring channels as depicted 423 

in Figure 11. The largest discrepancy of UCS in PM 7/3 after soaking might be explained by the structural 424 

destabilisation of cancrinite-like (C-N-A-S-H) gel, in which water can easily stab into cancrinite structure. 425 

Moreover, the limited space in cages and clogged channels results in the blocking of pore structure, thereby 426 

preventing extra water entering. It continues exerting pressure to the porous structure during cage expansion, 427 

leading to the low UCS (Liu et al., 2007). Therefore, the weakened alkali-activated structures presented 428 

undesirable compressive strength after a 24-h soaking, displaying the lowest water absorption and porosity.  429 

 430 

Figure 11. Schematic structure change of cancrinite after soaking test (aluminosilicate tetrahedra in grey). 431 

 432 

3.6. Life cycle assessment 433 

Figure 12 shows GWP, AP, EP and ADP (fossil) LCA results for the different alkali-activated binders in 434 

comparison to OPC. For the strongest alkali-activated binder PM 7/3, excellent performances were exhibited 435 

in impact categories GWP, AP and EP, with 50%, 16% and 18% less emissions than Portland cement, 436 

respectively. The significant contributors in these impact categories for PM 7/3 were the alkaline solution 437 

(sodium silicate and sodium hydroxide) and curing which accounted for 52% and 24% respectively for 438 

GWP, 62% and 27% respectively for AP, and 67% and 21% for EP.   439 

Furthermore, regarding PM 7/3, ADP (fossil) displayed a significant 61% increase in energy consumption 440 

when compared to Portland cement, with alkaline solution, MK and curing; contributing 51%, 24% and 20% 441 

respectively. The high amount of energy is associated with energy consumed during production of alkaline 442 

solution (Fawer et al., 1999) and in calcining kaolin to MK (Heath et al., 2014). Phosphate mining 443 

beneficiation exhibited minimal contribution (less than 10%) in all impact categories. This is because only 444 

beneficiation impacts were considered, as phosphate tailings were considered as wastes in this study. 445 

Furthermore, MK displayed minimal contribution in AP and EP impact categories, but slightly higher 446 

contribution in GWP (19%). 447 

Phosphate MT and MK alkali-activated binders have shown a significant reduction in global warming; in 448 

particular they constitute only 8% of global CO2 emissions (Andrew, 2018). Alkaline solution has been 449 



highlighted as the material that contribute the most to the environmental burdens of alkali-activated binders, 450 

and studies have recommended using silica rich waste materials as a substitute to conventional alkaline 451 

solution (Abdulkareem et al., 2019; Passuello et al., 2017). With respect to curing, waste heat can be used for 452 

energy, thereby increasing the environmental performance of the binder. 453 

This LCA study highlights the relevance of using waste materials in the development of alkali-activated 454 

binders. Not only are significant impact reductions achieved, but a useful alternative to simply disposing 455 

waste residues (which may eventually lead to contamination) is provided. 456 

Grinding of  tailings Metakaolin Alkaline solution Oven Curing OPC (CEM I)
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 457 

Figure 12. Life cycle impact assessment results for alkali-activated binder in comparison to CEM I. 458 

5. Conclusion 459 

This study investigated the synthesis of AAM using mechanochemically activated phosphate MT with MK 460 

as (calcium) aluminosilicate precursors. The geopolymer with the higher content of tailings (60% to 70%) 461 

displayed the best mechanical properties (>20 MPa).  462 

There were two main factors to consider: 1) The mechanochemical activation improves the chemical 463 

reactivity of tailings, and 2) the presence of calcium-rich carbonate minerals accelerates the formation of C-464 

(N)-A-S-H binder. The chemical process of alkali-activated phosphate tailings-metakaolin based 465 

geopolymers appear to more complicated due to the appearance of the C-(N)-A-S-H binder. New zeolites, 466 

such as natrolite (which was fibre-like) and cancrinite (which was column-like) formed.  467 

With the increment of tailings quantity (>70%), water requirement was lowered due to more favourable 468 

particle shape. Although the highest compressive strength was achieved with 70% tailings, water resistance 469 

in PM 7/3 still required further improvement. The recycling of MT significantly depends on its chemical and 470 

mineralogical composition, and its interactions with alkaline activators.  471 

From the view of circular economy, this study provides a potential method to recycle mine tailings with high 472 

added value rather than landfill or impoundment. The manufacturing of tailings-based geopolymers gives 473 

huge opportunities for local availability such as minimizing traffic expense and maximizing sustainability. 474 



Particularly, it considerably decreases CO2 emissions in comparison with OPC. According to the 475 

performance of tailings-based geopolymers, such a material displayed promising properties for construction 476 

applications, such as brick manufacturing. 477 
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Appendix A. Fundamental information of precursors 487 

 488 

 489 

Figure A.1. a) DRIFT spactra of raw materials b) XRD patterns of raw materials. SiO2 (#04-007-2627), A: anatase 490 
(#00-064-0803), T: tremolite (#04-013-2249). 491 

 492 

Figure A.2. a) SEM secondary electron micrographs of metakaolin, b) SEM secondary electron micrographs of 4-min 493 
ground phosphate mine tailings. 494 

Table A.1. Description of main bands of 4-min ground phosphate mine tailings 495 

Wavenumber (cm-1) Band characterization Reference 

3711 OH-stretching vibration (phlogopite) (Bigham et al., 



2001; Farmer, 

1974; Schingaro et 

al., 2013) 

3665 OH-stretching vibration Group I (tremolite) (Najorka and 

Gottschalk, 2003) 

3535 OH-stretching vibration Group III (tremolite) (Najorka and 

Gottschalk, 2003) 

2979 Carbonate v2 overtone (dolomite) (Messerschmidt, 

1985; Nguyen et 

al., 1991) 

2873 Carbonate (calcite)  (Messerschmidt, 

1985; Nguyen et 

al., 1991) 

2519 2v2+v4 combination mode (dolomite, calcite) (Gunasekaran and 

Anbalagan, n.d.; 

Nguyen et al., 

1991) 

1795 Carbonate (calcite) (Nguyen et al., 

1991) 

1635 Carbonate v3 (apatite) (Bigham et al., 

2001; Rehman and 

Bonfield, 1997) 

1395 C-O Asymmetric stretching v3 (dolomite, calcite)  (Clark, n.d.) 

1162 Si-O-T (T: Si or Al) (phlogopite) (Rees et al., 2007) 

974 Non-diagnostic Si-O stretching (phlogopite) (Bigham et al., 

2001; Farmer, 

1974) 

905 Out-of-plane bending v2 (dolomite, calcite) (Farmer, 1974; 

Rehman and 

Bonfield, 1997) 

823 Apical Al-O bond from AlO4 (phlogopite) (Bigham et al., 

2001; Farmer, 

1974) 

732 In-plane bending v4 (dolomite, calcite) (Gunasekaran and 

Anbalagan, n.d.) 

693 Perpendicular vibration (phlogopite) (Bigham et al., 

2001; Farmer, 

1974) 

665 In-plane vibration of Al-O-Si (phlogopite) (Bigham et al., 

2001; Farmer, 

1974) 

628 OH vibration (phlogopite) (Bigham et al., 

2001; Farmer, 

1974) 

579 Asymmetric deformation v4 (apatite) (Veiderma et al., 

1998) 

 496 

Appendix B. Data sources for Life cycle inventory  497 

 498 

Table B.1. Data sources 499 

Type of data Source 



Sodium hydroxide GaBi database 2019 (EU-28, sodium hydroxide, 100% caustic soda) 

Sodium silicate solution (Fawer et al., 1999) (sodium silicate 3.3, furnace liquor, 37% solid) 

Cement (CEMBUREAU, 2015) (OPC CEM I) 

Metakaolin Heath et al., 2014; NLK, 2002 

Water GaBi database, 2019 (EU- 28, tap water) 

Electricity GaBi database, 2019 (Finland, electricity grid mix) 

 500 
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