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A B S T R A C T

Mining activity is inevitable in human societies, and thus, disposal of mining waste in a proper and effective way
is crucial to preserving our environment. In this context, studies on the reuse potential for mine tailings in the
construction sector are booming. However, utilizing tailings as binder material is complicated due to the high
variation in mineralogical composition and the low reactivity of these materials. In this study, an attempt was
made to understand the effect of mechanical treatment on silicate mine tailings in order to improve their
properties for use as a sole precursor in alkali-activated binders. Two different silicate tailings from Finland were
studied: one rich in tremolite, which is high in magnesium (HM tailings) and one rich in anorthite and epidote,
which is high in aluminum (HA tailings). Interestingly, grinding activity performed at different durations af-
fected the properties of the tailings with various intensities, including their mineralogical and physical properties
and characteristics and, thus the reactivity of tailings. Tremolite does not respond to milling for longer durations,
and layered anorthite was easily distorted by the mechanical disturbance. Irrespective of the type of tailings, the
compressive strength of alkali-activated milled tailings increased with an increase in grinding time from 1 to
16 min. However, the percentage of compressive strength increase varied with the type of tailings and their
mineralogy.

1. Introduction

Mine tailings are side streams from ore separation, which accumu-
late at the mining sites without economic utilization. The waste from
mining and quarrying occupies more than half of total industrial waste,
according to a 2006 Eurostat report (Castro-Gomes et al., 2012).
Management of these wastes pose a potential risk to the landscape in
the form of environmental pollution. As the quality of ore is reduced
while the need for metals increases, a global increase in the amount of
Ftailings is projected. For example, among the total industrial waste
generated every year in Finland, the largest proportion is produced by
the mining industry (Ylä-Mella et al., 2005). An increase in the amount
of ore mined implies a proportional increase in the production of tail-
ings as waste. For instance, the average stripping ratio (the ratio of
waste material to useful ore) of Finnish mines varies between 1 and 14
(Kauppila et al., 2011). Hence, it is important to find an alternative
method to dispose/reuse this huge volume of waste in an en-
vironmentally friendly and economically feasible way. It is also the case
that when initiating a new mining activity, a waste management plan
that includes the re-use potential for waste as a secondary raw material
should be part of the feasibility analysis. In this respect, utilization of

mine tailings in construction materials is a potential boon to mining
industries. The usual practice is to use tailings in low value applications
such as backfill material in underground mines, brick-making and floor
tiles (Kinnunen et al., 2018). Alkali activation is an option for utilizing
tailings as a value-added product in a more sustainable way. Alumi-
nosilicate source from different industrial side streams varies in acti-
vation potential based on its reactivity and so the properties of the
resultant material.

Mine tailings vary with their mineralogical composition, which is
based on the ore extraction and the geographical location of the mine.
Hence, the mineralogy of tailings is an important factor to be con-
sidered, although it is not given prime importance in the existing lit-
erature. The reactivity of the mine tailings depends on the mineralogy.
Some of the tailings contain sulfidic minerals that can be oxidized in
atmospheric exposure. Oxidation decreases the pH of sulfidic tailings
which causes the leaching of heavy metals from such tailings. On the
other hand, some of the mine tailings does not contain sulfidic minerals
but are not reactive and cannot be directly used as supplementary ce-
mentitious materials. However, alkali activation helps to achieve this
goal with the added advantage of stabilization of the heavy metals
present in the tailings (Kiventerä et al., 2018). Based on their
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mineralogy, tailings are treated thermally, mechanically and/or che-
mically to improve their reactivity as a binding material (Kinnunen
et al., 2018). Heat treatment is widely utilized to enhance the chemical
reactivity of mine tailings. Perumal et al. (2019) applied heat treatment
to mine tailings (major mineral, phlogopite) and found that the treat-
ment works, depending on the mineralogy of the tailings and the use of
an optimum temperature, beyond which the results are negative. Cal-
cination/heat treatment has been successfully used on tungsten, phos-
phate, bauxite and vanadium tailings (Jiao et al., 2013, 2013;
Moukannaa et al., 2018; Pacheco-Torgal et al., 2008; Ye et al., 2014). A
combination of thermal treatment in the acid/alkali environment helps
in the dissolution of some minerals such as albite (Feng et al., 2012).
However, employing high temperature as a treatment method can be
energy and time consuming, and can result in the emission of green-
house gases. It is therefore important to seek alternative methods to
efficiently improve the reactivity of mining wastes.

Mechanochemical activation can be a potential alternative; it has
been widely used in diverse research fields such as materials synthesis,
decomposition and amorphization, where it induces high impact and
shear stress leading to high surface area and structure alteration
(Boldyrev, 2006). Additionally, Fitos et al. (Fitos et al., 2015) pointed
out that the energy consumption of thermal treatment on kaolinite is
approximately 1,600 kWh/t, whilst that of mechanochemical activation
is located in the range of 200–1,000 kWh/t. The utilization of me-
chanochemical activation on precursors for alkali activation has been
investigated by several studies; for example, Tole et al. (2019, 2018)
performed the mechanochemical activation of clay minerals by ball
milling and found that the mechanochemical-activated minerals could
be used as supplementary cementitious materials. Mechanochemical
treatment on kaolinite, a promising candidate for geopolymerization,
was successfully conducted, resulting in amorphization and dehydrox-
ylation (Avvakumov et al., 2001).

Based on the encouraging results from previous studies, an attempt
was made in this study to understand the effect of the mechanical
treatment of silicate tailings on its reactivity. Silicate mine tailings have
been used as raw materials for water glasses and ceramics; however,
most of these tailings are landfilled without proper disposal methods
(Jiang and Chen, 2001). Partial replacement of metakaolin with silicate
mine tailings (major mineral, quartz) in geopolymer formation can be
done without affecting the properties of the end product (Song et al.,
2016). The interesting part of the present work is the variation in the
chemical and mineralogical composition of the two different silicate
tailings from different sources. Properties of the tailings before and
after treatment is discussed. Special attention is given to the effect of
grinding on the different mineralogical composition of the tailings and
to how grinding affects the properties of the alkali-activated end pro-
ducts.

2. Materials and methodology

2.1. Materials

Silicate mine tailings were provided by the Boliden and Sibelco
mines in Finland. Sodium silicate with silica modulus (SiO2/Na2O),
Ms = 3.2 and a 55% water content was supplied by VMR chemicals and
was used as the alkali activator. Deionized water was employed as extra
water in making paste samples. The oxide composition of tailings was
analyzed by X-ray fluorescence spectroscopy (XRF, Axios mAX; Malvern

PANalytical, UK); the results are presented in Table 1. It can be ob-
served that the Boliden tailings (HM) are rich in magnesium (MgO:
22.9%), whereas the Sibelco tailings (HA) have a high amount of alu-
minum (Al2O3: 22.1%).

2.2. Processing and characterization of tailings

The silicate tailings from the two different sources were dried at 100
°C for 24 h. The dry tailings were ground by a laboratory-scale vibratory
disc mill (Retsch RS 200, Germany) at 1,500 rpm in batches of 100 g.
The grinding time ranged from 1 to 16 min, and the effects on the
properties of the tailings were studied in the processed tailings. Particle
size distribution (PSD) of the processed samples was performed using
the laser diffraction method and the Fraunhofer model. An LS 13 320
particle size analyzer (Beckman Coulter, USA) was employed for the
analysis, and isopropanol was used as a dispersion medium.

The quantitative X-ray diffraction (QXRD) of the processed samples
was measured using a Rigaku SmartLab 9 kW (Applied Rigaku
Technologies, Austin, TX, USA), operated at 40 kV and 135 mA radia-
tions. Co Kα (Kα1 = 1.78892 Å; Kα2 = 1.79278 Å; Kα1/Kα2 = 0.5)
radiation was used with a step interval of 0.02° per step and a scan rate
of 3°/min from 5° to 120° (2θ). Rietveld analysis was applied to quantify
the phases that were identified using the X’pert HighScore Plus analy-
tical software (Malvern Panalytical, Malvern, UK). Titanium oxide
(10 wt%) was used as an internal standard for quantification purposes.
The microstructure of the milled samples after 1 min and 16 min was
observed with a Zeiss Ultra Plus scanning electron microscope (Carl
Zeiss AG, Oberkochen, Germany) at an accelerating voltage of 15 KeV,
and the samples were coated with carbon to avoid a charging effect.

To determine the reactivity of the processed tailings in an alkaline
environment, a solubility test was performed with 6 M NaOH as an
alkali solvent. 0.5 g of the tailings ground for different amounts of time
was mixed with 20 g of NaOH solution. The mixture was subjected to
shaking (150 rpm) in a shaker mixture (KS 260 basic, IKA) for 24 h at
room temperature. The solution was filtered with a 0.45 µm–pore size
polypropylene membrane. The pH of the filtrate was lowered below 2
using a 6 M-nitric acid solution to prevent precipitation. The dissolved
concentration of the elements in the filtrate was examined with an in-
ductively coupled plasma optical emission spectrometer (ICP-OES,
Thermo Fisher Scientific iCAP 6500; Thermo Fisher Scientific, USA)
according to standard SFS-EN ISO 11885:2009.

The morphology of the processed tailings was studied with a field
emission scanning electron microscope (FE-SEM, Ultra Plus, Zeiss,
Germany). Elemental composition was analyzed in specific places of
interest with an electron dispersive x-ray spectroscope (EDS) as a part
of SEM. Secondary electron images were captured with an accelerating
voltage of 15 eV at a working distance of 8 to 10 mm.

2.3. Alkali activation of processed tailings

Alkali-activated tailings pastes were prepared by adding activator
solution (sodium silicate) to the milled tailings. The mix proportion
(65% tailings, 33% sodium silicate and 2% deionized water) and wa-
ter–binder ratio (0.23) were maintained constant for all the mixes. A
shear mixer (IKA Eurostar 20, Germany) was employed for mixing at a
speed of 1,000 rpm for 3 min to ensure homogeneous paste. The fresh
paste was then molded into six cylindrical (25 mm × 25 mm) plastic
molds and vibrated for 10 s in a Vortex–Genie 2 mixer (Scientific

Table 1
Chemical composition of silicate tailings in weight percentage.

Oxide (%) Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO Fe2O3

HM tailings 0.4 22.9 2.3 47.0 0.3 0.1 12.8 0.3 0.5 0.2 13.3
HA tailings 1.2 4.9 22.1 45.8 0.0 0.3 16.5 0.4 0.1 0.1 8.6
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Industries, Inc., USA). The fresh cylindrical specimens in the molds
were sealed in plastic bags and cured at 60 °C for 24 h. After demolding,
the specimens were stored at room temperature until testing. Of the six
cylindrical specimens, three replicates of each mix were tested for
compressive strength on the 7th day using a Zwick 100 testing machine
(Zwick Roell Group, Germany) with a maximum load capacity of 100
kN and a cross head speed of 3 mm/min. The other three specimens
were tested for water absorption by immersing the sample in a water
bath for 24 h and measuring the saturated mass (Wsat). The oven dry
weight (Wdry) of the specimens was measured after heating the samples
at 105 ± 2 °C for 24 h. Water absorption (Wabs) was then calculated by
Eq. (1).

=

−

×W
W W

W
(%)

( )
100abs

sat dry

dry (1)

Small pieces of the hardened, strength-tested paste samples were
stored in acetone to stop hydration. These specimens were then used for
characterization by QXRD, SEM and Fourier transform infrared spec-
troscopy (FTIR) as described earlier. An FTIR (Bruker VERTEX 80v
spectrometer, USA) was used to understand the structural changes in
the alkali-activated tailings. IR spectra were collected in the wavelength
range of 400 to 4,000 cm−1 with a resolution of 2 cm−1. A baseline
correction was done, and the spectra was normalized to compare dif-
ferent samples.

3. Results and discussion

3.1. Properties of processed tailings

3.1.1. Particle size distribution
The effect of mechanical grinding on the particle size distribution of

silicate tailings is shown in Fig. 1. Initially, 60% of the tailings had a
particle size less than 10 µm, which increased to more than 80% with
mechanical grinding for 16 min. With increased grinding time, the
median particle size D50 (Fig. 1) value of the tailings decreased by 50%
to 60%. Although grinding had a significant impact on particle size, its
effectiveness was related to the original particle size, the duration of the
grinding and the mineralogical composition of the tailings. For ex-
ample, with 8 min of grinding, the D50 of HM tailings is 2.74 µm; in-
creasing the grinding time to 16 min resulted in an additional 3% re-
duction in the median size of particles (Fig. 1a). However, HA tailings
showed a more significant size reduction (10%) with 16 min of grinding
(Fig. 1b). HM tailings would have already reached the ‘grinding limit’

beyond which grinding is no longer effective, whereas the HA tailings,
with an original larger particle size, needed longer periods of grinding
time to reach the grinding limit.

Another reason for the slightly higher D50 value of HA tailings
compared to HM tailings could also the agglomeration of the powdered
particles. This can be explained by the morphological characterization
of the milled samples with SEM images. Fig. 2 shows SEM images of HM
tailings milled for 2 min and 16 min. It is evident that the particles
milled for 16 min show agglomeration, which resulted in higher D50

values (Fig. 2b). On the other hand, the HA tailings (Fig. 3) showed no
such particle interaction and hence showed significant size reduction
and mineral liberation (Fig. 1b). A similar agglomeration effect is re-
ported in the mechanical activation of phyllite with the combination of
longer grinding time and finer particle size (Adesanya et al., 2020).

3.1.2. Mineralogical composition
The mineralogical composition of HM and HA tailings is given in

Figs. 4a and 5a, respectively. A quantitative representation of these
minerals with QXRD reveals the formation of amorphous content with
mechanical grinding of the tailings. The disruption of the structure of
the different minerals resulted from impact and shear force between the
particles due to grinding. The intensity of this action depends on the
type of mineral (Yusupov et al., 2007). In our study, the HM tailings
consisted of almost 70% tremolite, and the HA tailings comprised a
mixture of different minerals. Tremolite is a fibrous silicate mineral in
the amphibole group. The grinding of tremolite results in the reduction
of fiber size or, with prolonged grinding, the complete collapse of fibers
(Pacella et al., 2008; Bloise et al., 2018). However, the quantification of
the HM tailings shows that tremolite did not respond after 2 min of
grinding. Other minor minerals in the HM tailings such as clinochlore
(chlorite) and siderophyllite (mica) are layered minerals that show a
good response to grinding action. Chlorite is regularly stacked in 2:1
layers with a single positively charged octahedral interlayer, mostly
connected with hydrogen bonds (Stoops, 2018). These layered struc-
tures, specifically the interlayer of hydrogen bonds, are distorted by
milling, which disturbs the structural stability of the mineral (Conroy
et al., 2017). In the present study, this resulted in an increase of
amorphous content (2% to12%) with increasing grinding time, which
represents the reactive portion of the tailings after mechanical treat-
ment (Fig. 4b).

In the case of the HA tailings in our study, the major mineral was
anorthite (calcium aluminosilicates), which belongs to the feldspar
group. Anorthite is an inert phase; however, it can be mechanically

Fig. 1. Particle size distribution of tailings after mechanical processing, (a) HM (b) HA.
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activated by grinding/milling (Okada et al., 2003). Similar to HM
tailings, other minerals are present, such as clinochlore and cordierite,
that are distorted by mechanical treatment, resulting in almost 25–30%
of amorphous content at 8–16 min of grinding. For a fixed grinding
time, the efficiency of grinding is better in HA tailings. Interestingly,
this could be due to the presence of quartz in HA tailings, which is not
found in HM tailings. Zhao et al. (2017) studied the grinding kinetics of
quartz and chlorite as a binary mixture in different proportions and
found that the breakage behavior of the mixture followed a first-order
model with a linear relationship. Hence, the quartz present in the HA
tailings could have improved the grinding efficiency of minerals such as
anorthite, clinochlore and cordierite. Indeed, clinochlore reflections in
the HA tailings are no longer visible in the XRD spectrum of the 16-
min–milled sample (Fig. 5b), indicating a complete collapse of the
mineral structure.

3.1.3. Solubility in an alkaline environment
The relative solubility of the different elements is represented as the

percentage released in an alkaline environment with respect to the in-
itial content present in the tailings (Fig. 6). Despite the different mi-
neralogy of the tailings, the solubility of different elements was as low
as 0–2.5% in both the HM and HA tailings. Solubility improved with
grinding and, the longer the grinding time, the greater was the dis-
solution potential. At 16 min of grinding time in the HM and HA tail-
ings, the release of Al was 25% and 12%, respectively. This could be
due to the disruption of bonds and the disordering of the crystal
structure by the mechanical treatment of the tailings (Li and Hitch,
2017). When attacked by a high alkaline solution, the Al-O bond is the
easiest covalent bond to break compared to the Si-O, Mg-O and Fe-O
bonds. Although Mg-O and Fe-O dissolves with alkalinity, it can im-
mediately precipitate as solid metal hydroxide rather than a free species

Fig. 2. Morphology of HM tailings after (a) 2 min and (b) 16 min grinding.

Fig. 3. Morphology of HA tailings after (a) 2 min and (b) 16 min grinding.
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Fig. 4. XRD pattern (a) and mineralogical quantification (b) of HM tailings at different grinding time.
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like Al(OH)n or Si(OH)n. The QXRD of the tailings, shown in Figs. 4 and
5, illustrates the transformation of clinochlore, anorthite and cordierite
minerals from crystalline to an amorphous state, which would be the
reason for the enhanced dissolution of Al. Although a higher percentage
of Al release was found in the HM tailings, it should be noted that the
total amount of aluminum oxide is only 2.4% in these tailings.

With a similar silica content (Table 1), the dissolution of Si was
higher in the HA tailings (Fig. 6b) compared with the HM tailings
(Fig. 6a) at a constant grinding time. For instance, 9% Si was released
from the HA tailings at a grinding time of 16 min, whereas it was 7% for
the HM tailings. This could be related to the presence of tremolite in a
crystalline state, even after 16 min of grinding (Fig. 4). Tremolite is the
major silica mineral in HM tailings and is known for its inertness to-
wards mechanical activation due to its fibrous structure. The atomic
ratio correlation plot generated from an EDX area analysis of the
samples prepared using tailings milled at different grinding times is
shown in Fig. 7. The EDX analysis was conducted on ground samples, so
the chemical composition refers to that of the particle surfaces. The
corresponding mineral composition of each of the tailings containing Si,

Al and Mg is also indicated in Fig. 7 to understand their contribution to
the system. The surface of the HM tailings with a high magnesium
content (as oxide, 22.9%) is moving towards the right with a higher
Mg/Si ratio. However, there is no considerable increase in the upward
direction due to the low amount of aluminum (as oxide, 2.3%) content
in the system. The aluminum source for the HM tailings should be
mainly from siderophyllite, which is only 2% and still present in the
system even after 16 min of grinding time (Fig. 4) On the other hand,
the HA tailings with a high aluminum content (as oxide, 22.1%) show
the opposite trend of increase in distribution in the upward direction
with an increase in the Al/Si ratio. This is due to the minerals rich in
aluminum present in the HA tailings. Clinochlore in the HA tailings,
with an almost equal amount of aluminum and magnesium, which is
completely distorted at 16 mins grinding, might be the reason for the
minor increase in the Mg/Si ratio after 8 min.

Grinding might also influence the dissolution of other elements such
as Ca, Fe and Mg. However, the stochiometric release of elements and
preferential re-precipitation results in the formation of secondary
phases such as iron oxide, calcium hydroxide and hydrotalcite (Gislason
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Fig. 5. XRD pattern (a) and mineralogical quantification (b) of HA tailings at different grinding time.

Fig. 6. Solubility of HM (a) and HA (b) tailings in alkaline environment.
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and Oelkers, 2003; Sreenivasan et al., 2017). Hence, while these could
not be identified in the filtrate analyzed during the solubility test, ra-
ther it was present in the precipitate. These secondary phases in the
precipitates also contribute to the reactivity of the tailings and the
formation of a binder phase in the alkali activation, depending on the
pH and temperature (Konrad-Schmolke et al., 2018).

3.2. Properties of alkali activated tailing

3.2.1. X-ray diffraction of alkali activated tailings
The x-ray diffraction patterns of the alkali-activated HM and HA

tailings are shown in Figs. 8 and 9, respectively. The common phase
that is formed due to activation is calcium silicate hydrate (CSH), ir-
respective of the type of tailings. It is notable from QXRD that the
amount of CSH is higher in the HA tailings compared with the HM
tailings. This observation indicates that the leaching of calcium from
the HA tailings is considerably greater, even though, unable to identify
the same in the solubility analysis due to precipitation effect (Fig. 6b).
However, release of calcium in the system is well established in XRD
results which shows the amorphization of clinochlore and anorthite in
the HA tailings during the grinding process (Fig. 5).

Hydrotalcite (HT, Mg6Al2SO4(OH)16·nH2O), brucite (Mg(OH)2) and

magnesium silicate hydrates (MSH) were the magnesium-based pro-
ducts formed during the activation of the HM tailings (Fig. 8a). HM
tailings are rich in minerals bearing magnesium oxides, mainly clino-
chlore and tremolite (Fig. 4). The mechanical disturbance of the crystal
lattice in these minerals by grinding helped to release the magnesium,
which was then made available for the alkali activation. It is also im-
portant to note that with increased grinding time, the formation of
magnesium hydroxide was reduced, while MSH (quantified as unknown
in QXRD i.e., amorphous content) and hydrotalcite increased (Fig. 8b).
In MgO-SiO2 systems, the reaction rate of MgO is faster than the dis-
solution of silica, resulting in the preferential formation of Mg (OH)2
rather than MSH, which could also be the case here (Zhang et al.,
2018). A possible reason for the increase in MSH with increased
grinding time might be the enhancement in reactivity of the HM tail-
ings, which caused the high formation rate of MSH (Jin and Al-Tabbaa,
2014).

The XRD pattern of alkali-activated HA tailings with complex mi-
neralogy is more convoluted than that of HM tailings (Fig. 9a). The
main reaction products of HA tailings, as identified in Fig. 9, are cal-
cium silicate hydrate (CSH), calcium aluminum–silicate hydrate
(CASH), zeolite and gehlenite, mainly influenced by the high aluminum
content of these tailings.. Release of Al and Si (Fig. 6b) favoured an

Fig. 7. Elemental distribution of HM (a) and HA (b) tailings at different grinding time.

Fig. 8. X-ray diffraction patterns and QXRD of alkali activated HM tailings.
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increase in the quantity of layered CSH/CASH (Fig. 9b). The poly-
merization of silica/aluminosilicates resulted in the crystalline zeolite
phases (Zhou et al., 2016). Gehlenite (Ca2Al2SiO7) was identified to be
the dominant phase of unground aluminum-bearing minerals which,
when ground, results in the formation of layered structures
(Ca2Al2SiO8) (Okada et al., 2003). This could be the reason for the
minor variation of gehlenite with an increase in grinding time (Fig. 9b).

3.2.2. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of the alkali-activated tailings after grinding for

different amounts of time is shown in Fig. 10. The main Si-O-T (T: Si/
Al) asymmetric stretching bond vibrations are centred at a high fre-
quency (around 1050 cm−1) for HM tailings and move towards a lower
range (975 cm−1) for HA tailings. It is well known that the release of
magnesium reduces the pH of a system, compared to the portlandite
system with a high calcium content (Jin and Al-Tabbaa, 2014), in which
lower pH shifts the Si-O stretching peak towards a higher frequency
(García-Lodeiro et al., 2008). This is also the case with the typical silica-
rich C-S-H gel pattern observed in HM tailings at a higher frequency
(1164 cm−1), which move towards the right with increased grinding
time, indicating that the release of Mg affected the pH and hence also

the Si-O-Si vibrations (Fig. 10a). HA tailings with a high aluminum and
calcium content behave more like a portlandite system, and high pH
shifted the Si-O-T bond vibrations to the right with broader peaks
(Fig. 10b). The QXRD also indicates a continuous increase in CSH
content with increased grinding time for HA tailings, which is not the
case for HM tailings (Fig. 9b).

Zeolite formed in HA tailings is visible as a T-OH bond vibration at
wavenumber 870 cm−1, which disappears with increasing grinding
time. This could be due to the formation of crystalline zeolites at later
stages (Moisés et al., 2013), and this can be seen from the increase in
the zeolite peak intensity of the XRD curve (Fig. 9a). The broad bands
appearing between 1600 and 3600 cm−1 could be mainly due to –OH
stretching and H-O-H bending vibrations, which are observed in all the
alkali-activated tailings samples, irrespective of the type of tailings. The
peaks at 711 cm−1 and 1412 cm−1 can be assigned to the carbonate
vibrations, which are related to the presence of calcite in the alkali-
activated HA tailings (Fig. 9a). However, similar peaks are also ob-
served in the HM tailings, which could be due to the formation of hy-
drotalcite as it appears also in the XRD (Fig. 8a). Another possibility is
atmospheric carbonation during sample preparation (Yuan et al.,
2015).

Fig. 9. X-ray diffraction patterns and QXRD of alkali activated HA tailings.

Fig. 10. IR patterns for alkali activated HM (a) and HA (b) tailings.
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3.2.3. Strength and water absorption
The development of strength in alkali-activated silicate tailings with

different grinding times is shown in Fig. 11a. A tremendous increase in
compressive strength occurred with the increase in grinding time, ir-
respective of the type of tailings or their composition/mineralogy. In-
itially, the efficiency of grinding on strength improvement was high in
the HM tailings, compared to later stages. It is noticeable that com-
pressive strength increased from 1.1 MPa to 2.87 MPa in HM tailings
ground for 1 and 2 min, respectively. This is a remarkable 146% in-
crease compared to a 25%, 16% and 8% increase with each further
increase in grinding time. Tremolite is the major mineral present in HM
tailings (about 70%) and does not respond to grinding beyond 2 min
(Fig. 4). Thus, the increase in strength with longer grinding time could
be due to the effect of the other minor minerals present in HM.

The high aluminum and calcium content of the HA tailings resulted
in a high volume of the CASH/Zeolites binding phases and

corresponding high strength (Fig. 11a). Contrary to the HM tailings, the
HA-tailings showed a continuous improvement in compressive strength
with increases in grinding time. In fact, there was only a 30% increase
in the strength of the HA tailings at the first grinding stage (1 to 2 min),
which is almost 5 times lower than the strength eventually achieved in
the HM tailings. However, strength increased with further increases in
grinding time and reached a value of 7.14 Mpa, which is 42% higher
than that of the HM tailings at 16 min of grinding time. This could be
related to the increased aluminum release rate, which is thought to be a
critical controlling factor for mechanically strong and durable network
polymers (Hajimohammadi et al., 2010; Haha et al., 2012).

The water absorption value of alkali-activated silicate tailings sup-
ports the same trend and observations found in the compressive
strength results (Fig. 11b). The absorption was as high as 35% and 20%
for alkali-activated HM and HA tailings, respectively, at 1 min of
grinding time. However, there was a notable reduction in these values
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Fig. 11. 7-day compressive strength and water absorption of alkali activated tailings.

Fig. 12. Representative microstructure of alkali activated HM tailings.

Fig. 13. Representative microstructure of alkali activated HA tailings.
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with further grinding of the tailings. It is important to note that water
absorption was almost two times lower when the grinding time in-
creased from 1 to 16 min. This can be explained by the microstructural
modifications of these alkali-activated tailings with grinding time, al-
though this point will be revisited in this paper in the following dis-
cussion about microstructure of activated tailings.

3.2.4. Microstructure of activated processed tailings
The effect of grinding time and mineralogy on the microstructural

development of alkali-activated mine tailings is shown in Figs. 12 and
13. At a grinding time of 1 min, the fibrous tremolite in the HM tailings
is clearly visible (Fig. 12a), which complements the XRD data (Fig. 8a).
With an increase in grinding time to 4 min, a reduction in fibre size and
the presence of reaction products on the surface are noticed, indicating
that some of the tremolite has dissolved/reacted in the system
(Fig. 12b). However, dense and well-distributed reaction products are
seen in the alkali-activated HM tailings ground for 16 min (Fig. 12c).
This is accompanied by the improvement of compressive strength and
the reduction in water absorption of these alkali-activated tailings with
increased grinding time (Fig. 11). Similarly, HA tailings show im-
provement in microstructure with increased grinding time of the tail-
ings (Fig. 13 a-c). Microcracks are visible in the samples of tailings
ground for 1 and 4 min (Fig. 13a-b). However, the cracks disappeared
at 16 min of grinding time, and the microstructure is more homogenous
(Fig. 13c). The presence of microcracks explains the increased absorp-
tion at lower grinding times. The densification of the microstructure
could be related to the availability of reactive silica/aluminum in the
system as the particle size is reduced with longer grinding times (Fig. 6)
and, thus, other properties are improved.

4. Conclusions

This study focuses on the characteristics of silicate mine tailings
mechanically activated with different grinding times and their perfor-
mance as precursors in alkali activation. Mechanical activation resulted
in the development of promising material properties in mine wastes as
sole binders in an alkaline environment. The key findings of this work
include the following:

• Tremolite in silicate tailings does not respond to the grinding pro-
cess beyond 2 min. Minerals with a layered structure, such as clin-
ochlore, siderophyllite and anorthite, are distorted by mechanical
activation.

• The alkali activation of mechanically treated tailings resulted in the
formation of MSH, hydrotalcite and Mg(OH)2 in magnesium-domi-
nated silicate tailings, whereas CSH/CASH, zeolite and gehlenite are
the major phases of alkali-activated aluminum-rich silicate tailings.

• Mechanical activation results in increased compressive strength
with increased grinding times, irrespective of the mineralogy and
composition of the silicate tailings used. However, the precise per-
centage of increase is highly controlled by these factors. With in-
creased processing time, the microstructure of the developed alkali-
activated materials becomes denser and more uniform due to the
improvement in the dissolution potential and the increasing fineness
of the particles.

In conclusion, mechanical treatment could be a wise choice to im-
prove the reactivity and application potential of alkali activation of
silicate mine tailings. However, it is important to consider variations in
mineralogical composition and to chose the treatment method accord-
ingly.
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