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Abstract: This study develops alkali-activated mine tailing (MT)-based binders containing MT as
the major source material and slag (S) as a minor additive, using alkaline activators containing
sodium or potassium as the cationic species. The influence of the cationic species (Na or K), slag
content, alkalinity (expressed using the activator silica modulus, Ms), and alkali oxide-to-powder
ratio, n, on the setting behavior, paste rheology, early-age reaction kinetics, and compressive strength
development are discussed. The effects of using solid activators are also considered. Changes in Ms

values have a stronger impact on setting times compared to n values, underscoring the significant role
of silicate species from the activator in the initial reaction mechanisms. The type of cation and physical
state of the activator (in the case of K–Si-activated systems) are found to determine the dissolution rate
and mobility of ionic species in the system, resulting in significant differences in the early age reaction
mechanisms (e.g., K-based activators show >2× enhancement in early heat release as compared to Na-
based activators) of the alkali-activated binders prepared using the same activator parameters. The
difference in the viscosities of the activator solutions strongly influences the rheological characteristics
of the activated systems. MT-based binders with 28-day compressive strengths ranging from 10
to 35 MPa, which are suitable for several structural/non-structural applications, are attained. The
strong dependence of the compressive strength development on the alkali activation parameters and
slag content in the system presents an opportunity to develop sustainable binders, with MT as their
major constituent, to provide twin benefits of recycling MT wastes and mitigating the environmental
impacts associated with traditional ordinary Portland cement-based binder systems.
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1. Introduction

Mine tailings (MT) are the waste materials left behind after extracting valuable met-
als or components from minerals and ores during mining operations [1]. The environ-
mental concerns accompanying the enormous amount of MT wastes produced globally
(~5–7 billion tons [2,3]) are further aggravated by the high ratio of tailings to valuable
metals/components [4,5] and the difficulties in effective waste management practices in
the mining sector [6,7]. The conventional practice of disposing of tailings in tailing dams
carries with it the risk of polluting water bodies in case the tailing dams fail or discharge
untreated waste [8], and the accumulation of toxic constituents in the ecosystem [9–11]
that can contaminate food crops, water sources, and the air, leading to significant health
hazards [12–14]. Hence, it is essential to devise sustainable waste management strategies
to mitigate the risks associated with MT.

A growing trend in the sustainable disposal of MT involves their recycling in vari-
ous applications including construction materials, fertilizers, glasses and ceramics, and
automobile catalytic converters [15,16]. Recent studies have explored the feasibility of
incorporating MT into conventional concretes, as well as novel cementing systems such as
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inorganic polymers [17–19]. Since MT is primarily composed of silica, alumina, and cal-
cium oxide, similar to that in several building materials [20,21], they have been considered
potential candidates for inclusion in construction products [22–24]. However, their low
reactivity presents a challenge to use them as an independent binder constituent [3,25]. To
enhance the reactivity of MT and create binding systems comparable to those of ordinary
Portland cement (OPC)-based systems, several studies augment MT with Ca-containing
additives (such as slag) [3,25]. Although effective, this approach reduces the amount of
MT in the binder, consequently lowering the recycling efficiency. Researchers have also
opted for mechanical pretreatment [26,27] and thermal pretreatment [28,29] to enhance
the reactivity of MT for geopolymerization applications. However, both these methods
have their limitations. For instance, the energy requirements for dry and wet grinding in
mechanical activation have significant implications [30]. Moreover, the effect of mechanical
pretreatment on the compressive strength of the final geopolymer is less obvious than that
of adding supplementary cementing materials [25].

The presence of alumina and silica in MT presents a possibility that alkali activation
of MT can enhance their reactivities and produce more sustainable end products. The
overall process is similar to the alkali activation of common aluminosilicate precursors
such as fly ash or slag, which is a commonly expounded strategy to produce sustainable
binders with properties that are similar or superior to those of traditional cementitious
binders [31–33]. Furthermore, the formation of hydration products in alkali-activated slag
systems is reported to proceed adequately under moist curing [34]. The curing temperature
is less significant than the effects of activator concentration and type in these systems [35].
Since the energy implications of moist curing are much more favorable than those of
heat curing, alkali activation of MT becomes more favorable. The precursor composition,
alkalinity of the activator solution, and mixture design parameters including the liquid-
to-solid ratio and the amount of reactivity enhancers (e.g., slag) significantly influence
the fresh and later-age properties of the alkali-activated binders [36–39]. Additionally, the
type of the alkali cation and the amounts of alkali oxide and silica present in the system
also are reported to exert significant influence on the kinetics of the chemical reaction, the
composition of the reaction products formed, and the final binder properties [40,41].

In this paper, efforts are made to develop alkali-activated MT-based binders com-
prising MT as the main constituent and slag as a minor additive to enhance the overall
reactivity of the binder ingredients to attain desirable fresh and hardened properties. The
focus is on the influence of the activator cation type (Na or K) and the physical state of the
activator (liquid or solid) for different levels of total alkalinity provided by the activator
(defined as the ratio of alkali oxide to the total source material content, referred to as n),
and the molar ratio of silica-to-alkali oxide in the activator (Ms). Liquid sodium silicate
(waterglass), liquid potassium silicate, and solid potassium silicate are used as the three
primary activating agents, along with sodium or potassium hydroxide, to provide the
desired alkalinity levels. The influence of the aforementioned parameters on (a) setting
time, (b) rheological parameters (yield stress and plastic viscosity), (c) early-age hydration
kinetics, and (d) compressive strength as a function of curing time (3, 7, 14, and 28 days)
are discussed in detail in this paper. This study is expected to provide guidelines for
the development of sustainable alkali-activated binders with MT as a major constituent,
thereby allowing for the valorization of MT. Furthermore, the use of MT that contributes to
cement reduction leads to reductions in CO2 emissions, as well.

2. Experimental Program
2.1. Materials

Mine tailings (MT) obtained from a copper mine, provided by Freeport McMoRan
Inc. (FMI), were used as the primary binding material. The tailings were obtained in a
slurry form. They were dewatered, oven-dried at 80 ◦C for 24 h, and crushed into a fine
powder before being used in the paste and mortar mixtures. Ground granulated blast
furnace slag conforming to ASTM C 989 was used to replace 20% and 30% by mass of
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MT in the binder system, ensuring that the tailings remained the major component of the
binders. The chemical compositions of the binder (weight%) constituents, as obtained using
X-ray fluorescence (XRF), are summarized in Table 1. The copper MT does not contain any
detectable amounts of Ca but has a combined (SiO2 + Al2O3 + Fe2O3) > 85%, meeting the
chemical requirements of fly ash as per ASTM C 618. The specific gravities of MT and slag
were measured to be 2.76 and 2.92, respectively, using a gas pycnometer in accordance with
ASTM D 5550. The Blaine fineness of the MT and slag were determined to be 898 cm2/g, and
3950 cm2/g, respectively, using a Blaine Air Permeability Apparatus conforming to ASTM
C 204. The particle size distribution of the binder ingredients, determined using a laser
particle size analyzer, is shown in Figure 1. The median particle sizes (d50) were 38.63 µm,
and 12.33 µm for the MT and slag, respectively. This study used three different activating
agents to activate the binders: liquid sodium silicate (waterglass), liquid potassium silicate,
and solid potassium silicate. The as-obtained Na–Si solution had a solid content of 42.6%
and a silica modulus (molar SiO2-to-M2O ratio) or Ms of 1.60. The liquid K–Si had a solid
content of 39.2% and Ms of 2.10, and the solid K–Si had a solid content of 99.8% and Ms of
1.60. Sodium hydroxide (NaOH) or potassium hydroxide (KOH) was added to the Na–Si
or K–Si activators to reduce their Ms values to 1.0 and 1.5, as these values were shown to
result in efficient activation elsewhere [42].

Table 1. Chemical composition of the binder ingredients.

Binder Ingredients Chemical Composition

Mine tailings #
SiO2 (%) Al2O3 (%) SO3 (%) FexOy (%) SnO (%) MnO (%) TiO2 (%) Sb2O3 (%) P2O5 (%)

64.2 19.95 1.94 8.26 1.35 0.81 0.48 2.49 0.15

MgO (%) Na2O (%) K2O (%) CaO (%) LOI * (%)

GGBFS 39.4 8.49 2.83 0.37 12.05 0.27 0.80 35.53 1.31

*—Loss on ignition; #—Traces of oxides of Zr, Mo, and Zn were also detected in mine tailings.
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2.2. Mixture Proportions

As mentioned earlier, slag was used to replace 20% and 30% by mass of MT to develop
MT–slag (S) blends. The activator solutions were proportioned based on the following two
parameters: M2O-to-binder (where M is the alkali cation, Na or K) ratio (n) and the silica
modulus (molar SiO2-to-M2O ratio) (Ms) [37]. The activator solution, comprising silicate
(Na or K), hydroxide (NaOH or KOH), and water, was proportioned to have n values of
0.05 and 0.075 and Ms values of 1.0 and 1.5 [34]. For all the Na and K silicates, NaOH or
KOH was added to bring the activator Ms to 1.0 and 1.50. A water-to-binder (w/b) ratio in
the range of 0.35 to 0.45 (mass-based) has been shown to result in sufficient workability for
alkali-activated slag systems, based on our previous work [39]. Therefore, a w/b ratio of
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0.35 was selected for use in this study after the initial trials. Note that the water consists of
the liquid portion of the activator and the additional water required to obtain the desired
w/b (mass-based) ratio. Table 2 summarizes the amounts of activating agents required for
1000 g of binder (MT + slag) for an n value of 0.05 and the different Ms values used in this
study. The mortar mixtures prepared for compressive strength tests comprised 50% by
volume of river sand; 50 mm-sized cubes were moist cured in a chamber at 23 ± 2 ◦C and
>98% RH, and tested at four different ages.

Table 2. Amounts of activator agents for 1000 g of binder (MT + slag).

Activator Agent Liquid Na–Si Liquid K–Si Solid K–Si

Ms 1.0 1.5 1.0 1.5 1.0 1.5

Na/K silicate (g) 190.73 286.09 188.29 282.43 81.41 122.12

NaOH/KOH (g) 24.19 4.03 31.21 17.02 22.34 3.72

Water (g) 235.08 184.88 230.50 175.54 346.25 349.16

2.3. Test Methods

The setting times of the pastes were determined using the Vicat needle method in
accordance with ASTM C 191. Isothermal calorimetry experiments were carried out for
48 h at a temperature of 25 ◦C in accordance with ASTM C 1679. The activator solutions
were prepared separately and allowed to cool down to ambient temperature. The activator
solution was then added to the binder, and the mixture was mixed and placed in the
calorimeter. The time between mixing and placing in the calorimeter was around 1 min.
The compressive strengths of the selected binders were determined in accordance with
ASTM C 109; the 50 mm cubes were moist cured in a chamber at 23 ± 2 ◦C and >98% RH,
and tested at four different ages (3, 7, 14, and 28 days). At least three specimens from each
mixture were tested for strength.

The rheological properties of the paste were evaluated using TA Instruments’ AR
2000EX rotational rheometer with a vane geometry, which eliminates issues with slip in
rheological measurements, as reported in another study [43]. All the experiments were
carried out with the setup maintained at 25 ± 0.1 ◦C temperature. Approximately 40 mL
of paste was placed in the rheometer geometry using a disposable syringe. The time be-
tween adding the mixing activator solution and beginning the rheological experiment was
<5 min. A shear rate ramp study (strain-controlled), consisting of a pre-shear phase and a
ramp-up and ramp-down phase, was conducted to determine the yield stress and plastic
viscosity of the selected pastes. The pre-shear phase consisted of ramping up from an
initial shear rate of 10/s to 100/s in 75 s to homogenize the paste, followed immediately
by a ramp-down to 0.005/s. This phase is followed by a ramp-up phase from 0.005/s
to 100/s and a ramp-down phase from 100/s to 0.005/s. This procedure is represented
graphically in Figure 2. Excluding the pre-shear phase, data are acquired every second
until three consecutive torque measurements are within <8% of each other. At this time,
the experiment advances to the next shear rate. The yield stress and plastic viscosity of the
activated pastes are determined by using the Bingham model. The Bingham model fits a
linear model to the flow curves (shear stress vs. shear rate) as per Equation (1).

τ = µpγ+ τy (1)

where τ = shear stress (Pa); µp = plastic viscosity (Pa-s); γ = shear rate (1/s); and τy = yield
stress (Pa).
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3. Results and Discussion
3.1. Setting Times

Setting time is used here to identify acceptable binder compositions and activator
parameters (n and Ms values) for further studies on rheology, reaction kinetics, and me-
chanical properties. When using solid activators, in this case, solid K–Si, alkali-activated
binders can be prepared either by blending the solid activator with the binder constituents
and then adding the requisite amount of mixing water or adding a premixed activator
solution made from the solid activator (cooled to room temperature) directly, in which case
the desired amounts of solid activator and corresponding hydroxide are dissolved in water
at room temperature. It is essential to note that the preparation method could influence the
early-age properties of the binder. In this study, the solid K–Si and KOH were dissolved in
water at room temperature and allowed to cool down before mixing the solution with the
binder ingredients. However, it is also possible to add the solid activator directly to the
powder so as to create one-part alkali-activated binder systems, as demonstrated in our
previous work [41].

The initial and final setting times of all the binder mixtures examined here are shown
in Table 3. The setting times are generally found to decrease with an increase in slag content
in the binder system. This is attributable to the enhanced availability of Ca2+ ions (liberated
from the surface of the slag particles) that combine with [SiO4]4− ions liberated from Na–Si
or K–Si, enhancing the amount of early reaction product formation [44,45]. The Na2O
content (proportional to the n value) has a significant effect on the setting times, as has
been elucidated in our previous work on pure fly ash or slag-based activated binders [38].
In this study, it is observed that the set times are delayed with an increase in the n value
of the activator solutions, indicating that there is an ideal pH range that influences setting
times, as noted elsewhere, as well [46]. A high pH level increases the presence of Si and Al
in the solution while decreasing the concentration of Ca. A higher silicate concentration
in the activator also hinders the precipitation kinetics of aluminate phases in slag [44,46],
leading to reduced set times.
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Table 3. Initial and final setting times of MT–S blends comprising 20% and 30% slag content by
mass and prepared with liquid sodium (Na)–silicate (Si), liquid potassium (K)–silicate (Si), and solid
potassium (K)–silicate (Si) at different n and Ms values used in this study.

Binder
Composition

Activator Parameters Initial Setting
Time (min)

Final Setting
Time (min)Activator Type Ms n

80 Mine tailing
(MT)–20 slag (S)

Liquid sodium
(Na)–silicate (Si)

1.0
0.050 92 108

0.075 94 200

1.5
0.050 58 93

0.075 124 177

70 Mine tailing
(MT)–30 slag (S)

1.0
0.050 39 90

0.075 58 101

1.5
0.050 42 63

0.075 74 106

80 Mine tailing
(MT)–20 slag (S)

Liquid potassium
(K)–silicate (Si)

1.0
0.050 15 48

0.075 23 38

1.5
0.050 297 573

0.075 >720 - *

70 Mine tailing
(MT)–30 slag (S)

1.0
0.050 14 37

0.075 15 27

1.5
0.050 146 196

0.075 287.75 766

80 Mine tailing
(MT)–20 slag (S)

Solid potassium
(K)–silicate (Si)

1.0
0.050 26 61

0.075 27 47

1.5
0.050 718 825

0.075 >720 -

70 Mine tailing
(MT)–30 slag (S)

1.0
0.050 16 29

0.075 21 39

1.5
0.050 222 245

0.075 668 726

*—Final setting time for blends with initial setting time > 720 min was not recorded.

The setting times are more susceptible to changes in Ms values than n values, further
emphasizing the influence of silicate species from the activator on the very early reac-
tion mechanisms. Setting times for all the MT–S blends prepared in this study increase
considerably with an increase in Ms value, which is attributed to the excess silicates and
not enough alkaline species to sever the silica ions in silicate chains and incorporate the
aluminum ion in the gel structure to form calcium aluminosilicate hydrate (C–(A)–S–H)
gel in the presence of M+ ions [40,47,48]. At a lower Ms value, the higher alkalinity of the
systems enhances the initial dissolution rate for both Na–Si- and K–Si-activated blends,
with consequent precipitation of an insoluble, low Ca/Si molar ratio product (Al-rich gel).
There is a higher amount of OH− ions in the solution to break further Si–O and Al–O bonds
to react with Ca2+ ions to form C–(A)–S–H gel, in these cases. The solid K–Si-activated
MT–S blends have higher setting times than their counterparts activated using liquid K–Si,
which is attributable to the reduced levels of silica dissolution from solid activators [38],
which impedes the formation of hydration reaction products. The MT–S blends with faster
initial setting times can be used in repair applications.
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3.2. Rheological Characterization

Figure 3 shows the yield stress and plastic viscosity of the activated MT–S binders
used in this study. The yield stress is defined as the minimum stress required to initiate or
maintain flow, and the resistance offered by a fluid to flow freely is quantified as plastic
viscosity. The rheological characteristics of suspensions typically depend on the volume
and characteristics of the suspending fluid and the size, shape, and concentration of the
suspending particles [49–52]. The variation in rheological parameters of MT–S binders
as a function of slag content and activator type and parameters are shown in Figure 3.
Na–Si-activated MT–S binders demonstrate significantly lower yield stress and plastic
viscosity than the K–Si-activated binders proportioned using similar n and Ms values. This
can be explained by considering the difference in the rheological behavior of the NaOH
and KOH solutions and the silicate-bearing activators. The presence of colloidal Si–O–H–M
complexes (where M denotes Na or K species) in concentrated alkali solutions increases the
solution viscosity [53]. At equivalent concentrations, the viscosity of the NaOH solution is
significantly higher than the corresponding KOH solution (for example, ~3 times higher at
a concentration of 8 mol/L), which is attributable to the higher charge density of Na+ ions
resulting in higher ion-dipole forces in the NaOH solutions. Note that to obtain identical n
and Ms values for N–Si and K–Si activators, more Na–Si is needed (than K–Si) due to the
lower molecular weight of sodium. This results in non-equivalent ion-dipole forces in these
solutions, resulting in Na-bearing silicate solutions showing higher viscosities. Thus, the
overall higher viscosity of the activator solution comprising Na–Si and NaOH compared
to the solution containing K–Si and KOH is responsible for the higher viscosity and yield
stress of the Na–Si-activated MT–S binders.

The yield stress of MT–S binders activated using the same activator decreases with
increasing slag content at similar n and Ms values. Yield stress reduction has also been
noticed with increasing the slag addition in Portland cement pastes [54], and the behavior
is attributed to the changes in resultant interparticle forces (van der Waals forces). As the
slag content in the binder increases, the homogeneity of the mixture decreases, and the
interparticle spacing between the MT particles increases, consequentially reducing the
interparticle attraction forces between them, resulting in the reduction in the yield stress
of the pastes. Similar observations are reported in another study, where adding limestone
to the cement binder reduced yield stress [55]. The yield stress of Na–Si-activated binders
increases with an increase in n or Ms value at a similar slag content. This is primarily
attributed to increased activator solution viscosity, as explained earlier.

For K–Si-activated binders, the yield stress approaches zero, suggesting Newtonian
behavior, an observation that has been reported on alkali-activated fly ash suspensions [56].
Increasing the n value decreases the yield stress of the K–Si-activated binders, while the
plastic viscosities are rather invariant. Increasing the amount of activator solution increases
the particle spacing, thereby increasing the fluid film thickness around the binder particles,
thus decreasing the yield stress [56]. The effect is prominent in K–Si-activated binders
likely due to the lower viscosity of the K–Si activator solution, as mentioned earlier. Both
the activation solution viscosity and the alkali cation are found to greatly influence the
rheology of activated MT–S binders, and thus demand careful attention during mixture
design and optimization.

3.3. Isothermal Calorimetry

Figure 4a,b shows the heat evolution curves up to 48 h for liquid Na–Si-activated
MT–S blends proportioned using n values of 0.05 and 0.075 and Ms values of 1.0 and
1.5. The heat evolution curves for liquid K–Si-activated MT–S blends are presented in
Figure 4c,d, while for those activated using solid K–Si, the curves are shown in Figure 4e,f.
Table 4 comprehensively summarizes the salient observations obtained from the isothermal
calorimetry tests for all the blends and activator parameters used in this study.
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the solution viscosity [53]. At equivalent concentrations, the viscosity of the NaOH solu-
tion is significantly higher than the corresponding KOH solution (for example, ~3 times 
higher at a concentration of 8 mol/L), which is attributable to the higher charge density of 
Na+ ions resulting in higher ion-dipole forces in the NaOH solutions. Note that to obtain 
identical n and Ms values for N–Si and K–Si activators, more Na–Si is needed (than K–Si) 
due to the lower molecular weight of sodium. This results in non-equivalent ion-dipole 
forces in these solutions, resulting in Na-bearing silicate solutions showing higher viscos-
ities. Thus, the overall higher viscosity of the activator solution comprising Na–Si and 
NaOH compared to the solution containing K–Si and KOH is responsible for the higher 
viscosity and yield stress of the Na–Si-activated MT–S binders.  
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An increase in slag content increases the cumulative heat released, irrespective of
the activator type, attributable to an increase in the amount of Ca2+ ions that combine
with [SiO4]4− ions liberated from the activator solution, enhancing the hydration product
formation [44]. The increase is more pronounced at higher alkalinity levels, attained using
a lower Ms value combined with a higher n value. This is expected, since higher alkalinity
results in an increased dissolution of silica along with the liberation of Ca2+ ions, and
thus increases the potential for the formation of more amounts of reaction products, such
as C–(A)–S–H gel. The alkali activation parameters also significantly influence the heat
release behavior. When the Ms value is lowered through the addition of alkali hydroxides,
the initial dissolution rate is enhanced for both Na–Si- and K–Si-activated mixtures [40],
which is evident from the higher initial heat release peak for all the activated MT–S blends
proportioned using a Ms value of 1.0 compared to those prepared using a Ms value of 1.5,
as noticed in Figure 4. The effect is more pronounced at a higher slag content and alkalinity
(attained by using a higher n value). The magnitude of the first peak heat release and the
increases with the increase in n value are attributable to improved reaction kinetics due
to the higher alkalinity of the system, as explained earlier. The cumulative heat released
for K–Si-activated MT–S blends (see Table 4) proportioned using an Ms value of 1.5 is
relatively insignificant, indicating that the alkalinity levels produced are not sufficient,
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even though the initial heat release peak is higher compared to the Na–Si-activated MT–S
blends at similar n values and an Ms of 1.5. This brings out the cationic influence on
activation reactions, especially in conjunction with the concentration in the anionic (e.g.,
silicate) species, as evidenced by the low cumulative heat release (and negligible strengths)
at higher Ms values when K–Si is used as an activator.
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Table 4. Heat release response parameters of MT–S blends comprising 20% and 30% slag content by
mass and prepared with liquid sodium (Na)–silicate (Si), liquid potassium (K)–silicate (Si), and solid
potassium (K)–silicate (Si) at different n and Ms values used in this study.

Binder Composition

Activation Parameters Magnitude of Peak
(mW/g Binder) Time to Peak (h) Cumulative

Heat (J/g
Binder)Activator Type Ms n First Peak Second

Peak First Peak Second
Peak

80 Mine tailing (MT)–20 slag (S)

Liquid sodium
(Na)–silicate (Si)

1.00
0.050 4.88 0.63 0.12 13.40 53.41

0.075 5.90 - 0.12 - 65.89

1.50
0.050 0.81 2.49 0.02 0.70 48.32

0.075 3.30 2.89 0.02 0.60 58.97

70 Mine tailing (MT)–30 slag (S)

1.00
0.050 3.37 1.17 0.25 9.00 67.61

0.075 4.26 - 0.28 - 78.81

1.50
0.050 0.91 3.28 0.02 0.58 57.84

0.075 3.94 - 0.65 - 61.65

80 Mine tailing (MT)–20 slag (S)

Liquid potassium
(K)–silicate (Si)

1.00
0.050 7.34 - 0.08 - 55.28

0.075 10.27 - 0.12 - 61.18

1.50
0.050 4.52 - 0.04 - 9.46

0.075 3.41 - 0.05 - 11.60

70 Mine tailing (MT)–30 slag (S)

1.00
0.050 8.16 - 0.07 - 75.80

0.075 12.00 - 0.21 - 80.19

1.50
0.050 1.65 - 0.02 - 6.25

0.075 3.76 - 0.03 - 6.41

80 Mine tailing (MT)–20 slag (S)

Powdered potassium
(K)–silicate (Si)

1.00
0.050 9.61 - 0.05 - 58.34

0.075 8.15 - 0.23 - 59.72

1.50
0.050 4.59 - 0.06 - 15.14

0.075 4.59 - 0.05 - 12.47

70 Mine tailing (MT)–30 slag (S)

1.00
0.050 6.01 5.80 0.05 0.40 68.27

0.075 12.79 - 0.22 - 78.89

1.50
0.050 2.32 - 0.04 - 8.36

0.075 2.52 - 0.03 - 8.95

The calorimetric response for liquid Na–Si-activated MT–S blends (Figure 4a,b) pre-
pared at higher alkalinity levels (higher n value and lower Ms value) shows a single major
heat release peak, which is attributed to the combination of both the wetting and dissolu-
tion of binder particles and the formation of early reaction products [37]. It has also been
reported that at higher alkalinity levels, the larger early peak could mask the subsequent
peak and, in some cases, may just be detected as a shoulder in the main peak [44]. At
lower alkalinity, a second heat release peak is observed shortly after the first heat release
peak. The second heat release peak is observed at much later times for MT–S blends
proportioned using an n value of 0.05 and Ms of 1.0. Here, the first narrow peak within
the first few hours of mixing corresponds to the wetting and dissolution of the Ca-bearing
compounds [38,45]. The initial peak is followed by a dormant period, which is succeeded
by an acceleration peak that is smaller in magnitude and is generally attributed to the
formation of reaction products, such as calcium silicate hydrate (C–S–H) and C–(A)–S–H
gels [57]. The K–Si-activated MT–S blends show a significantly higher heat release peak
than their Na–Si-activated counterparts, as shown in Figure 4c–f (though the total heat
released after 48 h is negligible at higher Ms values, as shown in Table 4). For instance, the
magnitude of single peak heat release for the MT–S blend comprising 30% slag content
and proportioned at an n and Ms value of 0.075 and 1.0 increases from 4.23 mW/g binder
to 12.0 mW/g binder, and 12.79 mW/g binder when activated with liquid K–Si and solid
K–Si, respectively, instead of liquid Na–Si. This is in line with our previous study, where
K-silicate-activated slag pastes demonstrated higher intensities of acceleration peak and
higher rates of the reaction acceleration phase [40]. The smaller ionic radius of the solvated
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K+ ion [58,59] results in faster ionic movement through the system and, thus, a reduced
dormant period and a more intense acceleration peak [40]. Furthermore, the lower viscosity
of the K–Si activator solution than the Na–Si activator solution also contributes to faster
ionic movement and consequently increased reactivity and heat release [56].

3.4. Compressive Strength

The compressive strengths of Na–Si- and K–Si-activated MT–S mortar binders were
determined after 3, 7, 14, and 28 days of moist curing to understand the influence of curing
age, slag content, activator parameters, and cationic species on the mechanical properties
of the binder. Figure 5a,b shows the strength development of liquid Na–Si-activated MT–
S binders comprising 20% and 30% slag content by mass of binder, respectively. The
compressive strength development of the liquid and solid K–Si-activated MT–S binders is
shown in Figure 5c,d. The MT–S binders activated using a liquid or solid K–Si activator
having an Ms value of 1.5 showed strengths ≤ 2 MPa, even after 28 days of curing; thus,
they are not shown here. This is in line with isothermal calorimetry results, where the
cumulative heat released at the end of 48 h was significantly lower (≤16 J/g binder) for
liquid or solid K–Si-activated MT–S blends at this Ms value compared to all other blends
(≥48 J/g binder), as explained earlier.

The rate of strength development shown in Figure 5 provides an indication of the
time-dependent formation of reaction products and consequent space filling. It can be
seen from Figure 5 that the compressive strengths of all the MT–S mortars increase with an
increase in n value. This can be attributed to the following reasons: (i) the increased amount
of OH− ions in the solution results in an increased dissolution of the Si along with the
liberation of Ca2+, increasing the potential for the formation of C–(A)–s–H gels [60]; (ii) the
water-impermeable layer on the surface of the binder particles is disturbed by the alkaline
activator, leading to faster reaction rates and formation of more reaction products [61,62];
and (iii) more sodium silicate is present in the activator solution at a higher n value,
resulting in the formation of more silica-containing gel (due to a higher concentration of
[SiO4]4− ions), lowering the Ca/Si ratio of the reaction products, which is also reported
to result in higher compressive strengths [42]. Similar reasons can be used to explain the
increase in compressive strengths of liquid Na–Si-activated MT–S binders when a lower Ms
value is used. The increase in strength observed between the 3rd and 28th days is relatively
minimal when the alkalinity levels are low (n value of 0.05). However, at higher alkalinity
levels (n value of 0.075), a noticeable improvement in strength is evident from the 14th to
28th days, as observed in Figure 5.

An increase in slag content increases the compressive strengths of MT–S binders,
irrespective of the activator type and parameters. This is attributable to the formation
of more amounts of strength-imparting reaction products, such as C–(A)–s–H gel. The
compressive strengths for MT–S binders proportioned at an n value of 0.05 and Ms of 1.0,
and activated using liquid Na–Si, liquid K–Si, and solid K–Si, increased from 14.5 MPa,
11.7 MPa, and 12.07 MPa, to 29.3 MPa, 17.5 MPa, and 20.8 MPa, respectively, when the slag
content in the binder increased from 20% to 30%. In general, the compressive strengths
of liquid Na–Si-activated binders were higher than those activated using liquid or solid
K–Si activators, attributable to the increased amounts of reaction product formation in
Na–Si-activated systems [40] and the likely enhancement in the degree of silicate polymer-
ization, since the Na+ cation better coagulates with monomeric silicates species [63]. The
compressive strengths of solid K–Si-activated mortars are found to be marginally higher
than mortars activated using liquid K–Si.

Overall, alkali activation of MT–S binders allows the production of sustainable binders
containing MT as their primary constituent, with 28-day compressive strengths ranging
from 10–35 MPa, which is appropriate for many concrete applications. MT–S concretes
with even higher strengths can be produced by increasing the slag content (e.g., up to 50%).
Even though higher alkalinity has been shown to lead to further strength enhancements, it
is preferred to maintain the alkali content below a certain threshold, since higher amounts
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could contribute to carbonation and leaching [34,64]. It is thus important to optimize
the mix proportions (binder ingredients and activator parameters) to ensure the desired
performance of MT-based binders.
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4. Conclusions

The study explored the impact of varying levels of alkalinity, represented by the M2O-
to-binder ratio (n) (M being the Na+ or K+ cation), as well as the activator’s SiO2-to-M2O
ratio (Ms) on setting times, rheological characteristics (yield stress and plastic viscosity,
specifically), early-stage hydration kinetics, and compressive strength development of mine
tailing (MT)-based binder systems. Three distinct activators were used: liquid sodium
(Na)–silicate (Si), liquid potassium (K)–silicate (Si), and solid potassium (K)–silicate (Si), in
combination with NaOH or KOH to reduce the silica modulus as desired. Slag was used
as a minor additive (20% and 30% by mass of MT); higher levels of slag expedited early
reaction product formation. The significance of the Ms value on setting times was revealed;
elevated Ms values corresponded to prolonged setting times. Liquid K–Si-activated blends
exhibited shorter setting times compared to the liquid Na–Si-activated blends due to higher
early-age reactivity, facilitated by the higher ionic mobility of solvated K+ ions. However,
blends activated by solid K–Si demonstrated extended setting times compared to their
liquid K–Si counterparts due to limited silica dissolution from solid activators. The effects
of the physical state of the activator on early-age reaction mechanisms were thus identified.

Yield stress was found to decrease as the slag content increased. Na–Si-activated
binders displayed an increase in yield stress, with higher n or Ms values, because of the
higher activator solution viscosity. On the other hand, K–Si-activated binders manifested a
Newtonian behavior. Elevating the n value in K–Si binders diminished yield stress, while
plastic viscosities remained relatively stable. Isothermal calorimetry tests showed that
liquid K–Si-activated blends display higher heat release peaks than liquid Na–Si-activated
blends, indicative of greater early-age reactivity. In addition, improved alkalinity achieved
through lowered Ms or elevated n positively affected heat release for both Na–Si- and
K–Si-activated blends. Examinations of compressive strength revealed that Na–Si-activated
binders outperformed their K–Si-activated counterparts, primarily due to increased reaction
product formation and enhanced silicate polymerization. Elevating slag content in the
binder formulations enhanced the compressive strengths, as expected.

This work has highlighted the pivotal role of activation parameters and binder con-
stituents in determining the attributes of alkali-activated MT–S binders. A comprehensive
understanding of these parameters’ effects on setting time, rheology parameters, reactiv-
ity, and mechanical properties is essential in the selection of optimal mixture parameters,
which can be tailored to attain specific properties for the intended applications, as well
as to maximize the content of waste or by-product materials in these applications, which
eventually will reduce the CO2 impact of binder systems. While it is also critical to evaluate
the durability properties, such as ionic and moisture transport characteristics, leaching
behavior, etc., of these materials to ensure their suitable field implementation, this is not
described in this paper.
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