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Abstract: Over 14 billion tons of mine tailings are produced throughout the world each year, and this
type of waste is generally stored onsite indefinitely. Alkali activation is a promising strategy for the
reuse of mine tailings to produce construction materials, converting this waste stream into a value-
added product. One major problem with alkali-activated mine tailings is their low durability in water
(i.e., low hydrolytic stability). In this article, the influence of a mixed sodium hydroxide/sodium
silicate alkali activator on the compressive strength, hydrolytic stability, and microstructure of alkali-
activated materials (AAMSs) were systematically investigated. XRD, FTIR, NMR, and NAD were used
to investigate microstructural changes, and a water immersion test was used to show improvements
in hydrolytic stability. For gold mine tailings activated with pure sodium hydroxide, the compressive
strength was 15 MPa and a seven-day water immersion test caused a strength loss of 70%. With an
addition of 1 M sodium silicate in the activator, the AAMs achieved a compressive strength of over
30 MPa and strength loss of only 45%. This paper proposes a mechanism explaining why the strength
and hydrolytic stability of AAMs are dependent on the dosage of soluble silicate. A high dosage of
sodium silicate inhibits the depolymerization of the source material, which results in a sample with
less amorphous aluminosilicate gel and, therefore, lower hydrolytic stability.

Keywords: alkali activation; mine tailings; sodium silicate; durability; sustainable construction
materials; hydrolytic stability

1. Introduction

Extractive mining produces a large volume of potentially hazardous waste in the form
of mine tailings, which are the ground rock and process effluents left over after mineral
processing. The mine tailings are usually discharged into ponds contained by earthen
dams, where they are stored indefinitely. Although the tailing ponds are intended to safely
contain any hazardous materials, the stored mine tailings still can pose an environmental
and human health risk as the heavy metals and toxins in the tailings can easily spread to
the surrounding soil [1], microbial organisms [2,3] and the environment [4]. In addition,
the failure rate of tailing dams is approximately one disaster every eight months [5]. With
over 14 billion tons of mine tailings produced globally in 2022 [6], the utilization of this
waste stream for the production of value-added products is an exciting opportunity.

Alkali activation is a promising strategy that can utilize the aluminosilicates in the
mine tailings to produce a beneficial construction material instead of the tailings just acting
as a filler [7-9]. The alkali activator is a strongly alkaline solution used to depolymerize the
aluminosilicates in the waste material, which produces silicate and aluminate monomers.
These building blocks from the source material (plus any extra silica or alumina provided
by the alkali activator) then interact and chemically bond to form progressively larger
structures through condensation reactions that produce a bridging oxygen molecule. The
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3D polymer structure develops through repeated condensation reactions, forming an amor-
phous aluminosilicate gel. The alkali-activated material (AAM) is then consolidated and
cured, often at a slightly elevated temperature (30-80 °C) to accelerate the reaction [10,11].
This dissolution—condensation—curing process is shown in Figure 1.

\

Source material

Alkali Activator . Polysialate Structures
dissolveg
(o) .
oo i :"p:', ...' Si:Al=1 Si:Al=2
: e WK
. e ﬁ' & "o
Mine Tailings ¢ °
[ . o " ..6' Y
"-":0 '_t ‘< &, V-..:‘.-o
° © S
( \ Si:Al=3 Si:Al>3
Polycondensation
i _
Aluminum @ -;Q?:I“g, e Oligomers
B "‘., | 4 Monomers
Silicon . ) h‘- . R
o L. ¥
Oxygen @ 3D Network ?' .ﬁ“l‘ .u“v
)
[} [

Sodium ® \ Structure )

Figure 1. Molecular model of source material dissolution, condensation, and hardening of final
AAM structure.

Mine tailings-based AAMs can exhibit compressive strengths of 5-20 MPa [12-14], but
the loosely held alkali ions are easily dissolved in water and the aluminosilicate gel can
be destroyed by immersion in water. Studies such as [15-18] have indeed reported poor
hydrolytic stability for alkali-activated mine tailings specimens with a strength loss of 70%
or more after soaking in water. These studies have cited “incomplete reaction” as the reason
for this low integrity in water immersion and suggest adding additional aluminosilicate
sources such as fly ash or blast furnace slag to improve the durability properties [17].
These co-binders provide additional silicate and aluminate monomers for reaction, which
improves the degree of reaction and, therefore, the compressive strength. According
to Wang et.al., increasing the dosage of steel slag from 0-80% increased the compressive
strength of geopolymers from 33 to 56 MPa, while the strength retained after 7 days of water
immersion was consistently around 50%. While the compressive strength improvements
do not directly indicate the degree of reaction, it does act as a proxy measurement because
the polymerized aluminosilicate gel is the main strength-contributing phase [19].

Most studies that produce mine tailings-based AAM bricks that meet ASTM standards
require a high dosage of co-binders or supplementary cementitious materials [9,13]. While a
co-binder can improve the mechanical and durability properties of produced AAMs, adding
additional source materials is expensive and runs counter to the goal of immobilizing the
highest possible volume of tailings. Instead of using additional aluminosilicate sources,
these silicate monomers could be provided via co-activation. Co-activation refers to using
a mixed alkali activator composed of an alkali hydroxide and an alkali silicate in solution.

This paper brings together disparate areas of research to explain the co-activation of
low-reactivity wastes (such as mine tailings). A previous study found that many different
types of mine tailings exhibit less than 5% dissolution of their initial aluminosilicates after
24 h in an alkaline solution [20]. During the same time period, ground granulated blast
furnace slag and metakaolin showed about 60 and 80% dissolution of aluminosilicates,
respectively. Because mine tailings have a low solubility of aluminosilicates, there is a lack
of silicate and aluminate monomers available for reaction. Even if additional monomers are
provided via the addition of co-binders or co-activators, the low-reactivity source material
can act more as a filler and fails to be well-integrated into the AAM matrix. Therefore,
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a careful mix design that maximizes the dissolution and polymerization of the source
material is critical for the maximum compressive strength and durability of the final AAM.

Previous studies on the use of sodium silicate in the alkali activator have observed
that an increase in sodium silicate concentration postpones the strength development of
geopolymers, which was attributed to an overly high pH in the system [21]. Another
study found that the maximum compressive strength of geopolymers was achieved at
a S5i0,/NayO ratio between 1.0 and 1.26, which is in agreement with other published
literature as well [22]. The decline in compressive strength at high dosages of silicate was
attributed to hindering the evaporation of water and thus preventing contact between the
solids and the activator. However, the specific mechanism of silicate incorporation into
the AAM matrix is not well understood. Additionally, the behavior of the mine tailing-
based AAM in water is a critical component of performance that has not been adequately
addressed in the literature.

This study investigated the activator’s composition, its role in alkali activation, and its
influence on the microstructure of alkali-activated materials. The aim of this paper is to
understand the mechanism for the incorporation of soluble silicate into the AAM structure
and the processes of co-activation that influence the hydrolytic stability of produced AAMs.
In this paper, the process—structure-property relationships were explored, and a mechanism
is proposed for the incorporation of silicate that accounts for the dosage dependence of the
beneficiating effect. Other studies that have prepared AAMs from mine tailings without a
high dosage of co-binder (i.e., fly ash, metakaolin, blast furnace slag) have all reported a
significant problem with the materials’ durability in water [13,16,17]. This study shows that
the addition of sodium silicate to the alkali activator can improve the strength retention
after seven days of water immersion, and the subsequent microstructural analyses are
intended to explain this improvement.

2. Materials and Methods
2.1. Mine Tailings

Gold mine tailings were obtained from an artisanal mine near Vitor in the Arequipa
region of Peru, which contains about 1.3 million cubic meters of mine tailings deposited in
a geomembrane-lined pond. This specific mine is an artisanal site which had no long-term
plan for tailings storage or monitoring, so this research was intended to create value-
added products using the tailings as the source material. The mine tailings were dried
and homogenized prior to their use. Physical characterization tests included: (a) Harvard
miniature compaction testing to determine the optimum moisture content and maximum
dry density according to US Bureau of Reclamation standard GR-84-14 [23]; (b) sieve
analysis and hydrometer testing to determine the particle size distribution according to
ASTM C136 and D7928, respectively [24,25]; and (c) Atterberg testing to find the liquid
limit, plastic limit, and plasticity index according to ASTM D4318 with hand-rolling and
multi-point interpolation [26]. The purpose of plasticity testing was to characterize the clay
fraction of the tailings, which affects the swelling behavior of the produced bricks. Based
on the results of these tests, the tailings would be classified as AASHTO group A-4 or USCS
group SM (silty sand). Figure 2 shows the particle size distribution of the mine tailings
along with the results of other physical testing.

Mineralogical composition was determined through X-ray diffraction (XRD). By match-
ing the peak position to the PDF 4+ database from the International Centre for Diffraction
Data, the phase composition of the tailings could be determined. The most prevalent
mineral in the specimens was quartz, with minor components of albite and muscovite.
Diamond powder was used as an internal standard to calibrate the specimen displacement
and correct the offset of the peak positions. A more detailed discussion of this treatment
and the XRD measurement parameters is presented in Section 2.5, and the XRD pattern is
shown in Figure 3.
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Figure 2. Particle size distribution and summary of the physical properties of Vitor mine tailings
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Figure 3. XRD spectrum of raw mine tailings with phase identification using ICDD PDF 4+ database.

The chemical composition of the tailings was determined semi-quantitatively using
SEM-EDS. The weight percentage of each element was estimated by measuring the quantity
of the characteristic X-rays emitted; these values were then averaged over five EDS scans
to maximize the accuracy. The oxide composition of the mine tailings is shown in Table 1.
X-ray fluorescence was used to confirm the presence of heavy metals such as iron, copper,
arsenic, and zinc. However, XRF cannot quantify the lighter elements like Si and Al, so
EDS was exclusively used for the quantification. As expected, silicon and aluminum were
the most prevalent elements, both of which are crucial for a successful alkali activation
reaction [27,28]. The Si/ Al ratio of the tailings was 5.6 and the Si/ (Al + Fe) ratio was 1.6.
The specific contaminants of concern in these gold mine tailings include chromium, arsenic,
iron, copper, and zinc.

Table 1. Oxides composition of Vitor gold mine tailings.

Si02 F9203

ALO;

K,O MgO  As;03 Na,O ZnO CuO TiOy NiO CoO Other

55.1% 24.6%

9.8%

2.8% 1.1% 1.0% 0.9% 0.8% 0.7% 0.6% 0.5% 0.5% 1.6%
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In addition to the chemical composition of the solids, the soluble fraction of the tailings
was characterized using a static leaching test. Ten grams of raw tailings were added to
50 mL of 1 M sodium hydroxide and left to soak at room temperature for 24 h. The liquid
was collected and filtered through a 0.45-micron filter then analyzed by ICP-AES. The
chemical composition of the soluble fraction in the sodium hydroxide solution (via ICP-
AES) is shown in Figure 4. This type of static leaching test has been used to evaluate the
amount of reactive silica and alumina in AAM precursors in [29,30].

o = N
o= N W

S

Aqueous concentration [mg/L]

N

Si Al Fe Zn Ag Cu Ti Ca Cr Ni Mn K As Na Mg other

Figure 4. Chemical composition of soluble fraction of mine tailings as determined by static leaching
and ICP-AES.

2.2. Alkali Activator

The alkali activator used in this study was composed of sodium hydroxide and sodium
silicate mixed in specific molar ratios. A previous study [31] showed that the highest com-
pressive strength for this specific source of mine tailing AAMs was produced with a sodium
hydroxide concentration of 10 M. Because the compressive strength of alkali-activated ma-
terials generally increases with increasing sodium hydroxide concentrations [32], activator
concentrations of 14 M and 18 M were also explored. However, these mix designs yielded
samples with large visible cracks after oven curing and excessive efflorescence (i.e., crystal
growth on the surface) during water immersion, so they no longer were considered. There-
fore, in this study, each activator contained 10 M sodium hydroxide and either 0, 1, or 2 M
sodium silicate, termed 10 M, 10 + 1 M, and 10 + 2 M, respectively. The concentration of
sodium hydroxide was the same in each activator and the only variable that differed was
the concentration of sodium silicate. Not all of the alkali activators react with the mine
tailings, as evidenced by the presence of sodium in the leachate after AAMs are immersed
in water. However, this concentration of sodium hydroxide has previously been shown
to produce the highest compressive strength for mine tailing-based AAMs, so this study
continues to use 10 M NaOH as the main alkali activator.

The activators were prepared with ultrapure water (resistance > 18 M(}), solid sodium
hydroxide pellets (NaOH, Fisher Chemical, Hampton, NH, USA, CAS 1310-73-2, anhydrous,
reagent grade), and sodium metasilicate powder (Na,SiO3, Fisher Chemical, CAS 6834-92-0,
anhydrous, technical grade). Ultrapure water from a MilliPore MilliQ system was used in
place of DI water to improve the purity of the reagents. First, the sodium silicate was mixed
with ultrapure water using a magnetic mixer at 200 rpm and 90 °C to aid in dissolution.
Once all the sodium silicate was dissolved, the specified quantity of sodium hydroxide was
added to the solution. Then, the heating process was stopped, and the solution was mixed
for 30 min to ensure complete homogeneity; finally, the activator solution was covered and
left at room temperature until it was cool enough to touch. The pH value and ?’Si NMR
spectra of each of the activator solutions are shown in Figure 5.
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Figure 5. 2SI NMR spectra and pH values of each alkali activator solution.

The peak at —109 ppm is from Qf four-coordinated silicate groups (Qg), which are
present as residual signals from the borosilicate NMR tube [33]. The 10 M activator has
the largest peak in this region because there are no silicate groups in the activator. The
pure sodium hydroxide does not give off a 2Si NMR spectrum, so the background signal
is the strongest peak. The 10 + 1 M and 10 + 2 M activator spectra both exhibit two major
peaks at —74 ppm and —68 ppm. The —74 ppm peak is from Qj silicate groups, which
are dimers of silica that originated from the sodium metasilicate in the mixture [33]. The
peak at —68 ppm signifies QU silica, monomeric orthosilicate that is another speciation of
the sodium metasilicate [33]. The 10 + 2 M activator has much stronger peaks in these
two regions because the silicate is more concentrated in this activator. The measured pH
is highest for the 10 M activator because it is pure sodium hydroxide with no other ions
to interfere. The addition of sodium metasilicate reduces the pH of the activator through
weak hydrogen bonding that reduces the activity of the hydroxide groups.

2.3. Mine Tailings AAM Preparation

The samples were made using a water-to-tailings ratio of 18%, which is the optimum
moisture content for these specific tailing sources. The optimum moisture is defined
as the moisture content that allows for most efficient packing of particles and achieves
the maximum dry compacted density of a specimen [34]. This study uses the optimum
moisture content as the water-to-tailings ratio (w/MT) to decrease microstructural porosity
and promote reaction kinetics by increasing the contact between tailings particles and
the alkali activator solution. The value of optimum moisture content was determined
through Harvard Miniature Compaction testing according to US Bureau of Reclamation
standard GR-84-14 [23]. The tailings were compacted at five different moisture contents
and a plot was constructed to relate the dry density to the moisture content. The low water
content method has been used to produce tailings-based geopolymer bricks in papers
such as [13,15,31,35]. By using a low moisture content and pressure compaction to form
the bricks, specimens can be rapidly demolded. This method also minimizes the total
amount of alkali activator required, providing a more cost effective and environmentally
friendly product.

The three different activator compositions/mix designs are shown in Table 2. The
mix designs are named according to the alkali activator composition. Activator “10 M”
is composed of 10 molar sodium hydroxide. Activators “10 + 1 M” and “10 + 2 M” are
composed of the same 10 molar sodium hydroxide plus one or two molar sodium silicate,
respectively. The activator and mine tailings were mixed by hand for five minutes until all
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the activator was absorbed. The mixture was then allowed to stand at room temperature
for 15 min to allow all the tailing particles to hydrate and thereby improve homogeneity.
Because the application of this research is to produce tailings-based bricks near the mine
site in rural Peru, hand tools were used throughout instead of motorized or mechanized
components. Stainless steel molds (50 mm x 50 mm x 50 mm cubes) were used for casting.
To assist with removing the specimens from the molds, WD-40 was used as a lubricant
on the bottom and sides of each mold. Each cube was cast in three layers and a standard
Proctor compaction hammer was used for consolidation (as defined in ASTM D698) [34].
The sample was cast using three lifts with 71 tamps each, and a straightedge was used to
reach all corners and edges. Additional WD-40 was applied to the corners of the mold in
between layers, and the top surface of the cube was struck off with a spatula.

Table 2. Mix designs for each of the three activator solutions.

Mix Design Name Mine Tailings [g] Water [mL] Sodium Hydroxide [g] Sodium Metasilicate [g]
10M 750 135 54 0
10+1M 750 135 54 16.47
10+2M 750 135 54 32.94

After the compaction, the cubes appeared dense and stiff, and the specimens were
able to be immediately demolded and placed on a baking sheet for curing. Previous studies
have shown that uncovered curing produces specimens with greater hydrolytic stability
than covered curing, despite only slight differences in the overall microstructure; therefore,
the specimens were cured uncovered [36]. When 70 °C curing conditions were used for
the entire duration, cracks appeared on the surface of the specimens within 12 h due to
the rapid evaporation of capillary water. Therefore, the specimens were cured uncovered
in an oven at 40 °C for 24 h, followed by six additional days at 70 °C. The lower starting
temperature helped to reduce the evaporative cracking caused by the water loss in the
beginning stages of curing. After removal from the oven, the specimens were kept in a
sealed container to minimize carbonation reactions.

2.4. Monolithic Characterization

Compressive strength was measured using an MTS hydraulic load frame in a dis-
placement-controlled loading condition with a rate of 0.21 mm/minute. The maximum
load during the test was used to calculate the ultimate stress, and the modulus of elasticity
was calculated using the secant method for stresses from 10-60% of the total compres-
sive strength.

The water immersion test measures the hydrolytic stability of the AAMs and can indi-
rectly indicate characteristics of the microstructure, such as permeability. One monolithic
cubic sample was placed in 1430 mL of ultrapure water for seven days with no refreshing.
Approximately 5 mL of leachate was sampled at 4, 12, 24, 72, and 168 h of exposure for
later analysis via ICP-AES.

The degree of reaction test was based on the degree of polymerization test presented
by Fernandez-Jiminez et al. in [37] and the improvements suggested by Longhi et al. in [38].
See Appendix A for a discussion of how this test differs from the original and to see the
validation/comparison to other methods of quantifying reaction extent. A 2 g specimen of
alkali-activated mine tailings was first added to a beaker filled with 250 mL of ultrapure
water and magnetically stirred for three hours. The mixture was dried in an oven overnight
at 100 °C and then the remaining specimen was added to a beaker with 250 mL of 1:20
dilution of HCI (1.4 M) and magnetically stirred for three hours. Instead of filtering the
residue, the solution was progressively diluted with ~2 L of water, and the liquid was
decanted. The specimen was dried again in an oven at 100 °C and the mass was recorded.
The residue from the HCI step was added to a ceramic crucible and placed in a furnace



Polymers 2024, 16, 957

8 of 25

at 1000 °C for at least 12 h. The mass was recorded again, and the quantity of each phase
was determined by finding the percentage of mass loss experienced in each step (water,
HCI, furnace).

2.5. Microstructural Characterization

The pore structure properties of the geopolymers were analyzed using nitrogen ad-
sorption testing (NAD). A piece of geopolymer brick was ground in a mortar and pestle
to a particle size of 0.84-1.2 mm (US sieve #16 to #20). The granulated sample was then
dried at 40 °C to remove residual moisture for 24 h, or until the mass taken two hours apart
showed no change. The samples were degassed at 70 °C, with unrestricted evacuation
(below 10 mmHg) for approximately six to eight hours. The nitrogen adsorption analysis
was performed on the degassed sample with an adsorption curve from 0.01 to 0.99 P/P.
The Brunauer-Emmett-Teller (BET) method of single-layer adsorption was used to calcu-
late specific surface area, and the pore size distribution was constructed using the Barrett,
Joyner, and Halenda (BJH) model on the desorption branch.

Solid-state Fourier transform infrared spectroscopy (FTIR) was used to analyze the
chemical bonding structures in the geopolymer samples. The flat detector was used with
a diamond top plate, and spectra were collected from 400-4000 cm~! with a spectral
resolution of 4 cm~!. The data were analyzed using ThermoScientific OMNIC software
(version 9.13) and peak positions were compared to reference papers to determine chemical
bonding structures within each sample.

XRD diffractograms were collected using a PANalytical PW3040 X-ray Diffractometer
with Cu K« radiation with a voltage of 45 kV and a current of 40 mA at a scan speed
of 0.0425°/s. The data were collected from 7° to 90° 20 at 0.0334° per step. The PDF 4+
database from the International Centre for Diffraction Data was used with PANalytical
HighScore software (version 5.1) to determine the constituent phases. The internal standard
(synthetic diamond powder) was used to correct for specimen displacement and the zero
shift of the peak positions.

2.6. Nuclear Magnetic Resonance (NMR)

Although NMR is a very precise and useful technique for assessing the polymer-
ization degree of alkali-activated materials [29,33,39-41], mine tailings usually cannot be
analyzed by NMR because the magnetic particles in the tailings interfere with the appli-
cation of the magnetic field. A novel preparation method is used in this paper in order
to allow mine tailing-based AAMs to be analyzed via NMR. It can be observed that the
entirety of the ferro-magnetic and para-magnetic particles were removed from the raw
mine tailings via magnetic separation using a Davis Tube and a wet high-intensity magnetic
separator (WHIMS).

29Gi spectra were obtained at a Larmor frequency of 79.495 using a Bruker Ascend
400WB model NMR spectrometer. The alkali-activated specimens were powdered using a
mortar and pestle and loaded into 4 mm zirconium rotors for a triple resonance multi-tuned
MAS probe. The peak positions were referenced to pure silica gel as an external standard.
Four thousand transients were acquired with a 6 us pulse delay and a 5 s recycle delay.
Five spectra were acquired for each sample and a phase correction was applied to each one,
using the background noise as a reference point. The five processed spectra were combined
to improve the signal-to-noise ratio using Bruker Top Spin software (version 3.7).

Liquid NMR was used to analyze the alkali activator solutions. 2’Si spectra were ob-
tained at a Larmor frequency of 59.627 on a Bruker Avance-III 300 NMR Spectrometer. The
alkali activator solutions were prepared with deuterated water as the solvent and loaded
into a borosilicate NMR tube with a fluoropolymer tube liner to minimize background from
the tube. The peak positions were referenced to deuterium in the solvent. Four hundred
scans were acquired with a dwell time of 21 ps.
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3. Results
3.1. Monolithic Testing Results

The compressive strength and modulus of elasticity of the alkali-activated mine tailings
(50 mm x 50 mm x 50 mm cubes) before and after soaking in water are presented in
Figures 6a and 6b, respectively. When bricks were prepared from just tailings and water,
the compressive strength was less than 2 MPa (not shown in Figure 6). Therefore, the 10 M
NaOH activator caused the alkali activation reaction to occur and produced samples with a
strength of 14.6 MPa. Thus, we can conclude that the sodium silicate improved the degree
of reaction but is not the only active component of the mixture. Figure 6a shows that the
water immersion test caused a strength loss of 70% in the 10 M samples, 53% in the 10 + 1 M
samples, and 35% in the 10 + 2 M samples. Generally, samples with a higher compressive
strength are expected to perform better during water immersion, as the hydrolytic stability
depends heavily on the strength of the matrix and the products of the alkali activation
reaction [42,43].

40t .
(a) Bl Intact Samples I (b) F22]  Intact Samples
B After Soaking . [EZ50  After Soaking
= = |
& a | onee|
= &} tode|
= _
2 5 3 r u
» =
o E: [
z = | |
z 2 2[ 1 b
g 2 ‘
(=9 E k
= 2 | e
é = (I ety I
1k 5 . d
oLt % 1 k
10M 10+1M 10+2M 10M 10+1M 10+2M

Figure 6. (a) Compressive strength and (b) modulus of elasticity data for each mix design, before
and after water immersion. Error bars represent one standard deviation for tests carried out on three
samples (after soaking) or five samples (intact).

The 10 M and 10 + 2 M specimens had very similar intact compressive strengths
(14.6 MPa and 15.2 MPa, respectively) but experienced different levels of disintegration
during the water immersion (dissolved strengths of 4.3 MPa and 9.8 MPa, respectively).
The AAMs made with the 10 + 1 M activator solution had the greatest compressive strength
both before and after the water immersion test and the highest modulus of elasticity
before soaking. While all the post-soaking specimens had similar stiffness properties,
the 10 + 1 M activator still appeared to produce the most durable specimens after the
dissolution test, considering the degree of compressive strength and stiffness retained. The
superior performance of the 10 + 1 M activator solution is further discussed in Section 3.3.
The 10 + 2 M activator produced the most diverse specimens: for the same preparation
process and mix design, four of them had compressive strengths of 9.7, 10.0, 11.7, and
14.3 MPa, and one had an intact strength of 30.3 MPa and a dissolved strength of 15.8 MPa.
Since the sample population was small, the high-strength sample could not be discarded as
an outlier, thereby contributing to the relatively larger error bars for the 10 + 2 M specimens.

The stiffness (i.e., modulus of elasticity) of the AAM samples followed the same trends
as the compressive strength values. The stiffness properties of AAMs depend heavily on
the source material used. For mine tailings-based AAMs, [31] reported elastic moduli were
0.4-1.8 GPa for compressive strengths of up to 30 MPa; in metakaolin geopolymers, [44,45]
reported elastic moduli were 6-7 GPa and 1.2-6.5 GPa, respectively.

In order to determine the damage mechanism of the water immersion that causes such
high strength loss in the AAMs, the leachate from a selected 10 + 1 M cube was sampled.
The visual observation of the cubes suggested that the swelling and disintegration of the gel
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may be a primary damage mechanism, so ICP-AES analysis was used to evaluate whether
the aluminosilicate products were solubilized in water.

The results of ICP-AES for the 10 + 1 M specimens during the dissolution test are
shown in Figure 7. The data show that the aluminosilicate gel indeed dissolved, and the
damage could not be solely attributed to disintegration or swelling of the sample. The
concentration of selected elements in the leachate is shown over time in Figure 7, and
the general trend is the same for all the elements shown. The deleterious and hazardous
elements are shown in the figure by cross markers. These specific elements of concern
must be immobilized within the AAM matrix for the safe disposal of the mine tailings.
The concentration of each of these elements remained below 0.1 mg/L after seven days of
water immersion except for iron and arsenic (8.5 and 0.25 mg/L, respectively). The leachate
concentration of chromium was below the detection limit of 0.0045 mg/L.
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Figure 7. ICP-AES results of the leachate after water immersion of 10 + 1 M specimen. Circular

markers indicate elements highly prevalent in the AAM matrix, while crosses indicate deleterious
elements that must be immobilized for the successful disposal of mine tailings.

The silicon, aluminum, and sodium increased in concentration in the leachate very
quickly in the beginning of the test, but then plateaued. The sodium was the most soluble
in water (likely from excess NaOH dissolving when exposed to water), followed by silicon,
sulfur, iron, and aluminum. The presence of aluminum, sodium, and silicon ions in the
leachate shows that the gel matrix was dissolved during the water immersion, which was
consistent with the observed strength losses (Figure 6).

To determine the reacted proportion of each sample, the degree of reaction test was
performed on the raw mine tailings as well as the AAMs prepared with each of the three
activator solutions. The mass lost during the water dissolution step was attributed to the
less durable products of alkali activation, while the mass lost during the hydrochloric acid
dissolution was attributed to the more durable amorphous aluminosilicate gel [37,38]. The
mass loss from calcination was also attributed to the aluminosilicate gel and carbonates
produced when the material was exposed to the atmosphere. The insoluble residue was
primarily composed of crystalline unreacted source material [37].

The results of the degree of reaction testing are shown in Figure 8. The degree of
reaction testing on the raw mine tailings (Vitor MTs) demonstrated that 4% of the total mass
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dissolved in water, 31% dissolved in hydrochloric acid, and 2% of the total mass was lost
during calcination in the furnace. These results, therefore, were considered the baseline for
the following tests because all the mix designs used the raw tailings as the source material.
The remaining sixty three percent of the raw tailings remained as insoluble residue so any
improvement (reduction) in this amount was evidence of the reaction and the subsequent
transformation of the source material during alkali activation.

100
I Dissolved in water
I Dissolved in HC1
B Calcined in furnace
80 | EZEd  Insoluble residue
- :
= 60F -1
3
&
[
Z
= 40
20 —
0
Vitor MTs 10M 10+1M 10+2M

Figure 8. The effect of different alkali-activated mix designs on the degree of reaction of the alkali-
activated mine tailings samples.

In the 10 M sample, the amount of mass dissolved by the water increased to 10% of the
total, while the mass lost during the hydrochloric acid step increased to 35%. This result
indicates that some of the source material was converted to amorphous aluminosilicate gel
(which dissolves in HCI but not water) while some of it was converted to a less durable
product that dissolved in water. In the 10 + 1 M sample, there was an 8% mass loss during
water immersion. The amount of mass dissolved in the hydrochloric acid increased to
43% for the 10 + 1 M specimens, indicating an increase in the amount of aluminosilicate
gel produced as compared to the 10 M specimens and a decrease in the amount of the
less durable products. The amount of insoluble residue was the lowest for the 10 + 1 M
specimens, which shows that the addition of soluble silicate in the activator caused a greater
degree of reaction in the final specimen. The 10 + 2 M specimen had a 12% mass loss during
the water dissolution step, which was the highest value for any of the alkali-activated
specimens and indicated that this dosage of silicate produced a less stable specimen overall.

The amount of mass lost in the hydrochloric acid dissolution was very similar to
the 10 M specimen (34% compared to 35%), which indicated that a similar amount of gel
was produced by each of these mix designs. The amount of mass lost in the furnace was
also very similar for all three mix designs, which appeared to be an intrinsic property of
AAMs that were made from the same source material; for example, mass loss in AAMs
exposed to high temperatures has been attributed to the formation of new minerals such as
nepheline [46]. Nepheline is an aluminosilicate mineral with the formula Naz;KAl4Sis O,
which is undersaturated with respect to silica. It forms in alkali aluminosilicates exposed
to temperatures of 1000 °C, and the amount of nepheline formed depends on the silicon
content of the source material [47]. Despite similarities in their phase composition and
the degree of reaction, the microstructure of the 10 M and 10 + 2 M samples in this study
were distinct, which explains the difference in performance observed during and after the
dissolution test.
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3.2. Microstructural Testing Results

The pore size distribution constructed from nitrogen adsorption analysis is shown in
Figure 9. The summary statistics from the NAD analysis are shown in Figure 10, including
the specific surface area and total pore volume. AAMs are considered mesoporous materials,
which contain pores primarily between 20 and 500 A [48]. The “hump” observed in the pore
size distribution for the 10 M and 10 + 2 M dissolved specimens illustrates this phenomenon
well. The voids within the matrix of the AAMs indicate that there were gaps between the
nanoprecipitates that make up the aluminosilicate gel [49]. Therefore, an increase in the
total pore volume indicated that the aluminosilicate gel in this study had been dissolved
or damaged, increasing the average distance between each nanoprecipitate component.
Similarly, an increase in the specific surface area indicated that the solid fraction of the
matrix had become more porous, and the extent of the voids had increased correspondingly.
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Figure 9. Pore size distributions based on nitrogen adsorption data for three different activator solutions.
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Figure 10. Summary statistics from NAD analysis: (a) specific surface area as calculated using BET
adsorption theory; (b) total pore volume calculated using BJH desorption curve.

The change in the pore characteristics of the specimens during water immersion
depends on the concentration of sodium silicate in the alkali activator. The 10 + 1 M
specimen showed a dense microstructure and low porosity both before and after the
water immersion, but the 10 + 2 M specimen had a significant increase in total pore
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volume after the dissolution testing. Both activator formulations had the same effect on
the initial pore structure of the AAM because there was a specific maximum amount
of silicate that could be incorporated into the matrix. For the 10 + 1 M activator, the
source material plus the activator provided this amount of silicate, and, thus, the degree of
reaction increased (see Figure 8). For the 10 + 2 M specimens, the excess silicate from the
activator was not incorporated into the matrix because the source material did not fully
depolymerize. Adding increasingly more soluble silicate became less effective because the
high concentration in the activator prohibited the full participation of the source material
in the alkali activation reaction.

In the intact (pre-dissolution) state, the 10 M specimen had the largest total pore
volume, followed by 10 + 2 M, and the 10 + 1 M specimen had the smallest total pore
volume. The BET surface area of the intact specimens followed the same trend: 10 M
>10 + 2 M > 10 + 1 M. Because voids can be interpreted as gaps between structural
precipitates, this result indicated that the 10 + 1 M specimen had the densest microstructure
and the greatest quantity of aluminosilicate gel and precipitates before dissolution. This
result suggests that the addition of soluble silicate in the activator solution produced a
greater volume of solid aluminosilicate gel (also seen in Figure 8), and that changing the
dosage of silicate produced different microstructures within the specimens. This result
was consistent with the observed increase in compressive strength for the 10 + 1 M and
10 + 2 M intact specimens. The mechanism for this strength improvement is discussed in
detail in Section 3.3.

In all three mix designs, an increase in the void space was observed after the dis-
solution test. In the 10 M and 10 + 2 M specimens, in particular, the dissolution of the
aluminosilicate gel produced a large number of new mesopores, which can be seen in the
“hump” shape of the graph (dissolved specimen—blue line). This result indicates that the
spaces between the aluminosilicate nanoprecipitates increased. Because the volume of the
specimens did not change appreciably, it can be inferred that this increase was due to the
dissolution process. While each of the specimens showed an increase in void space (and,
thus, a decrease in aluminosilicate gel precipitates), the effect was most pronounced for
the 10 + 2 M specimens. The total pore volume increased by more than four times after the
dissolution test, ultimately surpassing the total pore volume of the dissolved 10 M samples.
This result indicates that the initial pore characteristics of the materials were not sufficient
indicators of performance during the dissolution test. The effect of the sodium silicate
concentration on the micro- and macro-scale observations is discussed in more detail in
Section 3.3.

The FTIR spectra of intact and dissolved AAMs is shown in Figure 11, with the peak
locations and associated bonding structures presented in the inset table. The sharp band
at 1426 cm ! indicated the stretching of the -CO3 and Ca-O bonds [50-52]. The presence
of CO3 can be attributed to the formation of calcite, which is mainly composed of calcium
carbonate. This reaction can happen when an AAM specimen is exposed to carbon dioxide
in the atmosphere. The fact that calcite is easily dissolved upon immersion in water
explains the absence of this peak in each of the dissolved spectra. The band at 880 cm™!
can be attributed to C-O stretching in sodium carbonate, which forms in the same way as
calcite [53]. This compound also dissolves easily in water, which explains the absence of
the 880 cm ! peak in the dissolved specimens’ spectra. Because all the specimens were
exposed to the same environmental conditions, atmospheric carbonation was not expected
to contribute to the observed differences among the specimens.

Various FTIR peaks can be attributed to the bonding structures of aluminosilicate gel,
and there are certain signatures that suggest that a material has undergone alkali activation.
The formation of alkali-activated products can also be observed in the SEM micrographs
presented in Figure 12. The left image shows the raw mine tailings particles, which appear
as discrete angular particles on a black background (carbon tape). The right image shows the
hardened geopolymer product. The amorphous structure of the aluminosilicate gel appears
as a glassy phase with no defined edges, which can be seen surrounding the unreacted
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tailings particles. This indicates that the source material dissolved to provide monomers
for the polymerization reaction. Even the unreacted tailings particles appear to be well-
integrated into the AAM matrix, which is ideal for long-term durability and strength.
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Figure 11. FTIR spectra of intact and dissolved AAMs for three different mix designs, which confirm
that the mine tailings underwent alkali activation.
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Figure 12. SEM micrographs of raw mine tailings and hardened geopolymer sample.
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The main signature of successful alkali activation in the FTIR spectrum is the non-
appearance of a band in the region of 920 cm ™! and the occurrence of another one in the
range of 690-696 cm ! [54]. These bands indicate that the Si—-O-Si and Si-O-Al bonds
are present and that all the octahedral aluminates have been consumed, showing that
the source material has been transformed into new aluminosilicate structures through the
incorporation of bridging oxygens [54]. Peaks in the region of 975-990 cm ! (observed at
982 in this material) are indicative of the asymmetric stretching of the Si-O-5i and Al-O-5i
bonds in the gel matrix [30,55,56]. The peaks between 775 and 798 cm~! indicate the
symmetric stretching of the Si-O-Si bonds in aluminosilicates, which have been observed
at 795 and 775 cm ! in these materials [57]. Additionally, the peak at 694 cm ! can be
attributed to Al-O-Si and Si-O-5i bending [30,53,55], and the peak at 1162 cm~! can be
attributed to partial substitution of Al in the aluminosilicate gel structure [58]. Researchers
have reported this substitution to be up to 15% of the total bonding in the gel [58]. Because
FTIR only shows the chemical bonds present in a material (not the coordination states
or short-range ordering), these results confirmed that the mine tailings underwent alkali
activation but do not confirm the extent of polymerization reaction in the AAM.

Nuclear magnetic resonance (NMR) was used to show the coordination states and
bonding structure of the silicon atoms in the AAM matrix. The spectra for the raw tailings
and all three AAMs are shown in Figure 13. The peak frequencies and widths for the
various coordination states of silica are well documented in the literature [33]; the Q°-Q3
peaks are located at —72, —81, —89, and —97 cm 1, respectively. The NMR results show
that the spectra were similar for the raw tailings and each alkali-activated specimen, with
slight differences due to the increased incorporation of Q*> and Q® coordinated silica in
the 10 + 1 M and 10 + 2M samples. Each spectrum exhibited a sharp peak between —80
and —81 cm~!, which corresponded to the Q! coordination state of the silica, meaning
that each silicon atom was incorporated into the matrix by only one bridging oxygen, and
the other three bonding sites were occupied by an -OH group. This result indicates that
the polymerization process was incomplete since the characteristic cross-linkages require
higher coordination states of Q% and Q* [59,60]. Since the peak is very sharp, it does not
appear to be composed of multiple overlapping signals, and, therefore, deconvolution
was unnecessary.

Even though the peak frequencies were similar between the raw material and the
AAMs, the full width at half the maximum intensity (FWHM) was greater for the raw
mine tailings. This result indicates that the silicate structures in the tailings were bulkier
than in the AAMSs, which caused a longer relaxation time and, thus, a broader peak [39].
The sharpness of the AAM peaks indicated that the aluminosilicate source material was
dissolved into smaller oligomers with shorter relaxation times during alkali activation [61].
The change in peak shape shows that the alkalination and depolymerization steps were
completed (the necessary precursors for alkali activation), but the remaining four steps
for a full polymerization reaction (gel formation, polycondensation, networking, and
solidification) did not occur [39]. Instead, the strengths of these AAMs developed through
the nanoprecipitation of the aluminosilicate oligomers and the solidification of the N-A-
S-H gel [62]. While the aluminosilicate species did not create a polymer network (as in
geopolymerization), the AAMs with good compressive strength and hydrolytic stability
properties were created through alkali activation with 10 M sodium hydroxide and 1 M
soluble sodium silicate.

While NMR analysis is critical for directly quantifying the degree of reaction in a
potential geopolymer specimen, it is often impossible to use this technique to evaluate
the extent of the alkali activation of mine tailings since this source material usually has
magnetic particles. This study demonstrated that it is possible to evaluate magnetic
precursor materials with NMR by following the demagnetization pretreatment discussed
in the methodology section. It also highlights why it is imperative to employ NMR
analysis for assessing polymerization. While the structural differences between AAMs
and geopolymers cause them to have different monolithic behavior, one cannot accurately



Polymers 2024, 16, 957

16 of 25

determine whether a material is a true geopolymer from monolithic testing methods alone;
in this study, this may have led to the erroneous conclusion that the superior performance
of the 10 + 1 M specimen was due to its higher degree of polymerization. Ultimately,
atomic-scale analysis is necessary to determine the connectivity of the aluminosilicate gel
network and to evaluate the total extent of reaction.
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Figure 13. NMR spectra of mine tailings source material and alkali-activated material with three
different mix designs.

3.3. Effect of Sodium Silicate Concentration on Microstructure

When the source material (raw mine tailings) was dissolved by the alkali activator,
the chemical bonds were hydrolyzed (attacked by water) and the alumina was released in
the first step. The release of the alumina produces a silica-rich surface precursor, which
is then further dissolved to release the silicates [63]. In the sodium hydroxide-only mix
design (i.e., 10 M), the hydrolysis of the chemical bonds in the source material continued
and the silicates and aluminates that were released reacted to form longer aluminosilicate
chains. This was a condensation reaction, where a new bridging oxygen was formed from
two hydroxide (-OH) groups and a water molecule was released. This process is shown in
the top third of Figure 14 (10 M activator).

When soluble silicate is present in the activator, there is already monomeric silica
available for reaction before the source material begins to dissolve. As soon as the alumina
from the source material was released, the soluble silica reacted to form small aluminosili-
cate chains. The silicate from the source material was slower to dissolve, but as hydrolysis
continued, both the soluble silicate and the source material silicate were incorporated into
the gel structure through condensation reactions. The final AAMs contained soluble silica
in the matrix, as well as silicates and aluminates from the source material. The 10 + 1 M
specimens were more durable because there was sufficient monomeric silica available for
reaction, but not enough silica to retard the dissolution of the source material. This process
is shown in the middle third of Figure 14 (10 + 1 M activator).
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Figure 14. Visual representation of the proposed mechanism of sodium silicate interaction for each
of the alkali activator solutions. The 10 + 1 M activator improves the durability of AAMs because it
provides monomeric silica for the condensation reactions, but the 10 + 2 M activator has so much
excess silica that it reacts with the source material to retard its dissolution. A plus sign in the figure
indicates that the system is a mixture of two components.

In the 10 + 2 M specimens, the monomeric silica reacted with the source material
aluminates in the same way. However, because the concentration of soluble silica was
higher, it also interfered with the dissolution of the source material. Once the alumina
was released, the aqueous silica could form new Si-O-Si bonds with the silicates in the
source material, which slowed the hydrolysis of the chemical bonds and the dissolution
of the aluminosilicates [63]. This did not allow all the source material to be broken down
into silicate and aluminate monomers, which prohibited a full reaction and slowed the
formation of the alkali-activated material. This result is shown in the bottom third of
Figure 14 (10 + 2 M activator).

The hydrolytic stability of the 10 + 2 M specimens was much poorer than that of the
10 + 1 M specimens, which shows that soluble silica can improve the performance of AAMs
only when it is applied in the correct dosage. Too much soluble silica in the activator
can be a detriment to the structure of the aluminosilicate gel and the overall performance
of these materials. While additional soluble silica can improve the compressive strength
and hydrolytic stability of the material, excess silica retards the dissolution of the source
material, decreasing the final material’s performance. Despite the compressive strength
improvements for intact 10 + 2 M specimens, their water immersion performance was poor.
Therefore, the dosage of silica must be carefully controlled to allow the source material to
fully dissolve and participate in the condensation reactions in order to produce a material
that has sufficient quantities of aluminosilicate gel (and, thus, high compressive strength)
while maintaining a high degree of reaction of the source material (and, thus, good stability
during water exposure).
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4. Conclusions

This paper studied the alkali activation of gold mine tailings without an added alu-
minosilicate binder. The influence of a mixed sodium hydroxide/sodium silicate alkali
activator solution on the compressive strength and hydrolytic stability of mine tailings
AAMs was investigated. The strength retention after water immersion was optimized
by manipulating the sodium silicate dosage to maximize the participation of the source
material in the alkali activation reaction. Based on these results, a mechanism for the
incorporation of soluble silicate into the microstructure of AAMs was proposed.

e  AAMs created with sodium hydroxide activator showed poor durability in water. The
microstructure of the AAMs became more porous during water immersion, the com-
pressive strength greatly decreased, and there was a visible deterioration and swelling
of the specimens. The ICP-AES results indicate that these effects were attributable to
the dissolution of aluminosilicate gel.

e  The hydrolytic stability improved with the addition of sodium silicate to the activa-
tor. AAMs made with the combination sodium hydroxide/sodium silicate activator
(10 + 1 M activator) exhibited a denser microstructure (lower porosity both before and
after water immersion). The stiffness of the intact specimens increased as well as the
compressive strength.

e Athigher dosages of silicate (10 + 2 M activator), the monomeric silicate reacted with
the source material to retard dissolution, which caused the specimen to have a lower
degree of reaction than for the optimal activator concentration (10 + 1 M activator)
and, therefore, poorer durability during water immersion.

When designing AAMs, especially for source materials with low reactivity (e.g., mine
tailings) it is important to utilize soluble silica in the activator to improve the pore structure
of the final product. However, the dosage of silica must be carefully optimized to ensure
the complete dissolution of the source material so that the degree of reaction is maximized
and thereby produces the strongest and most durable specimens with the greatest amount
of aluminosilicate gel.
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Appendix A Additional Detail on Experimental Techniques
Appendix A.1 Compressive Strength Testing

A hydraulic loading machine (MTS Systems, Eden Prairie, MN, USA) with a capacity
of 22.5 kip was used for compressive strength testing and stiffness measurements. In
order to produce a stress—strain curve with minimal noise for stiffness calculations, the
loading machine was programmed using displacement-controlled testing. A displacement
of 0.21 mm/minute was used, which matched previous mechanical studies of mine tailings
AAMs. The compressive strength was taken as the maximum load achieved during the
testing, and the modulus of elasticity was calculated using the secant method for stresses
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ranging from 10 to 60% of the total compressive strength in the linear portion of the
stress—strain curve [64].

Appendix A.2 Water Immersion Testing

The water immersion test measures the hydrolytic stability of the AAMs and can
indirectly indicate characteristics of the microstructure, such as permeability. Other re-
searchers have used a static leaching test to determine the integrity of AAMs and the
efficiency of heavy metal immobilization [16-18,65], and our procedure was modeled after
these tests. The compressive strength of the material was measured before and after water
immersion. For this test, the variable we wanted to optimize was the strength retained after
water immersion.

One monolithic cubic specimen was placed in 1430 mL of ultrapure water (>18 M()
resistance, initial pH = 7) for seven days with no refreshing. The leachate was sampled
periodically at 4, 12, 24, 72, and 168 h of exposure. At each time point, approximately 5 mL
of leachate was collected using a syringe with a 0.45 micron filter; the leachate sample was
later used for ICP-AES analysis.

The container was sealed during the water immersion test, and the volume of water
was maintained at 1430 mL to give a liquid-to-surface-area ratio of 9 + 1 mL/cm?. The
cubic samples are approximately 270-280 g each, so this gives a liquid-to-solid-mass ratio
of 5.1-5.3. No significant evaporation was observed during the test, and the volume of
leachate sampled was less than 2% of the total liquid volume to minimize the change in
this ratio. Once the experiment concluded, the specimen was placed in an oven at 40 °C for
drying. The dry specimen was then kept in a sealed container until compressive strength
testing and microstructural characterization were completed.

Appendix A.3 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

During the water immersion test for selected specimens, small amounts of leachate
were collected periodically and sent for the ICP-AES analysis of the dissolved elements
using an Optima 7300 DV ICP-AES System (PerkinElmer, Waltham, MA, USA). The purpose
of this analysis was to confirm the dissolution of the sodium aluminosilicate gel (as opposed
to disintegration and/or swelling damage). The leachate was diluted with deionized water
and acidified with concentrated nitric acid to a pH of less than two. The filtered and
acidified samples were analyzed via ICP-AES using NIST standard reference solution 1643f
and continuing check verification (CCV) for metals and nonmetals.

Appendix A.4 Degree of Reaction (HCI Dissolution)

The degree of reaction test in this study was based on the degree of polymerization
test presented by Fernandez-Jiminez et al. in [37]. The original test uses a selective chemical
attack with a 1:20 dilution of hydrochloric acid (HCl), equivalent to a concentration of
1.4 M. The premise of the test is that the HCl is particularly good at dissolving the chief
reaction products of alkali activation, which are alkaline aluminosilicate gel and crystalline
aluminosilicate zeolites. Therefore, the degree of polymerization can be estimated as the
total percentage of mass loss during the chemical attack. With the original method, 1 g of
the alkali-activated specimen was added to 250 mL of 5% HCl (1.4 M) and stirred for three
hours; the mixture was filtered and dried at 100 °C and calcined at 1000 °C; thereafter, the
mass loss was measured. This allows the user to calculate the fraction of unreacted source
material and the proportion of the AAM which was successfully reacted. The presentation
of this method for quantifying the reaction extent included the extensive validation of its
repeatability and accuracy. The results of the HCl dissolution method were compared to
results from NMR analysis, and the error between different methods was reported to be
less than 5%.

An improvement upon this procedure was suggested by Longhi et al. in [38]. The
new procedure adds an additional chemical attack at a neutral pH to quantify the water-
soluble fraction separately from the polymeric aluminosilicate gel and crystalline unreacted
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source material. Longhi and coworkers reported that the new procedure was able to
reliably indicate the quantity of source material that had been converted to a low-durability
water-soluble product versus a highly durable and fully polymerized aluminosilicate gel.

For the test presented in this paper, a 2 g specimen of alkali-activated mine tailings
was first added to a beaker filled with 250 mL of ultrapure water and magnetically stirred
for three hours. The mixture was dried in an oven overnight at 100 °C, and the mass was
then recorded before proceeding with the HCI dissolution. The remaining specimen was
added to a beaker with 250 mL of 1:20 dilution of HCl (1.4 M) and magnetically stirred for
three hours. Instead of filtering the residue, the solution was progressively diluted with
~2 L of water, and the liquid was decanted. The specimen was dried again in an oven at
100 °C and the mass was recorded. The final step of calcination was the same as the original
method presented in [37]. The residue from the HCl step was added to a ceramic crucible
and placed in a furnace at 1000 °C for at least 12 h. The mass was recorded again, and the
quantity of each phase was determined by finding the percentage of mass loss experienced
in each step (water, HCI, furnace).

Because a true cross-linked polymer should not dissolve in water, all the mass lost
during the water dissolution step was attributed to AAM, which had loosely-held alkalis
within the matrix that can be easily dissolved by water [66,67]. The mass lost during the
HCI dissolution and calcination steps was attributed to the fully reacted part of the matrix
with polymeric characteristics.

Appendix A.5 Nitrogen Adsorption Testing (NAD)

Nitrogen adsorption analysis (ASAP 2020 Plus, Micromeritics, Norcross, GA, USA)
was performed to determine the pore size distribution and specific surface area of the
alkali-activated mine tailings. A sample was prepared as solid granules with a particle
size of 0.84 to 1.2 mm (US sieve #16 to #20), which is known to produce more consistent
results than a fully powdered specimen [68]. The granulated sample was dried in an
oven overnight at 40 °C to remove any residual moisture before degassing. The samples
were degassed at 70 °C with an evacuation rate of 5 mmHg/second, with unrestricted
evacuation once the pressure reached 10 mmHg. Because the AAMs undergo physical and
chemical changes at high temperatures, it is important to keep the working temperature of
any analysis at or below the curing temperature [48]. Once the chamber pressure reached
10 pmHg, the sample was degassed for approximately six to eight hours. The mass of
the specimen was recorded before and after degassing, and the latter mass was used for
subsequent porosimetry analysis. The nitrogen adsorption analysis consisted of a complete
adsorption curve from 0.01 to 0.99 P/Py with an immediate desorption curve back down to
a relative pressure of 0.10.

The Brunauer-Emmett-Teller (BET) single-layer adsorption theory [69] was used to
calculate the specific surface area of the AAM, which included both the internal and external
voids. The pore size distribution was constructed using the Barrett, Joyner, and Halenda
(BJH) model [70] on the desorption branch with the Halsey thickness curve for non-uniform
surfaces [71] and the Faass correction to account for multilayer desorption [72]. The particle
size distribution is represented as the dV/dD pore volume, which indicates the change in
volume of the pores as a function of the change in pore diameter. Therefore, the units for
the y-axis of the pore size distribution are cm®/g/A. The tests were repeated twice for each
specimen to ensure reproducibility.

Appendix A.6 Fourier Transform Infrared Spectroscopy (FTIR)

Solid-state FTIR (Thermo Electron Nicolet 4700, ThermoFisher Scientific, Waltham,
MA, USA) was used to analyze the chemical bonding in the AAMs before dissolution.
First, a background spectrum was collected, then the powder sample was loaded onto the
spectrometer window. The flat detector was used to maintain full contact between the
sample and the window. Once the detector was fully lowered, the spectra were collected
with a wavelength range of 400-4000 cm~! with a spectral resolution of 4 cm~!. The
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instrument was cleaned with isopropanol between samples to minimize interference. Once
all the data were collected, the spectra were analyzed by determining the peak positions
using Thermo Scientific OMNIC software (version 9.13). The peaks were compared to
reference papers that used FTIR on AAMs or other geomaterials [52,53,55] to determine
which chemical bonds were present in each sample.

Appendix A.7 X-ray Diffraction (XRD)

X-ray diffraction (PW3040 X'pert Pro X-ray Diffractometer, Malvern PANalytical,
Malvern, Worcestershire, UK) was used to characterize the crystalline phases of the raw
mine tailings. The samples were prepared in powder form by grinding with a mortar and
pestle, and synthetic diamond powder (particle size 4-8 microns) was added as an internal
standard at a dosage of 20% by weight. The mixture was loaded into the sample holder,
and the top surface was leveled off with a razor blade to promote random orientation and
a smooth surface to minimize the unwanted diffraction of the X-ray beam. To collect the
diffractograms, the samples were scanned with Cu K« radiation with a voltage of 45 kV
and a current of 40 mA at a scan speed of 0.0425 °/second. The data were collected from
7° t0 90° 20 at 0.0334° per step. The PDF 4+ database from the International Centre for
Diffraction Data was used with PANalytical HighScore software (version 5.1) to determine
the constituent phases. The internal standard (synthetic diamond powder) was used to
correct for specimen displacement and the zero shift of the peak positions.

Appendix A.8 Nuclear Magnetic Resonance (NMR)
Appendix A.8.1 Specimen Preparation & De-Magnetization

Although NMR is a very precise and useful technique for assessing the polymerization
degree of alkali-activated materials [29,33,39-41], mine tailings usually cannot be analyzed
by NMR because the magnetic particles in the tailings interfere with the application of the
magnetic field. In order to perform NMR, the ferro-magnetic and para-magnetic particles
were removed via magnetic separation. First, the magnetite was removed by using a Davis
tube with electromagnets set to 40 V [73,74]. The tailings were mixed with deionized
water to form a slurry, which was fed through the Davis tube with additional flowing
water and perpetual shaking. The effluent was collected and run through the tube until
no magnetite was removed in subsequent passes (a total of five times in this study). The
second phase of magnetic separation was performed using a wet high-intensity magnetic
separator (WHIMS) at a voltage of 60 V with an expanded metal substrate [75]. This
procedure removed the remaining paramagnetic particles, such as wiistite and pyrite. The
effluent was again collected and run through the WHIMS a total of five times to ensure that
the magnetic phase was essentially clear of particles. The de-magnetized tailings slurry
was placed in an oven at 70 °C for 4 days until it was completely dry.

These de-magnetized tailings were used to produce small specimens through alkali
activation with the three different sodium hydroxide/sodium silicate solutions. The water-
to-tailings ratio was increased to 0.4 for the ease of casting the smaller specimens and the
same curing procedures were used: 24 h at 40 °C followed by six days at 70 °C. The devia-
tion in water-to-tailings ratio was expected to produce specimens with a lower compressive
strength but was not expected to affect the reaction products of the alkali activation reaction,
the characterization of which was the intended purpose of the NMR analysis.

It also was not expected that removal of the magnetic particles would affect the
formation of reaction products, as previous studies have shown that magnetite does not
participate in the polycondensation reactions during alkali activation [76-78]. Therefore, the
results obtained from the NMR analysis of the alkali-activated mine tailings (demagnetized
and with a water-to-tailings ratio of 0.4) were expected to describe comparable reaction
products to the alkali-activated mine tailings used in the remainder of this study (the
magnetic particles retained with a water-to-tailings ratio of 0.18).
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Appendix A.8.2 Data Collection and Processing

Solid-state NMR with a spinning speed of 5 kHz was used to analyze the coordination
number and connectivity of the silicon atoms within the aluminosilicate matrix. 2Si spectra
were obtained at a Larmor frequency of 79.495 using a Bruker Ascend 400WB model NMR
spectrometer. The alkali-activated specimens were powdered with a mortar and pestle and
loaded into 4 mm zirconium rotors for a triple resonance multi-tuned MAS probe. The
peak positions were referenced to pure silica gel as an external standard. Four thousand
transients were acquired with a 6 us pulse delay and a 5 s recycle delay. Five spectra
were acquired for each sample and a phase correction was applied to each one, using
the background noise as a reference point. The five processed spectra were combined to
improve the signal-to-noise ratio using Bruker Top Spin software (version 3.6).

Liquid NMR was used to analyze the alkali activator solutions. 2°Si spectra were ob-
tained at a Larmor frequency of 59.627 on a Bruker Avance-III 300 NMR Spectrometer. The
alkali activator solutions were prepared with deuterated water as the solvent and loaded
into a borosilicate NMR tube with a fluoropolymer tube liner to minimize background from
the tube. The peak positions were referenced to deuterium in the solvent. Four hundred
scans were acquired with a dwell time of 21 ps.
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