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Abstract

This study demonstrates a successful approach for immobilizing heavy metals in alkali-activated
mortars (AAMs) by incorporating copper mine tailings (CMTs) and metakaolin (MK) as potential
sources of aluminosilicates. Leachate concentrations of hazardous elements from AAMs
specimens were investigated up to 63 days of immersion in different solutions (pH= 4.5 and 7.0)
using the static monolithic leaching method. Statistical analysis revealed that heavy metals like Fe,
Cu, Pb, and Cd were effectively immobilized in AAMs, contributing to the goal of mitigating
environmental pollution. Moreover, the leaching of S was the highest in an acidic solution after 7
days (31 mg/L), while Si showed the highest concentration in an acidic solution after 28 days (18
mg/L). Sulfur exhibited a higher mean interval flux than Si and Al, indicating its faster release
from AAMs. Although some elements were detected in relatively high concentration, such as Al
in an acidic solution (16 mg/L), they fall within the non-enforceable guidelines set by the US
Environmental Protection Agency (EPA), revealing that the manufactured AAMs can meet
regulatory requirements. EDXS, FTIR, and XRD analyses provided valuable insights into the
surface, chemical, and structural stability of AAMs, as well as the influence of pH, the presence

of CMTs and MK, and the release of alkaline residues on leaching behavior.

Keywords: Alkali-activated materials, Geopolymers, New binders, Mine tailings, Metakaolin,

Heavy metals immobilization, Mortar, Sustainability.
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Synopsis

In this study, heavy metals such as iron, copper, lead, and cadmium present in copper mine tailings

were effectively immobilized to produce sustainable alkali-activated mortars.
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1 Introduction

Tailings are a by-product of mining. After ore containing an economically-recoverable

commodity is mined from the earth, that commodity is extracted in a processing plant or mill.

After the commodity of value is extracted from the ore material, the resultant waste stream is

feamed “ailings”. There fore, NG ARGV TS e GO pIER S A A CORpRed

Among all, copper MTs (CMTs) constitute the highest proportion of metal mining and processing

wastes generated worldwide. It is estimated that copper production from mines reached a total of
22 million metric tons in 2022, generating > 66 million metric tons of CMTs . CMTs may contain
heavy metals (e.g., Fe, Pb, Cd, As, Hg etc.), sulfides, and other harmful chemical substances, which
can leach into the surrounding environment due to natural weathering *°. Leaching of heavy
metals could contaminate local water sources that can cause long-lasting damage to aquatic
ecosystems and pose a risk to human health 7. Thus, exploring methods for transforming massive
amounts of CMTs can prevent this issue, and be considered a progressive approach towards

sustainable CMTs waste management.

Interestingly, CMTs are a rich source of aluminosilicate and can be stabilized or solidified
using alkaline activation, producing cementitious materials. The process of alkaline activation,
generally referred to geopolymerization if the CaO content in aluminosilicate precursors is low *,
involves the dissolution of solid aluminosilicate materials in an alkaline solution, leading to the
formation of Al-Si oligomers, polycondensation of the oligomeric species into the inorganic
polymeric material, and finally, the bonding of undissolved solid particles to form the ultimate

geopolymeric structure °!!. Alkali-activated materials (AAMs) not only deliver comparable
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performance to Ordinary Portland Cement (OPC) based composites in plentiful applications but
also present several additional benefits such as low risk of Al-Si reaction-related expansion, rapid
development of mechanical strength, durability, acid-resistance, low carbonation and chloride
penetration, resistance to high temperatures and bio-corrosion, excellent adherence to aggregates,
and significantly reduce carbon footprints >!3. Regarding this, CMTs were valorized into different
products, such as, geopolymerization into eco-friendly bricks through NaOH-activation and high

temperature (60-120 °C) curing >, utilized as a partial substitute for OPC in concrete !4

, Or as
aggregates to make paving stones (building blocks) 5. However, from the perspective of

environmental protection and biosafety 76, it is important to immobilize toxic and hazardous

elements in AAMs before their applicability °.

Heavy metals immobilization (HMI) in AAMs was attempted before. Zhang et al., valorized
gold MTs as starting precursor through NaOH activation with liquid to solid (L/S) mass ratio of
1:4. The HMI (leaching) analysis showed that the resulting material was ineffective in
immobilizing As, Si, and S elements 4 However, some recent studies suggest that HMI in AAMs
is possible when other additives like blast furnace slag (BFS) or metakaolin (MK) are incorporated.
Li et al., used a mix of electrolytic manganese residue and lead-zinc smelting slag as a source of
aluminosilicates along with BFS as supplementary cementitious material to immobilize Pb and Zn
17_Similarly, Hu et al., demonstrated 95% immobilizing efficiency of heavy metals (e.g. Pb*") in
AAMs produced from NaOH activation of rare earth tailings with MK as an additive '8. Ahmari
et al., demonstrated alkali activation of CMTs and smelter slag waste for enhanced geopolymer
strength and suitability as a sustainable construction material '!. In another study, alkali-activated
CMTs were synthesized for 40.9 MPa compressive strength. Optimal conditions included 20 MPa

pressure, 0.15 liquid/solid ratio, and 20% CaO substitution for NaOH. It was observed that partial
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substitution of CaO - NaOH as alkaline activator did not lead to the formation of a C-S-H gel
13 Nevertheless, MK is generally preferred to BFS or other by-products to obtain AAMs where a

constant elemental composition is foreseen '°.

In the current research, we-adepted-a sustainable approach for HMI in AAMs by utilizing MK
and CMTs as potential sources of aluminosilicates_was adopted. CMTs were procured from a
mining site located in Chile. Considering that Pb, Mn, Cd, Co, Fe, Al, Si, and S are commonly
present in CMTs, we used MK as an additive to support HMI along with KOH and sodium silicate
activation of CMTs to produce AAMs. HMI in prepared mortars was performed through static
monolithic leaching tests 4, by submerging mortar (40 mm x 40 mm x 80 mm) specimens into
deionized water, mild acid, and seawater (alkaline) solutions to mimic different environmental
impacts. An assessment of the leaching kinetics of hazardous elements was conducted by
analyzing their concentration over time using ICP-AES and a first-order reaction/diffusion model.
At last, the mechanism of HMI was studied through surface analysis (EDXS and FTIR), XRD, and

SEM.

2 Materials and Methods

2.1 Reagents, Raw Materials, and Instruments

The solution used to produce AAMs was obtained by mixing a liquid sodium silicate (kindly
supplied by Ingessil S.r.1.) with a SiO,/Na,O molar ratio equal to 2.0 (SiO2 = 29.20 wt.%, Na>O =

14.62 wt.%) with a solution of 50 wt% KOH in water.

CMTs were characterized The-geotechnical characterization- CMTs-were-performed following the

ASTM Standards (D6913, D7928, and D4318). The grain size distribution of the CMTs has been
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analyzed by means of a Micromeritics Saturn Digisizer 5200 laser diffractometer with range of 0.1

to 1000 pm and can be seen in Figure S1. (1)- The mean particle size is Dsp = 10.9 um with a fine

percentage (passing throw sieve No. 200) equal to 98.6% and (2)- A coefficient of uniformity Cu
= 6. According to SERNAGEOMIN public databases %, the chemical composition of CMTs
werewas detailed in Table S1 and results show that CMTs mainly consist of 12 major rock forming
elements, expressed as oxides: silicon (Si0Oz), aluminum (Al>O3), titanium (TiO»), iron (Fe203),
calcium (CaO), magnesium (MgO), manganese (MnO), sodium (Na»O), potassium (K-O),
phosphorus (P20s), sulfate (SO3) and compounds lost on ignition (PPC, such as carbonates, for

example). Heavy metals present in trace, constitute <1% of the total mass of CMTs.

The mineral composition of CMTs were characterized by XRD, as shown in Figure S2.
Crystallographic analysis through HighScore Plus® shows that CMTs mainly consist of
aluminosilicate minerals i,e., quartz (SiO2, ICSD Card No= 46-1045), albite (NaAlSizOg, ICSD
Card No= 89-6427), Clinochlore (MgsAl(AlSi3010)(OH)s , ICSD Card No= 29-0701), Calcite

(CaCOs, ICSD Card No=24-0027) and Illite (KALSi3AlO10(OH),, ICSD Card No=02-0056).

MK is the commercial MetaStar® 501 produced by Imerys Minerals Ltd; it has an amorphous

structure obtained after calcination of the kaolinite preeurser-at 750 °C.

The aggregate used to produce AAMs is a calcareous sand supplied by ESINCALCE S.r.l. with a

maximum grain size of 8.0 mm.

Instruments used were: Spectrum GX 1 FT-IR spectrometer equipped with a Perkin-Elmer®
Autoimage microscope with a photoconductive HgCdTe, XRD X'Pert Powder-PANalytical®,

SEM ZEISS SUPRA®-40 and X-Flash Detector 410-M by Bruker® Nano GmbH, Inductively
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Coupled Plasma Atomic/Optical Emission Spectroscopy (ICP-AES) by PerkinElmer® Optima

8300.

2.2 Preparation of Alkali Activated Mortars (AAMs)

AAMs were obtained by the polymerization reaction of a solid aluminosilicate precursor, based
on CMTs and MK. The precursor was mixed with activating solutions composed of sodium silicate
(SS) and potassium hydroxide (KOH). AAMs were prepared by replacing MK with 0%, 25%, 50%
and 75% by mass of CMTs. The 4 blends were activated by adopting a constant (Na+K)/Al molar
ratio equal to 1.5 and different Si/Al molar ratios varying between 1.5 and 2.5. Mortars were
prepared by adding sand with an aggregate/precursor ratio equal to 3 by mass. Different
water/binder (w/b) ratios were used to manufacture AAMs with a plastic workability class (flow
value comprised between 140 mm and 200 mm, according to the EN 1015-6 standard). Table 1

below reports the elaberateddeveloped mix designs.

Table 1. Composition of AAMs and workability in terms of flow value

CM Activators (g/L)

MK Sand Flow
Mortars Ts w/b” (Na+K) Si/Al value
(g/L) S KOH  wiovor  (gL) Al
g (g/L) solution solution & (mm)
75CMT+25MK 323 108 103 168 62 1481 0.36 1.50 2.50 170
50CMT+50MK 183 183 119 216 48 1481 0.42 1.50 2.00 187
25CMT+75MK 77 230 150 230 46 1481 0.50 1.50 1.75 181
100MK 0 263 141 258 53 1481 0.57 1.50 1.50 192

* The binder is the sum of precursors and solids dissolved in the activators.

Mortars were cured at relative humidity (RH) of 90 + 5% and temperature (T) of 20 + 1 °C for the
first 7 days and then at RH = 50 + 5% and T = 20 £+ 1 °C until testing. Mortars were characterized

by compressive strength (R¢) tests after 2, 7, and 28 days of curing with a Galdabini hydraulic



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

press (maximum load of 200 kN) on 40 mm x 40 mm x 160 mm specimens according to the EN
1015-11 standard. Results show that R progressively increases from 10.9 to 26.9 and 32.2 MPa
by decreasing the content of CMTs from 75% to 50% and 25%, respectively, while slightly lowers
to 27.3 MPa for the mortar manufactured with solely MK. After 28 days of curing, mercury
intrusion porosimetry (MIP) was performed on three small fragments for each manufactured
mortar using a Thermo Fisher 240 Pascal. The total porosity, as shown in Figure S2 and Table S2,
was similar between the 4 manufactured AAMs, but the critical pore diameter decreased the
percentage of CMT. Therefore, the higher the quantity of MK, the more refined the paste. The
higher strength and the higher presence of small pores in the manufactured AAMs containing more

MK are due to the higher reactivity of MK compared to CMTs.

2.3 Leaching Analysis

The hazardous element mass transfer rates from the AAMs to various solutions were evaluated
using the testing protocol outlined in Test Method-1315 of the U.S. Environmental Protection
Agency (EPA) SW-846. Test Method-1315 is a static monolithic leaching testing method that
measures the leaching of specific elements when exposed to different liquid environments, widely
accepted for evaluating element leaching from AAMs 2!2% In this case, specimens were
submerged in deionized water (pH = 7.0), acidic water (with a pH of approximately 4.5), and
saltwater, as illustrated in Figure 1 A. Saltwater with a NaCl concentration of 3.5% by mass (pH =
7.0), which corresponds to the average salinity of ocean water, was used 2>2°. The pH value of the
acidic water (i.e., pH = 4.5) was selected as the average value suggested by established practices
from static monolithic leaching and modified TCLP (Toxicity Characteristic Leaching Procedure)

tests, with values of 4.0 and 4.95 respectively 212728,
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The AAMs specimens (40 mm x 40 mm x 80 mm) immersed in deionized water, acid water and
saltwater are detailed in Table 2. In the table, specimen names have been shortened for easier

readability and presentation of data.

Table 2. Composition/labels of different AAMs specimens immersed in deionized water, acid
water and saltwater.

Mortars AAMs labels Media MK % CMT %

100MK W 100 0
25CMT+75MK 2W Deionized water 75 25
50CMT+50MK 3w (pH=7.0) 25 75
75CMT+25MK 4W 0 100

100MK 1A 100 0
25CMT+75MK 2A Acid water 75 25
50CMT+50MK 3A (pH=4.5) 25 75
75CMT+25MK 4A 0 100

100MK 1S 100 0
25CMT+75MK 28 Saltwater 75 25
50CMT+50MK 3S (pH=7.0) 25 75
75CMT+25MK 4S 0 100

AAMs specimens described in Table 2 were constantly immersed in the three different solutions,
with a liquid volume to solid area ratio of approximately 9.5 mL/cm?. The leaching solutions were
replaced with fresh reagent solutions at nine9 predetermined intervals, with cumulative leaching
times of 0.08, 1, 2, 7, 14, 28, 42, 49, and 63.0 days. At the end of each leaching interval, the
specimens were drained for 1 minute to remove surface water before recording their masses.
Changes in samplespecimen mass indicated solution absorption or deterioration of the AAMs.
Additionally, pH and conductivity measurements were taken at each leaching interval, and 50 mL

eluates were collected for subsequent ICP-AES analysis *°.
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The AAMs exhibit distinct leaching characteristics, encompassing surface wash-off, diffusion, and
dissolution. Existing analytical solutions predominantly relied on assumptions about the type of
leaching . The literature documented three broad analytical models, namely: 1)- the first-order
reaction model (FRM) 3!, 2)- the bulk diffusion model (BDM)%, and 3)- the first-order

reaction/diffusion model (FRDM) 2.

FRM describes the mass transfer of elements from solidified/cemented AAMs specimens, wherein
the dissolution of the specimen surface (referred to as surface wash-off) governs the process. The
dissolution rate is linked to the total quantity of soluble elements in the specimen, as expressed by

the following correlation.

22 = —kQ, Qlemo = Q0 oveeeereenee (1)

where Q is the amount of soluble element, k is the constant, and Qy is the initial amount of soluble
element. The cumulative concentration of elements leached into the reagent solution can be

determined as follows:

M=0Qy[1—exp(—kt)] ..cocoeviriiiiiniriiiiins 2

BDM is formulated based on the assumption that mass transfer from solids to solutions is governed
by diffusion, where the elements are transported through a porous matrix. Assuming one-
dimensional flux and zero surface concentrations at all times, the diffusion of elements in the

matrix follows the Fick's law, which can be expressed as:
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where C is the measured concentration at each time interval (mg/m?), De is the effective diffusion
coefficient, and x represents the direction. The cumulative amount of leaching contaminant can be

estimated as:

M = 24AC, /% ................................... (4)

where 4 is the surface area (m*/kg).

FRDM is a combination of the FRM and BDM models, where the release of elements is controlled
by both surface wash-off and diffusion from the solid matrix. Following the surface wash-off
process, the diffusion processes become the dominant factor influencing the leaching rates of
contaminants. Hence, the cumulative quantities of leached contaminants can be calculated as

follows:

M = Q, [1 — exp(—kt)] + 2AC, \/% .......... (5)

2.4 Fourier-transform infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was employed to obtain the infrared spectrum of
the AAMs before and after solution immersion. Absorption spectra, as a result of 32 scans (range

530 cm™ - 4000 cm™), were collected on IR grade Zn/Se crystal, in reflectance ATR (Attenuated

Total Reflectance) mode. Background spectra were acquired on clean regions of the silicon

windows. Baseline (polynomial line fit) and smoothing were performed in all cases. FTIR was
done to determine the degree of chemical breakdown as a result of possible leaching or surface

chemical reactions due to reagent solutions and the identification of chemical bonds and their
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correlation with the strength degradation. The FTIR operation followed our previously reported

method, with modifications .

2.5 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was necessary to analyze the crystallographic changes in AAMs
specimens (itched powder from the surface), before and after solution immersion to different
solutions. The crystallographic parameters were investigated using X-ray diffraction (XRD) with
a Cu-a radiation source (A = 1.5406 A), carried out at room temperature with an operating voltage
of 40 kV and a current of 30 mA, covering an angular range of 5° to 85° (20) for the diffraction

angles. The XRD operation followed our previously reported method, with modifications 3.

2.6 Morphological Observations and Surface Elemental Mapping

Scanning electron microscopy (SEM) coupled with Elemental dispersive X-ray spectroscopy
(EDXS) was employed to capture microstructural images and surface elemental concentration of
AAMs, before and after immersion in the reagent solutions for 63 days. The atomic percentage of
mainly Al, Ca, Si, K and O were considered, with error % of <10. The surface structural and
chemical behavior of AAMs were investigated before and after solution immersion to better
understand the changes that occurred during the possible leaching process. SEM and EDXS

operations followed our previously reported method, with modifications 33>,

3 Results and Discussion

3.1 Leaching Analysis

Hazardous element concentrations of the leachates from AAMs specimens after immersion in the

different solutions (deionized water, acid water, and saltwater) for 63 days were examined
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according to static monolithic leaching method *, as shown in Figure 1A (see methods for more
details). ICP-AES analysis in Figure 1B explains consistency with the chemical compositions of
the raw materials presented in Table S1, where Si, Al, Fe, Ca, Na, Mg, K, Mn, Ti, and S were
found to be the dominating elements. Maximum leaching of sulfur (S), which is 31 mg/L, was
observed in the case of 4A-specimen immersed in an acidic solution after 7 days. Silica (Si)
leaching was found at 18 mg/L in 3A-specimen under an acidic environment after 28 days. The
maximum leaching of S was found for the 7SCMT+25MK specimen, whereas the maximum
leaching of Si was found for the SOCMT+50MK specimen, which are the ones containing more
CMTs. In any case, almost all elements were detected below the permissible limits set by the US
EPA, with the only exception being aluminum (Al), which had a maximum leaching concentration
of 16 mg/L in 1 A-specimen under an acidic environment, which is 100MK specimens, namely the
one manufactured with the sole MK as aluminosilicate precursor. Typically, AAMs materials can
release Si and Al ions into the surrounding solution when exposed to acidic conditions *. This
happens because the amorphous silica and alumina framework within the matrix can dissolve when
the protons (H") in the acid react with the Si-O-Si and Al-O-Si bonds in the structure *®. Several
factors, including the type and concentration of acid, temperature, composition, and structure of
the AAMs, can affect the degree of leaching *7¥. However, traced Al concentration (16 mg/L) in
water is not considered a serious concern to human health and the environment, as it falls under

the non-enforceable guidelines established by the US EPA for regulating contaminants >°.

Contrastingly, sulfur (S) leaching was much faster, reaching the maximum of 31 mg/L in 7 days
of 4A-specimen, i.e., 7SCMT+25MK, immersed in an acidic solution. Probably, under acidic
conditions, the breakdown of sulfide (S*) or sulfate (SO*4) groups (e.g., S* or SO*4 + 2H" — H,S

or H2SO4) in the material’s structure can cause the release of S ions into the surrounding solution.
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Moreover, S was also traced in specimens immersed in deionized water (3W and 4W, namely
those manufactured with 50% and 75% of CMTs, respectively) and salt solution. This suggests the
presence of water-soluble sulfide or sulfate ores in AAMs coming from CMTs starting material,
which were reported to be 0.06% (Table S1), possibly including pyrite (FeS2), chalcopyrite
(CuFeS»), sphalerite (ZnS), gypsum (CaSO4-2H,0), and anhydrite (CaSO4) °. However, due to the
dominance of Al- and Si-based minerals, sulfide or sulfate ores in CMTs were masked in XRD

(Figure S3).

It is worth noting that heavy metals, such as iron (Fe) oxides, which make up 6% of the CMTs

mass and approximately 1.5% of the MK mass, have been effectively immobilized in AAMs.
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Figure 1. (A)- Experimental design for static, monolithic leaching test on AAMs and processing
of three leachates at different intervals, starting from 0.08 to 63 days for ICP-AES analysis. (B)-
Elemental analysis through ICP-AES in different leachates (mg/L) from AAMs before and after
immersion (for 63 days) in different solutions (W= deionized water, A= acidic, and S= saltwater),
and (C)- EDXS analysis of AAMs surface, showing atomic (elemental) percentage of Al, Ca, Si,
K and O (see individual EDX spectra in supplementary Figures S6 to S17). For AAMs preparation
details and specimens coding, see Materials and Methods.
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Results demonstrate that elements’ leaching is more affected by the chemical composition of the
starting materials, namely CMTs, and MK, than by the microstructure of mortars, namely total

porosity and critical pore diameter.

The mean interval flux for selected elements (Al, Si, and S) was plotted as a /og-log scale, as
depicted in Figure S4. The flux over the exposed surface of the AAMs was estimated by dividing

the interval mass release by the interval duration as follows *:

where F; is the interval flux, M; is the mass released during the current leaching interval that can
be calculated via the element concentration of the leachate, and the specimen surface area and
eluate volume, #; and #;.; define the time of each interval. The mean interval flux varied, but not so
significantly, with the solubility of each element in the different solutions. The peak values for
mean interval flux were recorded at 0.08 days, and gradually decreased over time, with minimal
leaching observed after 14 days. Furthermore, results show that the mean interval flux of S in 4A
(1.444x10”° mg/m?s) and 4S (1.465x107 mg/m? s) specimens was significantly high compared to

Si and Al

Moreover, the surface chemical-stability of AAMs concerning elements towards precipitating,
inactivity, or leaching was analyzed through EDXS, as shown in Figure 1C, supplementary Figure
S5 and individual EDXS spectra in supplementary Figures S6 to S17. In the case of AAMs in
deionized water or acidic solution, reduction in Al and K confirms their leaching from the surface.

On the other hand, Si atoms remain intact before or after immersion. CMTs and MK comprise
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approximately 3% of K-oxides, readily soluble in all media, thus donating K" ions from the AAMs
surface. Contrary, Ca ions, probably originating from calcite present in CMTs, starts precipitating
over the surface. In addition to calcite, albite is also present in CMTs; it is a feldspar mineral
containing Al and Na ions in its crystal structure *’. Water molecules interact with the crystal
structure of the-albite, causing Al ions to be released while Ca ions are trapped. The process is
primarily based on a phenomenon known as ion exchange; Na ions in the albite mineral are
exchanged ferwith Ca ions in the water, thereby retaining the Ca ions in the mineral while releasing

Al ions into the water 103740,

On the other hand, AAMs immersion in saltwater resulted in Al precipitation rather than leaching.
This could be explained as the water pH affecting the ion exchange process between AAMs and
water. At high pH, the Al ions in AAMs form insoluble hydroxides, making it difficult to exchange
with other ions in the water. In addition, at high pH, the concentration of OH ions in water
increases, which competes with other ions for exchange sites on AAMs. This reduces the
efficiency of the ion exchange process, making AAMs less likely to provide Al ions to the alkaline
water. On the other hand, the release of Si from AAMs was observed and, differently from Al ions,
regardless of the pH of saltwater. When AAMs were exposed to water, water molecules interact
with the crystal structure of the mineral (e.g., quartz, albite, and illite), causing Si ions to be
released into the water. This process occurs because Si-O in AAMs has higher polarity than Al-O
or Na-O. Therefore, the polar nature of Si-O bonds can facilitate hydrolysis, as in the bond, the
oxygen atom has a high affinity for highly polar water molecules *'. When Si-O bonds encounter
water, the polar water molecules can interact with Si and O atoms in the bond through hydrogen
bonding #'~*. This interaction weakens the Si-O bond, eventually leading to its cleavage and the

release in the water of Si ions from AAMs instead of Al or Na ions. In alkaline water, the solubility
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of silicon dioxide (Si0.) increases, which facilitates the release of Si ions from AAMs, because at
high pH, silicic acid (H4SiO4) molecules tend to form negatively charged ions (silicates), which
bind to positively charged ions in water and can be transported away. Thus, despite the difficulty
inreleasing Al ions, releasing Si ions from AAMs in saltwater is still possible due to the hydrolysis

of Si—O bonds and the solubility of Si at pH >7.

The leaching of elements from AAMs is strongly influenced by the pH of the surrounding
environment. Figure 2 illustrates the pH values of the leachates obtained from immersing AAMs
in the three different solutions. The initial pH values of the solutions were approximately 7.0, 4.5,
and 7.0, for deionized water, acidic water, and saltwater, respectively. The sharp increase in pH,
reaching values close to 10, was observed for all specimens after immersing for 0.08 days. After
immersing for 14 days, the pH values increased to about 11.5 for deionized and acid water and to
10.5 for saltwater. The overall increase in pH was attributed to the release of alkaline residues,
such as unreacted KOH, from the AAMs. Such surface leaching of K ions is also evident from the

EDXS analysis (Figure 1C).

The pH values peaked after 14 days of immersion and then gradually stabilized or slightly
decreased due to the cumulative dilution of alkaline residues and the diminishing leachable ions
in AAMs. Using fresh solutions at the start of each interval meant that the leachable potentials of
the involved elements determined the driving forces behind leaching. Additionally, the
concentrations of leached elements were influenced by the cumulative leachable concentrations,
resulting in a gradual decrease in the quantification of these elements as time elapsed.
Consequently, both the driving force and leachable potential of the system declined over time.
However, even for a longer immersion, the pH values did not decrease significantly, indicating the

presence of a substantial amount of alkali residues from the activator and the CMTs. Moreover, it
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is possible that the limited amount of solution used in the static monolithic leaching did not

significantly dilute the OH" ions .
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Figure 2. Weight of the specimens, pH, and conductivity of leachates as a function of leaching
duration.

The conductivity of a reagent solution is a commonly employed parameter to gain insights into
leaching behavior since it reflects the solution's ability to conduct electric current, which is directly
associated with the concentration of present ions. The conductivity and pH of the system are
correlated, as pH strongly determines the availability of ions in the solution responsible for electric
charge carriers. The concentration of ions in the solution is influenced by dissolved salts and
inorganic materials, with higher concentrations leading to increased conductivity **. AAMs exhibit
electrical conductivity as they release ions with positive and negative charges, further contributing
to their conductive properties. Figure 2 illustrates the changes in the electrical conductivity of

solutions over time following the immersion of AAMs specimens. The results demonstrate that
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there were no significant differences in conductivity between the leachates of AAMs specimens
immersed in deionized water and acidic water. However, the conductivity of the saltwater was

notably higher (47.82 mS/cm), owing to the abundance of ions present even at the start.

The trends in conductivity evolution exhibited a characteristic pattern of initial increase followed
by subsequent decrease across all reagent solutions. This pattern suggested that the diffusing,
dissolving, and releasing rates of elements within the AAMs initially emerged with increasing
immersion duration, and then gradually declined until reaching a critical state. During the diffusion
and dissolution process, the generation of free ions could enhance conductance, and positive ions
within AAMs could be replaced by free cations from the solutions, forming double electric layers
that increased conductivity by adhering to the particle surface *°. However, as the solutions were
exchanged, the potential for forming free cations and double electric layers over the AAMs surface
decreased, resulting in lower conductivity. This suggests that the conductive properties of the
AAMs were influenced by the dynamics of ion exchange and the formation of double electric

layers, which varied with the duration of immersion and solution exchanges.

3.2 Surface Chemical and Structural Stability of AAMs

FTIR analysis was conducted to gain chemical insights into the surface, chemical, and structural
stability of AAMs after immersion in various solutions. Figure 3 reveals the FTIR spectra of the
AAMs both before and after immersion in the different solutions where significant differences

were recorded in all specimens.

Specimens immersed in deionized water (2W, 3W, and 4W) and saltwater (2S, 3S, and 4S) exhibit
similar patterns of FTIR changes in the range between 912-1052cm™’. The decrease in the intensity

of bond vibrations around 912-1052 cm™ in the FTIR spectra of AAMs after immersion in
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deionized water could be attributed to various factors. These include the adsorption of H-OH
molecules onto the surface functional groups, such as hydroxyl (OH), silanol (Si-OH) groups (from
crystalline quartz), and Al-OH groups from MK, which can disrupt their vibrational modes. So,

the peak centered around 980cm’!

corresponds to Si-OH, Al-OH and asymmetric stretching
vibrations of Si-O-T (T: Si or Al), mainly from unreacted quartz or MK “*_ Moreover,
immersion of AAMs in deionized water or saltwater can trigger surface restructuring processes,
such as dissolution, precipitation, or rearrangement of surface molecules. These processes can
result in changes in the composition, structure, and bonding of the surface functional groups,
leading to alterations in the intensity of vibrational modes observed in the FTIR spectra. The same
specimens show slight variations in the range between 1350-1500 cm’!, probably due to the
variable -COs3 species interfering with unreacted-KOH in the reagent solutions. Considering that
KOH was used as an activator, the bending vibrations of K-OH bonds usually appear as sharp
peaks in a similar region (1350-1500 cm™), providing information about the molecular geometry
and local structure of the KOH compound *°. Unreacted KOH was found to be more soluble in

deionized water and saltwater and precipitated over 1W specimen after immersion, producing

higher FTIR signals. These findings were consistent with EDXS analysis (Figure 1C).

AAMs immersed in acid water exhibit different patterns than in deionized water and saltwater.
This is mainly because acid water can react with Al and Si ions in the AAMs matrix, resulting in
the formation of hydroxide complexes such as (Al(OH)3) and (Si(OH)4), oxide complexes such as

3031 or even acid-base

(Al2S1205(OH)4), also known as kaolinite, through hydrolysis reactions
complexes. These complexes may exhibit characteristic peaks in FTIR spectra, which could be

observed around 900-1150 cm™ and 1350-1500 cm™! regions of the spectrum, depending on their

specific coordination environment and bonding configurations. The difference between 550-875



402  cm’! was also significant, showing bending and stretching bond vibrations. This difference can be
403  attributed to the tetrahedral coordination of Al and Si atoms with O within AAMs matrix 46483253,
404  and possibly Cu-O/ Cu—O-Si bonds vibrations between 550-750 cm™ °*. However, little presence
405 of MK in AAMs specimens (4W, 4A, and 4S) has shown a drastic decrease in FTIR signals around
406  900-1150 cm™, further confirming that this particular region mainly corresponds to Al/Si leaching,
407  precipitation, and interactions coming from Al-O and Si-O of MK. This reduction in FTIR signals
408  (mainly because of Al and Si depletion) also supports the hypothesis that low content of MK can

409  possibly accelerate the Al and Si leaching in AAMs, as observed in Figure 1B.

3
978

— = Before N -
= After ® w
—— Baseline

2WA

j 709
1427
—g51 874
684 707
1420

1653
=
1655
55
65

980
979

] 1A 7 2 _2A7 o 3AT 4A

— s Q -
=3 © M~
9, ™~ i © )
@ s = =+ ©
[&] f—r o 8 Q — "
% o © o ® I
a o2 @ 2 @ ©
= == @ < Gt
o ~ O oyl Q, o) n 0 i
@ < 22 o [z W Fig
Ke] I & pizl - = re:8
< © [Te! © < foe) re!

o ] T : 7o)

© © ©

AR

T T | | | | T
1800 1200 600 1800 1200 600 1800 1200 600 1800 1200 600
Wavenumber [cm™]
410

411  Figure 3. Surface chemical/structural stability analysis through FTIR spectroscopy of AAMs
412  before and after immersion into different solutions (W= deionized water, A= acidic, and S=
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saltwater). All the spectra were processed in origin, baseline corrected, and smoothing were
performed in all cases.

3.3 Crystallographic Parameters of AAMs

The changes in the composition of AAMs were investigated using X-ray diffraction (XRD)
analyses before and after immersion in different reagent solutions, as shown in Figure 4 and
supplementary Figure S18 to S29. The AAMs were found to contain different crystalline phases,
such as quartz, trona, albite, and calcite. Notably, most of these minerals exhibited crystalline
properties, with quartz and calcite being the dominant phases in terms of abundance and
crystallinity. The albite phase starts to appear with the introduction of CMT to AAMs. The higher
the CMT concentration (e.g., 4A, 4W, and 4S), the higher the intensities of albite at 21°, 24°, and
27° were observed. The 4A and 4S specimens showed a significant reduction in peaks associated
with albite, mainly due to acid dissolution of Al and Si ions in acid water or ion exchange due to
relatively higher ionic concentration in saltwater. Contrastingly, the peaks corresponding to calcite
(e.g., 35° and 39°) showed enhancement after specimen immersion in acid or saltwater. Acid or
saltwater may have promoted the nucleation and growth of calcite crystals *°>°°. The presence of
acid or salt ions in water may provide favorable conditions for the crystallization of calcite, leading
to an increase in the size and abundance of calcite crystals in the AAMs matrix. Additionally,
factors such as dissolution of other phases, acid or salt-induced phase transformations, surface
changes, or coatings on calcite particles could also result in a higher intensity of calcite peaks in
the XRD pattern lead. Overall, there was no significant difference regarding the crystallinity of
AAMs after exposure to different reagent solutions, confirming the structural and chemical

stability of AAMs.
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3.4 Morphological Observations

Finally, SEM analyses were conducted to understand the microstructural changes of the AAMs
before and after immersion into reagent solutions. Figure 5 shows the SEM images of the AAMs
surface before and after immersion. The particles of all AAMs specimens appeared diffuse and
formed a relatively heterogeneous texture, with no clear particle morphology, indicating

homogenous KOH-induced activation of MK and CMTs.

The surface of 1A, 1W, and 1S specimens, namely specimens produced by the sole MK, appeared
to be more smooth and less porous, suggesting homogenous KOH activation of MK. Generally,
KOH dissociates in water to form hydroxide ions (OH-) that react with the aluminosilicate
components of MK, such as Al,O3 and SiO», to form an alkali aluminate complex (e.g., KAI(OH)4)
and silicate species (e.g., K2Si(OH)4) °’. The aluminate and silicate species formed by hydrolysis
subsequently polymerize through condensation reactions, comprising least porous and
homogenous geopolymeric gel (AAMs) **>°. When subjected to acid water or saltwater, these

specimens have shown traces of Al/Si precipitation over the surface due to leaching effect.

The addition of CMTs to KOH and MK, resulted in a more porous and less homogenous AAMs
surface, with the appearance of microcracks when exposed to acid and saltwater. In addition to
MK aluminates and silicates, CMTs also contain reactive components such as SiO» and Al,O3,
which can undergo a pozzolanic reaction with the alkali aluminate complex from MK. This
reaction involves forming calcium silicate hydrate (C-S-H) gel, the main cementitious product in
AAMs if the aluminosilicate precursors contain calcium, and other secondary phases *%°. This
reaction also releases K ions as by-products which will be trapped within the C-S-H gel. However,

CMTs also contain copper ions (Cu®") that can potentially complex with the alkali ions or other
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components in the system. The complexation reactions can influence the kinetics and surface
morphology of the AAMs. When exposed to deionized water, acid water, or saltwater, the AAMs
surface can deteriorate due to the chemical reaction and leaching of ions (e.g., trapped K or bound
Al/Si). This can lead to precipitation of Al/Si ions to the surface or to micropores and even

microcracks formation, as shown in Figure 5.

=~ Al/Si =+ Micropores Flakes =+ Microcracks
Before After Before After Betfore After

Figure 5. SEM images of AAMs before and after immersion in deionized water, acid water, and
saltwater. Micrographs were taken at 10 kV and at high resolution (magnification = 1.8-2.0 KX,
aperture size = 20 pm)
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4 Conclusion

In conclusion, a sustainable approach for heavy metals immobilization in AAMs was successfully
demonstrated by utilizing CMTs and MK as a potential source of aluminosilicates. The
concentration of hazardous elements in the leachates from AAMs was investigated after immersing
them in three different solutions (deionized water, acid water, and saltwater) for 63 days, using the
static monolithic leaching method. The highest leaching of S was observed in an acidic solution
after 7 days, while Si showed the highest concentration in an acidic solution after 28 days. The
mean interval flux of elements varied depending on their solubility and time, with peak values
recorded at 0.08 days and gradually decreasing over time. Overall, the findings suggest that the
manufactured AAMs may release certain elements into the surrounding solution under acidic
conditions, but the levels are not considered a significant concern to human health or the

environment.

EDXS analysis provided valuable insights into the behavior of elements in AAMs. It was observed
that AAMs showed leaching of Al and K in water or acidic solutions, while Si remained unaffected.
The presence of CMTs and MK was found to contribute to the leaching of K™ ions, while Ca ions
precipitated on the surface, possibly originating from calcite. Immersion of AAMs in saltwater
resulted in Al precipitation instead of leaching, likely due to the alkaline pH affecting the ion
exchange process. These findings emphasize the importance of considering the pH of the
environment in which AAMs are used, as it strongly influences their surface chemical stability and
leaching behavior. The conductivity of the reagent solution was also found to be a useful parameter

in understanding leaching behavior.
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FTIR analysis of AAMs immersed in various solutions revealed significant differences in the
spectra, indicating changes in surface, chemical, and structural stability. Immersion in deionized
water and saltwater resulted in similar FTIR changes, attributed to the adsorption of H-OH
molecules onto surface functional groups, while immersion in acid water exhibited different
patterns due to reactions with Al and Si ions. XRD analysis showed changes in crystalline phases,
with quartz, trona, albite, and calcite being dominant phases. Acid or saltwater immersion
promoted nucleation and growth of calcite crystals, while dissolution of other phases and acid/salt-

induced phase transformations also occurred.

CRediT Authorship Contribution Statement

Qaisar Magbool: Conceptualization, Methodology, Validation, Software, Formal analysis,
Investigation, Data curation, Writing — original draft, Writing — review & editing. Alessandra
Mobili: Conceptualization, Methodology, Validation, Software, Formal analysis, Investigation,
Data curation, Writing — original draft, Writing — review & editing. Elisa Blasi: Methodology,
Validation, Software, Formal analysis, Investigation, Data curation, Writing — review & editing.
Simona Sabbatini: Methodology, Validation, Software, Formal analysis, Investigation, Data
curation, Writing — review & editing. Maria Letizia Ruello: Validation, Writing — review &

editing. Francesca Tittarelli: Validation, Resources, Writing — review & editing, Supervision.

Competing Interests

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.



516

517

518
519

520

-

522

523

524
525
526
527

528
529
530

531
532
533

534
535
536
537
538

539
540
541

542

Data and Materials Availability

The data that support the findings of this study are available from the corresponding author(s) upon

reasonable request.

Supplementary Materials

Available online and includes,

Figures. S1 to S+729

Tables S1 to S2

References

(1

)

3)

(4)

©)

(6)

Alvarez, R.; De Miguel, E.; Cacciuttolo, C.; Atencio, E. Past, Present, and Future of Copper
Mine Tailings Governance in Chile (1905&ndash;2022): A Review in One of the Leading
Mining Countries in the World. /nt. J. Environ. Res. Public Heal. 2022, Vol. 19, Page 13060
2022, 79 (20), 13060. https://doi.org/10.3390/IJERPH192013060.

Barzegar Ghazi, A.; Jamshidi-Zanjani, A.; Nejati, H. Utilization of Copper Mine Tailings
as a Partial Substitute for Cement in Concrete Construction. Constr. Build. Mater. 2022,
317,125921. https://doi.org/10.1016/J.CONBUILDMAT.2021.125921.

Copper mine production worldwide total 2022 | Statista
https://www.statista.com/statistics/254839/copper-production-by-country/ (accessed 2023 -
03 -19).

Zhang, N.; Hedayat, A.; Figueroa, L.; Steirer, K. X.; Li, H.; Bolafios Sosa, H. G.; Huamani
Bernal, R. P.; Tupa, N.; Morales, I. Y.; Canahua Loza, R. S. Experimental Studies on the
Durability and Leaching Properties of Alkali-Activated Tailings Subjected to Different
Environmental = Conditions. Cem.  Concr. Compos. 2022, 130, 104531.
https://doi.org/10.1016/J.CEMCONCOMP.2022.104531.

Ahmari, S.; Zhang, L. Production of Eco-Friendly Bricks from Copper Mine Tailings
through  Geopolymerization.  Conmstr.  Build.  Mater. 2012, 29, 323-331.
https://doi.org/10.1016/J.CONBUILDMAT.2011.10.048.

Adrianto, L. R.; Pfister, S.; Hellweg, S. Regionalized Life Cycle Inventories of Global



543
544
545

546
547

548
549

550
551
552

553
554
555

556
557
558

559
560
561

562
563
564

565
566
567

568
569
570

571
572
573

574
575
576
577

578
579
580

(7

(8)

)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Sulfidic Copper Tailings. Environ. Sci. Technol. 2022, 56 (7), 4553-4564.
https://doi.org/10.1021/ACS.EST.1C01786/ASSET/IMAGES/LARGE/ES1C01786_0006.
JPEG.

Kiran; Bharti, R.; Sharma, R. Effect of Heavy Metals: An Overview. Mater. Today Proc.
2022, 51, 880—885. https://doi.org/10.1016/J.MATPR.2021.06.278.

Davidovits, J. Geopolymers - Inorganic Polymeric New Materials. J. Therm. Anal. 1991,
37 (8), 1633—-1656. https://doi.org/10.1007/BF01912193/METRICS.

Mabroum, S.; Moukannaa, S.; El Machi, A.; Taha, Y.; Benzaazoua, M.; Hakkou, R. Mine
Wastes Based Geopolymers: A Critical Review. Clean. Eng. Technol. 2020, 1, 100014.
https://doi.org/10.1016/J.CLET.2020.100014.

Kiventerd, J.; Perumal, P.; Yliniemi, J.; Illikainen, M. Mine Tailings as a Raw Material in
Alkali Activation: A Review. Int. J. Miner. Metall. Mater. 2020, 27 (8), 1009—1020.
https://doi.org/10.1007/S12613-020-2129-6/METRICS.

Ahmari, S.; Parameswaran, K.; Zhang, L. Alkali Activation of Copper Mine Tailings and
Low-Calcium Flash-Furnace Copper Smelter Slag. J. Mater. Civ. Eng. 2014, 27 (6),
04014193. https://doi.org/10.1061/(ASCE)MT.1943-5533.0001159.

Akinyemi, B. A.; Alaba, P. A.; Rashedi, A. Selected Performance of Alkali-Activated Mine
Tailings as Cementitious Composites: A Review. J. Build. Eng. 2022, 50, 104154.
https://doi.org/10.1016/J.JOBE.2022.104154.

Tian, X.; Zhang, H.; Zhang, T.; Fernandez, C. A. Alkali-Activated Copper Tailings-Based
Pastes: Compressive Strength and Microstructural Characterization. J. Mater. Res. Technol.
2020, 9 (3), 6557-6567. https://doi.org/10.1016/J.JMRT.2020.04.043.

Esmaeili, J.; Aslani, H. Use of Copper Mine Tailing in Concrete: Strength Characteristics
and Durability Performance. J. Mater. Cycles Waste Manag. 2019, 21 (3), 729-741.
https://doi.org/10.1007/S10163-019-00831-7/TABLES/6.

Lam, E. J.; Zetola, V.; Ramirez, Y.; Montofté, I. L.; Pereira, F. Making Paving Stones from
Copper Mine Tailings as Aggregates. Int. J. Environ. Res. Public Heal. 2020, Vol. 17, Page
2448 2020, 17 (7), 2448. https://doi.org/10.3390/IJERPH17072448.

Fu, Z.; Xi, S. The Effects of Heavy Metals on Human Metabolism.
https://doi.org/10.1080/15376516.2019.1701594 2019, 30 (3), 167-176.
https://doi.org/10.1080/15376516.2019.1701594.

Li, J.; Liu, Y.; Ke, X.; Jiao, X.; Li, R.; Shi, C. Geopolymer Synthesized from Electrolytic
Manganese Residue and Lead-Zinc Smelting Slag: Compressive Strength and Heavy Metal
Immobilization. Cem. Concr. Compos. 2022, 134, 104806.
https://doi.org/10.1016/J.CEMCONCOMP.2022.104806.

Hu, S.; Zhong, L.; Yang, X.; Bai, H.; Ren, B.; Zhao, Y.; Zhang, W.; Ju, X.; Wen, H.; Mao,
S.; Tao, R.; Li, C. Synthesis of Rare Earth Tailing-Based Geopolymer for Efficiently
Immobilizing Heavy Metals. Constr. Build. Mater. 2020, 254, 119273.



581

582
583
584

585
586

587
588
589

590
591
592
593

594
595
596

597
598
599
600

601
602
603

604
605
606
607

608
609
610

611
612
613

614
615
616
617

618

(19)

(20)

21)

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

https://doi.org/10.1016/J. CONBUILDMAT.2020.119273.

Kuenzel, C.; Li, L.; Vandeperre, L.; Boccaccini, A. R.; Cheeseman, C. R. Influence of Sand
on the Mechanical Properties of Metakaolin Geopolymers. Constr. Build. Mater. 2014, 66,
442-446. https://doi.org/10.1016/J.CONBUILDMAT.2014.05.058.

Servicio Nacional de Geologia y Mineria, SERNAGEOMIN https://www.sernageomin.cl/
(accessed 2023 -03 -17).

Malviya, R.; Chaudhary, R. Leaching Behavior and Immobilization of Heavy Metals in
Solidified/Stabilized Products. J. Hazard. Mater. 2006, 137 (1), 207-217.
https://doi.org/10.1016/J.JHAZMAT.2006.01.056.

Zheng, L.; Wang, W.; Shi, Y. The Effects of Alkaline Dosage and Si/Al Ratio on the
Immobilization of Heavy Metals in Municipal Solid Waste Incineration Fly Ash-Based
Geopolymer. Chemosphere 2010, 79 (6), 665-671.
https://doi.org/10.1016/J.CHEMOSPHERE.2010.02.018.

Zheng, L.; Wang, C.; Wang, W; Shi, Y.; Gao, X. Immobilization of MSWI Fly Ash through
Geopolymerization: Effects of Water-Wash. Waste Manag. 2011, 31 (2), 311-317.
https://doi.org/10.1016/J.WASMAN.2010.05.015.

Garrabrants, A. C.; Kosson, D. S.; DeLapp, R.; van der Sloot, H. A. Effect of Coal
Combustion Fly Ash Use in Concrete on the Mass Transport Release of Constituents of
Potential Concern. Chemosphere 2014, 103, 131-139.
https://doi.org/10.1016/J. CHEMOSPHERE.2013.11.048.

Qureshi, M. F.; Khandelwal, H.; Usadi, A.; Barckholtz, T. A.; Mhadeshwar, A. B.; Linga,
P. CO2 Hydrate Stability in Oceanic Sediments under Brine Conditions. Energy 2022, 256,
124625. https://doi.org/10.1016/J. ENERGY.2022.124625.

Wang, W.; Xu, S.; Li, Q.; Dong, S. Long-Term Performance of Fiber Reinforced
Cementitious Composites with High Ductility under Seawater Attack with Different
Salinities. Constr. Build. Mater. 2022, 317, 126164.
https://doi.org/10.1016/J. CONBUILDMAT.2021.126164.

Chang, J. S.; Cho, Y. C.; Lin, Y. P. Regeneration of Heavy Metal Contaminated Soils for
Cement Production by Cement Kiln Co-Processing. Resour. Conserv. Recycl. 2022, 176,
105909. https://doi.org/10.1016/J. RESCONREC.2021.105909.

Zhang, Q.; Zhang, B.; Feng, Y.; Qi, C.; Chen, Q.; Xiao, C. Hydration Development of
Blended Cement Paste with Granulated Copper Slag Modified with CaO and Al203. J.
Mater. Res. Technol. 2022, 18, 909-920. https://doi.org/10.1016/J.JMRT.2022.03.008.

Pierpaoli, M.; Giosug, C.; Czerwinska, N.; Rycewicz, M.; Wieloszynska, A.; Bogdanowicz,
R.; Ruello, M. L. Characterization and Filtration Efficiency of Sustainable PLA Fibers
Obtained via a Hybrid 3D-Printed/Electrospinning Technique. Materials (Basel). 2021, 14
(22), 6766. https://doi.org/10.3390/MA14226766/S1.

Zhang, W. lu; Zhao, L. yang; Yuan, Z. jian; Li, D. qiang; Morrison, L. Assessment of the



619
620
621

622
623
624

625
626
627

628
629
630
631

632
633
634
635

636
637
638
639

640
641
642

643
644
645
646

647
648
649
650

651
652
653

654
655
656

(31

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

Long-Term Leaching Characteristics of Cement-Slag Stabilized/Solidified Contaminated
Sediment. Chemosphere 2021, 267, 128926.
https://doi.org/10.1016/J. CHEMOSPHERE.2020.128926.

Suzuki, K.; Ono, Y. Leaching Characteristics of Stabilized/Solidified Fly Ash Generated
from Ash-Melting Plant. Chemosphere 2008, 71 (%), 922-932.
https://doi.org/10.1016/J.CHEMOSPHERE.2007.11.002.

Ahmari, S.; Zhang, L. Durability and Leaching Behavior of Mine Tailings-Based
Geopolymer Bricks. Constr. Build. Mater. 2013, 44, 743-750.
https://doi.org/10.1016/J.CONBUILDMAT.2013.03.075.

Magbool, Q.; Czerwinska, N.; Giosue, C.; Sabbatini, S.; Ruello, M. L.; Tittarelli, F. New
Waste-Derived TiO2 Nanoparticles as a Potential Photocatalytic Additive for Lime Based
Indoor Finishings. J. Clean. Prod. 2022, 133853.
https://doi.org/10.1016/J.JCLEPRO.2022.133853.

Giosue, C.; Pierpaoli, M.; Mobili, A.; Ruello, M. L.; Tittarelli, F. Multifunctional
Lightweight Mortars for Indoor Applications to Improve Comfort and Health of Occupants:
Thermal Properties and Photocatalytic Efficiency. Front. Mater. 2020, 7, 255.
https://doi.org/10.3389/FMATS.2020.00255/BIBTEX.

Giosue, C.; Pierpaoli, M.; Mobili, A.; Ruello, M. L.; Tittarelli, F. Influence of Binders and
Lightweight Aggregates on the Properties of Cementitious Mortars: From Traditional
Requirements to Indoor Air Quality Improvement. Mater. 2017, Vol. 10, Page 978 2017,
10 (8), 978. https://doi.org/10.3390/MA10080978.

Jurjovec, J.; Ptacek, C. J.; Blowes, D. W. Acid Neutralization Mechanisms and Metal

Release in Mine Tailings: A Laboratory Column Experiment. Geochim. Cosmochim. Acta
2002, 66 (9), 1511-1523. https://doi.org/10.1016/S0016-7037(01)00874-2.

Guo, Y. G.; Huang, P.; Zhang, W. G.; Yuan, X. W.; Fan, F. X.; Wang, H. L.; Liu, J. S;;
Wang, Z. H. Leaching of Heavy Metals from Dexing Copper Mine Tailings Pond. Trans.
Nonferrous Met. Soc. China 2013, 23 (10), 3068-3075. https://doi.org/10.1016/S1003-
6326(13)62835-6.

Wang, H.; Ju, C.; Zhou, M.; Chen, J.; Kan, X.; Dong, Y.; Hou, H. Acid Rain-Dependent
Detailed Leaching Characteristics and Simultaneous Immobilization of Pb, Zn, Cr, and Cd
from Hazardous Lead-Zinc Tailing. Environ. Pollut. 2022, 307, 119529.
https://doi.org/10.1016/J. ENVPOL.2022.119529.

Drinking Water Regulations and Contaminants | UsS EPA
https://www.epa.gov/sdwa/drinking-water-regulations-and-contaminants (accessed 2023 -
03 -27).

Mukhopadhyay, B.; Walther, J. V. Acid—Base Chemistry of Albite Surfaces in Aqueous
Solutions at Standard Temperature and Pressure. Chem. Geol. 2001, 174 (4), 415-443.
https://doi.org/10.1016/S0009-2541(00)00288-6.



657
658
659

660
661
662

663
664
665

666
667
668

669
670
671

672
673
674

675
676
677
678

679
680
681

682
683
684

685
686
687

688
689
690

691
692
693

694

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(1)

(52)

(53)

Skorina, T.; Tikhomirova, I. Alkali Silicate Binders: Effect of SiO 2/Na 20 Ratio and Alkali
Metal Ion Type on the Structure and Mechanical Properties. J. Mater. Sci. 2012, 47 (12),
5050-5059. https://doi.org/10.1007/S10853-012-6382-6/FIGURES/7.

Skorina, T. Ion Exchange in Amorphous Alkali-Activated Aluminosilicates: Potassium
Based Geopolymers. Appl. Clay Sci. 2014, 87, 205-211.
https://doi.org/10.1016/J.CLAY.2013.11.003.

Skorina, T.; Allanore, A. Aqueous Alteration of Potassium-Bearing Aluminosilicate
Minerals: From Mechanism to Processing. Green Chem. 2015, 17 (4), 2123-2136.
https://doi.org/10.1039/C4GC02084G.

Miller, R. L.; Bradford, W. L.; Peters, N. E. Specific Conductance; Theoretical
Considerations and Application to Analytical Quality Control. Water Supply Pap. 1988.
https://doi.org/10.3133/WSP2311.

Ban, H.; Lin, B.; Song, Z. Effect of Electrical Double Layer on Electric Conductivity and
Pressure Drop in a Pressure-Driven Microchannel Flow. Biomicrofluidics 2010, 4 (1),
014104. https://doi.org/10.1063/1.3328091.

Kaja, A. M.; Lazaro, A.; Yu, Q. L. Effects of Portland Cement on Activation Mechanism
of Class F Fly Ash Geopolymer Cured under Ambient Conditions. Constr. Build. Mater.
2018, /89, 1113-1123. https://doi.org/10.1016/J.CONBUILDMAT.2018.09.065.

Zhang, B.; Yu, T.; Deng, L.; Li, Y.; Guo, H.; Zhou, J.; Li, L.; Peng, Y. Ion-Adsorption Type
Rare Earth Tailings for Preparation of Alkali-Based Geopolymer with Capacity for Heavy
Metals  Immobilization. Cem. Concr. Compos. 2022, 134, 104768.
https://doi.org/10.1016/J. CEMCONCOMP.2022.104768.

Manaenkov, A.; Steinerova, M.; Kukleva, E. Effect of Kaolin Addition into Metakaolin
Geopolymer Composite. J. Mater. Civ. Eng. 2020, 33 (1), 06020022.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003498.

Park, J. H.; Park, J. S. KOH-Doped Porous Polybenzimidazole Membranes for Solid
Alkaline Fuel Cells. Energies 2020, Vol. 13, Page 525 2020, 13 (3), 525.
https://doi.org/10.3390/EN13030525.

Ryu, K. W.; Jang, Y. N.; Chae, S. C. Hydrothermal Synthesis of Kaolinite and Its Formation
Mechanism. Clays Clay Miner. 2010, 58 (1), 44-51.
https://doi.org/10.1346/CCMN.2010.0580104/METRICS.

XU, R. K,; XIAO, S. C.; L1, J. Y.; TIWARI, D.; JI, G. L. Hydrolysis of Aluminum Ions in
Kaolinite and Oxisol Suspensions as Influenced by Organic Anions. Pedosphere 2007, 17
(1), 90-96. https://doi.org/10.1016/S1002-0160(07)60012-5.

Abdalqader, A. F.; Jin, F.; Al-Tabbaa, A. Development of Greener Alkali-Activated
Cement: Utilisation of Sodium Carbonate for Activating Slag and Fly Ash Mixtures. J.
Clean. Prod. 2016, 113, 66—75. https://doi.org/10.1016/J.JCLEPRO.2015.12.010.

Askarian, M.; Tao, Z.; Samali, B.; Adam, G.; Shuaibu, R. Mix Composition and



695
696

697
698
699
700

701
702
703

704
705
706
707
708

709
710
711

712
713
714

715
716
717

718
719
720
721

722

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Characterisation of One-Part Geopolymers with Different Activators. Constr. Build. Mater.
2019, 225, 526-537. https://doi.org/10.1016/J. CONBUILDMAT.2019.07.083.

Liu, T.; Wei, H.; Zhou, A.; Zou, D.; Jian, H. Multiscale Investigation on Tensile Properties
of Ultra-High Performance Concrete with Silane Coupling Agent Modified Steel Fibers.
Cem. Concr. Compos. 2020, 111, 103638.
https://doi.org/10.1016/J.CEMCONCOMP.2020.103638.

Liendo, F.; Arduino, M.; Deorsola, F. A.; Bensaid, S. Nucleation and Growth Kinetics of
CaCO3 Crystals in the Presence of Foreign Monovalent lons. J. Cryst. Growth 2022, 578,
126406. https://doi.org/10.1016/J.JCRYSGRO.2021.126406.

Darkins, R.; Kim, Y. Y.; Green, D. C.; Broad, A.; Dufty, D. M.; Meldrum, F. C.; Ford, I. J.
Calcite Kinetics for Spiral Growth and Two-Dimensional Nucleation. Cryst. Growth Des.
2022, 22 (7), 4431-4436.
https://doi.org/10.1021/ACS.CGD.2C00378/ASSET/IMAGES/MEDIUM/CG2C00378 M
015.GIF.

Komnitsas, K.; Zaharaki, D. Geopolymerisation: A Review and Prospects for the Minerals
Industry. Miner. Eng. 2007, 20 (14), 1261-1277.
https://doi.org/10.1016/J.MINENG.2007.07.011.

Yu, Q.; Li, S.; Li, H.; Chai, X.; Bi, X.; Liu, J.; Ohnuki, T. Synthesis and Characterization
of Mn-Slag Based Geopolymer for Immobilization of Co. J. Clean. Prod. 2019, 234, 97—
104. https://doi.org/10.1016/J.JCLEPRO.2019.06.149.

Wang, A.; Liu, H.; Hao, X.; Wang, Y.; Liu, X.; Li, Z. Geopolymer Synthesis Using Garnet
Tailings from Molybdenum Mines. Miner. 2019, Vol. 9, Page 48 2019, 9 (1), 48.
https://doi.org/10.3390/MIN9010048.

Castillo, H.; Collado, H.; Droguett, T.; Vesely, M.; Garrido, P.; Palma, S. State of the Art
of  Geopolymers: A  Review. E-Polymers 2022, 22 (1), 108-124.
https://doi.org/10.1515/EPOLY-2022-0015/ASSET/GRAPHIC/J]_EPOLY-2022-

0015 _FIG_009.JPG.



