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Abstract 13 

This study demonstrates a successful approach for immobilizing heavy metals in alkali-activated 14 

mortars (AAMs) by incorporating copper mine tailings (CMTs) and metakaolin (MK) as potential 15 

sources of aluminosilicates. Leachate concentrations of hazardous elements from AAMs 16 

specimens were investigated up to 63 days of immersion in different solutions (pH= 4.5 and 7.0) 17 

using the static monolithic leaching method. Statistical analysis revealed that heavy metals like Fe, 18 

Cu, Pb, and Cd were effectively immobilized in AAMs, contributing to the goal of mitigating 19 

environmental pollution. Moreover, the leaching of S was the highest in an acidic solution after 7 20 

days (31 mg/L), while Si showed the highest concentration in an acidic solution after 28 days (18 21 

mg/L). Sulfur exhibited a higher mean interval flux than Si and Al, indicating its faster release 22 

from AAMs. Although some elements were detected in relatively high concentration, such as Al 23 

in an acidic solution (16 mg/L), they fall within the non-enforceable guidelines set by the US 24 

Environmental Protection Agency (EPA), revealing that the manufactured AAMs can meet 25 

regulatory requirements. EDXS, FTIR, and XRD analyses provided valuable insights into the 26 

surface, chemical, and structural stability of AAMs, as well as the influence of pH, the presence 27 

of CMTs and MK, and the release of alkaline residues on leaching behavior. 28 

Keywords: Alkali-activated materials, Geopolymers, New binders, Mine tailings, Metakaolin, 29 

Heavy metals immobilization, Mortar, Sustainability. 30 

 31 



Synopsis 32 

In this study, heavy metals such as iron, copper, lead, and cadmium present in copper mine tailings 33 

were effectively immobilized to produce sustainable alkali-activated mortars. 34 

  35 



1 Introduction 36 

Tailings are a by-product of mining. After ore containing an economically-recoverable 37 

commodity is mined from the earth, that commodity is extracted in a processing plant or mill. 38 

After the commodity of value is extracted from the ore material, the resultant waste stream is 39 

termed “tailings”. There fore, Mmine tailings (MTs) are the complex residual material comprised 40 

of fine or coarsely ground rock particles left over after extracting valuable minerals from ores 1,2. 41 

Among all, copper MTs (CMTs) constitute the highest proportion of metal mining and processing 42 

wastes generated worldwide. It is estimated that copper production from mines reached a total of 43 

22 million metric tons in 2022, generating > 66 million metric tons of CMTs 3. CMTs may contain 44 

heavy metals (e.g., Fe, Pb, Cd, As, Hg etc.), sulfides, and other harmful chemical substances, which 45 

can leach into the surrounding environment due to natural weathering 4–6. Leaching of heavy 46 

metals could contaminate local water sources that can cause long-lasting damage to aquatic 47 

ecosystems and pose a risk to human health 7. Thus, exploring methods for transforming massive 48 

amounts of CMTs can prevent this issue, and be considered a progressive approach towards 49 

sustainable CMTs waste management. 50 

Interestingly, CMTs are a rich source of aluminosilicate and can be stabilized or solidified 51 

using alkaline activation, producing cementitious materials. The process of alkaline activation, 52 

generally referred to geopolymerization if the CaO content in aluminosilicate precursors is low 8,  53 

involves the dissolution of solid aluminosilicate materials in an alkaline solution, leading to the 54 

formation of Al-Si oligomers, polycondensation of the oligomeric species into the inorganic 55 

polymeric material, and finally, the bonding of undissolved solid particles to form the ultimate 56 

geopolymeric structure 9–11. Alkali-activated materials (AAMs) not only deliver comparable 57 



performance to Ordinary Portland Cement (OPC) based composites in plentiful applications but 58 

also present several additional benefits such as low risk of Al-Si reaction-related expansion, rapid 59 

development of mechanical strength, durability, acid-resistance, low carbonation and chloride 60 

penetration, resistance to high temperatures and bio-corrosion, excellent adherence to aggregates, 61 

and significantly reduce carbon footprints 12,13. Regarding this, CMTs were valorized into different 62 

products, such as, geopolymerization into eco-friendly bricks through NaOH-activation and high 63 

temperature (60-120 °C) curing 5, utilized as a partial substitute for OPC in concrete 2,14, or as 64 

aggregates to make paving stones (building blocks) 15. However, from the perspective of 65 

environmental protection and biosafety 7,16, it is important to immobilize toxic and hazardous 66 

elements in AAMs before their applicability 5. 67 

Heavy metals immobilization (HMI) in AAMs was attempted before. Zhang et al., valorized 68 

gold MTs as starting precursor through NaOH activation with liquid to solid (L/S) mass ratio of 69 

1:4. The HMI (leaching) analysis showed that the resulting material was ineffective in 70 

immobilizing As, Si, and S elements 4. However, some recent studies suggest that HMI in AAMs 71 

is possible when other additives like blast furnace slag (BFS) or metakaolin (MK) are incorporated. 72 

Li et al., used a mix of electrolytic manganese residue and lead-zinc smelting slag as a source of 73 

aluminosilicates along with BFS as supplementary cementitious material to immobilize Pb and Zn 74 

17. Similarly, Hu et al., demonstrated 95% immobilizing efficiency of heavy metals (e.g. Pb2+) in 75 

AAMs produced from NaOH activation of rare earth tailings with MK as an additive 18.  Ahmari 76 

et al., demonstrated alkali activation of CMTs and smelter slag waste for enhanced geopolymer 77 

strength and suitability as a sustainable construction material 11. In another study, alkali-activated 78 

CMTs were synthesized for 40.9 MPa compressive strength. Optimal conditions included 20 MPa 79 

pressure, 0.15 liquid/solid ratio, and 20% CaO substitution for NaOH. It was observed that partial 80 



substitution of CaO with NaOH as alkaline activator did not lead to the formation of a C-S-H gel 81 

13. Nevertheless, MK is generally preferred to BFS or other by-products to obtain AAMs where a 82 

constant elemental composition is foreseen 19. 83 

In the current research, we adopted a sustainable approach for HMI in AAMs by utilizing MK 84 

and CMTs as potential sources of aluminosilicates was adopted. CMTs were procured from a 85 

mining site located in Chile. Considering that Pb, Mn, Cd, Co, Fe, Al, Si, and S are commonly 86 

present in CMTs, we used MK as an additive to support HMI along with KOH and sodium silicate 87 

activation of CMTs to produce AAMs. HMI in prepared mortars was performed through static 88 

monolithic leaching tests 4, by submerging mortar (40 mm × 40 mm × 80 mm) specimens into 89 

deionized water, mild acid, and seawater (alkaline) solutions to mimic different environmental 90 

impacts. An assessment of the leaching kinetics of hazardous elements was conducted by 91 

analyzing their concentration over time using ICP-AES and a first-order reaction/diffusion model. 92 

At last, the mechanism of HMI was studied through surface analysis (EDXS and FTIR), XRD, and 93 

SEM.  94 

2 Materials and Methods 95 

2.1 Reagents, Raw Materials, and Instruments 96 

 The solution used to produce AAMs was obtained by mixing a liquid sodium silicate (kindly 97 

supplied by Ingessil S.r.l.) with a SiO2/Na2O molar ratio equal to 2.0 (SiO2 = 29.20 wt.%, Na2O = 98 

14.62 wt.%) with a solution of 50 wt% KOH in water. 99 

CMTs were characterized The geotechnical characterization CMTs were performed following the 100 

ASTM Standards (D6913, D7928, and D4318). The grain size distribution of the CMTs has been 101 



analyzed by means of a Micromeritics Saturn Digisizer 5200 laser diffractometer with range of 0.1 102 

to 1000 µm and can be seen in Figure S1.  (1)- The mean particle size is D50 = 10.9 µm with a fine 103 

percentage (passing throw sieve No. 200) equal to 98.6% and (2)- A coefficient of uniformity Cu 104 

= 6. According to SERNAGEOMIN public databases 20, the chemical composition of CMTs 105 

werewas detailed in Table S1 and results show that CMTs mainly consist of 12 major rock forming 106 

elements, expressed as oxides: silicon (SiO2), aluminum (Al2O3), titanium (TiO2), iron (Fe2O3), 107 

calcium (CaO), magnesium (MgO), manganese (MnO), sodium (Na2O), potassium (K2O), 108 

phosphorus (P2O5), sulfate (SO3) and compounds lost on ignition (PPC, such as carbonates, for 109 

example). Heavy metals present in trace, constitute <1% of the total mass of CMTs. 110 

The mineral composition of CMTs were characterized by XRD, as shown in Figure S2. 111 

Crystallographic analysis through HighScore Plus® shows that CMTs mainly consist of 112 

aluminosilicate minerals i,e., quartz (SiO2, ICSD Card No= 46-1045), albite (NaAlSi3O8, ICSD 113 

Card No= 89-6427), Clinochlore (Mg5Al(AlSi3O10)(OH)8
 , ICSD Card No= 29-0701), Calcite 114 

(CaCO3, ICSD Card No=24-0027) and Illite (KAl2Si3AlO10(OH)2, ICSD Card No=02-0056). 115 

MK is the commercial MetaStar® 501 produced by Imerys Minerals Ltd; it has an amorphous 116 

structure obtained after calcination of the kaolinite precursor at 750 °C. 117 

The aggregate used to produce AAMs is a calcareous sand supplied by ESINCALCE S.r.l. with a 118 

maximum grain size of 8.0 mm. 119 

Instruments used were: Spectrum GX 1 FT-IR spectrometer equipped with a Perkin-Elmer® 120 

Autoimage microscope with a photoconductive HgCdTe, XRD X'Pert Powder-PANalytical®, 121 

SEM ZEISS SUPRA®-40 and X-Flash Detector 410-M by Bruker® Nano GmbH, Inductively 122 



Coupled Plasma Atomic/Optical Emission Spectroscopy (ICP-AES) by PerkinElmer® Optima 123 

8300. 124 

2.2 Preparation of Alkali Activated Mortars (AAMs) 125 

AAMs were obtained by the polymerization reaction of a solid aluminosilicate precursor, based 126 

on CMTs and MK. The precursor was mixed with activating solutions composed of sodium silicate 127 

(SS) and potassium hydroxide (KOH). AAMs were prepared by replacing MK with 0%, 25%, 50% 128 

and 75% by mass of CMTs. The 4 blends were activated by adopting a constant (Na+K)/Al molar 129 

ratio equal to 1.5 and different Si/Al molar ratios varying between 1.5 and 2.5. Mortars were 130 

prepared by adding sand with an aggregate/precursor ratio equal to 3 by mass. Different 131 

water/binder (w/b) ratios were used to manufacture AAMs with a plastic workability class (flow 132 

value comprised between 140 mm and 200 mm, according to the EN 1015-6 standard). Table 1 133 

below reports the elaborateddeveloped mix designs. 134 

Table 1. Composition of AAMs and workability in terms of flow value 135 

Mortars 
MK 

(g/L) 

CM

Ts 

(g/L) 

Activators (g/L) 
Sand 

(g/L) 
w/b* 

(Na+K)

/Al 
Si/Al 

Flow 

value 

(mm) 
SS 

solution 

KOH 

solution 
Water 

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. 136 

Mortars were cured at relative humidity (RH) of 90 ± 5% and temperature (T) of 20 ± 1 °C for the 137 

first 7 days and then at RH = 50 ± 5% and T = 20 ± 1 °C until testing. Mortars were characterized 138 

by compressive strength (Rc) tests after 2, 7, and 28 days of curing with a Galdabini hydraulic 139 



press (maximum load of 200 kN) on 40 mm x 40 mm x 160 mm specimens according to the EN 140 

1015-11 standard. Results show that Rc progressively increases from 10.9 to 26.9 and 32.2 MPa 141 

by decreasing the content of CMTs from 75% to 50% and 25%, respectively, while slightly lowers 142 

to 27.3 MPa for the mortar manufactured with solely MK. After 28 days of curing, mercury 143 

intrusion porosimetry (MIP) was performed on three small fragments for each manufactured 144 

mortar using a Thermo Fisher 240 Pascal. The total porosity, as shown in Figure S2 and Table S2, 145 

was similar between the 4 manufactured AAMs, but the critical pore diameter decreased the 146 

percentage of CMT. Therefore, the higher the quantity of MK, the more refined the paste. The 147 

higher strength and the higher presence of small pores in the manufactured AAMs containing more 148 

MK are due to the higher reactivity of MK compared to CMTs. 149 

2.3 Leaching Analysis  150 

The hazardous element mass transfer rates from the AAMs to various solutions were evaluated 151 

using the testing protocol outlined in Test Method-1315 of the U.S. Environmental Protection 152 

Agency (EPA) SW-846. Test Method-1315 is a static monolithic leaching testing method that 153 

measures the leaching of specific elements when exposed to different liquid environments, widely 154 

accepted for evaluating element leaching from AAMs 21–24. In this case, specimens were 155 

submerged in deionized water (pH = 7.0), acidic water (with a pH of approximately 4.5), and 156 

saltwater, as illustrated in Figure 1A. Saltwater with a NaCl concentration of 3.5% by mass (pH = 157 

7.0), which corresponds to the average salinity of ocean water, was used 25,26. The pH value of the 158 

acidic water (i.e., pH = 4.5) was selected as the average value suggested by established practices 159 

from static monolithic leaching and modified TCLP (Toxicity Characteristic Leaching Procedure) 160 

tests, with values of 4.0 and 4.95 respectively 21,27,28.  161 



The AAMs specimens (40 mm x 40 mm x 80 mm) immersed in deionized water, acid water and 162 

saltwater are detailed in Table 2. In the table, specimen names have been shortened for easier 163 

readability and presentation of data. 164 

Table 2. Composition/labels of different AAMs specimens immersed in deionized water, acid 165 

water and saltwater. 166 

Mortars AAMs labels Media MK % CMT % 

100MK 1W 

Deionized water 

(pH=7.0) 

100 0 

25CMT+75MK 2W 75 25 

50CMT+50MK 3W 25 75 

75CMT+25MK 4W 0 100 

100MK 1A 

Acid water 

(pH=4.5) 

100 0 

25CMT+75MK 2A 75 25 

50CMT+50MK 3A 25 75 

75CMT+25MK 4A 0 100 

100MK 1S 

Saltwater 

(pH=7.0) 

100 0 

25CMT+75MK 2S 75 25 

50CMT+50MK 3S 25 75 

75CMT+25MK 4S 0 100 

 167 

AAMs specimens described in Table 2 were constantly immersed in the three different solutions, 168 

with a liquid volume to solid area ratio of approximately 9.5 mL/cm2. The leaching solutions were 169 

replaced with fresh reagent solutions at nine9 predetermined intervals, with cumulative leaching 170 

times of 0.08, 1, 2, 7, 14, 28, 42, 49, and 63.0 days. At the end of each leaching interval, the 171 

specimens were drained for 1 minute to remove surface water before recording their masses. 172 

Changes in samplespecimen mass indicated solution absorption or deterioration of the AAMs. 173 

Additionally, pH and conductivity measurements were taken at each leaching interval, and 50 mL 174 

eluates were collected for subsequent ICP-AES analysis 4,29. 175 



The AAMs exhibit distinct leaching characteristics, encompassing surface wash-off, diffusion, and 176 

dissolution. Existing analytical solutions predominantly relied on assumptions about the type of 177 

leaching 30. The literature documented three broad analytical models, namely: 1)- the first-order 178 

reaction model (FRM) 31, 2)- the bulk diffusion model (BDM)29, and 3)- the first-order 179 

reaction/diffusion model (FRDM) 32. 180 

FRM describes the mass transfer of elements from solidified/cemented AAMs specimens, wherein 181 

the dissolution of the specimen surface (referred to as surface wash-off) governs the process. The 182 

dissolution rate is linked to the total quantity of soluble elements in the specimen, as expressed by 183 

the following correlation. 184 

𝑑𝑄

𝑑𝑡
= −𝑘𝑄, 𝑄|𝑡=0  = 𝑄0  …………………..….…. (1) 185 

where Q is the amount of soluble element, k is the constant, and Q0 is the initial amount of soluble 186 

element. The cumulative concentration of elements leached into the reagent solution can be 187 

determined as follows: 188 

𝑀 = 𝑄0 [1 − exp(−𝑘𝑡)] ………………….....…. (2) 189 

BDM is formulated based on the assumption that mass transfer from solids to solutions is governed 190 

by diffusion, where the elements are transported through a porous matrix. Assuming one-191 

dimensional flux and zero surface concentrations at all times, the diffusion of elements in the 192 

matrix follows the Fick's law, which can be expressed as: 193 

𝜕𝐶

𝜕𝑡
= 𝐷𝑒

𝜕2𝐶

𝜕𝑥2   ……………………………...….…. (3) 194 



where C is the measured concentration at each time interval (mg/m3), De is the effective diffusion 195 

coefficient, and x represents the direction. The cumulative amount of leaching contaminant can be 196 

estimated as: 197 

𝑀 = 2𝐴𝐶0 √
𝐷𝑒𝑡

𝜋
 ………………..…….….…. (4) 198 

where A is the surface area (m2/kg). 199 

FRDM is a combination of the FRM and BDM models, where the release of elements is controlled 200 

by both surface wash-off and diffusion from the solid matrix. Following the surface wash-off 201 

process, the diffusion processes become the dominant factor influencing the leaching rates of 202 

contaminants. Hence, the cumulative quantities of leached contaminants can be calculated as 203 

follows: 204 

𝑀 = 𝑄0 [1 − exp(−𝑘𝑡)] + 2𝐴𝐶0 √
𝐷𝑒𝑡

𝜋
 ………. (5) 205 

2.4 Fourier-transform infrared Spectroscopy (FTIR) 206 

Fourier-transform infrared spectroscopy (FTIR) was employed to obtain the infrared spectrum of 207 

the AAMs before and after solution immersion. Absorption spectra, as a result of 32 scans (range 208 

530 cm-1 - 4000 cm-1), were collected on IR grade Zn/Se crystal, in reflectanceATR (Attenuated 209 

Total Reflectance) mode. Background spectra were acquired on clean regions of the silicon 210 

windows. Baseline (polynomial line fit) and smoothing were performed in all cases. FTIR was 211 

done to determine the degree of chemical breakdown as a result of possible leaching or surface 212 

chemical reactions due to reagent solutions and the identification of chemical bonds and their 213 



correlation with the strength degradation. The FTIR operation followed our previously reported 214 

method, with modifications 33. 215 

2.5 X-Ray Diffraction (XRD)  216 

X-ray diffraction (XRD) analysis was necessary to analyze the crystallographic changes in AAMs 217 

specimens (itched powder from the surface), before and after solution immersion to different 218 

solutions. The crystallographic parameters were investigated using X-ray diffraction (XRD) with 219 

a Cu-α radiation source (λ = 1.5406 Å), carried out at room temperature with an operating voltage 220 

of 40 kV and a current of 30 mA, covering an angular range of 5° to 85° (2θ) for the diffraction 221 

angles. The XRD operation followed our previously reported method, with modifications 34. 222 

2.6 Morphological Observations and Surface Elemental Mapping  223 

Scanning electron microscopy (SEM) coupled with Elemental dispersive X-ray spectroscopy 224 

(EDXS) was employed to capture microstructural images and surface elemental concentration of 225 

AAMs, before and after immersion in the reagent solutions for 63 days. The atomic percentage of 226 

mainly Al, Ca, Si, K and O were considered, with error % of <10. The surface structural and 227 

chemical behavior of AAMs were investigated before and after solution immersion to better 228 

understand the changes that occurred during the possible leaching process. SEM and EDXS 229 

operations followed our previously reported method, with modifications 33,35. 230 

3 Results and Discussion 231 

3.1 Leaching Analysis  232 

Hazardous element concentrations of the leachates from AAMs specimens after immersion in the 233 

different solutions (deionized water, acid water, and saltwater) for 63 days were examined 234 



according to static monolithic leaching method 4, as shown in Figure 1A (see methods for more 235 

details). ICP-AES analysis in Figure 1B explains consistency with the chemical compositions of 236 

the raw materials presented in Table S1, where Si, Al, Fe, Ca, Na, Mg, K, Mn, Ti, and S were 237 

found to be the dominating elements. Maximum leaching of sulfur (S), which is 31 mg/L, was 238 

observed in the case of 4A-specimen immersed in an acidic solution after 7 days. Silica (Si) 239 

leaching was found at 18 mg/L in 3A-specimen under an acidic environment after 28 days. The 240 

maximum leaching of S was found for the 75CMT+25MK specimen, whereas the maximum 241 

leaching of Si was found for the 50CMT+50MK specimen, which are the ones containing more 242 

CMTs. In any case, almost all elements were detected below the permissible limits set by the US 243 

EPA, with the only exception being aluminum (Al), which had a maximum leaching concentration 244 

of 16 mg/L in 1A-specimen under an acidic environment, which is 100MK specimens, namely the 245 

one manufactured with the sole MK as aluminosilicate precursor. Typically, AAMs materials can 246 

release Si and Al ions into the surrounding solution when exposed to acidic conditions 4. This 247 

happens because the amorphous silica and alumina framework within the matrix can dissolve when 248 

the protons (H+) in the acid react with the Si-O-Si and Al-O-Si bonds in the structure 36. Several 249 

factors, including the type and concentration of acid, temperature, composition, and structure of 250 

the AAMs, can affect the degree of leaching 37,38. However, traced Al concentration (16 mg/L) in 251 

water is not considered a serious concern to human health and the environment, as it falls under 252 

the non-enforceable guidelines established by the US EPA for regulating contaminants 39. 253 

Contrastingly, sulfur (S) leaching was much faster, reaching the maximum of 31 mg/L in 7 days 254 

of 4A-specimen, i.e., 75CMT+25MK, immersed in an acidic solution. Probably, under acidic 255 

conditions, the breakdown of sulfide (S2-) or sulfate (SO2-
4) groups (e.g., S2- or SO2-

4 + 2H+ → H2S 256 

or H2SO4) in the material’s structure can cause the release of S ions into the surrounding solution. 257 



Moreover, S was also traced in specimens immersed in deionized water (3W and 4W, namely 258 

those manufactured with 50% and 75% of CMTs, respectively) and salt solution. This suggests the 259 

presence of water-soluble sulfide or sulfate ores in AAMs coming from CMTs starting material, 260 

which were reported to be 0.06% (Table S1), possibly including pyrite (FeS2), chalcopyrite 261 

(CuFeS2), sphalerite (ZnS), gypsum (CaSO4·2H2O), and anhydrite (CaSO4) 
9. However, due to the 262 

dominance of Al- and Si-based minerals, sulfide or sulfate ores in CMTs were masked in XRD 263 

(Figure S3). 264 

It is worth noting that heavy metals, such as iron (Fe) oxides, which make up 6% of the CMTs 265 

mass and approximately 1.5% of the MK mass, have been effectively immobilized in AAMs. 266 



 267 

Figure 1. (A)- Experimental design for static, monolithic leaching test on AAMs and processing 268 

of three leachates at different intervals, starting from 0.08 to 63 days for ICP-AES analysis. (B)- 269 

Elemental analysis through ICP-AES in different leachates (mg/L) from AAMs before and after 270 

immersion (for 63 days) in different solutions (W= deionized water, A= acidic, and S= saltwater), 271 

and (C)- EDXS analysis of AAMs surface, showing atomic (elemental) percentage of Al, Ca, Si, 272 

K and O (see individual EDX spectra in supplementary Figures S6 to S17). For AAMs preparation 273 

details and specimens coding, see Materials and Methods. 274 

  275 



 276 

Results demonstrate that elements’ leaching is more affected by the chemical composition of the 277 

starting materials, namely CMTs, and MK, than by the microstructure of mortars, namely total 278 

porosity and critical pore diameter.  279 

The mean interval flux for selected elements (Al, Si, and S) was plotted as a log-log scale, as 280 

depicted in Figure S4. The flux over the exposed surface of the AAMs was estimated by dividing 281 

the interval mass release by the interval duration as follows 4: 282 

𝐹𝑖 =
𝑀𝑖

𝑡𝑖−𝑡𝑖−1
  ……….…. (6) 283 

where Fi is the interval flux, Mi is the mass released during the current leaching interval that can 284 

be calculated via the element concentration of the leachate, and the specimen surface area and 285 

eluate volume, ti and ti-1 define the time of each interval. The mean interval flux varied, but not so 286 

significantly, with the solubility of each element in the different solutions. The peak values for 287 

mean interval flux were recorded at 0.08 days, and gradually decreased over time, with minimal 288 

leaching observed after 14 days. Furthermore, results show that the mean interval flux of S in 4A 289 

(1.444×10-5 mg/m2s) and 4S (1.465×10-5 mg/m2 s) specimens was significantly high compared to 290 

Si and Al.  291 

Moreover, the surface chemical-stability of AAMs concerning elements towards precipitating, 292 

inactivity, or leaching was analyzed through EDXS, as shown in Figure 1C, supplementary Figure 293 

S5 and individual EDXS spectra in supplementary Figures S6 to S17.  In the case of AAMs in 294 

deionized water or acidic solution, reduction in Al and K confirms their leaching from the surface. 295 

On the other hand, Si atoms remain intact before or after immersion. CMTs and MK comprise 296 



approximately 3% of K-oxides, readily soluble in all media, thus donating K+ ions from the AAMs 297 

surface. Contrary, Ca ions, probably originating from calcite present in CMTs, starts precipitating 298 

over the surface. In addition to calcite, albite is also present in CMTs; it is a feldspar mineral 299 

containing Al and Na ions in its crystal structure 40. Water molecules interact with the crystal 300 

structure of the albite, causing Al ions to be released while Ca ions are trapped. The process is 301 

primarily based on a phenomenon known as ion exchange; Na ions in the albite mineral are 302 

exchanged forwith Ca ions in the water, thereby retaining the Ca ions in the mineral while releasing 303 

Al ions into the water 10,37,40.  304 

On the other hand, AAMs immersion in saltwater resulted in Al precipitation rather than leaching. 305 

This could be explained as the water pH affecting the ion exchange process between AAMs and 306 

water. At high pH, the Al ions in AAMs form insoluble hydroxides, making it difficult to exchange 307 

with other ions in the water. In addition, at high pH, the concentration of OH ions in water 308 

increases, which competes with other ions for exchange sites on AAMs. This reduces the 309 

efficiency of the ion exchange process, making AAMs less likely to provide Al ions to the alkaline 310 

water. On the other hand, the release of Si from AAMs was observed and, differently from Al ions, 311 

regardless of the pH of saltwater. When AAMs were exposed to water, water molecules interact 312 

with the crystal structure of the mineral (e.g., quartz, albite, and illite), causing Si ions to be 313 

released into the water. This process occurs because Si-O in AAMs has higher polarity than Al-O 314 

or Na-O. Therefore, the polar nature of Si-O bonds can facilitate hydrolysis, as in the bond, the 315 

oxygen atom has a high affinity for highly polar water molecules 41. When Si-O bonds encounter 316 

water, the polar water molecules can interact with Si and O atoms in the bond through hydrogen 317 

bonding 41–43. This interaction weakens the Si-O bond, eventually leading to its cleavage and the 318 

release in the water of Si ions from AAMs instead of Al or Na ions. In alkaline water, the solubility 319 



of silicon dioxide (SiO2) increases, which facilitates the release of Si ions from AAMs, because at 320 

high pH, silicic acid (H4SiO4) molecules tend to form negatively charged ions (silicates), which 321 

bind to positively charged ions in water and can be transported away. Thus, despite the difficulty 322 

in releasing Al ions, releasing Si ions from AAMs in saltwater is still possible due to the hydrolysis 323 

of Si–O bonds and the solubility of Si at pH >7. 324 

The leaching of elements from AAMs is strongly influenced by the pH of the surrounding 325 

environment. Figure 2 illustrates the pH values of the leachates obtained from immersing AAMs 326 

in the three different solutions. The initial pH values of the solutions were approximately 7.0, 4.5, 327 

and 7.0, for deionized water, acidic water, and saltwater, respectively. The sharp increase in pH, 328 

reaching values close to 10, was observed for all specimens after immersing for 0.08 days. After 329 

immersing for 14 days, the pH values increased to about 11.5 for deionized and acid water and to 330 

10.5 for saltwater. The overall increase in pH was attributed to the release of alkaline residues, 331 

such as unreacted KOH, from the AAMs. Such surface leaching of K ions is also evident from the 332 

EDXS analysis (Figure 1C). 333 

The pH values peaked after 14 days of immersion and then gradually stabilized or slightly 334 

decreased due to the cumulative dilution of alkaline residues and the diminishing leachable ions 335 

in AAMs. Using fresh solutions at the start of each interval meant that the leachable potentials of 336 

the involved elements determined the driving forces behind leaching. Additionally, the 337 

concentrations of leached elements were influenced by the cumulative leachable concentrations, 338 

resulting in a gradual decrease in the quantification of these elements as time elapsed. 339 

Consequently, both the driving force and leachable potential of the system declined over time. 340 

However, even for a longer immersion, the pH values did not decrease significantly, indicating the 341 

presence of a substantial amount of alkali residues from the activator and the CMTs. Moreover, it 342 



is possible that the limited amount of solution used in the static monolithic leaching did not 343 

significantly dilute the OH- ions 4. 344 

 345 

Figure 2. Weight of the specimens, pH, and conductivity of leachates as a function of leaching 346 

duration. 347 

The conductivity of a reagent solution is a commonly employed parameter to gain insights into 348 

leaching behavior since it reflects the solution's ability to conduct electric current, which is directly 349 

associated with the concentration of present ions. The conductivity and pH of the system are 350 

correlated, as pH strongly determines the availability of ions in the solution responsible for electric 351 

charge carriers. The concentration of ions in the solution is influenced by dissolved salts and 352 

inorganic materials, with higher concentrations leading to increased conductivity 44. AAMs exhibit 353 

electrical conductivity as they release ions with positive and negative charges, further contributing 354 

to their conductive properties. Figure 2 illustrates the changes in the electrical conductivity of 355 

solutions over time following the immersion of AAMs specimens. The results demonstrate that 356 



there were no significant differences in conductivity between the leachates of AAMs specimens 357 

immersed in deionized water and acidic water. However, the conductivity of the saltwater was 358 

notably higher (47.82 mS/cm), owing to the abundance of ions present even at the start. 359 

The trends in conductivity evolution exhibited a characteristic pattern of initial increase followed 360 

by subsequent decrease across all reagent solutions. This pattern suggested that the diffusing, 361 

dissolving, and releasing rates of elements within the AAMs initially emerged with increasing 362 

immersion duration, and then gradually declined until reaching a critical state. During the diffusion 363 

and dissolution process, the generation of free ions could enhance conductance, and positive ions 364 

within AAMs could be replaced by free cations from the solutions, forming double electric layers 365 

that increased conductivity by adhering to the particle surface 45. However, as the solutions were 366 

exchanged, the potential for forming free cations and double electric layers over the AAMs surface 367 

decreased, resulting in lower conductivity. This suggests that the conductive properties of the 368 

AAMs were influenced by the dynamics of ion exchange and the formation of double electric 369 

layers, which varied with the duration of immersion and solution exchanges. 370 

3.2 Surface Chemical and Structural Stability of AAMs 371 

FTIR analysis was conducted to gain chemical insights into the surface, chemical, and structural 372 

stability of AAMs after immersion in various solutions. Figure 3 reveals the FTIR spectra of the 373 

AAMs both before and after immersion in the different solutions where significant differences 374 

were recorded in all specimens.  375 

Specimens immersed in deionized water (2W, 3W, and 4W) and saltwater (2S, 3S, and 4S) exhibit 376 

similar patterns of FTIR changes in the range between 912-1052cm-1. The decrease in the intensity 377 

of bond vibrations around 912-1052 cm-1 in the FTIR spectra of AAMs after immersion in 378 



deionized water could be attributed to various factors. These include the adsorption of H-OH 379 

molecules onto the surface functional groups, such as hydroxyl (OH), silanol (Si-OH) groups (from 380 

crystalline quartz), and Al-OH groups from MK, which can disrupt their vibrational modes. So, 381 

the peak centered around 980cm-1 corresponds to Si-OH, Al-OH and asymmetric stretching 382 

vibrations of Si–O-T (T: Si or Al), mainly from unreacted quartz or MK 46–48. Moreover, 383 

immersion of AAMs in deionized water or saltwater can trigger surface restructuring processes, 384 

such as dissolution, precipitation, or rearrangement of surface molecules. These processes can 385 

result in changes in the composition, structure, and bonding of the surface functional groups, 386 

leading to alterations in the intensity of vibrational modes observed in the FTIR spectra. The same 387 

specimens show slight variations in the range between 1350-1500 cm-1, probably due to the 388 

variable -CO3 species interfering with unreacted-KOH in the reagent solutions. Considering that 389 

KOH was used as an activator, the bending vibrations of K-OH bonds usually appear as sharp 390 

peaks in a similar region (1350-1500 cm-1), providing information about the molecular geometry 391 

and local structure of the KOH compound 49. Unreacted KOH was found to be more soluble in 392 

deionized water and saltwater and precipitated over 1W specimen after immersion, producing 393 

higher FTIR signals. These findings were consistent with EDXS analysis (Figure 1C). 394 

AAMs immersed in acid water exhibit different patterns than in deionized water and saltwater. 395 

This is mainly because acid water can react with Al and Si ions in the AAMs matrix, resulting in 396 

the formation of hydroxide complexes such as (Al(OH)3) and (Si(OH)4), oxide complexes such as 397 

(Al2Si2O5(OH)4), also known as kaolinite, through hydrolysis reactions 50,51, or even acid-base 398 

complexes. These complexes may exhibit characteristic peaks in FTIR spectra, which could be 399 

observed around 900-1150 cm-1 and 1350-1500 cm-1 regions of the spectrum, depending on their 400 

specific coordination environment and bonding configurations. The difference between 550-875 401 



cm-1 was also significant, showing bending and stretching bond vibrations. This difference can be 402 

attributed to the tetrahedral coordination of Al and Si atoms with O within AAMs matrix 46–48,52,53,  403 

and possibly Cu-O/ Cu–O–Si bonds vibrations between 550-750 cm-1 54. However, little presence 404 

of MK in AAMs specimens (4W, 4A, and 4S) has shown a drastic decrease in FTIR signals around 405 

900-1150 cm-1, further confirming that this particular region mainly corresponds to Al/Si leaching, 406 

precipitation, and interactions coming from Al-O and Si-O of MK. This reduction in FTIR signals 407 

(mainly because of Al and Si depletion) also supports the hypothesis that low content of MK can 408 

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

 410 

Figure 3. Surface chemical/structural stability analysis through FTIR spectroscopy of AAMs 411 

before and after immersion into different solutions (W= deionized water, A= acidic, and S= 412 



saltwater). All the spectra were processed in origin, baseline corrected, and smoothing were 413 

performed in all cases.  414 

3.3 Crystallographic Parameters of AAMs  415 

The changes in the composition of AAMs were investigated using X-ray diffraction (XRD) 416 

analyses before and after immersion in different reagent solutions, as shown in Figure 4 and 417 

supplementary Figure S18 to S29. The AAMs were found to contain different crystalline phases, 418 

such as quartz, trona, albite, and calcite. Notably, most of these minerals exhibited crystalline 419 

properties, with quartz and calcite being the dominant phases in terms of abundance and 420 

crystallinity. The albite phase starts to appear with the introduction of CMT to AAMs. The higher 421 

the CMT concentration (e.g., 4A, 4W, and 4S), the higher the intensities of albite at 21°, 24°, and 422 

27° were observed. The 4A and 4S specimens showed a significant reduction in peaks associated 423 

with albite, mainly due to acid dissolution of Al and Si ions in acid water or ion exchange due to 424 

relatively higher ionic concentration in saltwater. Contrastingly, the peaks corresponding to calcite 425 

(e.g., 35° and 39°) showed enhancement after specimen immersion in acid or saltwater. Acid or 426 

saltwater may have promoted the nucleation and growth of calcite crystals 55,56. The presence of 427 

acid or salt ions in water may provide favorable conditions for the crystallization of calcite, leading 428 

to an increase in the size and abundance of calcite crystals in the AAMs matrix. Additionally, 429 

factors such as dissolution of other phases, acid or salt-induced phase transformations, surface 430 

changes, or coatings on calcite particles could also result in a higher intensity of calcite peaks in 431 

the XRD pattern lead. Overall, there was no significant difference regarding the crystallinity of 432 

AAMs after exposure to different reagent solutions, confirming the structural and chemical 433 

stability of AAMs. 434 



 435 

Figure 4. Comparative XRD pattern of AAMs before and after immersion in different reagent 436 

solutions (deionized water, acid water, and saltwater). 437 

 438 

 439 

 440 



3.4 Morphological Observations 441 

Finally, SEM analyses were conducted to understand the microstructural changes of the AAMs 442 

before and after immersion into reagent solutions. Figure 5 shows the SEM images of the AAMs 443 

surface before and after immersion. The particles of all AAMs specimens appeared diffuse and 444 

formed a relatively heterogeneous texture, with no clear particle morphology, indicating 445 

homogenous KOH-induced activation of MK and CMTs.  446 

The surface of 1A, 1W, and 1S specimens, namely specimens produced by the sole MK, appeared 447 

to be more smooth and less porous, suggesting homogenous KOH activation of MK. Generally, 448 

KOH dissociates in water to form hydroxide ions (OH-) that react with the aluminosilicate 449 

components of MK, such as Al2O3 and SiO2, to form an alkali aluminate complex (e.g., KAl(OH)4) 450 

and silicate species (e.g., K2Si(OH)4) 
57. The aluminate and silicate species formed by hydrolysis 451 

subsequently polymerize through condensation reactions, comprising least porous and 452 

homogenous geopolymeric gel (AAMs) 58,59. When subjected to acid water or saltwater, these 453 

specimens have shown traces of Al/Si precipitation over the surface due to leaching effect. 454 

The addition of CMTs to KOH and MK, resulted in a more porous and less homogenous AAMs 455 

surface, with the appearance of microcracks when exposed to acid and saltwater. In addition to 456 

MK aluminates and silicates, CMTs also contain reactive components such as SiO2 and Al2O3, 457 

which can undergo a pozzolanic reaction with the alkali aluminate complex from MK. This 458 

reaction involves forming calcium silicate hydrate (C-S-H) gel, the main cementitious product in 459 

AAMs if the aluminosilicate precursors contain calcium, and other secondary phases 9,60. This 460 

reaction also releases K+ ions as by-products which will be trapped within the C-S-H gel. However, 461 

CMTs also contain copper ions (Cu2+) that can potentially complex with the alkali ions or other 462 



components in the system. The complexation reactions can influence the kinetics and surface 463 

morphology of the AAMs. When exposed to deionized water, acid water, or saltwater, the AAMs 464 

surface can deteriorate due to the chemical reaction and leaching of ions (e.g., trapped K+ or bound 465 

Al/Si). This can lead to precipitation of Al/Si ions to the surface or to micropores and even 466 

microcracks formation, as shown in Figure 5. 467 

 468 

Figure 5. SEM images of AAMs before and after immersion in deionized water, acid water, and 469 

saltwater. Micrographs were taken at 10 kV and at high resolution (magnification = 1.8–2.0 KX, 470 

aperture size = 20 μm) 471 

 472 

 473 

 474 



4 Conclusion  475 

In conclusion, a sustainable approach for heavy metals immobilization in AAMs was successfully 476 

demonstrated by utilizing CMTs and MK as a potential source of aluminosilicates. The 477 

concentration of hazardous elements in the leachates from AAMs was investigated after immersing 478 

them in three different solutions (deionized water, acid water, and saltwater) for 63 days, using the 479 

static monolithic leaching method. The highest leaching of S was observed in an acidic solution 480 

after 7 days, while Si showed the highest concentration in an acidic solution after 28 days. The 481 

mean interval flux of elements varied depending on their solubility and time, with peak values 482 

recorded at 0.08 days and gradually decreasing over time. Overall, the findings suggest that the 483 

manufactured AAMs may release certain elements into the surrounding solution under acidic 484 

conditions, but the levels are not considered a significant concern to human health or the 485 

environment. 486 

EDXS analysis provided valuable insights into the behavior of elements in AAMs. It was observed 487 

that AAMs showed leaching of Al and K in water or acidic solutions, while Si remained unaffected. 488 

The presence of CMTs and MK was found to contribute to the leaching of K+ ions, while Ca ions 489 

precipitated on the surface, possibly originating from calcite. Immersion of AAMs in saltwater 490 

resulted in Al precipitation instead of leaching, likely due to the alkaline pH affecting the ion 491 

exchange process. These findings emphasize the importance of considering the pH of the 492 

environment in which AAMs are used, as it strongly influences their surface chemical stability and 493 

leaching behavior. The conductivity of the reagent solution was also found to be a useful parameter 494 

in understanding leaching behavior.  495 



FTIR analysis of AAMs immersed in various solutions revealed significant differences in the 496 

spectra, indicating changes in surface, chemical, and structural stability. Immersion in deionized 497 

water and saltwater resulted in similar FTIR changes, attributed to the adsorption of H-OH 498 

molecules onto surface functional groups, while immersion in acid water exhibited different 499 

patterns due to reactions with Al and Si ions. XRD analysis showed changes in crystalline phases, 500 

with quartz, trona, albite, and calcite being dominant phases. Acid or saltwater immersion 501 

promoted nucleation and growth of calcite crystals, while dissolution of other phases and acid/salt-502 

induced phase transformations also occurred.  503 
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