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Abstract

The increasing accumulation of mine waste and the associated release of toxic elements
represent a major environmental challenge, particularly in regions impacted by Pb—Zn min-
ing activities. In this context, this study aims to investigate the valorization of mine waste
from Lakhouat, an abandoned Pb—Zn site in Northern Tunisia, as a sustainable additive in
metakaolin-based geopolymers. This approach contributes to circular economy strategies
by transforming hazardous waste into value-added materials for environmental and con-
struction applications. Geopolymer formulations were synthesized by incorporating mine
waste at different proportions (0, 5, 10, 20, and 30 wt.%) with metakaolin, while maintaining
constant 5i0, / Al,O3 and NayO/Al,O3 molar ratios. The materials were prepared through
alkali activation using sodium silicate and sodium hydroxide, followed by curing. Compre-
hensive characterization was carried out using X-ray fluorescence (XRF), X-ray diffraction
(XRD), and scanning electron microscopy (SEM). In addition, adsorption experiments using
methylene blue (MB) were conducted to evaluate the environmental performance of the
synthesized geopolymers. The results revealed that the mine waste contains high concen-
trations of potentially toxic elements (up to 2.23 wt.% Pb and 8.2 wt.% Zn), highlighting
the need for effective stabilization. Microstructural analysis confirmed the formation of pre-
dominantly amorphous geopolymer matrices with varying degrees of reaction depending
on MW content. The highest compressive strengths (25-30 MPa) were achieved for formu-
lations containing 5-10 wt.% MW after 28 days of curing. Furthermore, the geopolymers
demonstrated efficient methylene blue removal, following pseudo-second-order kinetics
and fitting the Langmuir isotherm model, with enhanced adsorption performance observed
at higher MW contents. These findings indicate that MW-based geopolymers are promising
materials for mine waste valorization and methylene blue removal. However, standardized
leaching tests are required to confirm the long-term immobilization of Pb, Zn, Cd, As,
and other potentially toxic elements within the geopolymer matrix. The study highlights
their potential as sustainable, low-impact materials, supporting waste valorization and
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contributing to the development of environmentally resilient systems within a circular
economy framework.

Keywords: mine waste; geopolymer; methylene blue; adsorption; compressive strength

1. Introduction

Mine waste MW, a by-product of mineral extraction processes, is typically considered
as an environmental liability due to its significant volume and the potential to cause long-
term environmental damage if not treated properly. The mining process produces huge
amounts of tailings during the quarrying, milling, sorting, and processing of ores and
minerals, which are typically discarded over large areas within the mine site, creating
environmental concerns. For the extraction of one ton of metal, approximately 2-12 tons of
overburden material are generated as waste rocks [1].

The mining industry is one of the largest waste producers globally, generating ap-
proximately 7 billion tons of tailings annually [2]. Recent projections suggest that by 2025,
the total accumulation of solid tailings will reach 19 billion tons. This increase reflects
the growing scale of mining operations and the corresponding rise in waste material
generated. For instance, in the European Union alone, the stock of mine tailings has
surpassed 1.5 billion tons [2]. This increase is attributed to the industry’s shift towards
mining lower-grade ores, which results in higher volumes of waste material per unit of
extracted metal.

Recent findings around the world proved that mine wastes may contain harmful
compounds, such as heavy metals and radioactive elements, which are hazardous for the
environment and human health [3]. The effects of storage sites can result in accelerated
erosion, sinkholes, loss of biodiversity, or the contamination of soil, groundwater, surface
water and sea waters. These processes also affect the atmosphere through carbon emissions,
which have an effect on the quality of human health and biodiversity.

In Tunisia, a country with a long mining heritage history, it has been proven that
mine discharges are a source of metal accumulation in plants [4,5], soils [6,7], marine
environments [8,9], and water and stream sediments [10,11]. Additionally, the studies of
Srarfi et al. [12] and Ayari et al. [13] showed that mine waste is at the origin of degradation
and abnormal metal contents found in stream sediments. These findings highlight the threat
of mine discharge to surface water supplies in Tunisia, since results showed that metals
from mine waste may be responsible for the potentially hazardous level of nutriments in
ground water [10].

The old mine of Lakhouat located in the northwest of Tunisia has been the subject of
many studies [3,5,14,15]. Like the majority of Pb-Zn mines located in the Medjerda basin,
the most important supplier of freshwater for the entire country, the site was at the origin
of bulky abandoned residues, which are highly subject to erosion. Metal recovery through
the extraction method was only partial, leaving significant residual metals unextracted [15].
Consequently, these potentially toxic element (PTE)-rich dumps are likely to pollute large
areas around the old mine, starting with topsoil and vegetation [3,16].

Recent environmental initiatives and research findings focus on minimizing waste
production, resulting in savings in raw materials and disposal costs and, most importantly,
in potential reduction of environmental impact of MW [17]. However, recent studies have
shown that mine waste can be transformed into geopolymers through a process known
as geopolymerization. This approach presents a unique opportunity to simultaneously
address the challenges associated with mine waste disposal while producing eco-friendly
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construction materials. In addition, geopolymer matrices have been investigated for the
immobilization of potentially toxic elements in contaminated materials, including As, Cr,
Mo, Pb, Sb, Se, and Zn [18].

One of the primary advantages of geopolymers derived from mine wastes is their
enhanced mechanical performance. Geopolymers exhibit excellent compressive and
flexural strengths comparable to or even surpassing those of traditional cement-based
materials [19-21]. This high strength makes geopolymers suitable for a wide range of ap-
plications, including structural elements and infrastructure components. Furthermore, the
increased durability and resistance to chemical attacks demonstrated by geopolymers can
extend the lifespan of constructed assets, thereby reducing maintenance and replacement
costs [22]. Also, it has been shown that the use of geopolymer based materials for coastal
infrastructures projects, such as seawalls, breakwaters and harbor structures, can offer
superior durability and resistance to saltwater corrosion compared to Portland cements [23].

In addition to their mechanical properties, geopolymers offer significant environmen-
tal benefits. Geopolymer production emits significantly lower levels of carbon dioxide
compared to cement manufacturing [24-26], resulting in a reduced carbon footprint. This
reduction in CO, emissions aligns with global efforts to mitigate climate change and
promotes sustainable practices in the construction sector.

On the other hand, the utilization of geopolymers as adsorbents for dyes is a significant
advancement in the field of material engineering [27]. The importance of this application
lies in its potential to address two pressing global challenges simultaneously: environmental
pollution and sustainable materials development. Geopolymer technology, with its unique
properties, offers an eco-friendly solution for a wide range of harmful synthetic dyes
from waste waters [28,29], potentially contributing to the preservation of ecosystems
and water resources. Considering the detrimental environmental and health impacts of
nondegradable synthetic dyes, as highlighted by Khan and Malik [30], their contamination
of water resources poses a dual threat. Not only do these dyes pollute water but their toxic
nature also poses risks to human health. Moreover, their presence in aquatic systems, even
at low concentrations, has been found to impede photosynthesis due to a reduction in light
penetration [31]. Consequently, the discernible and undesirable effect of trace amounts of
these micropollutants (<1 ppm) in industrial wastewater has been well-established [32].
Methylene blue (MB), a dye commonly utilized in the fabrics and furniture industries,
exemplifies the severity of the issue. The occurrence of MB in effluent water has been
associated with severe health consequences, including permanent blindness, asthma, and
abdominal disorders such as vomiting and nausea [33,34]. Given the evident risks to both
human health and the environment, the imperative to remove MB from water effluents
becomes increasingly apparent.

This study explores the valorization of Pb—Zn mine waste in metakaolin-based geopoly-
mers within a circular economy framework. The utilization of mine waste in geopolymer
synthesis contributes to waste reduction, resource efficiency, and the creation of value-
added materials from an environmental liability. In this work, the intended application
is considered multifunctional but differentiated according to the tested material form.
The geopolymer bodies were evaluated as bulk materials through compressive strength,
SEM/EDS, and micro-CT analyses, providing information relevant to construction-related
applications, including potential use in coastal or marine contexts. In contrast, methylene
blue adsorption was assessed using milled geopolymer powder as a preliminary screening
of water treatment potential. Therefore, the findings of this study address the challenges
of mine waste management while supporting circular economy principles by combin-
ing waste reuse, sustainable material development, and preliminary assessment of dye
removal functionality.
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2. Results and Discussion

2.1. Material Characterization
2.1.1. Particle Size Distribution

Figure 1 illustrates the particle size distribution of mine waste (MW) obtained in the
laboratory and metakaolin (VPMK). The particle size distribution of MW demonstrates a
bimodal nature, with a dominant population of particles between 10 and 100 pm, and a
secondary population in the finer range, between 0.4 and 60 um, resulting in an average
particle size of approximately 15 um. This bimodal distribution indicates the presence of
two distinct particle size populations, which may be attributed to variations in the crushing
and milling processes or the natural heterogeneity of the source material.
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Figure 1. Particle size distribution of MW and VPMK materials.

In contrast, the particle size distribution of VPMK is unimodal, with a narrow range of
particle sizes predominantly falling between 1 and 10 pm and a mean size of approximately
6 um. The unimodal distribution of VPMK suggests that the material has undergone more
controlled processing, resulting in a finer and more uniform particle size compared to MW.

The comparison of these materials highlights the difference in particle size characteris-
tics, where MW, with its broader and bimodal distribution, consists of a mixture of coarse
and fine particles, whereas VPMK is composed primarily of finer particles with a more
uniform distribution.
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2.1.2. Mineralogical Analysis

The XRD patterns of the MW and VPMK are both presented in Figure 2. The sampling
strategy adopted in this work is consistent with previous investigations [3] conducted on
the same mine waste deposit, the characteristics of which have been discussed in detail.
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Figure 2. XRD patterns of materials. MW, mine waste; VPMK, Vicente Pereira metakaolin; A, anatase;
C, calcite; D, dolomite; F, feldspar; G, gypsum; K, kaolinite; M, muscovite; Mc, marcasite; Q, quartz;
S, sphalerite.

The XRD pattern of the MW reveals a mineral composition characteristic of a car-
bonated geological context. The dominant presence of calcite and dolomite reflects the
prevalence of carbonate minerals in the region, which is typical for mining environments
in northern Tunisia [35]. This carbonated context is reinforced by the significant detection
of quartz indicating that silicate-rich phases coexist with the carbonates. The presence
of gypsum points to secondary mineralization processes, potentially arising from the in-
teraction of sulfides and the carbonate-rich host rocks. The presence of kaolinite further
indicates the occurrence of aluminosilicate phases in the MW. The detection of sphalerite
and marcasite confirms the presence of Pb-Zn sulfide minerals, which are typical of ore
deposits in northern Tunisia. These sulfides, when exposed to atmospheric conditions, may
lead to environmental concerns such as acid mine drainage, particularly in a region with
carbonate-rich geology.

The XRD pattern of VPMK is characteristic of calcined kaolin/metakaolin, with a
broad amorphous aluminosilicate band between approximately 15 and 32° 20, centered
near 24° 20. This amorphous contribution is related to the dehydroxylation of kaolinite
during calcination at 700 °C for 4 h, resulting in the formation of reactive metakaolin
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suitable for geopolymerization [36]. The main crystalline phase observed in VPMK is
quartz, together with minor accessory phases, such as muscovite, anatase, and feldspar,
inherited from the original kaolin raw material. The presence of anatase is common in
natural kaolin deposits and is useful for characterizing the source material, although it
does not contribute significantly to pozzolanic/geopolymeric reactivity [37]. No residual
kaolinite reflections were identified in the VPMK pattern.

The SEM image of MW (Figure 3) reveals the complex morphology of the particles,
highlighting a wide range of sizes and shapes. The image shows a mixture of angular
and irregularly shaped particles, which is consistent with the material’s mechanical pro-
cessing during mining and crushing. The angular nature of the particles suggests limited
weathering or erosion, which typically results in more rounded particles.
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Figure 3. SEM images of the mine waste.

In terms of particle size, the SEM image confirms the heterogeneity of the MW, with
coarse particles appearing alongside finer material. The presence of both large and small
particles aligns with the previously identified bimodal particle size distribution, which
shows dominant populations of coarse particles above 10 um and finer particles below
this size.

The mineralogical analysis of a representative sample of MW is presented in Figure 2
and reveals distinct gangue and metallic element compositions.
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SEM analysis confirmed the presence of calcite (CaCO3) (Figure 3a,b) as a host rock
mineral, highlighting the carbonate-rich nature of the host rock. Based on the elemental
composition (Figure 3b), the presence of sulfur (0.71%) and zinc (6.27%) suggests the
possible inclusion of minor sulfate or zinc oxide/sulfide compounds.

The metallic elements originate from the primary sulfide ores, including galena (PbS)
(Figure 3c) and sphalerite (ZnS) (Figure 3d), which undergo oxidation upon exposure
to atmospheric conditions, leading to the formation of secondary minerals like anglesite
(PbSOy4) (Figure 3e), cerussite (PbCOs) (Figure 3f), and barite (BaSO4) (Figure 3g). The
interaction of sulfuric acid with galena produces anglesite, while carbonate ions from
the host rock facilitate the formation of cerussite. The oxidation of pyrite (FeS;) further
drives the formation of sulfate-based minerals. Gypsum (CaSO4-2H,0O) (Figure 3h) is
classified as a secondary mineral, formed through the interaction of calcium with sulfuric
acid produced by the oxidation of sulfide minerals. This mineral assemblage highlights
the role of sulfide oxidation and the carbonated environment in shaping the geochemical
processes and secondary mineralization in MW.

2.1.3. Waste Chemical Analysis

Chemical analysis of the MW (Table 1) shows that the major element is SO3
(24.61 wt.%), attributed to the presence of gypsum, also detected in XRD and SEM. High
amounts of iron and zinc (8.7 wt.% and 8.2 wt.%, respectively), reported in Table 2, corre-
spond to the presence of marcasite (FeS;) and sphalerite (ZnS), respectively. These findings
suggest potential environmental concerns due to the high sulfur content and the possibility
of acidic leaching. CaO is the second-most abundant oxide (22.68 wt.%), originating from
carbonate gangue. Al,O3; (4.6 wt.%) and SiO, (10.9 wt.%) corroborate the presence of
kaolinite, and the latter of quartz also in the MW XRD pattern (Figure 2). MgO (~1 wt.%) is
associated with dolomite admixture in MW.

Table 1. Chemical analysis of materials.

Composition (wt.%)

503 MgO A1203 Si02 P205 Kzo CaO Ti02 Fe203 L.O.I.
MW 24.61 0.92 4.60 10.91 0.09 0.18 22.68 0.23 8.69 14.73
VPMK 0.02 0.32 39.88 52.05 0.06 1.28 0.12 1.55 2.17 2.31
L.O.IL, loss on ignition.
Table 2. Concentration of potentially toxic elements (PTEs) in the MW.
Composition
Pb (wt.%) Zn (wt.%) Sr(ppm) Ba(ppm) Cd(ppm) Ni(ppm) Cr(ppm) As (ppm)
MW 2.23 8.2 4740 8210 3860 160 97.3 200

The lead (2.23 wt.%) and zinc (8.2 wt.%) concentrations are consistent with the presence
of Pb-Zn sulfide minerals such as galena (PbS) and sphalerite (ZnS), also identified through
XRD and SEM. Additionally, the presence of Ba (8210 ppm) and Sr (4740 ppm) points to
barite (BaSO,4) and strontium-rich minerals, which are often associated with lead—zinc
mining environments. The PTEs (potentially toxic elements) like Cd, As, Ni, and Cr further
highlight the environmental risks posed by the waste, as these elements are commonly
linked to mine tailings and their potential leaching into the environment.

These very high values, surpassing typical background values [3], are due to the
nature of the ore and the inability of the industrial process to recover all the metals. High
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PTE concentrations in MW were previously reported near several mining sites in Tunisia
and other countries with comparative situations worldwide [38—40].

Further research showed that these alarming values present a real threat to the environ-
ment (plants, soils, water) and human health [3,14]. Therefore, finding a way to successfully
reuse these waste sources is a great step towards circular economy and sustainability.

The chemical composition of the VPMK, shown in Table 1, is characterized by signifi-
cant amounts of silicon dioxide (5i0;) and aluminum oxide (Al,O3), constituting 52.05 wt.%
and 39.88 wt.%, respectively. This high content of reactive silica and alumina is crucial
for the geopolymerization process, as they interact under alkaline conditions to form the
aluminosilicate gel that provides the structural framework of the geopolymer [41]. Fe;,O3
(2.17 wt.%) indicates the presence of iron oxides/oxyhydroxides in the MK sample; this
is due to a low crystallinity not detected by XRD analysis. Additionally, K,O (1.28 wt.%)
is ascribed to alkali feldspar and muscovite and TiO, (1.55 wt.%) to anatase, all detected
in the VPMK XRD pattern (Figure 2). The presence of metakaolin in the VPMK sample
is confirmed by a characteristic amorphous band between 15-32° (20) with its center at
24° (26). The high loss on ignition (L.O.1., 2.31%) reflects the dehydroxylation of kaolinite
during the calcination process that converts kaolin into metakaolin. This enhances its
reactivity, making it ideal for use in sustainable building materials.

2.2. Geopolymer Specimen Characterization
2.2.1. X-Ray Diffraction Analysis (XRD)

Mineralogical composition of the geopolymers at 1 and 28 days of curing are pre-
sented in Figure 4. No significant changes in XRD patterns of individual geopolymers
at 1 and 28 curing days are observed. However, it is noticeable that XRD patterns of in-
dividual geopolymer formulations differ in the presence of an amorphous phase and
crystallinity. The XRD pattern of VPMK100 is characterized by a broad band related to
amorphous silico-aluminate framework, resulting from the activation of metakaolin by
alkaline activators. Compared to the XRD pattern of metakaolin (Figure 2), there is a shift in
the amorphous reflection to a center of ~28°2 theta, which is characteristic of the changes in
the structure of metakaolin during geopolymerization. Moreover, diffractions of unreacted
admixtures, such as quartz, muscovite, and anatase, are still present in VPMK100. The
amorphous nature of geopolymers decreases with an increased amount of MW in the com-
position. Crystalline phases of MW (quartz, marcasite, calcite, and sphalerite) dominate
in XRD patterns of VPMK95 to VPMK?70, whereas intensities of admixtures belonging
to metakaolin (muscovite, anatase, and feldspar) became suppressed (Figure 2). This
suggests that under the conditions tested, MW acted mainly as a mineral filler/additive
within the geopolymer matrix, whereas metakaolin remained the principal reactive alu-
minosilicate precursor responsible for geopolymer gel formation. Moreover, reflections of
gypsum in all geopolymers with MW disappeared, indicating that gypsum became a part
of amorphous matrix.

2.2.2. Scanning Electron Microscope (SEM/EDS) Analysis

Figures 5-7 present SEM images representative of geopolymers VPMK100, VPMKO90,
and VPMKY70 and performed after 28 days of curing.

The SEM analysis of a geopolymer synthesized with 100% metakaolin reveals a uni-
form and homogeneous morphology (Figure 5) with a characteristic gel network typical
of metakaolin-based geopolymers [42]. The image typically displays a compact surface
indicative of the consistent aluminosilicate matrix formed during the geopolymerization
process. The absence of heterogeneous materials contributes to the uniform texture, with
minimal porosity and no visible inclusions or coarse particles. The occurrence of Si, Al,
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Na, and O simultaneously in the SEM image reflects the chemical composition of the
aluminosilicate gel and the contribution of the sodium activator in the formation of the
geopolymer matrix and the hardening of the geopolymer paste [43]. These elements are
integral to the structural integrity and chemical stability of the geopolymer.

The addition of 30% MW to the geopolymer significantly alters the matrix, resulting
in a more heterogeneous microstructure, as observed through SEM analysis in Figure 6A.
This heterogeneity is due to the diverse composition of the MW, which introduces various
mineral phases, oxides, and metallic elements that disrupt the otherwise uniform alumi-
nosilicate gel network formed by the geopolymerization process. The SEM images typically
show unreacted or partially reacted particles, irregular pore structures, and inclusions
of MW materials. This heterogeneous structure highlights the interaction between the
metakaolin and the MW, resulting in a more complex and less uniform geopolymer matrix.
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Figure 4. XRD patterns of the geopolymers (A, anatase; C, calcite; F, feldspar; K, kaolinite;
M, muscovite; Mc, marcasite; Q, quartz; S, sphalerite).
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Figure 5. SEM/EDS micrographs of VPMK100 geopolymer at 28 days of curing.

Figure 6B reveals a pore structure that is partially filled with mineral deposits originat-
ing from the MW. Close inspection through EDS analysis shows the presence of sphalerite,
indicating that minerals from the MW have infiltrated and precipitated within the void
spaces of the geopolymer matrix. The presence of sphalerite in the pore suggests that the
MW not only contributes to the heterogeneous nature of the geopolymer but also plays
a role in filling and reinforcing the pore structure, potentially improving the material’s
mechanical properties. This interaction between the pore spaces and MW minerals reflects
the complex integration of waste materials within the geopolymer framework.

Figure 6C reveals a Ca-Si-Al phase at point P1, with a composition (Si = 19.87 wt.%,
Al =10.08 wt.%, Ca = 1.24 wt.%, Na = 15.71 wt.%) consistent with the possible formation
of a calcium aluminosilicate hydrate (C-A-S-H) region alongside the N-A-S-H gel matrix.
Under the alkaline activation conditions of this study, Ca* ions released from gypsum and
calcite dissolution may interact with silicate and aluminate species to promote C-A-S-H
formation as reported for calcium-rich geopolymer systems [44,45]. This interpretation
remains, however, a working hypothesis, as direct confirmation would require >’Si MAS-
NMR or FTIR analyses. The incorporation of calcium can result in denser gel networks
but it also risks forming unwanted crystalline phases if the balance of reactants is not
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ideal, potentially affecting material properties [46,47]; this result will be further discussed

subsequently.
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Figure 6. SEM/EDS micrographs of VPMK70 geopolymer at 28 days of curing. (A) SEM/EDS
characterization of the VPMK70 geopolymer matrix; (B) SEM micrograph showing the analysed
region with selected points; (C) SEM micrograph and EDS spectra of selected regions in VPMK70

geopolymer; (D) SEM micrograph showing the morphology of the geopolymer matrix.

Figure 6C also reveals the presence of numerous ZnS (Sphalerite) particles, P2, at-
tributed to the MW incorporated into the geopolymer matrix. These ZnS particles, derived
from zinc-containing minerals in the waste, are distributed throughout the matrix. Their
presence indicates an interaction between the MW and the geopolymer structure, poten-

tially affecting the material’s microstructure and durability.

https://doi.org/10.3390/recycling11060106


https://doi.org/10.3390/recycling11060106

Recycling 2026, 11, 106 14 of 31

The fibrous particles observed in Figure 6D may be associated with C-S-H or C-
A-S5-H phases, a morphology commonly reported in calcium-containing geopolymer
systems [48,49]. However, direct identification of these phases was not achieved in the
present study, and further mineralogical and microstructural investigations are recom-
mended in future work to confirm their nature and role within the geopolymer matrix.
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Figure 7. SEM/EDS micrographs of VPMK90 geopolymer at 28 days of curing. (A) SEM micro-
graph of the geopolymer matrix; (B) SEM micrograph of a lead-rich particle embedded in the
geopolymer matrix.

Figure 7 displays SEM images of the geopolymer samples incorporating 10% MW after
a 28-day curing period. The images reveal a heterogenous but compact morphology, indicat-
ing that the geopolymer matrix has a varied structure with areas of different compositions
and structures due to the inclusion of the MW. However, despite this variety, the material
is dense and well bonded overall. This compactness suggests good cohesion within the
matrix, which is crucial for mechanical strength. The heterogeneity reflects the diverse
mineral phases (Figure 7A) induced by the MW which interact with the geopolymer matrix
during curing. Additionally, the presence of galena PbS (Figure 7B) particle, originating
from the MW, is visible within the matrix, indicating successful incorporation of the MW
minerals into the geopolymer structure.

Although SEM/EDS observations show that ZnS- and PbS-bearing particles are incor-
porated within the geopolymer matrix, this evidence alone does not confirm their long-term
chemical stability. Sphalerite (ZnS) and galena (PbS) are generally low-solubility sulfide
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phases under neutral to alkaline conditions, and their physical encapsulation within the
geopolymer matrix may reduce direct exposure to external solutions. However, the dis-
solution and surface alteration of sphalerite are pH-dependent, and galena can undergo
oxidative dissolution, releasing aqueous Pb and sulfate and forming secondary Pb-bearing
phases, such as anglesite or cerussite, under different environmental conditions [50,51].
Therefore, ZnS- and PbS-bearing particles can be considered relatively stable within the
alkaline geopolymer matrix, but they may still represent a potential long-term leaching risk
if matrix degradation, carbonation, cracking, oxidation, or prolonged water ingress occurs.
This aspect should be further evaluated in future studies through standardized leaching
and durability tests.

2.2.3. Tomography

The tomography images of various geopolymer samples (Figure 8), ranging from
VPMK100 to VPMKY0, provide a clear visualization of particle distribution and integra-
tion within the geopolymer matrix. The analysis highlights the distribution of heavier
MW particles (depicted as lighter in the tomography images), showing a consistent and
homogeneous spread throughout the samples.

In VPMK100, which contains no MW, the light particles are likely quartz, a primary
component of metakaolin. This uniform distribution underscores the refined nature of
metakaolin as a reliable binder for geopolymer production. As the percentage of MW
increases in VPMK95, VPMK90, VPMKS80, and VPMK70, the tomography shows a corre-
sponding increase in the presence of lighter MW particles. Despite the increasing quantity
of MW, the particle distribution remains homogenous across the x, y, and z planes. This
uniform dispersion is crucial for ensuring the mechanical properties and structural integrity
of the geopolymer material.

The cross-sectional views further demonstrate that the blending process successfully
integrates MW into the geopolymer matrix, providing a uniform structure across all axes.
Such uniformity is vital for maintaining the functional properties of the geopolymer, espe-
cially in terms of strength and durability, which are key to its applications in construction.

In line with similar studies such as that by Chung et al. [52], the tomography method
effectively visualizes the microstructural characteristics of geopolymers, offering insights
into the distribution and behavior of particles within composite materials. This method is in-
strumental in optimizing the performance of geopolymers, particularly when incorporating
industrial by-products like MW into sustainable construction materials.

2.2.4. Compressive Strength

Figure 9 illustrates the compressive strengths of geopolymers after curing periods
of 1, 14, and 28 days. In general, there is an increase in compressive strength values from
1 to 14 days for geopolymers; this is more evident in geopolymers with MW incorporation.
The values are presented as mean compressive strength values obtained from triplicate
measurements, and the error bars represent the corresponding standard deviations. The
data reveal a slight increase in compressive strength for VPMK100—from 19.23 MPa after a
single day of curing to 20.5 MPa over 28 days.

The incorporation of MW into the geopolymer mixture resulted in the VPMK90
sample achieving a compressive strength of 29.5 MPa after 28 days of curing, surpassing
that of the VPMK100 sample without MW. However, when the MW content in the mixture
exceeded 10%, a decline in compressive strength was observed (17.69 MPa for VPMKS80 and
11.24 MPa for VPMK?70). The compressive strength values are presented as mean values
obtained from triplicate measurements, with error bars representing the corresponding
standard deviations. The standard deviations indicate acceptable reproducibility and
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support the overall trend observed among the formulations, particularly the higher mean
strength of VPMK90 after 28 days. However, because only triplicate measurements were
performed, the results are discussed in terms of observed trends and reproducibility rather
than as a full statistical optimization.

VPMK100

VPMKO95

VPMK90

VPMKS80

VPMK70

Figure 8. 3D micro-CT images of geopolymers.
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Figure 9. Compressive strength of geopolymers after 1, 14, and 28 days of curing. Error bars represent
the standard deviation of triplicate measurements.

The SEM/EDS and micro-CT observations help explain this mechanical trend.
SEM/EDS images of VPMK100, VPMK90, and VPMK70 (Figures 5-7) show that MW-
derived mineral phases are incorporated within the geopolymer matrix, while micro-CT
images (Figure 8) show a homogeneous three-dimensional distribution of denser parti-
cles within the geopolymer bodies. Therefore, the decrease in strength at higher MW
contents does not appear to be related to major particle segregation but, rather, to the
increasing proportion of MW-derived crystalline phases and the reduced continuity of
the metakaolin-based geopolymer matrix. In this context, VPMKO90 represents the most
balanced formulation, combining effective MW incorporation with a compact and cohesive
matrix, consistent with its highest compressive strength among the tested formulations
(Figure 9).

The strength values obtained for VPMK95 (25 MPa) and VPMK90 (29.5 MPa) are
higher than those of VPMK100 (20.5 MPa), which can be related to the high calcium content
of the MW (CaO = 22.68 wt.%, Table 1). Under alkaline conditions, CaZ* ions released
from calcite and gypsum dissolution may contribute to the formation of C-5-H or C-A-5-H
gels alongside the N-A-5-H geopolymer network, as reported for calcium-rich and slag-
containing geopolymer systems [44,53,54]. The coexistence of these gel phases is known to
improve matrix densification and mechanical performance [49,55]. Some observations in
this study are consistent with this hypothesis: Fibrous particles seen by SEM in VPMK70
(Figure 6D) have a morphology often associated with C-5-H and C-A-S-H gels [48,49].
The micro-CT results (Figure 8) also show that VPMKO90 has the densest matrix among
all formulations, which supports the idea of a well-developed gel network at this MW
content [52]. However, confirming C-S-H or C-A-S5-H formation directly would require
analyses not carried out in this study, such as FTIR, 2Si MAS-NMR or TGA /DTG, which
are recommended for future work.

The strength decrease observed for VPMK80 and VPMK?70 is linked to gypsum disso-
lution under the alkaline conditions of geopolymerization (Equation (1)) [56,57]:

CaS04-2H;0 + 2 NaOH — Ca(OH), + NaySO4 + 2 H,0. 1)

This reaction affects the geopolymer system in three ways. First, two moles of NaOH
are consumed per mole of gypsum, which reduces the amount of activator available
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for metakaolin dissolution and gel formation [57]. Second, the Nay;SO4 produced may
precipitate in the pore network in an amorphous state below XRD detection limits, filling
pore space and limiting gel development, as reported for similar gypsum-containing
systems [57]. Third, the Ca(OH), formed releases Ca?* ions that, at low MW contents
(5-10 wt.%), may contribute to C-S-H or C-A-5-H gel formation alongside the N-A-S-H
network [44,49], which is consistent with the strength improvement seen for VPMK95
and VPMK90. At higher MW contents (20-30 wt.%), the loss of NaOH and pore filling
by NaySO4 become the dominant effects, leading to the progressive strength reduction
observed for VPMK80 and VPMK?70 (Figure 9).

However, VPMK90, VPMKS80, and VPMKY70 exhibited a declining strength trend from
14 to 28 days. Similar strength reductions have been reported in previous geopolymer
studies and were attributed to shrinkage associated with pore drying during curing [57,58].
Since shrinkage, mass loss, porosity, and microcracking were not directly monitored in this
study, this mechanism is considered a possible explanation.

The overall mechanical performance of VPMKO90 is consistent with the SEM and
micro-CT observations, which show that the 10 wt.% MW formulation presents a compact
microstructure and well-integrated particle distribution within the geopolymer matrix.

2.3. Methylene Blue Adsorption
2.3.1. Effect of Contact Time

The dye adsorption capacities of the studied geopolymers over 120 min are presented
in Figure 10. Among the MK-based geopolymers, both the VPMK100 and VPMK70 samples
achieved 90% dye removal within 120 min. Most of the dye quantity was adsorbed
within the initial 60 min, reaching equilibrium around the 90-min mark. Conversely,
samples containing 5%, 10%, and 20% VPMK did not surpass 50% dye removal within
the same contact time (Figure 11). The dye adsorption for VPMK100 and VPMK70 was
of 22-23 mg/g, while the other samples adsorbed only 16 mg/g. The adsorption process
seems tied to the availability of unoccupied surface sites for dye adsorption. The [A1O4]°
tetrahedrons of the geopolymeric porous structure bear the capability to absorb cationic
dyes due to the presence of surface hydroxyl groups. Once the available sites saturate,
further adsorption ceases, reaching equilibrium [59,60].

Considering adsorption capacity and MB removal efficiency after 90 min, the sequence
of geopolymer adsorbent performance is as follows: VPMK100 > VPMK70 (30% MW) >
VPMKS80 (20% MW) > VPMK90 (10% MW) > VPMKO95 (5% MW).

MK-VPMK
100
® &
80 @ > 4
2 o 2 y . @ 100%MK
8 60 \0’\0/ X %
E * ¥ " « [ [ o 5%
40 X ;
;\ro X X ><‘ A a ] = 10%
||
20 mHE X 20%
0 m % 30%
0 20 40 60 80 100 120
TIME (MIN)

Figure 10. Contact time effect on the removal percentage of the methylene blue with 0.1 g of
geopolymers and 12 ppm as MB concentration.

https:/ /doi.org/10.3390/recycling11060106


https://doi.org/10.3390/recycling11060106

Recycling 2026, 11, 106

20 of 31

MK-VPMK
25
2 ® ®
a 20 . b 4
z & = @ 100%MK
= * X X .
E 15 e >
< o N [ ] m5%
310 X oxx A 4
o ><><,><- 'y o 10%
|

2 5 mA X 20%
2
2 OmMm % 30%

0 20 40 60 80 100 120

TIME (MIN)

Figure 11. Contact time effect on the adsorbed quantity of the methylene blue with 0.1 g of geopoly-
mers and 12 ppm as MB concentration.

2.3.2. Adsorption Isotherms

The results represented in the Langmuir and Freundlich isotherm plots
(Figures 12 and 13) show that the R? value associated with the Langmuir isotherm model
slightly surpasses that of the Freundlich model, suggesting that the adsorption of MB
by the examined adsorbent corresponds more closely to the Langmuir isotherm model,
indicating monolayer adsorption behavior. The Langmuir adsorption constant (Ky,) serves
as an indicator of the adsorbate—adsorbent interaction strength. A higher K}, value signifies
a robust interaction between the adsorbate and adsorbent, whereas a smaller value suggests
a weaker interaction. Among the samples, the 5%, 10%, and 20% VPMK exhibit the lowest
K, values, while the 100% VPMK, 30 wt.% VPMK, 5%, 10%, and 20% VPCMK demonstrate
the highest values (Table 3). The equilibrium factor (R ) derived from the Langmuir model
assesses the adsorption process, with an Ry, value between 0 and 1 indicating favorable
adsorption. In this study, all Ry, values remained below 1, signifying favorable adsorption of
geopolymers. Additionally, a higher sludge content (30%VPMK) enhanced the adsorption
process. For all formulations, 1/nF values range from 0.47 (VPMK95, 5% MW) to 0.97
(VPMK?70, 30% MW), confirming favorable heterogeneous adsorption in which stronger
binding sites are preferentially occupied first and binding energy decreases progressively
with increasing surface coverage [61]. The corresponding n values (1.03 to 2.15, all within
the range 1 < n < 10) confirm favorable adsorption conditions across all formulations. The
Langmuir isotherm provides a slightly better fit (R?> = 0.997-0.999) than the Freundlich
model (R? = 0.987-0.997) for all formulations, indicating that monolayer adsorption on the
[AlO04]°~ binding sites is the dominant mechanism, while the Freundlich fit reflects the
secondary contribution of heterogeneous surface sites introduced by the mineral phases of
MW [29,59].

Table 3. Langmuir and Freundlich calculation results.

Slope

Sample (1/qmar) Intercept  qmax (mg/g) K (L/mg) RL R? Adsorption
VPMK100 0.0990 0.0012 10.10 82.50 0.00101 0.999 Favorable
VPMKO95 0.0687 0.0101 14.56 6.80 0.01210 0.998 Favorable
VPMKO90 0.0810 0.0076 12.35 10.66 0.00776 0.998 Favorable
VPMKS80 0.0958 0.0047 10.44 20.38 0.00407 0.997 Favorable
VPMK70 0.1120 0.0004 8.93 280.00 0.00030 0.999 Favorable
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Figure 13. Freundlich isotherms of the MB adsorption.

2.3.3. Adsorption Kinetics

The experimental data were fitted with the pseudo-first-order (PFO) and pseudo-
second-order (PSO) models. The corresponding parameters are presented in Table 4 and
Figures 14 and 15. The R? values from the PFO model ranged from 0.566 to 0.931, and the
calculated qe values differed significantly from the experimental values, indicating that
the PFO model does not describe MB adsorption well in these systems [62,63]. The PSO
model gave a better fit for VPMK100 (R? = 0.994), VPMKS80 (R? = 0.979), and VPMK70
(R? = 0.998), with good agreement between calculated and experimental qe values. The
lower PSO R? for VPMKY0 (0.774) may reflect the dense and compact matrix of this formu-
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lation, which introduces multi-stage diffusion kinetics not fully captured by a single-rate
model [58,64]. The rate constant k, and the initial adsorption rate h = k2~qez, defined
by Ho and McKay [62,65], provide useful information about how fast adsorption takes
place in each formulation. In the PSO model, the rate is controlled by the availability of
active sites on the surface rather than by the MB concentration in solution, which points
to chemisorption as the main mechanism [62,66]. This is in line with the electrostatic
interactions between the cationic MB molecule and the [A1O4]°~ sites of the N-A-S-H
gel [63]. VPMK70 (30% MW) has the highest k; (0.01817 g/mg-min) and h (5.71 mg/g-min),
meaning that adsorption starts fastest in this sample. This agrees with its high Langmuir
affinity constant (KL = 280 L/mg, Table 3), which suggests that the mineral phases of
MW galena and sphalerite surfaces identified by SEM/EDS (Figures 6B and 7B) provide
high-energy sites that bind MB rapidly [29,65]. VPMK100 also shows a high initial rate
(h =3.12 mg/g-min), linked to the good accessibility of the [AlO4]°~ sites in the open
pore structure of the pure metakaolin matrix [59,63]. VPMK90 (10% MW) provides the
lowest k; (0.00249 g/mg-min) and h (0.476 mg/g-min), linked to its dense and compact
matrix confirmed by micro-CT (Figure 8) and reflected in its highest compressive strength
(29.5 MPa, Figure 9). The dense gel network limits MB diffusion to the internal binding
sites, which slows the initial adsorption rate even though the total capacity remains rea-
sonable (qe = 13.83 mg/g). This is consistent with intraparticle diffusion theory, where
pore structure controls how fast the adsorbate reaches the active sites [58,64]. The dense
matrix responsible for the high mechanical strength of VPMK90 also slows down MB
access to the binding sites. VPMKO5 (k; = 0.00408 g/mg-min, h = 0.756 mg/g-min) and
VPMKS0 (k; = 0.00723 g/mg-min, h = 1.611 mg/g-min) fall between these two extremes.
The increase in h from VPMK95 to VPMKS80 and VPMK?70 suggests that as MW content
increases beyond 10 wt.%, the contribution of high-affinity mineral surfaces becomes more
important and progressively increases the initial adsorption rate [29,65].

Although the incorporation of MW into the geopolymer matrix indicates potential for
the immobilization of potentially toxic elements, the long-term environmental stability of
these materials should be further validated through standardized leaching tests. Future
studies should therefore include toxicity characteristic leaching procedures, EN 12457 batch
leaching tests, pH-dependent leaching tests, and /or dynamic monolithic leaching tests to
assess the mobility of Pb, Zn, Cd, As, and other trace elements after geopolymerization.
Such protocols would allow evaluation of both crushed /granular material and monolithic
geopolymer specimens under different exposure conditions. These tests are essential to
confirm the effectiveness of the geopolymer matrix in reducing element release and to
support the safe valorization of MW-based geopolymers in waste reuse and environmental
remediation applications.

Table 4. The pseudo-first-order (PFO) and pseudo-second-order (PSO) models of MB adsorption
with the studied geopolymers.

Sample () fig/;‘f PFO R? fif;/;‘f (g/ml,;-zmin) (mg/gh~min) PSO R?
VPMK100 17.83 10.36 0.566 18.87 0.00878 3.124 0.994
VPMK95 11.80 14.55 0.844 13.61 0.00408 0.756 0.949
VPMK90 12.56 9.85 0.761 13.83 0.00249 0.476 0.774
VPMKS80 14.29 8.37 0.915 14.93 0.00723 1.611 0.979
VPMK70 17.25 20.68 0.931 17.73 0.01817 5.711 0.998
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Figure 15. The pseudo-second-order (PSO) model.

3. Experimental Details
3.1. Materials

Mine waste (MW) was obtained from a Lakhouat mine, in the northwest of Tunisia.
The site is located about 120 km south of the capital Tunis (Figure 16). Abandoned now,
Lakhouat was a Pb-Zn district, exploited for almost a century using flotation technique
since its discovery in 1892 until the exhaustion of the reserves in 1994 [3].

Five samples from the tailings at equal intervals from the top to the base of the
storage site were collected and then mixed to obtain a representative sample. The sample
underwent mechanical crushing and was then sieved to obtain a <125 pm fraction before
geopolymer preparation. Finally, it was oven-dried at 50 °C for 48 h.
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Vicente Pereira metakaolin (VPMK) prepared by calcination (700 °C/4 h) of kaolin
from Vicente Pereira deposit, Ovar, Portugal, was used as aluminosilicate precursor for
geopolymer preparation. More information about chemical and mineralogical composition
of Vicente Pereira kaolin deposit is reported in [67].

[ ]
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Figure 16. Location of the study area at different scales (A); localities bordering the study area (B),
adapted from the 1/500 000 geological map of Tunisia [68]; and on-site photographs of mine waste
tailings (C).

https://doi.org/10.3390/recycling11060106


https://doi.org/10.3390/recycling11060106

Recycling 2026, 11, 106

25 of 31

3.2. Methods

Particle size distribution of the metakaolin and MW was determined with an X-ray
grain size analyzer, Sedigraph 5100, from Micromeritics (Norcross, GA, USA), following
the Standard BS 3406-2 procedure [69]. Full-scale pump speed: 3; stir time: 60 s; stir speed:
high; probe time: 30 s. MK density: 2.650 g/cm?; MW density: 2.470 g/cm?; liquid density:
0.9941 g/cm3.

Mineralogical composition of raw materials and geopolymers was performed using
X-ray diffraction instrument (Philips/Panalytical). The operating conditions were 30 mA
and 50 kV using Cu K« radiation (A-1.5405 A) with a speed of 0.02° /s and 2 s/step. The
X-pert Highscore software (version 4.9 (2020) and the PDF-4 + 2023 database) were used to
analyze XRD diffractograms.

X-ray fluorescence (XRF), conducted using a PANalytical Axios X-ray fluorescence
spectrometer (PANalytical B.V., Almelo, The Netherlands), was used to analyze the chemi-
cal composition (major and trace elements) of the starting materials and produced geopoly-
mers. Loss on ignition (LOI) was determined by heating the samples in an electrical furnace
at 1000 °C during 3 h.

The surface morphology and microstructure of MW and geopolymers was performed
by scanning electron microscopy, SEM-EDS (TESCAN VEGA, TESCAN ORSAY HOLDING,
Brno, Czech Republic), with landing energy of 15 keV and beam current of 1 nA.

Micro-computed tomographic scans (micro-CT) of geopolymers were performed in
X-ray 3D microtomograph (SkyScan 1275, Bruker microCT, Kontich, Belgium) with voltage
of 20 kV, 175 pA current, and 450 ms exposure time.

The compressive strength was measured on triplicates of each geopolymer type
on Precision Universal Tester equipment (AG-IC 100 kN, Shimadzu Corporation, Ky-
oto, Japan) by applying a maximum force of 5 kN at the speed of 50 N/s as per the
standard EN 1015-11 [70].

Geopolymers preparation: MW was used as a low-cost mineral filler and partial
substitute for metakaolin. Five types of geopolymers were prepared in which VPMK was
replaced by 0, 5, 10, 20, and 30% of MW, entitled in the text as VPMK100, VPMK95, VPMKO0,
VPMKS80, and VPMKT70, respectively. Geopolymerization was carried out by mixing NaOH,
NaySiO3, and water. Hydrated sodium silicate (Merck, Darmstadt, Germany; 8.5 wt.%
NayO, 28.5 wt.% 5i0O;, 63 wt.% HpO) and sodium hydroxide (ACS AR Analytical Reagent
Grade Pellets) were used as alkaline activators in geopolymers preparation. The maximum
MW replacement level investigated in this study was 30 wt.%. This value was selected as
the upper limit of the experimental series in order to evaluate the effect of substantial MW
incorporation while maintaining a comparable preparation protocol for all formulations.
Higher MW contents were not investigated in the present work.

To produce geopolymers with lower environmental impact and reduced alkaline acti-
vator consumption, the formulation design followed the approach of
Andrejkovi¢ovd etal. [71] and Sudagar et al. [72], using target SiO; / Al;O3 and Na, O/ Al,O3
molar ratios of 1. For each MW replacement level, the amounts of sodium silicate, sodium
hydroxide, and water were recalculated from the bulk oxide composition of the corre-
sponding VPMK-MW blend in order to maintain comparable nominal formulation ratios
across the series. The calculated HyO/Na,O ratios were kept below 20, with values of 9.60,
10.09, 11.67, 13.69, and 16.59 for VPMK100, VPMK95, VPMK90, VPMKS80, and VPMK?70,
respectively. In geopolymer systems, the HyO/Na;O ratio is an important formulation
parameter because it influences paste workability and may affect pore development and
mechanical strength after curing. The SiO,/Al,O3 and Na; O/ Al, O3 ratios should therefore
be considered nominal bulk formulation ratios rather than exact reactive ratios available for
N-A-S-H or calcium-containing gel formation because part of the Si, Al, Ca, S, Zn, and Pb in
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MW occurs in crystalline phases with limited or uncertain reactivity. NaOH and hydrated
sodium silicate were mixed in water and used to activate the aluminosilicate precursor.
The obtained solution was added slowly to the metakaolin and MW with agitation by
a Heidolph ST1 laboratory stirrer (Heidolph Instruments, Schwabach, Germany)at two
different speeds (100 rpm for 2 min and 200 rpm for 4 min) to avoid the formation of gases
and agglomerations and to ensure optimum homogeneity. The pastes were immediately
poured into 20 x 20 x 20 mm cubic molds, vibrated for 5 min to release bubbles, and cured
at laboratory temperature for up to 28 days.

Methylene blue was selected as a widely used model cationic dye to provide a prelimi-
nary screening of the adsorption potential of the synthesized MW-MK geopolymers and to
allow comparison with previous geopolymer-based adsorbent studies. The geopolymers
were milled before adsorption testing to increase the accessible surface area, reduce diffu-
sion limitations, and evaluate the intrinsic adsorption potential of the material. Methylene
blue MB adsorption tests were performed as follows:

For adsorption, 0.1 g of milled geopolymer was added to 200 mL of methylene blue
trihydrate solution (MB; CAS No. 7220-79-3; Thermo Fisher Scientific, supplied by VWR
International, Radnor, Pennsylvania, USA) with initial MB concentrations of 12, 10, 7.5, and
5 ppm and magnetically stirred for 2 h at room temperature. Aliquots from the solution
were taken at regular time intervals, and the MB concentration in the liquid was evaluated
by determining the absorbance in a spectrometer (Shimadzu UV-3100, Kyoto, Japan) at a
1% 664 nm.

The amount of MB adsorbed by the powdered geopolymer samples was calculated
using Equation (2):

ge =(Cyp — Ce) X V/m )

where qe is the quantity of MB uptake by the geopolymer (mg MB/g geopolymer), Cy is
the initial concentration of MB (mg/L), Ce is the remaining equilibrium MB concentration
(mg/L), V is the solution volume (L), and m is the mass of geopolymer (g).

The removal efficiency (E) of the dye was determined using Equation (3):

B(%) = S =S¢ 100 3)
G

Langmuir and Freundlich adsorption isotherm models were used to fit the experi-
mental results [73]. The Langmuir model assumes homogeneous binding sites and equiva-
lent sorption energies in the surface and that there is no interaction between the sorbed
species [73]. It is described by the equation:

f_1, 1
e Gm KL‘]mCe

(4)

In Equation (4), K; (L/mg) is the affinity of the sorbate for the binding sites; qmax
(mg/g) is the maximum adsorption capacity. Once the K; value is obtained, the Langmuir
isotherm can be expressed by a separation factor, Ry, given by:

1

Rj=——
L7157 K.G

)
If R} is between 0 and 1, then there is favorable adsorption.

The Freundlich isotherm model, on the other hand, has been interpreted as sorption
onto a heterogeneous surface, which is a site that can have varying affinity. In that model,
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one presumes that the stronger binding sites are occupied first and that the binding strength
decreases with an increasing degree of occupation [73]. The model has the form:

Jde = KFCel/n (6)

where Kk is the Freundlich constant, and n is a parameter which represents the absence of
linearity of the adsorbed quantity in function of Ce. Equation (6) is usually converted into
alternative linear form, thus becoming:

1
logq, = logK; + <n>logCe (7)

If the value of n is between 1 and 10, then there is favorable adsorption. Larger values
of n suggest, on the contrary, a stronger interaction between the surface of the adsorbent
and adsorbate; when 1/n is equal to 1, this indicates a linear adsorption, leading to identical
adsorption energies for all the sites [74].

4. Conclusions

This study presents a method of recycling Lakhouat Tunisian Pb-Zn mine waste (MW)
through geopolymer formulation with varying MW proportions (0, 5, 10, 20, and 30 wt.%).
This research aligns with the circular economy by showcasing how geopolymers made
with industrial waste can address environmental pollutants. Key findings are as follows:

- The characterization of MW reveals a bimodal particle size distribution and a mineral
composition rich in carbonates and sulfides. High concentrations of PTEs, such
as those found in lead (2.23 wt.%), zinc (8.2 wt.%), cadmium, arsenic, nickel, and
chromium, raise environmental concerns. This underscores the need for effective
management and reuse strategies to mitigate impacts and enhance sustainability
in mining.

- Incorporating MW into the geopolymer matrix results in a heterogeneous yet cohesive
material, enhancing its microstructural complexity. SEM and EDS analyses reveal
diverse mineral phases, including sphalerite and galena, which suggest effective
integration of MW minerals.

- Tomography images of all formulated geopolymers demonstrate a consistent and
homogeneous distribution of particles, highlighting the effective integration of MW.
Notably, even with increasing percentages of MW, results showed the uniformity of
particle distribution.

- Compressive strength results indicate that VPMK90, containing 10 wt.% MW, rep-
resents the optimum formulation among the tested mixtures, reaching the highest
strength, ~~30 MPa, after 28 days of curing. This performance is consistent with the
compact microstructure observed by SEM and the homogeneous particle distribu-
tion shown by micro-CT, suggesting that moderate MW incorporation improves the
balance between waste valorization and mechanical performance.

- Higher MW contents led to a reduction in compressive strength, probably due to
dilution of the reactive metakaolin fraction, increased contribution of crystalline
phases from MW, and possible sulfate-related effects that may hinder geopolymer
gel development. The strength decline observed from 14 to 28 days for VPMK70,
VPMKS80, and VPMK90 may also be related to pore shrinkage and microstructural
changes during curing.

- MB adsorption tests show that VPMK100 and VPMK70 (30% MW) reached removal
efficiencies above 90% within 120 min, with adsorption capacities of 22-23 mg/g.
The Langmuir model gave a better fit (R? = 0.997-0.999) than the Freundlich model
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(R? = 0.987-0.997), suggesting monolayer adsorption on the [AlO4]°~ sites of the
geopolymer framework. The pseudo-second-order model gave the best fit for the
kinetics (R2 > 0.949 for VPMK100, VPMKS80, and VPMK?70), pointing to chemisorp-
tion as the rate-controlling step. VPMK70 showed the highest adsorption affinity
(Kp =280 L/mg) and fastest initial rate (h = 5.71 mg/g-min), while VPMKO90 had the
lowest initial rate (h = 0.476 mg/g-min); this result was linked to its dense matrix,
which was confirmed by micro-CT.
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