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Abstract: The increasing production of iron ore has led to the accumulation of iron ore tail-
ings (IOTs), which pose significant environmental and safety risks when stored in tailings
dams. This study investigates the potential of IOTs as a precursor in alkali-activated binder
systems, aiming to provide a sustainable solution for mining waste management. Industrial
calcium carbide lime and sodium silicate (Na2SiO3) were used as activators in varying
concentrations (Na2SiO3: 10%, 15%, 20%, 25%, and 30%; carbide lime: 5%, 7.5%, and 10%),
with curing conditions of 23 ◦C for 7 days. Techniques including unconfined compressive
strength tests, X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
metal leaching tests were employed to evaluate the mechanical performance and environ-
mental safety of the alkali-activated binders. The results reveal that a mixture containing
20% Na2SiO3 and 10% carbide lime achieved the highest compressive strength of 0.33 MPa
at 7 days. The binder also showed negligible metal leaching, meeting environmental
safety standards. These findings confirm the viability of using IOTs in the development of
durable, eco-friendly construction materials, offering a scalable and sustainable solution
for the management of mining waste and promoting circular economy principles in the
construction sector.

Keywords: tailings recycling; alkali-activated materials; circular economy; sustainable
construction; mining byproduct utilization

1. Introduction
Mining tailings are a critical issue worldwide, resulting in environmental impacts and

challenges for sustainable management. Globally, the mining industry generates millions
of tons of tailings, containing heavy metals that can contaminate soil and groundwater,
posing severe risks to ecosystem health [1]. In Brazil, according to estimates from the
United States Geological Survey [2], approximately 440 million tons of processed iron ore
were produced in 2023, making Brazil the second-largest producer in the world. For each
ton of ore processed, about 400 kg of tailings are generated [3], potentially containing heavy
metals such as lead, chromium, and cadmium.
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These mining tailings, with a paste-like consistency, are often deposited in large basins
where the slurry slowly consolidates under its own weight [4]. Due to the fine particle
size and high-water content, mining tailings exhibit low mechanical stability, making their
disposal and storage a critical management concern [5]. Traditional disposal methods lead
to various socio-environmental impacts, such as land occupation, environmental pollution,
and the risk of tailings dam failures. This risk has been tragically exemplified by the
disasters in the cities of Mariana (in 2015) and Brumadinho (in 2019), which resulted in
hundreds of deaths and caused irreparable environmental damage [6].

The prediction of geotechnical parameters of mining tailings is complex due to the
anthropogenic nature of these materials, which do not behave like conventional soils. The
use of conventional cements can aid in stabilization but involves significant environmen-
tal and economic issues, such as high CO2 emissions and elevated costs. Additionally,
Portland cement has limitations, including low efficiency in stabilizing tailings and a high
environmental impact [7].

In this context, alkali activation emerges as a more sustainable and effective technical
solution. This technique involves the reaction of a solid aluminosilicate (precursor) in an al-
kaline environment, induced by an alkaline activator, resulting in an alkali-activated binder
or cement with mechanical properties comparable to hydrated Portland cement but with
reduced CO2 emissions and lower energy consumption [8]. Examples of precursors include
calcined clays, metakaolin, blast furnace slag, fly ash, and agro-industrial residues, such
as sugarcane bagasse ash [9]. Activators may include sodium and potassium hydroxides,
sodium silicate, and salts of weak acids, such as sodium and potassium carbonates [10].

Carbide lime, a byproduct of the acetylene industry, has emerged as a promising
calcium source for alkali-activated systems. This material not only repurposes an industrial
waste product but also accelerates alkali activation reactions by supplying the necessary
calcium, contributing to circular economy practices and promoting sustainability in tailings
management. Carbide lime has shown significant potential in improving the mechanical
properties of stabilized materials, offering a more efficient and sustainable approach [11–14].

Alkali activation offers substantial advantages, including carbon footprint reduction
and improved tailings properties, providing a viable alternative for the sustainable man-
agement of these materials. Recent studies have explored the use of alkali-activated binders
for the stabilization and solidification of mining tailings [12,14–16]. However, there is a
significant research gap regarding the direct use of iron mining tailings as precursors in
alkali-activated systems.

Within the paradigm of the circular economy, the reuse of mining tailings as construc-
tion materials represents a key strategy for sustainability. The circular economy aims to
maximize the value of materials throughout their lifecycle, minimizing waste and promot-
ing reuse and recycling [17]. Integrating mining tailings into alkali-activated materials
not only reduces the need for tailings basin disposal but also creates added value from
waste, transforming an environmental liability into a valuable resource for the construction
industry [18].

Current research on iron ore tailings (IOTs) primarily focuses on their use as stabilizing
agents in cementitious or geopolymeric systems. However, these approaches often face
limitations, such as low reactivity, high material variability, and environmental concerns
related to cement-based stabilization. Despite advancements in alkali-activated materials,
studies exploring IOT as a primary precursor remain scarce, limiting the potential for
fully utilizing these industrial byproducts. This study addresses this gap by investigating
IOT as the main reactive component in an alkali-activated system, rather than as a mere
additive. To this end, unconfined compressive strength tests were conducted to assess
mechanical performance, while X-Ray diffraction (XRD), Fourier transform infrared (FTIR)
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spectroscopy, and metal leaching tests were employed to characterize the physicochemical
properties of the produced material.

2. Materials and Methods
2.1. Materials

The materials used in this research were iron ore tailings (IOTs), carbide lime (CL),
commercial sodium silicate (SS), and distilled water. The IOTs originated from iron ore
production in the state of Minas Gerais, Brazil. The location where mining, extraction, and
waste treatment processes occur is situated in the Iron Quadrangle region. CL is a byproduct
from an industry located in Sapucaia do Sul, Rio Grande do Sul, Brazil. CL is generated
during the production of acetylene gas through the reaction of calcium with water. The
sodium silicate solution (SS) was produced in São Paulo, Brazil, with a Na2O/SiO2 ratio of
2.54 and a purity grade of 48%.

2.2. Method
2.2.1. Material Characterization

The IOT samples were dried at 105 ◦C, while the CL samples were dried at 60 ◦C and
then passed through a 200 mm diameter (0.075 mm) sieve. Table 1 presents the geotechnical
properties for consistency limits (Brazilian technical standards—NBR 6459 [19]; NBR
7180 [20]), specific gravity (NBR 6508 [21]), and compaction tests with modified energy
(NBR 7182 [22]).

Table 1. IOT and CL geotechnical properties.

Property IOT CL

Specific unit weight (kN/m3) 36.0 23.2
Liquid limit (%) 5.16 -

Plasticity limit (%) - -
Plasticity index (%) Non-plastic Non-plastic

Dry unit weight-modified compaction
energy (kN/m3) 26.98 -

Optimum moisture content-modified
compaction energy (%) 8.68 -

In Figure 1, the particle size distribution curves for IOTs and CL are presented, as
obtained through laser particle size analysis in accordance with ISO 13320 [23] and specific
gravity testing following NBR 16605 [24], respectively. The IOTs were composed of clay,
silt, and fine sand, whereas the CL primarily consisted of particles classified as silt and
fine sand.

The chemical and mineralogical characterization of the materials was performed using
X-Ray fluorescence (XRF) and X-Ray diffraction (XRD). The analyses were conducted only
for the IOTs, as the same carbide lime was already characterized by Pelisser et al. [25].

The chemical composition (Table 2) was determined by X-Ray fluorescence, using
a pressed sample in the STD-1 calibration (Standardless) mode, which involves analysis
without standards for chemical elements ranging from fluorine to uranium. The analysis
was carried out on a Malvern Panalytical Zetium model equipment (United Kingdom),
with loss on ignition (LOI) performed at 1020 ◦C for 2 h. For the IOTs, it is possible to
observe the predominance of iron oxide (Fe2O3)—70.0%; silicon dioxide (SiO2)—14.6%;
and aluminum oxide (Al2O3)—7.5%, in addition to other oxides in small proportions. The
CL predominantly consisted of calcium oxide (CaO) with 52.5%.
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Table 2. Chemical composition of the materials.

Oxides (%) Fe2O3 SiO2 Al2O3 MnO K2O TiO2 P2O5 MgO CaO LOI *

IOT 70.0 14.6 7.50 0.31 0.25 0.25 0.21 0.19 - 6.63
CL [25] 0.67 2.62 0.27 0.06 0.12 - - 22.50 52.5 21.1

* LOI = loss on ignition.

For the mineralogical analysis (Figure 2), a Rigaku diffractometer, model Miniflex®
300, form the United Kingdom, equipped with a fixed Cu anode tube (λ = 1.5406 Å) and
operated at 40 kV and 25 mA, was used, with an angular range of 2 to 72◦ 2θ and a step
size of 0.05◦/1 s. The mineralogy of the IOTs was analyzed qualitatively and consisted of
four crystalline phases: kaolinite (Al2Si2O5(OH)4), quartz (SiO2), hematite (Fe2O3), and
goethite (FeO(OH)). The CL was composed of portlandite (Ca(OH)2) and calcite (CaCO3)
and predominantly contained calcium oxide (CaO), which made up 52.5% [25].

The environmental classification of the IOTs and CL was conducted in accordance with
the toxicity characteristic leaching procedure (TCLP) [26] and the Brazilian standard NBR
10004 [27], which establishes the criteria for classifying solid waste based on hazardous and
non-hazardous characteristics. To determine the potential environmental impact of these
materials, leaching and solubilization tests were performed according to NBR 10005 [28]
and NBR 10006 [29], respectively.

In the leaching test (NBR 10005 [28]), the materials were first crushed to a particle
size of 9.5 mm, ensuring adequate exposure to the leaching solution. The crushed samples
were then mixed with an acetic acid solution (pH ~ 2.88) at a solid-to-liquid ratio of 1:20,
simulating acidic leaching conditions. The mixture was agitated in a rotary shaker at 30 rpm
and maintained at a temperature of 23 ± 2 ◦C for 18 ± 2 h. After agitation, the leachate
was filtered and analyzed for the presence of heavy metals and other contaminants.

The solubilization test (NBR 10006 [29]) followed a similar preparation procedure
but used deionized water as the extraction solution, representing a more neutral leaching
environment. The same solid-to-liquid ratio of 1:20 was maintained, and the samples were
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agitated under controlled conditions for the prescribed duration. After extraction, the
solubilized solution was filtered and analyzed for soluble elements.
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Following the results of these tests, the materials were classified according to NBR
10004 [27], which categorizes waste into Class I (hazardous), Class II-A (non-inert), and
Class II-B (inert) based on their potential environmental impact. The classification criteria
consider the concentration of toxic elements in the leachate and solubilized extracts, as
defined by regulatory thresholds.

The results of the leaching and solubilization tests for the studied materials are pre-
sented in Tables 3 and 4.

Table 3. Leachate extracts of IOTs and CL.

Element IOTs CL (mg/L)
[30]

NBR 10004
(Annex F)

Ag 0 1.22 5
As 0 0.60 1
Ba 0.99 0.42 70
Cd 0 0.05 0.5
Cr 0 0.18 5
Hg 0 0.54 0.1
Pb 0 0.95 1
Se 0.01 2.40 1

Table 4. Solubilized extracts of IOTs and CL.

Element IOTs (mg/L) CL (mg/L)
[30]

NBR 10004
(Annex G)

Ag 0 0.41 0.05
Al 0.01 19.10 0.2
As 0 0.26 0.01
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Table 4. Cont.

Element IOTs (mg/L) CL (mg/L)
[30]

NBR 10004
(Annex G)

Ba 0.29 0.84 0.7
Cd 0 0.02 0.005
Cr 0 0.09 0.05
Cu 0 0.80 2
Fe 0 0.09 0.3
Hg 0 0.21 0.001
Mn 3.64 - 0.1
Na 1.82 13.80 200
Pb 0 0.42 0.01
Se 0.003 0.96 0.01
Zn 0.006 0.02 5

- Below the detection limit.

For the IOTs, the concentrations of metals in the leachate extract were all below the
maximum limits allowed by Annex F of NBR 10004 [27]. However, in the solubilized
extract, Mn exceeded the limit established by Annex G of NBR 10004 [27]. Therefore, the
IOTs were classified as non-hazardous non-inert waste—Class IIA. Regarding the leachate
extract of the CL, the concentrations of Hg and Se exceeded the maximum limits specified
by Annex F of NBR 10004 [27], resulting in a hazardous waste—Class I [30].

2.2.2. Experimental Program and Statistical Analysis

A complete multi-level factorial design was conducted, based on studies by Falah et al. [31].
The factors investigated were the sodium silicate (SS) solution content and the carbide lime
(CL) content, with the levels defined in Table 5, and 3 repetitions for each factorial combina-
tion, totaling 45 experiments. The response variable was unconfined compressive strength.

Table 5. Experimental program.

Factors
Levels

1 2 3 4 5

Sodium silicate (%) 10 15 20 25 30
Carbide lime (%) 5.0 7.5 10 - -

To define the levels of CL content in the mass ratio (dry weight), an initial lime
consumption test (ICL) was performed according to D6276 [32], which indicates the need
for 7.5% CL to stabilize the pH at 13.2. Three levels were tested: 5%, 7.5%, and 10%, to
evaluate a system with a lower (5%) and higher (10%) calcium content compared to the
required stabilization, as defined by Garcia-Lodeiro et al. [33], for the presence of calcium
in alkali-activated systems. The proportion of IOTs in the mixture was determined based
on the CL content. In other words, a CL content of 5% corresponds to 95% IOTs, 7.5% CL
corresponds to 92.5% IOTs, and 10% CL corresponds to 90% IOTs, with the IOT content
adjusted accordingly to maintain the total mass balance of the system.

The SS solution contents were defined in five levels: 10%, 15%, 20%, 25%, and 30% [which
corresponds to 1.05%, 1.68%, 2.37%, 3.16%, and 4.07% alkali content—Na2O/(IOTs + CL)] and
were based on experiments by Falah et al. [31]. The IOT content (%) was adjusted according to
the factor levels, and the solid/liquid ratio was set at 0.29 [31].

The results of the experiments were subjected to analysis of variance (ANOVA) with
95% confidence (p-value < 0.05). A generalized model was applied, and the standardized
effects of each variable and their interactions on the unconfined compressive strength
were compared.
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2.2.3. Molding of the Specimens

The sodium silicate solution was prepared using distilled water and maintained at
23 ± 2 ◦C. The solution was weighed and subsequently added to the dry materials, fol-
lowed by thorough mixing to ensure homogeneity. The resulting pastes were cast into
cylindrical polyvinyl chloride (PVC) molds with a 37 mm diameter and 74 mm height,
maintaining a 1:2 ratio, with the bottoms sealed [34]. The pastes were placed in a sin-
gle layer without compaction, and to minimize the presence of voids and air bubbles,
the molds were subjected to successive vibrations on a flat surface until no further bub-
bles were observed. The samples were then sealed to prevent carbonation and cured at
23 ± 2 ◦C for 7 days. The selection of a 7-day curing period at 23 ◦C was based on practical
engineering applications where early strength development is a critical factor.

2.2.4. Unconfined Compressive Strength

Following a 7-day curing period, the specimens were extracted from the cylin-
drical molds, and their dimensions were measured. Subsequently, the specimens un-
derwent unconfined compressive strength testing, conducted using an automatic press
(brand: Engetotus, Contagem, Brazil) with a load capacity of 100 tons and a controlled
displacement rate of 1.14 mm per minute. The testing procedures adhered to the guidelines
specified in ASTM C39/C39M [35].

To stop the ongoing chemical reactions after the 7-day curing period, the samples
were immersed in acetone for 48 h. This procedure was implemented to eliminate excess
moisture and effectively halt further reactions. Following immersion, the samples were
oven-dried at 40 ◦C for 24 h, in alignment with the methodology established by Padilla-
Encinas et al. [36]. This treatment was essential to preserve the mineralogical composition
of the samples at the specified curing stage and to enable precise identification of the
chemical reactions that had taken place during the initial 7-day curing period.

2.2.5. Mineralogy, Chemical Bond Analysis, and Leaching

The samples that exhibited the best results in unconfined compressive strength for
each carbide lime level were subjected to analyses aimed at determining the mineralogy,
the formation of chemical bonds, and the capacity to encapsulate metals. Mineralogical
characterization and identification of the chemical bonds were performed through X-Ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), respectively.

XRD qualitative analyses were conducted using a Rigaku diffractometer, model
Miniflex® 300, from the United Kingdom, equipped with a fixed copper anode tube
(λ = 1.5484 Å) and operated at 40 kV and 10 mA. The sample was prepared and an-
alyzed by the powder method, being deposited on a glass plate with dimensions of
20 × 20 mm and a depth of 0.5 mm. The angular range utilized was from 5◦ to 100◦

2θ, with a step size of 0.03◦, time speed of 0.5 s, and slit widths of SS 1.250◦ and DS 1.250◦.
FTIR analyses were carried out using a Perkin Elmer spectrometer, model Spectrum 100S
(Shelton, CT, USA), covering a wavenumber range from 600 to 4000 cm−1, and with a
resolution of 4 cm−1. The preparation of the samples consisted of the powder method, in
which the material passed through a 0.075 mm mesh and was subsequently subjected to
the test.

The evaluation of metal leaching from the mixtures was performed according to NBR
10005 [28], and the concentrations were compared to different standards: NBR 10004 [27],
CONAMA 460 [37], the Dutch list [38], and the EPA [39]. The metals were quantified using
inductively coupled plasma optical emission spectroscopy (ICP-OES), with a Shimadzu
spectrometer, model ICPE 9800, from Kyoto, Japan.
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3. Results and Discussion
3.1. Mechanical Behavior

The analysis of the results (see Figures 3 and 4) demonstrated that the compressive
strength was highly influenced by the interactions among the constituents of the system.
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In mixtures with 5% carbide lime, the compressive strength exhibited a decreasing
trend with increasing concentrations of sodium silicate, peaking at 0.19 MPa with 10%
sodium silicate and progressively declining to 0.05 MPa with 30% sodium silicate. This
phenomenon can be explained by the formation of the C-S-H (calcium silicate hydrate) gel,
one of the primary products of alkali activation [40]. When the concentration of sodium
silicate was increased beyond 10%, the excessive solubilization of silica from the iron ore
tailings may have led to the formation of a less dense gel network, resulting in reduced
strength. The balance between the calcium provided by the carbide lime and the silica from
the tailings and sodium silicate is crucial for proper C-S-H gel formation. An excess of
sodium silicate may destabilize this balance, leading to the formation of a less effective gel
and, consequently, lower strength [13]. This effect can be observed in the XRD analysis, as
shown in Figure 5, where a slight formation can be seen in the C-S-H gel formation region.

When the concentration of carbide lime was increased to 7.5%, the compressive
strength increased, with the maximum value of 0.23 MPa observed with 15% sodium
silicate. The higher amount of calcium may have promoted the formation of C-S-H gel,
leading to a more cohesive and dense matrix, which in turn enhanced the mechanical
strength. With 15% sodium silicate, a good balance between the amounts of calcium and
silica was achieved, promoting the activation reaction. However, when the sodium silicate
concentration was increased to 20%, the strength decreased again, indicating that, while a
moderate increase in silica is beneficial for C-S-H gel formation, further increases beyond
a certain threshold can undermine the matrix structure, possibly due to excessive silica
dissolution, leading to a less cohesive and weaker gel network [12]. With regard to XRD
analysis (Figure 5), the formation of the C-S-H gel was more pronounced compared to the
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5% CL binder, although it was still not as distinct, indicating a moderate strength gain,
as observed.

With 10% carbide lime, the results were more pronounced, with the compressive
strength reaching its maximum value of 0.33 MPa with 20% sodium silicate. This increase
can be attributed to the higher availability of calcium, which contributed to the formation
of C-S-H gel, a material responsible for the cohesion and strength of the system. In addition,
the XRD analysis (Figure 5) clearly shows the band in the C-S-H gel region, along with the
FTIR analysis (Figure 6), which presents the band in the C-A-S-H gel band, similar to the
C-S-H gel, indicating its formation and correlating with the strength values observed.
Sodium silicate, in turn, acted as an activator, providing the silica necessary for gel forma-
tion. With 20% sodium silicate, the system achieved a good balance, resulting in the highest
strength. However, strength began to decrease in mixtures with 25% and 30% sodium
silicate, reaching 0.12 MPa and 0.18 MPa, respectively. This decline can be explained by
the negative effect of high sodium silicate concentrations. With excessive silica addition,
C-S-H gel formation can be compromised due to excessive dissolution of the components
of the iron ore tailings, resulting in a more fluid and less cohesive gel network, thereby
impairing strength.

The presence of iron ore tailings in the mixtures was crucial for the activation of
the system. IOTs contain silica and alumina, which are important precursors for C-S-H
gel formation. The interaction between the sodium silicate and the silica present in the
IOTs resulted in gel formation, while the carbide lime provided calcium, essential for the
activation reaction and the formation of C-S-H gel, as evidenced by the XRD analysis
(Figure 5) and the FTIR analysis (Figure 6). Therefore, the iron ore tailings not only acted as
a source of silica but also contributed other products, such as iron and aluminum, which
may have influenced the properties of the gel. The presence of these elements may have
facilitated the formation of additional phases, such as calcium aluminates, which also
contributed to the material’s strength [41].

However, the ratios of the components must be carefully controlled to avoid the
formation of soluble or weakly cohesive products, which could compromise the mechanical
properties of the system. Sodium silicate, when added in excess, can dissolve the silica
from the iron ore tailings, damaging the gel structure and resulting in inferior strength.
This behavior was observed at higher sodium silicate concentrations, where the strength
decreased as the amount of silica available for C-S-H gel formation became excessive,
compromising the formation of a cohesive network [42].

The results indicate that the best combinations for compressive strength were observed
with 10% carbide lime and 20% sodium silicate, achieving a maximum value of 0.33 MPa.
This balance between calcium and silica favored the formation of a solid and cohesive net-
work responsible for the high strength observed. The presence of iron ore tailings acted as
an essential precursor, but their effectiveness was maximized only when the proportions of
sodium silicate and carbide lime were well adjusted. Higher sodium silicate concentrations
resulted in a decrease in strength, suggesting that excess silica may compromise the gel
structure, weakening cohesion and, consequently, the material’s strength.
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When comparing the compressive strength of alkali-activated binders to that of con-
ventional Portland cement-based materials, it is evident that their mechanical performance
remains significantly lower. Portland cement-based concretes typically achieve compressive
strengths ranging from 20 MPa to 50 MPa, depending on the mix design and curing condi-
tions [8]. In contrast, the maximum compressive strength observed in this study (0.33 MPa)
indicates that while these materials exhibited some degree of structural cohesion, their
mechanical properties were not yet comparable to traditional binders.

Despite their lower strength values, alkali-activated materials offer significant advan-
tages in terms of sustainability and resource utilization. The incorporation of iron ore
tailings, carbide lime, and sodium silicate reduces the need for landfill disposal while
also minimizing dependence on clinker production—one of the primary sources of CO2

emissions in conventional cement manufacturing [7,8]. These materials are particularly
suitable for applications where high compressive strength is not a critical requirement,
such as non-structural building elements (e.g., lightweight panels, partition bricks, and
insulation boards) [4,13]. Additionally, the materials may be viable for soil stabilization,
embankments, and erosion control structures, where cohesion and environmental benefits
outweigh the need for high mechanical performance.

The Pareto chart (Figure 4) was employed to evaluate the relative significance of the
individual factors and their interactions on the unconfined compressive strength. The
analysis revealed that the first-order interactions (individual effects of carbide lime and
sodium silicate concentrations) were not statistically significant, as their standardized
effects did not exceed the significance threshold. In contrast, the second-order interactions
(combined effects of the carbide lime and sodium silicate concentrations) were found
to be statistically significant, with their standardized effects surpassing the threshold.
This finding underscores the critical role of the synergistic interaction between the two
components in the formation of an appropriate structure, which directly influenced the
material’s strength. The results highlight that while neither component alone significantly
impacted the compressive strength, their combined interaction was a key determinant of
the mechanical performance of the mixtures.

The results indicate that for the carbide lime concentration, increasing the lime propor-
tion did not yield a clear linear effect on the strength. The compressive strength exhibited
variability without a continuous upward trend as the CL concentration increased. For
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instance, at a CL concentration of 5%, combinations with 10% and 15% sodium silicate
resulted in strength of 0.19 MPa and 0.09 MPa, respectively, without any evident increasing
trend, suggesting that the effect of CL alone was not sufficiently strong to account for
variations in strength for the studied curing period.

In a similar manner, while the sodium silicate concentration demonstrated a tendency
to increase the strength with higher concentrations, it followed no direct and continuous
relationship. At a 5% CL concentration, for example, the strength decreased from 0.19 MPa
(with 10% sodium silicate) to 0.05 MPa (with 30% sodium silicate), indicating that the
relationship between the sodium silicate and strength was not straightforward and may
have been influenced by other factors, such as the interaction between the sodium silicate
and the calcium provided by the CL.

The statistical significance of the second-order interactions suggests that the impact
of the combination of carbide lime and sodium silicate is more intricate than the sum
of the individual effects of each component. The maximum compressive strength was
obtained with a combination of 10% carbide lime and 20% sodium silicate, yielding a
value of 0.33 MPa. This result implies that the synergy between the two components is
essential for the optimal performance of the system. However, when the sodium silicate
concentration was increased to 30% in the presence of 10% carbide lime, the compressive
strength decreased to 0.18 MPa, suggesting that an excessive concentration of sodium
silicate may have led to the destabilization of the system.

This behavior can be elucidated by the mechanism of C-S-H gel formation, which is a
product of the hydration reaction between the calcium provided by the carbide lime and
the silica present in the iron ore tailings and sodium silicate. For the proper formation of
C-S-H gel, it is essential to maintain a balance between the quantities of calcium and silica.
The interaction between these two components is crucial for forming a robust network that
contributes to the strength. Increasing the sodium silicate concentration up to a certain
point enhances the formation of the gel, whereas excessive concentrations of sodium silicate
can disrupt this balance, thereby compromising the efficacy of the reaction and resulting in
reduced strength.

In addition to the primary components, the iron ore tailings also played a significant
role in the behavior of the mixture. The tailings contained amorphous silica and crystalline
minerals, such as quartz and magnetite, which react with alkalis to form hydration products
that contribute to strength. The presence of the tailings may have altered the interactions
between the components, possibly explaining the observed variations in strength for
different concentrations of carbide lime and sodium silicate.

The mechanism of C-S-H gel formation is central to understanding the observed
results. The C-S-H gel formed as a result of the hydration reaction between the calcium
from the carbide lime and the silica from the iron ore tailings and sodium silicate. Sodium
silicate functions as an alkaline activator, releasing silicate ions, while carbide lime provides
calcium ions for gel formation. The balance between calcium and silica is crucial for
the proper formation of C-S-H gel. When sodium silicate is present in excess, undesired
secondary products may form, competing with the C-S-H gel for available silica, which
results in a less dense network and, consequently, a reduction in strength.

The statistical analysis and the experimental results indicate that the combination of
carbide lime and sodium silicate must be carefully balanced to ensure efficient formation
of C-S-H gel. The optimization of the concentrations of both components is vital for
maximizing the compressive strength of the material, and the alkali-activated system with
these proportions can serve as a viable alternative for the utilization of iron ore tailings in
construction materials.
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The results suggest that, while the individual effects of carbide lime and sodium
silicate are not sufficiently strong to account for variations in strength, the interaction
between these components is fundamental to achieving optimal strength. The appropriate
combination of carbide lime and sodium silicate maximizes the compressive strength,
whereas excessive concentrations of either or both components may hinder the formation
of C-S-H gel and reduce the effectiveness of the alkali-activated system.

3.2. Mineralogy and Chemical Bond Analysis

The X-Ray diffraction (XRD) patterns of the samples with 5%, 7.5%, and 10% carbide
lime at 7 days are presented in Figure 5, with their phases identified. As mentioned in
Section 2.2.5, the samples that exhibited the best results in unconfined compressive strength
for each carbide lime level (see Figure 3) were subjected to mineralogy and chemical bond
analysis. The XRD patterns for the natural IOT sample are also plotted for comparison.
Goethite, quartz, and hematite peaks are primarily identified between 2θ = 17◦ and 43◦ in
all the samples, including the natural IOTs [43–45].
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An indication of C-A-S-H gel formation is identified in the diffraction range 38◦ to
42◦, formed as a result of the reaction with calcite, exhibiting a tendency for increasingly
prominent bands over time, and indicating the ongoing hydration process [46]. Addition-
ally, several strong bands, not commonly identified in X-Ray diffraction (XRD) patterns,
appear between 17◦ and 28◦, primarily in samples hydrated with a significant magnesium
content, as observed in this study, where spectra indicative of hydrotalcite were present,
related to the reaction products of the mixture [47,48].

Although the high intensity of the quartz bands hinders the identification of amor-
phous phases in the mineralogical composition of the samples [49], a clear increase in
amorphous phases was observed when compared to the diffractogram of the natural
IOTs. This suggests that the IOTs acted as a precursor and participated in the formation
of cementitious gels [50]. This observation aligns with findings from previous studies,



Mining 2025, 5, 26 13 of 19

where sodium silicate-activated alkali matrices exhibited a higher prevalence of amorphous
phases [47], indicating that crystalline phases are not primarily responsible for strength
development, but rather serve to evaluate the gels. Furthermore, this confirms the presence
of the N-A-S-H gel, which is detected through the amorphous phases in the angular range
of 18–35◦ [15].
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Through the qualitative analysis of the FTIR spectra (Figure 6), the primary chemical
constituents present in the mixtures were identified. Initially, a shoulder in the band range
of approximately 3400 to 3200 cm−1 was observed, which corresponds to the stretching
vibration of H-O-H bonds, indicative of water molecules [51]. Additionally, a band at
approximately 1636 cm−1 was attributed to the bending vibration of H-O-H bonds, further
confirming the presence of water [52].

Among the minerals constituting the IOTs, goethite was prominently identified, asso-
ciated with the stretching vibration of Fe-O-H bonds at approximately 793 cm−1. Kaolinite
was also characterized by Si-O-Al bonds, identified by the band at around 909 cm−1 [53,54].
These observations align with the mineralogical analysis and are further corroborated by
the band at approximately 3690 cm−1, which is attributed to the stretching vibrations of
O-H bonds [55]. These bonds encompass Al-O-H components in both asymmetric and
symmetric axial configurations, as well as in tetrahedral arrangements, characteristic of
materials containing IOTs [55,56]. The band at approximately 1031 cm−1 represents a
phase enriched in silicon with a low aluminum content, originating from the IOT precursor
material [56]. This band corresponds to the asymmetric stretching of Si-O-T (T = Si > Al)
bonds, formed by oxides that did not undergo alkali activation, leading to the formation
of a silicate network with reduced aluminum substitution when compared to N-A-S-H
and C-A-S-H gels [33,55]. Similarly, the band observed in the region of approximately
1005 cm−1, typical of alkali-activated systems, is attributed to the asymmetric stretching of
Si-O-T (T = Al or Si), characteristic of N-A-S-H gels [56–59].

As the lime content in the mixtures increased, a progressive reduction in the intensity
of the bands at approximately 909, 1031, and 1005 cm−1 was identified. This phenomenon
can be attributed to the increased availability of calcium in the system. Chemically, the
addition of lime raises the pH and introduces Ca2+ ions, which compete with Na+ and
K+ ions for the stabilization of negative charges in the N-A-S-H gel structure. This alteration
in the chemical composition of the alkaline solution favors the formation of C-A-S-H gel
over N-A-S-H gel, as calcium has a greater affinity for SiO4 and AlO4 tetrahedra, promoting
the incorporation of Ca2+ into the structural networks and leading to the formation of
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smaller and denser chains [33,60]. In the sample containing 10% lime, a distinct band was
observed at approximately 960 cm−1, assuming the possible formation of the C-A-S-H
gel [33]. This band, attributed to the asymmetric stretching of the Si-O bonds in the SiO4

tetrahedra, serves as a marker for the reactivity of calcium within the system. However,
this spectral region is not exclusive to C-(A)-S-H gel and can also arise from other silicate
phases, including various forms of tobermorite and other alkali-activated cement hydration
products [33]. Unlike the N-A-S-H gel, which exhibits a more open three-dimensional
structure due to the high concentration of Na+ and K+ ions, the C-A-S-H gel forms linear
or layered chains, resulting in a more compact and resilient microstructure. The partial
substitution of Na+ and K+ ions by Ca2+ in the intertetrahedral bonds reduces ionic mobility
within the matrix and enhances chemical stability, which may account for the observed
behavior [61,62].

The results clearly demonstrate that the progressive increase in lime content in the
mixtures played a crucial role in modifying the chemistry of the cementitious phases,
promoting the formation of C-A-S-H gels at the expense of N-A-S-H gels. This transition
reflects the enhanced reactivity of calcium, which not only stabilizes silicate and aluminosil-
icate structures but also leads to the formation of denser and more durable microstructures,
as evidenced by the UCS tests. The impact of this evolution is further evident in the FTIR
spectra, where the decrease in intensity of bands associated with Si-O-T (T = Al or Si)
bonds and N-A-S-H gels, along with the emergence of bands characteristic of C-A-S-H gel,
confirms the consolidation of a more compact and chemically stable cementitious matrix.

Interpreting the FTIR spectra of cementitious materials produced from waste presents
unique challenges, particularly due to the complex nature of these materials and the over-
lapping bands in their spectra. Cementitious materials derived from waste often contain
a mixture of phases, including unreacted precursors, hydration products, and secondary
phases formed during the reaction process. These phases can exhibit similar vibrational
modes, leading to overlapping absorption bands in the FTIR spectra. For example, the Si-O
stretching and bending vibrations in calcium silicate hydrates (C-S-H) may overlap with
those of unreacted silica or other silicate phases. Similarly, carbonate bands from calcite
or other carbonation products can interfere with the detection of other phases. To address
these challenges, careful deconvolution of the spectra and complementary techniques,
such as XRD, are often necessary to accurately identify the phases present. Addition-
ally, the reference spectra of known phases and systematic analysis of band shifts and
intensity changes can aid in the interpretation. Despite these difficulties, FTIR remains
a valuable tool for characterizing the chemical composition and structural evolution of
waste-derived cementitious materials, provided that the limitations and complexities of
spectral interpretation are acknowledged.

3.3. Leaching Behavior

The concentration of metals in the leachate extracts (Table 6) was assessed for mixtures
containing 5% and 10% CL, and these results were compared to the concentrations observed
in the IOTs and CL, as well as the leaching limits established by Annex F of NBR 10004 [27].
Furthermore, the results were analyzed in relation to the water quality standards outlined
in CONAMA Resolution No. 460 [37], the Dutch List [38], and the EPA [39].

The chemical composition analysis of the leachate extracts from the binders demon-
strated a reduction in the concentrations of metals originally present in the IOTs and CL,
suggesting effective encapsulation facilitated by the cementitious gels [63]. None of the
elements exceeded the limits established by Annex F of NBR 10004 [27], thus indicating
that these materials do not exhibit metal toxicity. However, the mixture containing 5%
lime displayed copper (Cu) leaching, likely originating from the CL itself, surpassing the
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permissible limit set by the Dutch List [38]. In contrast, the mixture containing 10% lime
successfully encapsulated the copper, which can be attributed to the formation of a more
compact cementitious matrix resulting from an improved ratio between the calcium source
and the alkaline activator.

Table 6. Chemical composition of the leached extracts.

Element 5% CL
10% SS

10% CL
20% SS IOT CL

[30]

NBR 10004
(Annex F)

Limit 1

CONAMA
460

Limit 2

Dutch List
Limit 3

EPA
Limit 4

Ag 0 0 0 1.22 5 0.05 - -
Al 0 0 0 * - 3.5 - -
As 0 0 0 0.60 1 0.01 0.01 -
Ba 0 0.34 0.99 0.42 70 0.7 0.05 2
Cd 0 0 0 0.05 0.5 0.005 0.0004 0.005
Cr 0 0 0 0.18 5 0.05 0.001 -
Cu 0.11 0 0 * - 2 0.015 1.3
Fe 0 0 0 * - 2.45 - -
Hg 0 0 0 0.54 0.1 0.001 0.0005 0.02
Mn 0 0 15.86 * - 0.4 - -
Pb 0 0 0 0.95 1 0.01 0.015 0
Se 0 0 0.01 2.40 1 0.01 - 0.05
Zn 0 0 0.077 * - 1.05 0.065 -

* Not assessed by Bruschi et al. [30], as there is no limit in Annex F; - no limits; 1 maximum concentrations
of metals for toxicity characteristics; 2 guideline values for groundwater; 3 reference values for groundwater;
4 national regulations for drinking water.

The leaching of barium (Ba) in the sample with 10% lime can be explained by the am-
photeric nature of Ba, which exhibits increased mobility under highly alkaline conditions,
such as those found in alkali-activated binders, leading to the release of higher concen-
trations of the metal [63,64]. Additionally, the high availability of calcium and sodium in
the mixture promoted the formation of more stable structures involving these elements.
However, as Ba does not integrate into the cementitious matrix in the same manner, it
becomes more readily leached [56].

4. Concluding Remarks
This study evaluated the use of iron ore tailings in alkali-activated systems, combined

with carbide lime industrial waste, aiming to explore a sustainable method for reusing these
materials. The findings offer important insights that further advance the understanding of
utilizing industrial waste in the development of sustainable construction materials.

(a) The study on binder dosage demonstrated the combined influence of carbide lime
and sodium silicate solution (Na2SiO3) on compressive strength. The best mechanical
performance (0.33 MPa at 7 days of curing) was achieved with the mixture containing
20% sodium silicate and 10% carbide lime. This result not only confirms the feasi-
bility of using iron ore tailings as a precursor for alkali-activated binders but also
highlights the potential for optimizing low-cost, high-performance mixtures. This
finding contributes to filling the research gap regarding the use of industrial waste as
a raw material for sustainable and efficient binder production.

(b) The chemical and mineralogical characterization of the samples, which indicated the
formation of N-A-S-H and C-A-S-H gels, is essential for understanding the reaction
mechanisms and structure of alkali-activated binders. These discoveries provide
valuable insights into the material’s behavior over time, contributing to bridging the
knowledge gap on how the properties of alkali-activated binders can be tailored using
secondary materials, such as iron ore tailings.
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(c) The fact that the binder samples showed no metal toxicity and partially met the
leaching quality limits is a significant result from an environmental perspective. This
confirms that the reuse of iron ore tailings, in combination with carbide lime and
sodium silicate, offers a safe alternative for utilizing these industrial residues. It
also contributes to reducing the environmental impact associated with the improper
disposal of tailings and industrial waste. This approach not only promotes circular
economy practices but also mitigates the negative effects of industrial residues in
landfills and water bodies, underscoring a clear environmental advantage by avoiding
the extraction of natural raw materials.

Several challenges must be addressed before these binders can be widely adopted. The
variability in the composition of industrial byproducts, such as iron ore tailings and carbide
lime, may affect reproducibility and consistency in large-scale production. Additionally, the
influence of different curing conditions, including temperature and humidity variations,
on mechanical performance remains uncertain. The long-term behavior of these materials
under environmental exposure, such as freeze–thaw cycles or chemical interactions, also
requires further investigation. Another limitation is the relatively low compressive strength,
which may restrict potential applications. Future studies should focus on optimizing
material formulations and processing conditions to enhance performance and assess their
suitability for broader construction applications.

Despite these challenges, this study demonstrates a promising approach to sustainable
binder development. In this context, the reuse of these residues can contribute to the
reduction of CO2 emissions associated with traditional cement production, which is highly
polluting, while also decreasing the volume of waste sent to landfills. This aligns with
sustainability strategies and circular economy principles, promoting responsible resource
use and reducing the environmental impact of the construction industry. This study fills
a significant gap in the development of sustainable cementitious materials and offers
a promising alternative for the safe, economical, and environmentally friendly use of
industrial residues. Furthermore, the practical and theoretical findings presented here
open new possibilities for innovation in the construction materials sector, especially in the
context of alkali-activated binders, aligning with the growing demand for sustainability
and waste reuse in the construction industry.
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