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Abstract: In recent years, the mining industry of slate stone in Spain, from Castille and Leon, has
grown significantly due to construction and building sector demands. The continuous accumulation
of cutting sludges in ponds from mining and processing operations brings associated environmental
problems if the cutting sludges are not properly treated. A potential environmental mitigation
measure is the valorization of cutting sludges for the development of new binder materials through
geopolymerization. Therefore, this research focused its attention on studying the feasibility of
slate stone cutting sludges as a source of aluminosilicates for geopolymer conformation. For this
experiment, the mining raw material was analyzed through a typical characterization test campaign
in order to validate its feasibility as a source of aluminosilicates for geopolymerization. Subsequently,
geopolymers were prepared with slate stone cutting sludges and a 12 M concentration using different
Na2SiO3/NaOH ratios (5, 2.5, 1.6, 1.25, and 1). Geopolymer samples were tested, and their physical
and mechanical characteristics were evaluated. The test results show that an alkali activator with a
2.5 ratio led to better mechanical and physical properties, with a 7-day compressive strength value
of 27.23 MPa. Therefore, this research aims to demonstrate that slate stone cutting sludge could
constitute a sustainable binder material for construction purposes.

Keywords: geopolymer; mining waste; cutting sludges; sustainable materials; construction materials

1. Introduction

Mining activities are essential for supplying raw materials to different industrial
sectors and for a country’s economic growth [1]. Mining activities such as extraction and
processing generate rejection products which have been stored for a long time due to their
low economic value [2]. These mining wastes (tailings and cutting sludges), which are
normally deposited in landfills and ponds, require proper treatment to avoid environmental
impacts [3–7].

The situation becomes even more problematic when there is a greater demand for raw
materials, and the mining waste is stored with no control.

Therefore, changes in sustainable waste management, thought policies, and environ-
mental laws are required in the mining sector, as such changes have already been achieved
in other industries and sectors [8,9].

A good example of a mining industry in Spain that generates greater quantities of
waste is the slate stone mining industry. Spain has a strong tradition, positioned as a
worldwide leader in the manufacture of roofing materials [10,11], due to the abundance of
this natural stone in the regions of Galicia and Castille and Leon.

In the last decade, this industry has experimented at an increased rate, as reflected by
its production indicators shown by the Spanish Mining Statistics [10,12] for satisfying the
significant growth in building construction across the world. In addition, it is noteworthy
that its slate production has been increasing despite the economic crisis generated by the
SARS-CoV-2 pandemic on a global scale [10]; therefore, the volume of this associated waste
has been increasing exponentially.
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The consequence of this aggressive mining industry, as a result of the strong demand
for slate stone, is negative environmental impacts [4–7], abundant CO2 emissions because
of the entire mining process [13], and the generation of large amounts of mining waste [12]
from direct slate extraction and cutting, as slate cutting sludge is one of the most abun-
dantly produced mining wastes. To mitigate the growth of uncontrolled landfill of mining
wastes and explore new valorization approaches, many researchers have developed studies
using mining wastes [14–20] which are conditioned to their local availability, typology,
and composition.

Among different mining waste management strategies, geopolymerization technology
using mining wastes as precursors in the synthesis of geopolymers can be considered
a sustainable approach. It provides many advantages, such as the (i) valorization of a
significant volume of wastes in different industries; (ii) stabilization of inert mining wastes
in the matrix of geopolymers; and (iii) an alternative to ordinary Portland cement (OPC),
reducing greenhouse gas emissions (GHGs), energy consumption due to relatively low
temperature for synthesis (typically below 100 ◦C) [21], and natural resources for its manu-
facturing [22–25]. Another relevant advantage is that mining waste-based geopolymers
can be formed by only a precursor or mixed with other materials rich in alumina (Al2O3)
and silica (SiO2) [24].

Geopolymers, depending on the selection of raw material and conditions of processing,
can exhibit a wide array of properties and characteristics, such as acid resistance [25], high
compressive strength [22], freeze–thaw cycle stability [26], low thermal conductivity [23],
and fire resistance [27], which are interesting properties for construction materials. More-
over, recent scientific developments have provided a stable hydrophobicity property under
harsh conditions of use, increasing the geopolymer’s durability [28].

Therefore, geopolymers as a final product formed by the interaction of an alumi-
nosilicate powder from mining waste and an alkali solution [29] represent a promising
sustainable solution for managing the uncontrolled mining waste landfills and for provid-
ing new alternative cementitious materials.

Therefore, the motivation for the present research paper was to develop and study the
properties of a new mining waste geopolymer-based slate stone as a source of aluminosili-
cates for potential construction applications. Previous scientific studies have demonstrated,
by mineralogical and chemical analysis, that slate stone from Brazil [30], Angola [31], In-
donesia [32], and Spain [33], among others, has a high percentage of alumina and silica
in its composition. Therefore, slate stone cutting sludge (hereinafter referred to as SSCS)
from metamorphic rocks becomes a potential source of aluminosilicates for geopolymers.
Slate stone cutting is also attractive because it does not require previous grinding processes,
because the sludge is already made up of very fine particles, giving it very interesting
mechanical properties [33].

Based on the above, the aim of this research was to develop and study a sludge slate
stone geopolymer consisting of raw materials from the Cabrera Baja Region (León, Spain)
as a source of aluminosilicate, and a combination of sodium hydroxide and silicate sodium
as an alkaline activation solution. In this way, a new binder material was intended to be
developed as a potential substitute for cement, mitigating the potentially environment
problems elements associated with the non-controlled landfill.

2. Materials and Methods

The following section describes the raw material from mining and the applied method-
ology to the experimental program for determining the feasibility of slate cutting sludge as
a precursor for geopolymerization.

2.1. Raw Materials

The main aim for valorization of this mining waste is to provide a new sustainable
binder for use in construction as an alternative to ordinary Portland cements. Due to
the chemical composition of this mining waste, rich in aluminosilicate and with a low
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percentage of carbonates, the research aimed to study its feasibility as a precursor for the
geopolymerization process.

2.1.1. Slate Stone Cutting Sludge from La Cabrera Baja (Leon, Spain)

The slate stone sludges from the cutting of blocks were collected from settling ponds
located in the region of La Cabrera Baja (Leon, Spain), where there are numerous slate
mining sites and processing factories. This mining extractive activity constitutes the main
economic engine of the Leonese Region of La Cabrera. Bierzo (Leon) and Valdeorras
(Galicia) are also zones within the Spanish geography that are also dedicated to slate stone
extraction due to their proximity.

Due to the associated numerous industries along the Leonese Region, slate stone
tailings and sludges can be easily found. Tailings from slate stone extraction and sludges
from cutting bring associated negative environmental impacts.

The operation of the slate requires numerous movements of the material until the
exploitable layer is reached; therefore, a large amount of sterile material is generated. It
is estimated that, for every ton of slate in a layer, 3 tons have to be excavated and cleared,
and, therefore, to obtain 1 ton of processed slate, between 7 and 39 tons of layer and ship
waste are required [34]. With the previous figures, the conclusion can be drawn that both
the extraction and processing only give a yield of between 4 and 8% [35].

Therefore, the production of slate waste is around 92–96%. Obviously, the exploitation
of slate implies an important alteration to the environment both due to its extractive process
and the generation of waste already either in waste dumps or settling ponds with cutting
sludge, and due to rejection of pieces in shipment and production.

There are other environmental risks such as ecological and landscape risks. Perhaps
one of the most worrying is the contamination of aquifers and/or rivers close to the
exploitation. For the development of this research experiment, and for preserving the
unaltered sludge samples for the laboratory, best practices for manipulation of samples,
included in the UNE-ISO 10381-1:2007 standard [36], were followed. As its name indicates,
cutting muds do not require grinding of scrap slate fragments.

The previous treatment was carried out on cutting sludge from slate quarries received
from the region of La Cabrera Baja (Leon), and they were dried in an oven to avoid the
presence of humidity. Upon receiving the sample packaged in a sack of plastic, moisture
condensation was observed in the bag without cutting sludge, as well as the presence of
certain granules that crumbled easily. To eliminate humidity, the samples were placed in
an oven at 105 ± 2 ◦C, and then allowed to dry at room temperature. Once the sample was
dry, it was then passed through the grinder to achieve a uniform micron granulometry,
avoiding those granules mentioned previously.

2.1.2. Alkali Activation Solution: Sodium Hydroxide and Sodium Silicate

The alkali activation solution was prepared by a combination of sodium hydroxide
and sodium silicate for activating the geopolymer. Sodium hydroxide, with a purity of
85%, was selected for dissolving the aluminosilicate, since previous studies have shown
that the activation efficiency produced is higher in comparison with potassium hydrox-
ide [37]. Sodium cations are smaller than potassium cations and can migrate with much
less effort. Geopolymers activated with sodium hydroxide develop greater crystallinity,
thus improving stability in aggressive sulfate and acid environments [38].

Sodium silicate supports sodium hydroxide for providing better workability and plas-
ticity [39] during the geopolymerization process. Soluble silicates reduce alkali saturation
in the solution and promote greater interparticle bonding with both the geopolymer binders
and the included aggregate material [40]. Therefore, variation in Na2SiO3/NaOH ratio will
affect the workability, setting time, and compressive strength of the activated mixture [41].
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2.1.3. Methodology

The applied methodology in this research program aimed to determine the feasibility
of a geopolymer binder composed of SSCS (slate stone cutting sludge), as a source of
aluminosilicates, and an alkali activation sodium hydroxide- (NaOH) and sodium silicate
(Na2SiO3)-based mixture. The experimental program was split into chemical and physical
characterization of the mining raw material phase, and a physical and mechanical test for
the different geopolymer samples. The initial testing program aimed to study geopolymer
specimens with molarity of 12 M using different Na2SiO3/NaOH weight ratios (5, 2.5, 1.6,
1.25, and 1).

Different families of geopolymer samples were conformed and tested to understand
their physical and mechanical properties in order to determine the most suitable formula
for the combination of precursor and alkali activation solution. For the curing process,
geopolymers were cured at an ambient temperature of 25 ± 2 ◦C for 72 h. Subsequently,
samples were placed in an oven at 85 ± 5 ◦C for 90 h, and 6 h again at ambient temperature,
with a total curing process of 7 days. Finally, samples were demolded and then tested.
The physical tests consisted of the determination of linear shrinkage and weight loss that
could happen during the process of geopolymerization of specimens prepared with SSCS.
Quantification of weight loss and change in dimensions, after the curing process, are
key parameters to be analyzed for industrial applications of this new binder material in
which dimensions and weight constitute top-level requirements. The effect of water on
the geopolymer samples was also evaluated through the capillarity water absorption and
cold water absorption tests. These standardized tests served to determine the capacity
for absorbing water, and therefore the mass variation. Open porosity, bulk density, and
compressive strength tests were carried out for determining the geopolymer mechanical
properties for comparison with other construction materials.

The standards used in the methodology section were (i) mass loss (UNE-EN 13581:2003
standard) [42]; (ii) linear shrinkage (UNE-EN 13872:2004 standard) [43]; (iii) capillary water
absorption (UNE-EN 1015-18:2003 standard) [44]; (iv) bulk density and open porosity
(UNE-EN 1015-10:2000 standard) [45]; and (v) compressive strength (UNE-EN 1015-10:2020
standard) [46]. Finally, Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electronic Mapping (SEM) were performed on geopolymer samples with better physical
and mechanical properties.

2.1.4. Chemical and Physical Characterization of SSCS from La Cabrera

The physical and chemical characterization of the SSCS constitutes a key phase in this
research program for determining its feasibility as a source of aluminosilicates for preparing
geopolymer samples. Factors such as chemical composition, particle surface area, and
crystalline phases must be studied for understanding the reactivity of precursor [47]. High
contents in silica and alumina, high surface particle area, and greater content of amorphous
phase led to greater reactivity of precursor with the alkali activation solution [19,29].

It is known that greater reactivity is achieved through the highest silica and alumina
contents, high surface area, and greater amorphous phase content [48]. Firstly, for the
physical characterization part, the SSCS laser particle size distribution test, obtained as per
UNE-EN 933-1:2012 [49] and using a Malvern Mastersizer Bruker D8 Venture (Malvern
Instruments Ltd., Malvern, United Kingdom), was carried out in order to study if the
grain size of powder was suitable for securing a high activation of material during the
geopolymerization process. The particle density test using the pycnometer method, as per
UNE-EN-1097-7:2009 standard [50], served for the determination of density of samples.

Since pH plays an important role in the kinetics of chemical reactions between alumi-
nosilicates and the alkaline solution, the pH of SSCS was obtained following the UNE-EN
10390:2022 standard [51]. The chemical characterization phase consisted of analyzing the
mineralogical and chemical composition of the mining waste. Determination of percent-
ages of carbon, hydrogen, nitrogen, and sulfur was performed using the CHNS analyzer
(Leco TruSpec Micro Model, St. Joseph, MI, USA). The presence of volatile elements in the
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sample was determined by the loss on ignition method that measures the mass losses at a
temperature of 950 ± 5 ◦C. The chemical composition of SSCS samples was determined
by X-ray fluorescence (XRF) using the Bruker M4 Tornado spectrometer (Bruker: Billerica,
MA, USA). X-ray diffraction (XRD), obtained using the diffractometer model Bruker D8
Venture (Bruker: Billerica, MA, USA), served for understanding the SSCS sample crys-
talline structure.

2.1.5. Preparation of SSCS–Alkali Activation Solution Geopolymer Samples

In this section, the combination of SSCS and alkali activation solution through geopoly-
mer samples was studied in order to determine their physical and chemical characteristics.
A set of different geopolymer samples were prepared with different formulations, aiming
to obtain the right proportions of an aluminosilicate source, SSCS, and alkali activation
solution, a combination of sodium hydroxide and sodium silicate.

For this experimental phase, five families of geopolymer, with five specimens each
(Table 1), were prepared with different Na2SiO3/NaOH weight ratios (1, 1.25, 1.6, 2.5, and
5) considering a 12 M solution. Several previous research papers analyzed the influence
of Na2SiO3/NaOH weight ratio in geopolymers with different raw materials [52–54],
reporting considerable compressive strength results with Na2SiO3/NaOH weight ratio of
2.5. In the alkali activation solution, the NaOH had a relevant position for dissolving the
aluminosilicate source, while the Na2SiO3 provided support to NaOH as dispersant and
plasticizer in the geopolymer [55].

Table 1. Conformed geopolymer families with different Na2SiO3/NaOH weight ratio, alkali activator
solution, and SSCS.

Sample Series Code Solid (g) Alkaline Activator Solution (g) Na2SiO3/NaOH Weight Ratio

G50/10 240 192 5.00
G50/20 240 168 2.50
G50/30 240 144 1.66
G50/40 240 120 1.25
G50/50 240 96 1.00

The preparation of all the geopolymer families followed the same methodology, devel-
oping a total of five specimens with different formulas for further physical and chemical
characterization. Prior to the combination of precursor and alkali activator, the alkali
solution was prepared for 24 h following the Na2SiO3/NaOH ratios previously reported.

The main reason for preparing the alkali activation solution in advance was to ensure
the full exothermic process before using the mixture with the mining raw material. Once
the precursor was weighed, the geopolymer paste was mixed in a ceramic bowl for 4 min,
poured into a prismatic model with internal dimensions of 35 × 35 × 35 mm, and vibrated
for 15 s in an automated vibration table. Then, conformed samples were cured at an
ambient temperature of 25 ± 2 ◦C for 72 h, and afterwards, they were placed in an oven
at 85 ± 5 ◦C for 90 h, and 6 h again at ambient temperature, with a total curing process of
7 days. Figure 1 schematically shows the process.

Once the curing process was finalized, geopolymer samples were physically and
chemically characterized. This included mass loss (UNE-EN 13581:2003 standard) [42];
linear shrinkage (UNE-EN 13872:2004 standard) [43]; capillary water absorption (UNE-EN
1015-18:2003 standard) [44]; bulk density and open porosity (UNE-EN 1015-10:2000 stan-
dard) [45]; compressive strength (UNE-EN 1015-10:2020 standard) [46], carried out through
FTIR (Fourier Transform Infrared Spectroscopy) and SEM (Scanning Electronic Mapping).
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3. Results

This chapter provides visibility on the obtained results from the different tests for
physical and chemical characterization described in the previous methods chapter.

3.1. Physical and Chemical Characterization Test Results of the SSCS
3.1.1. Elemental Analysis

The SSCS chemical characterization began with the determination of percentages of
carbon, hydrogen, and nitrogen. The elemental analysis of the SSCS is shown in Table 2.

Table 2. Elemental analysis of SSCS.

Sample Nitrogen, % Carbon, % Hydrogen, %

SSCS * 0.104 ± 0.003 1.003 ± 0.057 0.337 ± 0.002
* Slate stone cutting sludge.

This mining waste shows low percentages of carbon (1.003%), hydrogen (0.337%),
and nitrogen (0.104%). The percentage of carbon, as organic carbon, can be considered
negligible since this low value, present in the sample, constitutes organic carbon that could
react in the geopolymerization process, lowering the reaction and affecting the final prop-
erties of the geopolymer. Since there was no organic material that could compromise the
geopolymerization process, the SSCS was considered as suitable for the research program.

3.1.2. X-ray Fluorescence

The chemical composition of the SSCS sample, obtained by X-ray Fluorescence analysis,
is shown in Table 3.

The XRF reflects a high percentage of silica and a noticeable content of alumina, at
50.75% and 22.18%, respectively. These values enhance the geopolymerization process with
the alkali activation solution. The SiO2 content has a significant impact on geopolymer
strength and Al2O3 content in the initial strength [56].

Other main oxides such as iron oxide (10.68%), potassium oxide (4.63%), and magne-
sium oxide (2.68%) were found with traces of sulphates. The presence of iron oxide also
improves the overall properties of the final geopolymer. As reported in the previous litera-
ture about the high percentage of silica and alumina of slate stones [30–33], the SiO2/Al2O3
relation accounts for 2.28 wt.%. The SiO2/Al2O3 ratio has a relevant role in the bulk density
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and compressive strength of the geopolymer, and their variations can decrease or increase
the compressive strength value. This value enhances the gel formation, increasing the
bond between particles, increasing the bulk density of the geopolymer, and providing good
compressive strength. The 2.28 wt.% is in a range between 1.6 and 2.3, which indicates the
formation of PSS (poly(sialates-siloxo)) [21] than can be formed during the geopolymeriza-
tion process, leading to a stable material with potential applications as binder materials
and for toxic waste encapsulation purposes [57]. The relationship between the content of
SiO2, CaO, and MgO is of vital importance, and has been determined as a fundamental
condition for the evaluation and rational use of cements with characteristics of resistance
to attack by sulfates and to sea water. The SiO2/(CaO + MgO) ratio of 7.02 wt.% indicates
that this raw material is resistant to sulfates and sea water, since this value is higher than
3.5 wt.%, as per the UNE 80220:2012 Standard [58]. The almost negligible percentage of
CaO led to a consideration that there would not be a release of CO2 to combine and form
carbonates such as calcite and dolomite. Finally, the loss on ignition (LOI) was calculated
at a temperature of 950 ± 5 ◦C, obtaining a value of 5.02 wt.%. This low value reflected
that organic material (caused by an unburned percentage of carbon) was not present.

Table 3. X-ray fluorescence of SSCS.

Element Wt.% Est. Error

SiO2 50.75 0.38
Al2O3 22.18 0.18
CaO 0.456 0.03

Fe2O3 10.68 0.22
K2O 4.63 0.17
MgO 2.68 0.18
TiO2 1.28 1.28
Na2O 1.24 0.12
SO3 0.50 0.03

P2O5 0.28 0.01
LOI 1 5.02 -

1 Loss on ignition.

3.1.3. X-ray Diffraction

The specific mineralogical composition of the SSCS (Figure 2), determined by XRD,
shows a diffraction pattern indicating high peaks of quartz (SiO2) and crystalline structures
such as muscovite KAl2 (AlSi3O10)(OH)2, chlorite ((Mg,Al)6(Si,Al)4O10(OH)8), and Albite
(NaAlSi3O8).
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These results corroborated the state of the art related to the mineralogical classification
of slate stone as a low-grade metamorphic grade, with mainly the presence of quartz and
phyllosilicates [30,33]. Table 4 shows the XRD quantitative analysis expressed in wt.%.

Table 4. X-ray diffraction quantitative analysis, expressed in wt.%.

Phase Formula wt.%

Q: Quartz SiO2 16.5 ± 0.5
M: Muscovite Kal2 (AlSi3O10)(OH)2 25.4 ± 0.8

C: Chlorite (Mg,Al)6(Si,Al)4º10(OH)8 26.7 ± 0.9
A: Albite NaAlSiO3 7.8 ± 0.6

3.1.4. Particle Size Distribution

The particle size distribution, shown in Figure 3, in the synthesis of geopolymers,
plays a vital role due to its influence on the reactivity of the particle surface and the
geopolymerization reaction between elements.
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Therefore, smaller particle size influences the reaction kinetics because of the increase
in the specific surface [55,59]. It can be observed that particles of the SSCS sample have a
particle size diameter D10 less than or equal to 1.61 µm, D50 less than or equal to 5.18 µm,
and D90 less than or equal to 11.90 µm. This particle size distribution denotes an adequate
grain size, as a fine powder, for use as a precursor, enhancing the geopolymerization.

3.1.5. Density

For the physical characterization of the SSCS, the particle density was calculated using
the pycnometer method as per UNE-EN-1097-7:2009 standard [50]. The purpose of this test
is to determine if problems related to homogenization could appear during the mixing of
SSCS and alkali activation solution. The density of the SSCS was 2.12 g/cm3, a similar value
in comparison with other construction materials. Density was calculated in megagrams per
cubic meter.

3.1.6. pH Determination

For a successful geopolymerization process, the combination of alkali activation solu-
tion, composed of sodium hydroxide and sodium silicate, and the source of aluminosilicates,
the SSCS, has to achieve a pH value greater than 12. pH plays a vital role in the kinetics
of chemical reactions between the aluminosilicates and alkaline solution; therefore, pH
alkalinity is an essential value for geopolymerization mechanisms. A pH value greater that
12 was considered as a reference value [60] for obtaining good mechanical strengths. The
pH value of SSCS is shown in Table 5.
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Table 5. pH determination of SSCS samples.

Sample pH Temp. (◦C)

SSCS 1 8.55 24.8
SSCS 2 8.53 24.5
SSCS 3 8.51 24.4

Average 8.53 24.5

This average pH value of 8.53 for the raw material demonstrates that in combination
with alkali activation solution, formed by NaOH and Na2SiO3, with pH values of 13 and
12, respectively, the pH requirement of 12 can be achieved.

3.1.7. Moisture Determination Test

Since different samples of SSCS were taken from the mining site exposed to outside
weather conditions, the moisture retained was due to very fine particles present in the
sludge. The determination of moisture is calculated according to Formula (1):

Wm = (mb − mc/ma) × 100 (1)

where Wm = weight loss due to moisture, expressed in percentage (%); ma = mass of the
empty crucible, expressed in grams (g); mb = masses of crucible and sample not dried,
expressed in grams (g); mc = mass of crucible and sample fully dried, expressed in grams
(g). Table 6 shows evidence that samples collected from ponds contained more humidity
than samples collected from cutting and processing workshops.

Table 6. Moisture determination test of SSCS.

Sample WM (%)

SSCS 1 0.89
SSCS 2 0.93
SSCS 3 0.87

The percentage moisture average value was 0.89. As previously reported in the
methodology section, samples were dried at 105 ± 2 ◦C for removing possible moisture.

3.2. Physical and Mechanical Characterization Tests of Geopolymer Samples Using SSCS

After the typical characterization test results of SSCS, from chemical and physical
standpoints, samples were subjected to physical and mechanical tests, as previously re-
ported in the methodology chapter.

3.2.1. Mass Loss Determination

The calculation of mass loss of the different geopolymer families was carried out after
a curing process in an oven with a temperature of 85 ± 5 ◦C for 90 h.

Figure 4 shows the average value of mass loss grouped by families with different
Na2SiO3/NaOH ratios.

As can be observed in Figure 4, samples formed with more distilled water in the alkali
solution led to greater mass loss.

3.2.2. Linear Shrinkage Determination

Figure 5 graphically represents a linear shrinkage curve that maintains an average
value around 0.9%.

The represented curve shows that linear shrinkage tends to decrease with Na2SiO3/
NaOH ratio growth. This is an indication that low alkali solution ratios imply variations
in dimensions produced during the geopolymerization process. It can be also observed
that SSCS geopolymers with alkaline ratio of 2.5 presented lower average linear shrink-
age values.
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3.2.3. Capillary Water Absorption Determination

The capillary water absorption was carried out for calculating the rate of absorption
of liquid water through the partial impregnation method. This rate is a key parameter for
construction materials, in which moisture transfer is simulated, in order to determine the
specific hygrothermal characteristics of the materials. The capillary water absorption test
results are shown in Figure 6.
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It can be observed that geopolymers with lower ratio of alkali solution led to a greater
value of capillary absorption. This is due to a denser internal structure due to lower
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interconnection between pores. It can also be observed that geopolymers prepared with
SSCS and an alkali ratio of 2.5 reflected a minimum capillary water absorption value. After
this minimum value, the absorption rate increased to a higher value with the geopolymer
prepared with an alkali solution ratio of 5.

3.2.4. Cold Water Absorption of the SSCS Geopolymers

The cold water absorption rates of the geopolymer conformed with SSCS and different
ratios of Na2SiO3/NaOH are shown in Figure 7.
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As expected, cold water absorption percentages also decreased with lower ratios of
alkali solution ratios up to a ratio of 2.5, and then increased. An adequate ratio of alkali
combination solution led to a better homogenization process, and therefore, to a denser
structure, reducing the quantity of pores that can absorb water. This parameter is also
crucial for determining the capabilities of construction materials for outdoor purposes.
The obtained value of 12.19% for the alkaline solution ratio of 2.5 can be considered as
typical for normal concretes (10–15% range); therefore, water accumulation is expected in
the hydrophilic porous structure of the geopolymer.

3.2.5. Open Porosity of the SSCS Geopolymers

Figure 8 shows the open porosity test results that reflected a similar pattern in compar-
ison with capillary water absorption and cold water absorption test results.

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 22 
 

typical for normal concretes (10–15% range); therefore, water accumulation is expected in 
the hydrophilic porous structure of the geopolymer. 

3.2.5. Open Porosity of the SSCS Geopolymers 
Figure 8 shows the open porosity test results that reflected a similar pattern in com-

parison with capillary water absorption and cold water absorption test results. 

 
Figure 8. Open porosity of the SSCS geopolymers. 

Higher alkali solution rates can be observed in the geopolymer mixture, yielding bet-
ter reactivity in the geopolymerization process and producing a microstructure with more 
density and therefore a decrease in pore volume. Geopolymer samples conformed with 
an alkali ratio of 2.5 reflected a minimum value of open porosity due to a better dissolution 
of the SSCS and gel formation. After this minimum value, the absorption rate increased to 
a higher value with the geopolymer prepared with an alkali solution ratio of 5 due to an 
incomplete dissolution and formation of non-reacted material. 

3.2.6. Bulk Density Determination 
Figure 9 shows the bulk density determination for all geopolymer families. As can be 

observed in the bulk density curve, the value increases as the Na2SiO3/NaOH ratio in-
creases, and therefore, more dense and compacted material is developed. However, from 
the maximum value at the 2.5 ratio, the curve decreases. 

 
Figure 9. Bulk density of the SSCS geopolymers. 

3.2.7. Compression Strength Test Results of the SSCS Geopolymer 
Geopolymer samples prepared with SSCS and a 12 M solution of alkali activator com-

posed of sodium silicate and sodium hydroxide were tested following the UNE-EN 1015-

Figure 8. Open porosity of the SSCS geopolymers.

Higher alkali solution rates can be observed in the geopolymer mixture, yielding better
reactivity in the geopolymerization process and producing a microstructure with more
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density and therefore a decrease in pore volume. Geopolymer samples conformed with an
alkali ratio of 2.5 reflected a minimum value of open porosity due to a better dissolution of
the SSCS and gel formation. After this minimum value, the absorption rate increased to
a higher value with the geopolymer prepared with an alkali solution ratio of 5 due to an
incomplete dissolution and formation of non-reacted material.

3.2.6. Bulk Density Determination

Figure 9 shows the bulk density determination for all geopolymer families. As can
be observed in the bulk density curve, the value increases as the Na2SiO3/NaOH ratio
increases, and therefore, more dense and compacted material is developed. However, from
the maximum value at the 2.5 ratio, the curve decreases.
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3.2.7. Compression Strength Test Results of the SSCS Geopolymer

Geopolymer samples prepared with SSCS and a 12 M solution of alkali activator
composed of sodium silicate and sodium hydroxide were tested following the UNE-EN
1015-11:2020 standard [46] for compressive strength determination. Figure 10 shows the
compressive strength results.
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It can be observed that the compressive strength curve increases as the Na2SiO3/NaOH
weight ratio increases up to the 2.5 ratio, and then it decreases. Despite the increase in
this alkaline activator ratio, from a 2.5 ratio, geopolymer samples cannot properly dissolve
the slate stone cutting sludge, leading to unreacted material. Based on the above, SSCS
geopolymers with lower alkali activation relation had lower bulk density and therefore
lower compressive strength values.
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3.2.8. FTIR of the SSCS Geopolymer

Attenuated total refraction Fourier transform infrared (ATR-FTIR) spectroscopy was
used to determine the SSCS geopolymer sample chemical bonds and bonding mechanisms.
FTIR analysis serves to provide relevant information as to the nature of bonding and to
understand the mechanism driving the geopolymerization process. The FTIR spectra for
the SSCS geopolymers with Na2SiO3/NaOH ratios of 1.25, 1.66, and 2.5 were obtained
and further analyzed in detail, showing similar patterns for the three geopolymer samples.
Figure 11 shows the 1.25 ratio specimen’s FTIR pattern, in which it can be observed that
the main bands were 500, 651, 750, 827, 1442, and 3370 cm−1.
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Figure 12 represents the FTIR for the 1.66 ratio, in which it can be observed that the
main bands were 501, 750, 828, 976, 1411, 1445, and 3364 cm−1.
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Finally, Figure 13 shows the 2.5 ratio specimen’s FTIR pattern, where bands were
located at peaks of 502, 747, 829, 979, 1444, and 3265 cm−1.

Comparing the three FTIR patterns, it can be observed that there is no significant
difference in the peak band trend between 1.25 and 1.66 ratios. However, the 2.5 ratio
shows a slight peak difference. Wavenumber bands in the range of 500 to 750 cm−1 referred
to bending vibration Si-O-Si bonds. The bands at 457 and 777 cm−1 fell within the bending
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vibration Si-O-Si band range. The asymmetric stretching vibration of the Si-O-T band
shifted to a higher frequency wavelength, indicating a reduced polymerization framework
formation. Wavenumbers located in the range of 979 to 975 cm−1 indicated a typical
progressive process due to silica gel presence, being an indicator of high compressive
strength value due to high concentration of Si-O-Al bonds [55]. It was also observed
that the centered peak that belongs to carbonate slightly changed in comparison with the
three samples, positioning between 1444 and 1442 cm−1, representing the asymmetric
carbonate strength. The distinct bands at 1444 and 3265 cm−1 are associated with a H-O-H
bending vibration and a stretching vibration of O-H, respectively. Table 7 summarizes the
characteristic absorption peaks of the FTIR spectrum.
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Table 7. Characteristic absorption peaks of the FTIR spectra for the 1.25, 1.66, and 2.5 alkaline activator
ratio, function groups, and wavenumber range.

Function Group Wavenumber Range (cm−1) FTIR Peaks (cm−1)

Alkaline activator ratio 1.25 1.66 2.50

Stretching vibration O-H 3300–3700 3370 3364 3265
Bending vibration H-O-H 1622–1658 1654 1652 1654

Asymmetric stretching vibration O-C-O 1432–1412 1442 1445 1444
Asymmetric stretching vibration Si-O-T 1200–830 827 826 829

Bending symmetric stretching vibration Si-O-Si 800–700 750 747 750
Bending symmetrical Si-O of SiO4 694 670 672 672

Bending vibration Si-O-Si 400–500 467 468 464

3.2.9. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDX) Analysis of SSCS

The microstructure of the SSCS geopolymer samples with alkaline activator ratios
of 1.25, 1.66, and 2.50 (Figures 14–16, respectively) were studied using Scanning Electron
Microscopy (SEM) technique.

After evaluation of the different SEM images, it can be observed that the three geopoly-
mers show a structure of certain adhesion, density, and homogeneity, which is the result
of the formation of the alkaline gel. Also, the presence of some porosity was detected,
which indicates that the geopolymer may require a longer mixing process. This evidently
is associated with the bond between particles and has caused an interesting density and
compressive strength. In turn, surface porosity is observed with amorphous silica for-
mations. The alkaline activator 2.5 ratio, with coding G50/20, shows a denser matrix in
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comparison with the two other geopolymers. This homogenization could be explained by
an equilibrated reaction of geopolymerization caused by the ratio of alkaline activation that
enhances the performance of the gradual formation of gel. Figure 15 shows that pores are
isolated, leading to a remarkable bulk density and compressive strength value.
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The EDX analysis served for the identification of elements that were present during
the reaction process for the three mentioned geopolymers (Figures 17–19).
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The microstructural study revealed that for the three cases, the geopolymer matrix is
mainly composed of Si, Al, and Na in lower proportions. The presence of Fe was observed,
which is due to it being normally present in the mineral composition of slates. Figure 19
represents the optimal formulation with 2.5 ratio, showing that the geopolymer is composed
of smaller crystals due to a better nucleation and density during the formation.

4. Conclusions

Once the chemical, physical, and mechanical tests were completed and analyzed,
for the listed conformed geopolymer with SSCS and a combination of sodium silicate
and sodium hydroxide, a list of technical conclusions were extracted from this research.
The research aimed to determine the feasibility of a potential valorization of slate stone
cutting sludges for geopolymer conformation, offering a sustainable alternative to conven-
tional cements.

The following conclusions were drawn after the completion of this experiment-
al research:

• The particle size distribution of SSCS shows that this mining sludge is composed of
finer particles; therefore, crushing operations are not required for this experiment. This
particle size distribution guarantees the geopolymerization because smaller particle
size increases the specific surface, and therefore its reactivity.

• The chemical composition of SSCS demonstrated low values of carbon, hydrogen,
and nitrogen, as well as no presence of organic material that could jeopardize the
geopolymerization process.

• The X-ray fluorescence showed percentages of silica and alumina, 50.75 and 22.18 wt.%,
respectively, and low content of carbonates, less than 1.81 wt.%, making this mining
raw material a potential source of aluminosilicates.

• SSCS material, with a density of 2.12 g/cm3 and pH value of 8.53, did not show
rejection with alkali activator solution during the geopolymer conformation phase.
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• After the completion of physical tests performed on the different SSCS geopolymer
samples with alkali activator ratios (1, 1.25, 1.66, 2.5, and 5), we observed that the
ratio of alkali activation solution constitutes an important role in the final properties
of the geopolymer.

• The obtained values of mass loss, linear shrinkage, capillary water absorption, cold
water absorption, and open porosity of the different geopolymer samples conformed in
the experiment showed that that geopolymers with a lower ratio of alkali solution led
to greater values up to a 2.5 ratio. This is caused by a better geopolymerization process,
leading to a denser internal structure because of a less interconnection between pores.

• Bulk density and compressive strength values showed that when the Na2SiO3/NaOH
ratio increases, both values increase up to a maximum value of 2.5. From this ratio,
compressive strength and density tend to decrease due to an excess of alkali activation
solution, producing a retardation of the geopolymerization process and leading to a
geopolymer that is not fully reacted.

• The compressive strength test served to show that an increase in alkaline activation
ratio in the SSCS geopolymers increased the compressive strength of the geopolymer
up to a maximum of 2.5 ratio, with a value of 27.23 MPa, after which it decreased.
Higher proportions of NaOH in the alkali activator ratio resulted in lower compressive
strength values.

Based on the previous conclusions obtained after the completion of the comprehensive
testing program, the viability of slate stone cutting sludge (SSCS) as a precursor for geopoly-
merization is demonstrated. The best mechanical properties were obtained using the alkali
activation ratio of 2.5, showing a promising compressive strength value of 27.23 MPa after
7 days of curing. This mechanical strength value, which is higher than the compressive
strength values required for construction mortars of the M20 type (20 MPa as per UNE-EN
1015-11:2020), opens up the possibility of studies into its use as a new construction material.
In addition to the findings of this experiment, as detailed, the relatively low temperature
of 85 ± 5 ◦C further reinforces the conclusion that this new binder constitutes a good
environmental solution for re-using this mining waste, reducing raw material extraction
and non-controlled landfill in ponds, which constitute a negative environmental problem.
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