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Abstract

This study explores the feasibility of utilizing granite sawing sludge (FC) as a precursor
to produce alkali-activated materials (AAMs). To enhance the reactivity of the system,
metakaolin (MK) was added and binary mixtures were synthetized. A multidisciplinary
approach, including mineralogical, chemical and mechanical analysis, was employed to
assess the suitability of these precursors to produce AAMs. X-Ray diffraction (XRD) and
Fourier-Transform Infrared spectroscopy (FT-IR) confirmed the occurred activation reaction
with the consequent increase in the amorphous content. Raman spectroscopy was used to
further explore the mineralogical composition of the consolidated specimens, helping in
the detection of salts, whose formation is ascribed to secondary carbonatation processes.
Morphological analysis (SEM-EDS) displayed relatively uniform microstructures for all
specimens. Compressive strength tests revealed that MK rich samples achieved best values
compared to FC rich formulations, which exhibited reduced strength resistance. This study
highlights, for the first time, the benefits of incorporating Cuasso al Monte granite sawing
sludges into alkali-activated binders. Results suggested that the incorporation of FC is
recommended for both environmental and economic advantages.

Keywords: alkali-activated materials; mining waste; composite materials; upcycling

1. Introduction
In recent years, global concern about environmental issues has risen due to an in-

creased awareness of the human impact on the planet. In this respect, the United Nations
have organized numerous conferences and set different goals in order to reduce emissions
of greenhouse gases, with a view to an eco-friendly future. These goals involve a more sus-
tainable use of natural resources and the preservation of ecosystems and biodiversity [1,2].
Natural resources, which are limited and non-renewable, are widely used as building
materials for the construction of infrastructures that are crucial for the development of the
society and define its standard of living [3].

Despite the growing economic potential of the stone industry, this field has to deal
with important challenges due to high production costs, energy and water consumption. In
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addition, during the cutting process of stones, an estimated 30% [4,5] up to 41% [6] of the
sawn block volume turns into sludge, resulting in significant waste production. This sawing
sludge results from the mixing of rock powder with refrigerating water used to cool down
the sawing tools. It is usually disposed of in landfills and its grainsize, generally lower
than 63 µm, includes finer particles which, if improperly managed and allowed to dry, can
become airborne and lead to significant environmental problems. These latter include the
dispersion of respirable dust particles (i.e., 1–10 µm) into the atmosphere, which could pose
health risk (i.e., silicosis) to both humans and animals through inhalation exposure [7–9];
the reduction in the porosity and permeability of soils [10], compromising the efficiency of
superficial water drainage [11]; the increase in soil alkalinity and its consequent reduction
in fertility, affecting the evolution of local ecosystems [12,13]. Hence, the upcycling of
such waste in the construction sector could be a smart solution to decrease the impact of
landfilling activity and dust release into the environment. Moreover, taking into account
that the construction industry is responsible for about 23% of global CO2 emissions [14],
using these wastes for alternative materials, would be of considerable environmental and
cost benefit, especially when compared to landfilling [1,15].

Within this scenario, Alkali-Activated Materials (AAMs) provide the perfect match
by balancing waste exploitation while maintaining sustainable and highly performing
materials [16]. AAMs represent a class of inorganic solid materials originating from the
reaction of an alkaline solution with an aluminosilicate source [17]. The latter can be
both natural materials (e.g., clay; [18]) or an industrial waste material (e.g., metallurgical
slags; [19]). AAMs have been demonstrated to be a reasonable alternative to conventional
binders thanks to their satisfactory performances from the mechanical and chemical point of
view, together with good durability and specially the possibility of involving wastes and of
performing the synthesis at room temperature which results in a reduction in CO2 emissions,
energy consumption and land use [17,20–23]. Some authors have already explored the
possibility of producing AAMs, starting from industrial wastes such as rock sawing sludges.
For examples, Portale et al., 2023, proposed Etnean (Sicily, Italy) basalt sawing sludge to
produce materials to be used for building and restoration purposes, taking advantage of the
chromatic and chemical compatibility with basalt rocks, locally employed as construction
materials [24]. Other researchers, instead, explored the possibility of using marble sludge
as substitution of cement [25–28], or the valorisation of granite sludge as aggregates for the
ceramic and cement industries [15,29,30]. The application in the restoration field was also
recently explored by Portale et al. (2024), who designed promising alkali-activated binders
made of different sawing sludges [31]. However, to date, very little research has focused on
the valorisation of granite sludges through alkali-activated processes.

In this paper, Cuasso al Monte sawing sludge (FC) was employed for the first time to
evaluate its possible use as a precursor to produce AAMs. This rock sludge originated from
cutting of blocks quarried from the late-Hercynian granitic plutons, which includes white
and pink medium-grained granites, mainly composed of K-feldspar, albite, quartz [32].
These rocks, commercially known as “Red Porphyry”, are extensively exploited for orna-
mental purposes (e.g., floorings and coverings) and building elements due to its durability,
esthetic properties and ease of polishing [33,34]. In this research the suitability of FC to
develop AAMs was investigated through a multidisciplinary approach by means of min-
eralogical investigation of raw materials and synthetized binders, including mechanical
characterization of the final products.

2. Materials and Methods
Cuasso al Monte sawing sludge (FC) provided by Cava Bonomi (Italy) was first dried

in oven at 105 ± 5 ◦C for 24 h and then sieved using Φ 75 µm meshes. Its chemical
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composition was obtained by X-Ray Fluorescence (XRF) Spectrometer S8 Tiger (Bruker
AXS, Karlsruhe, Germany).

Taking into account the crystalline nature of FC, a commercial metakaolin (MK) (AR-
GICAL™ M1000 provided by IMERYS, Paris, France) was added to balance the alumina
content of the system and thus to enhance its chemical reactivity, promoting the polycon-
densation reaction in alkaline environment at room temperature [35–37].

In this study, two sets of materials with different proportions of FC and MK were
prepared using alkaline solutions made up of Na2SiO3 (supplied by Ingessil s.r.l., Montorio,
Italy; with molar ratio SiO2/Na2O = 3) and NaOH at different concentrations. A lower
molarity of NaOH (8 M) and a higher molarity (9.9 M) with the addition of water, were
used as described in Table 1. The liquid to solid ratio (L/S) was kept constant at 0.4 for
both sets.

Table 1. Mix design of synthetized alkaline activated materials, including results of integrity tests
after 28 days.

Sample FC
(wt.%)

MK
(wt.%)

NaOH 8
M (wt.%)

Na2SiO3
(wt.%)

H2O
(wt.%)

Integrity
Test

FC10-4.6 100 - 100 - - Not passed
FC10-20 100 - 20 80 - Not passed
FC10-30 100 - 30 70 - Not passed
FC10-40 100 - 40 60 - Not passed
FC10-50 100 - 50 50 - Not passed
FC10-60 100 - 60 40 - Not passed
FC10-70 100 - 70 30 - Not passed
FC10-80 100 - 80 20 - Not passed
FC5-40 50 50 40 60 - Passed
FC6-40 60 40 40 60 - Passed
FC7-40 70 30 40 60 - Passed
FC8-40 80 20 40 60 - Passed
FC9-40 90 10 40 60 - Not passed
FC5-50 50 50 50 50 - Not passed
FC6-50 60 40 50 50 - Not passed
FC7-50 70 30 50 50 - Not passed
FC8-50 80 20 50 50 - Not passed
FC9-50 90 10 50 50 - Not passed
FC5-60 50 50 60 40 - Not passed
FC6-60 60 40 60 40 - Not passed
FC7-60 70 30 60 40 - Not passed
FC8-60 80 20 60 40 - Not passed
FC9-60 90 10 60 40 - Not passed

NaOH 9.9 M
(wt.%)

FC5-1H2O 50 50 25 50 25 Passed
FC3-1H2O 30 70 25 50 25 Passed
FC4-1H2O 40 60 25 50 25 Passed

FC4-1.5H2O 40 60 22.2 44.4 33.3 Not passed

The powdered precursors (FC and MK) were first mixed in a mortar using a pestle,
in order to obtain a homogeneous mixture. The latter was blended with the alkaline
reagents. The slurry was poured into a 2 × 2 × 2 cubic mould and manually vibrated
to remove any trapped air bubbles. The specimens were sealed at 25 ◦C (±5) for 24 h to
avoid the rapid evaporation of the solution and then demoulded and cured for 28 days at
room temperature.
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Specimens were labelled according to their specific formulation: the first number
refers to the FC content of the powder ratio divided by 10 (i.e., if the FC content is 100%,
the number will be 10), while the number after the dash is the NaOH content. For the
formulation with the addition of water, the ratio between water and NaOH was reported.

The chemical stability was qualitatively estimated by means of the integrity test [38], a
useful preliminary procedure conducted after 28 days of curing by placing the specimens
in a solution made up of deionised water, with a 1:10 (in weight) solid to liquid ratio.
After 24 h, the samples are removed from the water solution and their consistency is
assessed through the use of a scalpel. Moreover, the possible presence of residual debris
and turbid water was also taken into account, since they are indicative of samples’ chemical
instability. Only the formulations that successfully performed the integrity test, namely
those formulations which did not experience any loss of physical integrity, were employed
for further characterizations.

Crystalline and amorphous phase identification was performed by means of X-Ray
powder diffraction (XRPD), using a Miniflex diffractometer (Rigaku, Japan) (CuKα radia-
tion, 40 kV-15 mA, step size 0.01◦, scanning speed of 5◦/min, 2θ = 4◦ to 75◦). Quantitative
analysis was also performed to assess the crystalline and amorphous quantity, by using
zincite (ZnO) as the internal standard. Profex software (Version 5.2.4) and BGMN database
were then used for the elaboration of the acquired diffractograms [39].

The mineralogical composition was further investigated by Raman spectroscopy.
Analyses were carried out using a Jobin Yvon LabRam spectrometer (HORIBA Scientific,
Kyoto, Japan) (laser He-Ne at 632.8 nm) with 2 cm−1 spectra resolution, using Olympus
microscope (Olympus, Tokyo, Japan) with 10× and Ultra-long working distance (ULWD)
50× and 100× objectives. Spectra were processed by using LabSpec (Version 5.58.25).

In order to assess the occurred polycondensation reaction, Fourier Transformed In-
frared Spectroscopy (FT-IR) analysis was performed by using Cary 630(R) spectrometer
(Agilent, Santa Clara, CA, USA). The spectra were acquired with Agilent MicroLab Software
(version 5.6) within a range of 4000 to 700 cm−1 and a resolution of 4 cm−1.

Scanning Electron Microscopy associated with Energy-Dispersion Spectroscopy (SEM-
EDS) analysis were carried out in order to assess the occurrence of any differences in the
microstructural features (i.e., texture, porosity and presence of relict grains) between the
specimens. Specifically, a Vega-LMU scanning electron microscope (Tescan, Brno, Czech
Republic) was used on carbon-coated samples, with voltage set at 20 kV and a beam
current of 8 nA. Finally, the Compressive Strength tests carried were conducted to explore
the mechanical performances of the samples. A UNIFRAME universal testing machine
(Controls, Milan, Italy) with a 50 kN load cell was used to measure the uniaxial compressive
strength of 4 specimens for each formulation. The peak sensitivity of the instrument was
set at 3 kN and a test speed of 1200 N/s. The instrument sensitivity is 0.001 kN.

3. Results and Discussion
The chemical composition of the raw materials used in this research is reported in

Table 2. FC showed a predominant siliceous composition, with a high SiO2 content (i.e.,
77 ± 0.4 wt.%) and moderate levels of Al2O3 (i.e., 12.9 ± 0.8 wt.%). It also contains consid-
erable amounts of K2O and Na2O (8.7 ± 0.4 wt.%). Furthermore, minor contributions of
Fe2O3 (1.3 ± 0.1 wt.%), CaO and MgO (0.74 ± 0.05 wt.%) were observed. The chemical
composition of MK showed abundance in SiO2 (specifically 55 wt.%) and a higher amount
of Al2O3 (40 wt.%). The lower levels of CaO and MgO, and alkali metals (i.e., 0.3 and 0.8, re-
spectively) confirmed its purity and suitability as an aluminosilicate precursor [17,21,40,41].
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Table 2. Chemical analysis of the raw precursors obtained by X-Ray Fluorescence (XRF). Oxides are
expressed in wt.%.

Sample Al2O3 SiO2 CaO + MgO Na2O + K2O Fe2O3 TiO2

FC 12.9 ± 0.8 76.36 ± 0.4 0.74 ± 0.05 8.7 ± 0.4 1.3 ± 0.1 -

MK 35 ± 3.0 61 ± 1.7 0.26 ± 0.06 0.56 ± 0.04 1.3 ± 0.1 1.7 ± 0.2

The combination of FC and MK in different proportions allows for tailored AAM
formulations, where the metakaolin contributes to the formation of a matrix though the
polycondensation reaction, while the granite sludge acts as a filler and secondary source of
silica, influencing the final microstructure and properties [42,43]. Further characterizations
methods were performed only on specimens which successfully passed the integrity test.

3.1. Mineralogical and Molecular Characterization

Figure 1a,b showed the diffractometric patterns of the analyzed raw materials and
consolidated samples. FC is mainly characterized by quartz (SiO2), plagioclase (con-
sisting of a solid solution between two endmembers, namely anorthite (CaAl2Si2O8)
and albite (NaAlSi3O8)), microcline (KAlSi3O8), white and black micas (i.e., muscovite
(KAl2(AlSi3O10)(OH)2) and biotite (K(Mg, Fe2+)3AlSi3O10(OH)2), respectively). In addition,
the patterns showed the presence of hematite (Fe2O3), probably due to the interaction
between water and the metallic parts of the saw during the cutting process of the rock. The
displayed composition is typically reported for granite stones as well as Cuasso al Monte
granophyre [32]. Moreover, quartz, muscovite and anatase (TiO2) were identified in raw
metakaolin (Figure 1a). The presence of zincite in all XRD patterns is due to the internal
standard used for quantitative measurements.

(a) 

 
(b) 

 

Figure 1. (a,b) X-Ray Diffraction patterns of raw and activated materials.
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Consolidated materials (Figure 1a,b) showed a pattern composed of the same min-
erals found in the precursors. Despite the differences in precursors’ proportions and
concentration of the activating solutions, no remarkable differences were observed in the
diffractograms [44–46].

Furthermore, a shift in the broad amorphous hump can be observed, with raw MK
showing a hump centred around 23◦ 2θ, while the consolidated materials displayed a
shift towards higher diffraction angles (i.e., ~28◦ 2θ). This variation is consistent with
the structural transformation occurring during alkali activation, where Si-O-Si bonds are
progressively replaced by Si-O-Al bonds in the forming aluminosilicate gel network [44,45].

In order to assess the occurred polycondensation reaction by the formation of N-(A)-
S-H and C-(A)-S-H amorphous gel [46,47], the amount of mineralogical and amorphous
phases was quantified, and it is reported in Table 3. A clear correlation between the
amorphous content and the relative percentage of metakaolin in the formulation can be
observed, as previously stated [48–51].

Table 3. Quantified amorphous and mineralogical phases (wt.%) for raw materials and consolidated
specimens. Standard deviation was always below 0.01.

Phase
[wt.%] FC-Raw MK-

Raw FC5-40 FC6-40 FC7-40 FC8-40 FC5-
1H2O

FC3-
1H2O

FC4-
1H2O

Amorphous 0.00 76.80 34.13 31.33 24.97 25.88 42.24 61.94 53.20

Plagioclase 17.96 1.49 18.16 15.14 14.16 14.85 8.22 12.25 11.13

Microcline 35.69 0.44 13.28 17.98 21.80 22.08 14.92 4.9 8.62

Kaolinite - 2.88 2.81 3.05 2.51 2.26 2.95 1.9 1.98

Muscovite 1.24 1.67 1.69 0.94 1.03 1.70 0.64 1.13 1.15

Quartz 42.71 14.46 28.80 30.39 33.86 32.06 29.88 16.95 23.22

Biotite 1.49 1.49 0.59 0.27 0.9 0.35 0.41 0.30 0.36

Anatase - 0.77 0.34 0.63 0.64 0.61 0.70 0.45 0.21

Hematite 0.91 - 0.18 0.26 0.13 0.19 0.04 0.18 0.13

In detail, all specimens showed an increase in the amorphous amount if compared to
the raw FC precursor. Specifically, for specimens activated with 8 M NaOH, the amorphous
amount seems to be proportionally related to the metakaolin amount. In fact, FC5-40
showed the highest value (i.e., 34.13%) while similar lowest values were obtained when
both 30% and 20% of metakaolin were added (i.e., 24.97 and 25.88, respectively). This
is due to the known high reactivity of metakaolin, induced by the amorphous structure
which facilitates the polycondensation reaction [52]. With regards to the materials activated
with 9.9 M NaOH, once again the same trend can be observed: the highest value was
obtained for the sample FC3-1H2O, which contained the highest amount of metakaolin
within the set.

This finding further supports the occurrence of a polycondensation reaction. Moreover,
the marked reduction in quartz, microcline and plagioclase contents for the specimens
activated with 9 M NaOH, compared to the raw materials, confirmed the ability of higher
molarity solutions to partially dissolve the aluminosilicate minerals grains [53].

These results highlighted the critical role of precursor proportions and NaOH molarity
in tailoring the amorphous phase content and the final properties of the consolidated
materials, providing hints on how to optimize the formulation of alkali-activated materials.

Micro-Raman investigations were carried out to have a more complete understanding
of the species and their distribution in the samples. Internal and external parts of the



Minerals 2025, 15, 718 7 of 16

specimens were analyzed, observing a uniform mineral composition. In all samples, the
main phases detected are feldspar and quartz. In addition, Ca, Fe and Mg carbonates
have been detected as secondary phases. No differences were observed between the
various formulations and the same phases were detected uniformly both on external and
internal zones.

Figure 2 shows the main peaks of feldspars recognized at 507 (Ia), 475 (Ib), 286 (IImax),
and 151 (IIImax) cm−1, together with minor peaks detected at 403, 756 and 808 cm−1.
Moreover, for the position of the main peak related to the plagioclase series, applying the
formula proposed by Bersani [54], it was possible to infer the contribution of anorthite and
albite in the solid solution. In particular, for ∆ab = 32.4 and wa = 18.57, the presence of
anorthite and albite can be stated as 47% and 53%, respectively. Furthermore, considering
∆ab, the presence of some potassium ions in the structure (i.e., a ternary composition)
cannot be excluded [55]. The contribution of quartz (i.e., strong peak at 466 cm−1 and
secondary peaks at 127, 206, 264, 354 and 395 cm−1) and anatase (i.e., 150 and 637 cm−1)
can be observed [56–60].

Figure 2. Raman spectra of consolidated specimens showing the presence of quartz (Q), anatase (A)
and feldspar (f).

Moreover, Raman analysis, thanks to its high accuracy and non-destructivity, can be
useful to identify some minor phases such as efflorescence salts forming on the activated
materials. The presence of salts, mainly consisting of trona (Na2CO3·NaHCO3·2H2O), gay-
lussite (Na2Ca(CO3)2·5H2O)/pirssonite (Na2Ca(CO3)2·2H2O), and natrite (Na2CO3), was
detected, as stated in Figure 3. Trona was found at 1425 cm−1 while gaylussite/pirssonite,
which is characterized by a strongest peak ranging between 1075 and 1077 cm−1, was
associated with a weak signal at ~1760 cm−1. Gaylussite and pirssonite are very similar
compounds and their peaks are characterized by slight differences in position, so it was im-
possible to distinguish one from the other. Therefore, both were considered together. These
minerals were detected only on the samples’ surface, due the carbonatation of alkaline ions
coming from the solution. Moreover, hematite (i.e., peaks at 290, 402 and 606 cm−1) was
also observed [61–63].
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Figure 3. Raman spectra of consolidated specimens showing the presence of anatase (A), hematite
(H), quartz (Q), gaylussite and pirssonite (G/P), and trona (T).

The presence of amorphous phases was not detected by micro-Raman analyses, prob-
ably due to the submicrometric size of the amorphous regions, whose signals could be
covered by those related to the coexisting crystalline phases [64]. However, quantitative
XRPD analysis confirmed the presence of amorphous phases, demonstrating the effective-
ness of the activation process. Thus, it can be inferred that alkaline activation has primarily
affected the grain boundaries of the precursors.

The results further demonstrated the potential of using Micro-Raman spectroscopy
for non-destructive characterization of the mineralogical phases that made up the consol-
idated materials, as already proven in previous studies [64–66]. A uniform distribution
of feldspars, quartz, anatase and hematite was observed, confirming a good preparation
process of the activated materials. Secondary carbonate phases forming efflorescence salts,
due to carbonatation processes, were noted on the material surfaces. Even though the
amorphous content was not directly observed, its submicrometric presence is assumed.

Figure 4a,b displays some differences between the FT-IR spectra of the raw powdered
precursors and consolidated materials. In detail, the peak located at 3364–3369 cm−1

is mostly attributed to O-H stretching of the aluminosilicate matrix [67]. Asymmetric
stretching of O-H and bending of H-O-H molecules, due to atmospheric water absorption,
was detected at 1647 cm−1 [68,69]. Peaks centred at 1438, and 1389 cm−1 are related to the
presence of carbonate compounds. In particular, O-C-O stretching was likely related to
the carbonation reaction between atmosphere and the exceeding sodium content in the
activated material, leading to the formation of CO3

2− [37,70].
The complex band ranging from 1200 to 900 cm−1 is ascribed to Si-O-Si and Al-O-

Si vibrations [68]. In the precursors, the peaks are found at 1000, 1040 and 1087 cm−1,
while a shift towards lower wavenumbers is visible in the activated materials (i.e., 992 and
986 cm−1). The shift to lower wavenumbers has been proven to be of significant interest for
the study of the polycondensation reaction as it involves the transformation of Si-O-Si into
Si-O-Al bonds of polysialate [70–74]. Hence, this may be considered as further evidence
of the condensation reaction occurring and the development of a gel network. Peaks
located at 795–797 cm−1 can be due to the presence of quartz or to Si-O-H vibration [68,69].
Moreover, Al-O and Al-OH bonds’ contribution can be seen at 776/775 and 718/722 cm−1,
respectively [69,75].

FT-IR spectra provided a remarkable insight to the structural changes occurring after
the activation of the raw materials compared to the consolidated materials. A consider-
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able shift in Si-O-Si and Al-O-Si vibrations towards lower wavenumbers was observed,
suggesting the polycondensation reaction occurred and the development of a gel network.

(a) 

(b) 

Figure 4. FT-IR spectra of raw materials and 8 M-activated specimens (a); 9.9 M-activated specimens (b).

3.2. Morphological and Mechanical Characterization
3.2.1. Scanning Electron Microscopy and Energy-Dispersion Spectroscopy (SEM-EDS)

Figures 5 and 6 display the SEM micrographs, with the red circles indicating the spots
where the EDS analysis were performed. Spots were chosen according to their morphology,
which appeared to match to amorphous regions, suggesting the likely occurrence of the
aluminosilicate gel network. Specifically, Figure 5a–d show the SEM image of the sample set
without the addition of water. Specimen FC5-40 exhibited a relatively uniform and dense
matrix with the presence of a big unreacted grain (see the arrow in Figure 5a). Instead, the
specimen FC6-40 displayed a slightly denser and uniform microstructure without any relict
particles in the observed area (Figure 5b). This may be ascribed to a more effective activation
reaction with the resulting formation of a well-formed aluminosilicate network. However,
the absence of relict grains could also be attributed to local variability in the distribution
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of the particles within the specimen. Figure 5c,d reveals a very similar microstructure of
the specimens FC7-40 and FC8-40. In particular, Figure 5c displays the presence of large
areas of agglomerate unreacted relict minerals surrounded by uniform matrix, marked by
the arrow. Some of these minerals even showed a foliated texture suggesting their possible
affiliation to the mica group, detected in both FC and MK. Moreover, Figure 5d shows the
presence of efflorescence, with a typical fibrous structure, marked by the arrow. For all
specimens, no pores were observed at this magnification.

 

Figure 5. SEM micrographs of specimens FC5-40 (a), FC6-40 (b), FC7-40 (c) and FC8-40 (d). The red
circles indicate the EDS analysis points for each specimen; red arrows show unreacted minerals and
efflorescence (a,c,d).

 

Figure 6. SEM micrographs of specimens FC5-1H2O (a), FC3-1H2O (b) and FC4-1H2O (c). The
red circles denote the EDS analysis points for each of the specimens; red arrow points out
unreacted minerals.

Figure 6a–c represents the microstructure of specimens with the addition of water.
Specimen FC5-1H2O (a) highlighted a uniform microstructure with the presence of a large
angular unreacted particle such as those in Figure 5a, pointed out by the arrow, probably
ascribable to quartz or feldspar from the FC precursor, surrounded by the matrix. These
unreacted particles do not take part in the activation reaction and seem to have limited
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bonding with the surrounding matrix, suggesting areas of weakness, which may lead to
reduced mechanical properties. Figure 6b,c represented the micrographs of FC3-1H2O
and FC4-1H2O, respectively, this latter exhibiting the most uniform matrix among the
3 compared specimens. Some unreacted particles are still visible but seem to be smaller
in size and more embedded in the gel which appeared to be denser, suggesting a better
activation of the precursors. Overall, SEM analysis displayed the existence of a more
uniform and denser aluminosilicate gel when more metakaolin was used in the formulation,
supporting its role as an enhancer of the activation reaction. On the contrary, the higher
number of relict grains in FC-rich specimens can be statistically associated with the greater
proportion of FC precursor. Moreover, the concentration of the alkaline solution is already
known to have an influence on the dissolution and the activation rate of the precursors,
resulting in a more compact microstructure [50,53].

Table 4 displays the elemental chemical analysis, expressed in weight percent (wt.%),
performed by EDS on the points represented by the red circles shown in Figures 5 and 6.
The spot analysis reveals significant variations in the elemental composition of the alkali-
activated materials, directly correlated with the precursor ratios and the chemical compo-
sition of FC and MK. Samples with higher MK content (e.g., FC4-1H2O) exhibit elevated
Al content (34.8 wt.%), promoting better aluminosilicate gel formation. No trend can be
detected for Na contents, whose contribution can be associated with the activator. The
presence of high K abundances observed in some samples is consistent with the quantitative
XRD analysis, where the percentage of microcline (K-feldspar) is also high. On the other
hand, the decreased K content in specimens with added water may be due to the enhanced
dissolution of microcline promoted by the 9 M NaOH solution. These results underline
the importance of precursor optimization in tailoring the microstructure and properties of
alkali-activated materials.

Table 4. Chemical characterization of the specimens by Energy-Dispersive Spectroscopy (EDS)
analysis. Values are expressed in weight percent of the elements.

Sample
wt.%

Na Si Al Si/Al Mg P K Ca Ti Mn Fe

FC5-40 6.1 62.8 25.9 2.42 0.2 0.3 2.1 0.5 0.6 0.2 1.3

FC6-40 4.4 61.7 19.5 3.16 0.1 0.05 13.3 0.3 0.2 0.07 0.4

FC7-40 4.5 64 19.3 3.31 0.1 0.4 11.5 0 0 0 0.2

FC8-40 3.3 58.2 13.7 4.24 0.2 0.1 21.4 0.6 0.7 0.3 1.5

FC5-1H2O 8.1 74 15.5 4.77 0.2 0 1.1 0.1 0.2 0.08 0.7

FC3-1H2O 3.1 80.1 14.7 5.44 0.2 0.05 0.6 0.1 0.4 0.09 0.7

FC4-1H2O 4.6 56 34.8 1.60 0.3 0.2 1.1 0.3 1.1 0 1.6

Finally, SEM and EDS analyses provided crucial insights into the microstructural and
compositional changes in the activated materials, pointing out the critical influence of raw
material ratios on gel formation and matrix uniformity.

3.2.2. Mechanical Characterization

The compressive strength values highlight the critical role of precursor ratios and
activator concentrations in determining the mechanical performance of alkali-activated
materials (Table 5). Specimens with higher metakaolin content, such as FC5-40 and FC6-40,
exhibit the highest strength (~30 MPa), generally attributed to the formation of a more
compact aluminosilicate matrix. Specimen FC6-40 reached the highest compressive re-
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sistance despite having slightly lower amorphous content than FC5-40 (i.e., 31.3% and
34.1%, respectively). This evidence suggests that the amorphous content alone does not
fully explain the observed mechanical performances. Indeed, the microstructure and the
amorphous phase distribution have an influence, as confirmed by SEM analysis of FC6-40,
which revealed a denser and more homogeneous matrix with fewer visible unreacted
particles compared to the one of FC5-40. This structural difference is most likely respon-
sible for the improved mechanical properties. As the FC content increases (i.e., FC7-40
and FC8-40), lower mechanical performance was achieved (~20 MPa). This behaviour is
due to the FC contribution, which is largely crystalline and reduces the reactivity of the
system, playing a role as filler, thus limiting the extent of the polycondensation reaction.
Furthermore, the materials activated with 9.9 M NaOH (namely, FC5-1H2O, FC3-1H2O
and FC4-1H2O) attained similar compressive strength results compared to the sample
set with 8 M NaOH, with FC3-1H2O reaching ~25 MPa due to the increased metakaolin
proportion and enhanced mineral dissolution by the stronger activator. These trends par-
tially align with the amorphous phase content (Table 2), where higher amorphous content
can be linked to the improvement of the mechanical performances [76–78]. However, the
mechanical features are the results of a complex interplay between different factors such
as precursors’ reactivity and heterogeneity, gel morphology and distribution. The best
performance achieved by FC6-40 reflects the optimal balance between the discussed factors.
The compressive strengths obtained by the activated materials are similar to those obtained
by AAMs based on volcanic precursors by other authors [43,79,80] and in line or even
higher than the values obtained using sawing sludges coming from quartz-rich, granite
and generic cutting sludges [31].

Table 5. Uniaxial compressive strength values [MPa] and standard deviation.

ID Compressive Strength
[MPa] Standard Deviation

FC5-40 27.63 2.95
FC6-40 29.37 2.77
FC7-40 23.07 1.73
FC8-40 22.23 3.52

FC5-1H2O 18.63 2.2
FC3-1H2O 24.87 0.95
FC4-1H2O 22.64 2.04

Overall, a clear relationship between precursor ratio, microstructural features, and the
alkaline activator concentration was found again.

4. Conclusions
This study investigated the feasibility of using granite sawing sludge (FC) in the

alkali activation process. However, its mineralogical composition has required the addition
of metakaolin (MK), producing two different binary mixture-sets, whose features were
determined by a multidisciplinary approach. The following key conclusions were drawn:

Although predominantly crystalline, FC may take part in the alkaline activation
reaction, while MK played an essential role in enhancing the reactivity of the system, driving
the formation of an aluminosilicate gel thanks to its high alumina content. This behaviour
was proved by the increased amorphous phase content and the denser microstructure
observed for formulations with higher MK contents.

The correlation between amorphous phase content and mechanical performance high-
lighted the critical role of MK in improving material properties. SEM-EDS and compressive
strength tests revealed that formulations with higher MK content achieved superior me-
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chanical properties due to better gel formation and matrix uniformity. In contrast, the
FC-rich samples showed the presence of unreacted grains, which resulted in the decrease
in mechanical performance.

This study demonstrated the potentiality of using waste FC as a filler in AAMs,
providing a sustainable alternative to traditional binders. The combination of FC and MK
not only reduces the disposal and storage of industrial waste but also produces materials
with good mechanical properties. Despite the reduced reactivity induced by FC, due to its
crystalline nature, its inclusion contributes to waste valorization and cost reduction. The
formulation of binary mixtures composed of FC and MK represents a good compromise
between mechanical performances and sustainability, allowing for a reduction in the use of
natural resources and commercial precursors. This approach encourages the promotion of
circular economy practices in the construction industry, while facing waste management
challenges in the stone sector. However, while the results demonstrated the effectiveness
of the incorporation of this material to produce AAMs, future studies should focus on the
scalability of the process, which may be affected by the intrinsic chemical variability of the
sludges. Moreover, durability and long-term physical-mechanical properties should be
further analyzed.
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