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ABSTRACT: This study proposed thermal activation to activate copper tailings and investigated the effects of the temperature of
thermal activation on the hydration properties, pore structure, and compressive strength of thermally activated CT (TCT) pastes. The
results indicate that thermal activation slightly refines the particle size of CT and induces the decomposition of CaCO,, leading to the
formation of highly reactive CaO. Compared to raw CT, the addition of calcined CT in the pastes resulted in a greater quantity of early
hydration products, with increases of 0.34%—5.6% in C-S-H and ettringite, and approximately 0.9%—15.7% in Ca(OH),. These changes
facilitated a reduction in paste porosity, resulting in a more densified structure. Consequently, the compressive strength of TCT pastes
increased by 6.8%—20.6% at 3d, by 5%—16.9% at 7d, and by 1.2%—13.5% at 28d. Therefore, the proposed thermal activation CT can
be a promising cement substitution.
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RESUMEN: Utilizacién de residuos de cobre activados térmicamente como sustituto parcial del cemento: un enfoque prometedor. Este
estudio propone la activacion térmica de residuos de cobre y evalta su efecto en las propiedades de hidratacion, la estructura de poros y
la resistencia a la compresion de pastas con residuos de cobre activados térmicamente (TCT). Los resultados indican que la activacion
térmica reduce el tamafio de las particulas de CT e induce la descomposicion de CaCO,, generando CaO altamente reactivo. La adicion de
CT calcinado aumenta los productos de hidratacion temprana, con incrementos de 0.34% a 5.6% en C-S-H y etringita, y de 0.9% a 15.7%
en Ca(OH),. Estos cambios reducen la porosidad de la pasta, resultando en una estructura més densificada. La resistencia a la compresion
de las pastas de TCT aumenta entre 6.8% y 20.6% a los 3 dias, y entre 1.2% y 16.9% a los 28 dias. Asi, el CT activado térmicamente
puede ser una alternativa prometedora al cemento.

PALABRAS CLAVE: Residuos de cobre; Activacion térmica; CaO; Hidratacion; Resistencia a la compresion.
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1. INTRODUCTION

Copper tailings (CT) are mineral wastes produced during the copper smelting process, primarily composed of quartz,
sodium feldspar, calcite, and dolomite (1). The growing global demand for copper products has led to a significant increase
in CT production as an industrial by-product (2, 3). Reports indicate that approximately 3.2 billion tons of CT are generated
globally each year (4). Despite previous attempts to use CT for purposes of mining backfill (5-7) or roadbed material (8),
the practical utilization of CT has been restricted due to factors like fine size, low reactivity, and heavy metal pollution of
CT (9-11). Consequently, large amounts of CT are still directly dumped in tailings ponds, requiring huge investments in
both construction and maintenance, while the possible dam break or tailings leakage risk also hazards ecological safety
(12-15). Based on these challenges, it is important to develop effective methods for the utilization of CT.

Studies (13, 16, 17) have highlighted the high silica content and similar particle size of CT to that of cement particles
and did not require additional grinding. Therefore, researchers suggest using CT as a part of concrete materials to utilize
this mineral waste in large quantities, e.g., the substitution of partial cement (18-20). For instance, Moura et al. (21)
confirmed the compatibility of using CT as a partial replacement for cement in concrete. The results have shown a 2.3%
increase in compressive strength with 20% CT, along with an obvious 24.1% reduction in capillary absorption, and up
to 35.7% in carbonation depth. Onuaguluchi et al. (22) reported an increment of acid resistance by 21% and chlorine
resistance by 23% of mortars with 10% CT, without reducing the compressive strength. Additionally, the use of CT
in concrete was also found to immobilize heavy metal elements, as reported by Ghazi et al. (2). These studies present
viable perspectives on preparing concrete with CT. Nevertheless, the low reactivity of CT makes it an unqualified
cementitious material to provide sufficient bonding effect for the prepared concrete (23, 24). The resulting concrete
normally suffers from decreased compressive strength with the excessive addition of CT. For instance, Jenni et al.
(25) investigated the influence of the substitution ratio of CT to cement in mortar preparation. It was found that the
addition of 25% CT caused a significant reduction of 24% in the 90d compressive strength of mortars. When further
increasing the amount of CT to 75—90%, the 90d compressive strength is even reduced by more than 80%. Therefore,
it is necessary to activate it and further study the activation of the activity of the tailings.

Numerous studies have reported on the activation of tailings for the production of cementitious materials, including
mechanical, thermal, and chemical activation methods (12, 26-28). Thermal activation of tailings generally occurs through
two main mechanisms: (a) due to the different volatilization temperatures of mineral components, thermal activation
can remove impurities in the mineral through volatilization (29), (b) changing the mineral crystal phase through heat
treatment (30). Both mechanisms enhance the disorder or exposure of active ions or groups, promoting their participation
in cementitious reactions (31). For example, Xiao and Pang (32) demonstrated that high-temperature calcination can
remove volatile impurities from diatomite, improve porosity and surface structure, and thus enhance its pozzolanic
activity. Fernandez et al. (31) found that kaolinite has significant thermal activation potential, where calcination induced
dehydroxylation, producing reactive metakaolin, which improved the mechanical properties of cement-based mixtures.
Similarly, Baki et al. (33) optimized the pozzolanic reactivity of minerals by calcination, transforming calcite into
amorphous lime, which significantly enhanced the pozzolanic response of clays and marl. Given the high carbonate content
in CT, it possesses substantial thermal activation potential. Therefore, in this study, we employed thermal activation of CT
to enhance its reactivity and make it suitable as a supplementary cementitious material in cement systems.

To this end, this paper will calcine CT using different temperatures (400—900 °C) to examine the influence of
activating temperature on the properties of CT. Moreover, the influence of the produced thermal-activated CT (TCT) on
the setting time, fluidity, hydration products, compressive strength, pore structure, and microstructure of CT are studied.
The contributions of this paper are to reveal the effects of thermally activated CT on the cement hydration process and
provide a valuable reference on the thermal activation of other tailings.

2. MATERIALS AND METHODOLOGY

2.1. Raw materials

Portland cement (P. O. 42.5) was purchased from Anhui Conch Cement Co., Ltd. CT with an apparent density of
2.8 g/em® was provided by Chuzhou Tongxin Mining Co., LTD. The particle size shown by the raw CT is similar to
that of the cement shown in Figure 1a, while its mineralogy is mainly composed of SiO,, CaCO,, and mayenite. Table
1 shows the chemical compositions of raw CT by X-ray fluorescence. The raw CT contained the highest amount of
CaO0 (37.46%) as the main component, followed by SiO, (32.53%) and Fe O, (20.58%). In this study, CT is used as a
supplementary cementitious material. Before the experiment, the raw CT was calcined in a Muffle furnace for 2h at 400
°C,500 °C,600 °C,700 °C,800 °C, and 900 °C, respectively. Tap water was used as mixing water.
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Table 1. Chemical composition of the used cement and raw CT /%.

Sio, CaO Fe,O, ALO, MgO SO, K,0 TiO, CuO LOI Others
Cement 21.07 60.22 3.65 8.82 1.36 2.81 / / / 1.34 2.07
CT 32.53 37.46 20.58 4.67 2.34 0.21 0.63 0.25 0.06 5.5 1.27
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2.2. Mixtures preparation

Preparing seven mixtures with a water-cement ratio of 0.35 and 10% CT substitute for cement; the mixture proportion
of pastes is shown in Table 2. The cement and CT were mixed thoroughly for 2 minutes and then added water to
continuously mixed for an additional 3 minutes. The marked CTO represents the mixture that uses raw CT, while
TCT4—9 indicates the use of CTs that calcined at 400—900 °C, respectively, with a 100 °C span.

Table 2. Mix proportion of CT pastes / kg/m°.

Mixture Cement CTs Water Activation temperature
CTO 2700 300 1050 /
TCT4 2700 300 1050 400 °C
TCTS5 2700 300 1050 500 °C
TCT6 2700 300 1050 600 °C
TCT7 2700 300 1050 700 °C
TCT8 2700 300 1050 800 °C
TCT9 2700 300 1050 900 °C
2.3. Analysis methods

2.3.1. Physical characterization

A Mastersizer 2000 laser diffractometer was used to measure the particle size distributions of CT. Using ethyl
alcohol (refractive index 1.36) as a dispersing agent, while the refractive indices of the solid materials in CT were also
considered as calcium carbonate (refractive index 1.49) and silica (refractive index 1.52). The particle sizes of CT
were measured by stirring 5 times at 2000 rpm for 12s, obtaining an averaging of results. A Rigaku Smartlab X-ray
diffractometer (XRD) was applied to detect the composition of mineral phases of CT, with the scanning speed range
set at 5°/min and the measurement angle was 5° to 60°. Before the test, all the specimens were vacuum drying for 2h.

2.3.2. Setting time

The impact of thermal-activated CT on the setting times of the pastes was examined by the Vicat needle test in
accordance with ASTM C191 (34).

2.3.3. Flowability

An STNLD-3 fluidity tester was applied to test the fluidity of the mortars according to ASTM C1437 (35). Fresh
mortars are placed in the truncated conical mold and vibrated 25 times. The average diameter of the sample unfolded in
both orthogonal directions was recorded.
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2.3.4. Hydration products analysis

Collecting samples from the produced pastes after curing 3d and 28d, and after that, soaked in isopropanol alcohol for
a minimum of 7d to stop further cement hydration. The collected samples were then vacuum-dried for 24h and ground
to fine powder that was less than 75um. A Rigaku Smartlab X-ray diffractometer was used to detect the characterized
crystalline phases of CT pastes, with the scanning speed range and measurement angle were 5°/min and from 5° to 60°,
respectively.

Thermogravimetric-differential thermal (TG-DTG) analysis was performed using a TA Q5000IR thermogravimetric
analyzer to further quantify the hydration products. Before testing, the specimens were ground to fine powders that were
less than 75um with about 25mg per sample. After that, they were subjected to a heating profile from 30 °C to 800 °C
in a nitrogen (N,) atmosphere at a rate of 20 °C/min.

2.3.5. Pore structure by nuclear magnetic resonance (NMR)

The pore structure analysis of 28d CT pastes was conducted using a MesoMR23-060 V-1 Newman NMR instrument.
The cylindrical sample with a diameter and height of 50 mm was prepared following the process of mixture preparation.
Before testing, the cylindrical samples were vacuum saturation using a BSJ fully automated saturator. The magnetic
field conditions during the tests were set at 0.5 = 0.05 T and a frequency of 21.3 Hz.

2.3.6. Compressive strength

Cubic samples with the size of 50 mm x 50 mm x 50 mm were prepared to assess the compressive strength of CT
pastes. The samples were removed from the molds after hardening for one day, then cured to the corresponding age in
a standard curing room at a temperature of 23+1 °C and relative humidity of over 95% according to ASTMC192 (36).
The compressive strength testing of CT pastes was performed using a DYE-300 testing machine at a loading rate of 0.5
kN/s. The recorded compressive strength values were based on triplicate sample test averages.

2.3.7. Microstructure

A FlexSEM 1000 scanning electron microscope was applied to investigate the influence of TCT on the microscopic
properties of the pastes. Collecting specimens from 28d pastes and soaking in isopropanol alcohol for at least 7d to
stop hydration, then vacuum drying for 24h. Before the test, the specimens were subjected to a 120 s gold-spraying
procedure to enhance conductivity. The examination mode was SE with an accelerating voltage of 10 KV.

3. RESULTS AND DISCUSSIONS
3.1. Changes in the particle size and crystalline composition of CT due to thermal activation

3.1.1. XRD patterns of CT

Figure 2 shows the XRD patterns of CT. It reveals that all CT samples share a very similar composition with quartz,
calcite, mayenite, lime, and gismondine as the major minerals. It can be seen that samples of Raw CT or calcined less
than 700 °C displayed a sharp and obvious calcite peak at 26=29.4°, indicating an amount of high crystallinity calcite in
CT. This calcite was used as filler in CT applications and does not participate in cement hydration. When calcined CT
at 700 °C and above, this calcite peak gradually decreased sharply and even disappeared at 900°C, while the lime peak
increased. This is related to the decomposition of CaCO, (700 °C—900 °C) (37) and produces highly reactive lime,
which could contribute to enhancing the reactivity of CT.

3.1.2. Particle size

Figure 3 presents the particle size distributions of CT. It was found that the particle sizes ranges 300 um to 400 pm
of CT disappeared after thermal activation, as the curves TCT were shifted left, indicating that the thermal treatment
has refined the size of CT. This is related to some CT particles expanding and causing fragmentation of particles, due
to the calcination process. Furthermore, the refinement of CT particles became more prominent with the increased
temperatures. For instance, a hump at about 30 pm emerges in the curve of TCT calcined at 700 °C and was gradually
refined to less than 10um as the calcined temperatures increased to 900 °C. These refinements can be explained as the
decomposed CaCO, within CT, resulting in a further break of CT particles. Meanwhile, the decomposition of CaCO,
also produced highly active lime as shown in Figure 2, which may be conducive to enhancing the reactivity of CT.
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3.2. Setting time and fluidity of fresh mixtures

The addition of TCT has led to a significant acceleration in the setting process of cement, with the setting times
reduced by 3%—10% (initial time) and 3%—16% (final time) relative to CTO, which is closely related to the activation
temperature of TCT. A higher activation temperature, and a shorter setting time. This could be induced by the changes
in both the chemical and physical properties of TCT. The calcination process of CT may induce the generation of more
cracks in CT particles, which could absorb some mixed water, leading to less availability of free water during the
mixing process. Meanwhile, the CaCO, in CT decomposed during 700 °C—900 °C and generated highly reactive lime,
which can react rapidly with water for hydration resulting in shorter setting times (38, 39).

As can be seen from this table, the results of the fluidity of pastes also show a decreasing trend with the TCT subjected
to elevated calcination temperature. By adding TCT calcine by 400 °C—900 °C, the reductions in the fluidity of pastes
reach 6.0%—9.5% compared with CTO0. Therefore, the changes in TCT due to the included cracks and increased lime
content by high temperatures also influenced the fluidity of pastes, since less free water in mixtures to lubricate particles.

Table 3. Setting time and fluidity of CT pastes.

Mixtures Initial time/min Final time/min Fluidity/cm

CTO 378 528 28.5
TCT4 365 505 26.8
TCTS 365 499 26.5
TCT6 360 495 26.5
TCT7 355 465 26.3
TCT8 340 453 26.3
TCT9 339 444 25.8

3.3. Hydration products

3.3.1. XRD analysis of the pastes

The XRD patterns of CT pastes at 3d and 28d are presented in Figure 4. The mineral phases identified in the samples
include ettringite, quartz, calcite, Ca(OH),, C,S, and C,S, based on reference data and JCPDS files (40, 41). As shown
in Figure 4a, the addition of TCT significantly intensified the peaks corresponding to Ca(OH), at 20 = 18.0° and 34.2°.
A higher calcination temperature of TCT resulted in even stronger peak intensities, indicating the production of more
Ca(OH),. This is likely due to the decomposition of CaCO, in TCT, which generates lime that rapidly hydrates to form
Ca(OH), in the hydrating system. Additionally, the calcite peak at 20 = 29.4° was present in all samples, likely due to
residual undecomposed CaCO, in the CT. Furthermore, some of the Ca(OH), may have experienced carbonation during
curing, contributing to the observed calcite in TCT8 and TCT9 samples. As the curing age was extended to 28d, the
mineral compositions of the samples experienced very tiny changes as the patterns are similar to those of samples at 3d,
as shown in Figure 4b. The intensity peak of Ca(OH), of the pastes also displays an enhancing trend with the calcining
temperature.
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Fi1GURE 4. XRD patterns of CT pastes at 3d (a) and 28d (b).

3.3.2. TG-DTG analysis

Figure 5 presents the TGA results of CT pastes. Four obviously endothermic peaks were identified in the DTG curves
corresponding to the decompositions of C-S-H and ettringite (80—105 °C), AFm (180—200 °C), Ca(OH), (CH) (400—500
°C) and CaCO, (650—800 °C), respectively (42). The total mass loss of the pastes is closely related to the addition of TCT with
different calcined temperatures, and a higher calcination temperature in TCT induced a higher mass loss for the pastes. This
implies the increased decomposable substances in the TCT pastes as the increased peak of C-S-H, ettringite, and Ca(OH),,
as revealed in the DTG curves. Figure 5c further clarified this observation, which increases by 0.34%—5.6% in C-S-H and
ettringite, and 1.2%—6.8% in AFm. However, the increment in CH from TGA analysis would be lower with the real values,
as some CH could be carbonated and produce CaCO,, but also increasing by 0.9%—15.7% compared with CTO. Therefore,
the TCT9 sample also shows a decomposition peak of CaCO,, due to the carbonation of CH. Besides, this CaCO, peak in
other samples may result from the undecomposed CaCO, in CT revealed by Figure 2 and some carbonated CH. The curved
profiles of the mixtures at 28d are very similar to that of 3d. For instance, with the addition of TCT, the 28d pastes experience
more mass loss during the heating process compared with CTO, as shown in Figures 5b and 5d. Nevertheless, the presence
of C-S-H and ettringite in 28d samples was less than that of 3d, due to the carbonation of C-S-H and the transformation of
ettringite into monocarboaluminate thus decreasing the content of these two hydration products (43).
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F1GURE 5. The results of TGA: (a) TG-DTG curves of CT pastes at 3d; (b) TG-DTG curves of CT pastes at 28d; (c) Mass loss rate of
hydration products at 3d; (d) Mass loss rate of hydration products at 28d.
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3.4. Pore size distribution

Figure 6 shows the pore structure of the 28d CT paste. The pore size distribution of the pastes shows a dual-peaked structure
with the peaks located at 20 nm and 0.6 um, representing capillary pores and air voids, respectively. The former is derived
from the initial water-filled space not occupied by the hydrate (44), while the latter is result from incomplete compactness
and residual air. It can be seen that the volumes of the air pores are decreased with the addition of TCT, which implies the
refinement of the pore structure in CT pastes. This may be related to the acceleration effects of TCT during the setting process
as revealed in Table 3, which reduces the contact of pastes and air. The addition of TCT also improves the capillary pores
as the TCT4 peak in the curves decreases. Meanwhile, with increasing calcination temperature, the first peak of the pastes
shifted left to 10 nm, suggesting that the TCT refined the pore size distribution of the pastes and reduced its porosity. This
is possibly related to the refined sizes of CT particles by calcining, which could be filled in small pores. In addition, the
volumes of these smaller pores obviously decreased when the CT calcined over 700 °C as the curves of TCT7—9 dropped
off. This is consistent with the previous discussion. The reactive lime dissolves and releases additional Ca*" into the system,
while its hydration produces Ca(OH):, leading to an increased yield of hydration products. This promotes the formation and
precipitation of more hydration products, contributing to the refinement of the pore structure within the paste.
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FIGURE 6. Pore size distribution of 28d CT pastes. F1GURE 7. Compressive strength of CT pastes at 3d, 7d, and 28d.

3.5. Compressive strength

Figure 7 shows the compressive strength of CT pastes. It can be seen that the compressive strengths of the pastes increase
gradually with the added TCT that calcined at higher temperatures. The linear-regression analysis shows that the 3d and 7d
compressive strength are highly correlative with the calcination temperature, as can be expressed by Equations. [1] and [2].

y,=0.076x+27.81 R*=0.96 [1]
,,=0.0074x+35.57 R*=0.86 2]
V5, =0.015x+49.23 R*=0.76 [3]

where x and y respectively represent the calcination temperature of CT and the compressive strength of samples at 3d or 7d.
These two equations indicate that by adding calcined CT, the 3d and 7d compressive strengths of samples can be respectively
improved by 6.8%—20.6% and 5% —16.9% based on CTO0. This highlights the effects of calcination temperature in
influencing the development of compressive strength of the pastes. The reason for this considerable increment in compressive
strength is the finer CT particles result from the calcination process, resulting in a high surface area and density improving
the internal structure of the pastes and increasing the density of the pastes. Additionally, highly active CaO was also produced
by the decomposition of CaCO, in the calcination process, which can rapidly react with water in the pastes and promote the
generation of hydration products shown in Figure Sc. At 28d, the compressive strength of pastes added TCT also increased
according to CTO, increasing by 1.2%—13.5%. The results indicate that the compressive strengths of TCT9 are highest for
3d and 7d in all samples, but it is lower than that of TCT8 at 28d. This may be due to a rapid reaction of the TCT9 sample
during the early age and promote the generation of hydration products, as the finer CT particles and more CaO produced in
CT calcined at 900°C. This is similar to the findings of Riza et al. on the compressive strength of cement mortar incorporating
nano-CaO (45). They reported that a higher content of CaO in cement paste would result in a lower compressive strength at
long curing ages. One possible reason for the reduction of compressive strength in TCT9 samples is that a higher CaO resulted
in the formation of more Ca(OH), in cement pastes shown in Figure 5d, which could induce expansion in the cement paste,
thus decreasing the compressive strength.

Materiales de Construccion 75 (359), July-September 2025, €384, ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.383324



8 ¢ L. Wang et al.

3.6. Microstructure observation by SEM

Figure 8 presents the SEM images of CT pastes at 28d. The paste with raw CT shows a relatively loose and porous
microstructure, characterized by voids and the presence of acicular AFt formations, indicating an incomplete filling of
the matrix. In contrast, the paste containing CT calcined at 400 °C displays a slightly denser microstructure, although
it still retains voids and hydration products, as shown in Figure 8b. The similarities to the CT0 sample suggest that
these voids may limit densification and strength development of the pastes, as indicated in Figs 6 and 7. Figures 8c
and 8d show the microstructure of the pastes with TCT calcined at temperatures of 800 °C and 900 °C. The Ca(OH)
crystals are well-defined and occupy some of the spaces within the structure, while the C-S-H gel appears as a more
amorphous phase, contributing to the strength and binding of the matrix. This was consistent with the results of the
TGA analysis. The addition of TCT introduces active CaO into the cement system, which can provide additional Ca?*
for the generation of Ca-containing products and accelerate cement hydration. Furthermore, as shown in Figure 3, the
CT particles calcined at 800 °C and 900 °C have smaller particle sizes, which implies that finer pores within the paste
can be filled, thereby enhancing the integrity of the matrix. However, a high CaO content might adversely affect the
long-term strength of mortar, as reported by Riza et al. (45). The Ca(OH): generated from the hydration of CaO could
induce expansion in the pastes, potentially reducing long-term compressive strength, as illustrated in Figure 7.

= 5 2&11

FiGURE 8. SEM images of CT paste at 28d: (a) CTO; (b) TCT4; (c) TCTS; (d)TCTO.

4. MECHANISM SUMMARY

The above results demonstrated that TCT can serve effectively as a supplementary cementitious material in a cement
system without compromising compressive strength. Furthermore, the 3d and 7d compressive strength of the produced
pastes can be respectively improved by 6.8%—20.6% and 5%—16.9% with the additions of TCTs subjected to 400
°C—900 °C, owing to both chemical and physical modifications for CT. By thermal treatment, the size of CT was
reduced, and reactive CaO was produced in CT, where a higher calcination temperature for CT generally resulted in
finer CT particles with more CaO. Therefore, the roles of the two changes in CT can be summarized. Firstly, the
produced CaO in TCT accelerated the hydration of cement with the generation of more hydration products (i.e., C-S-H,
Ca(OH),, and AFm) by offering additional Ca*". The hydration of the CaO also increases the amount of Ca(OH), in
the microstructure of the paste. Secondly, the smaller TCT particles along with the increased hydration products and
the additional Ca(OH), associated with CaO hydration refined the pore structure of the produced pastes with smaller
porosities, contributing to the enhanced compressive strength.

Therefore, one can find that proper thermal treatment for CT can be an effective approach to converting CT into
reactive TCT. In such a way, a promising disposal and utilization way for CT, which has very fine sizes and low
recycling rates, can be established. This would benefit the world by providing a sustainable solution to reducing cement
utilization, promoting CT utilization, and ensuring the normal production of copper metal.

5. CONCLUSIONS

This paper investigated the use of thermal activation to improve the reactivity of copper tailings and the effect of
using thermally activated CT as a supplementary cementitious material on the hydration process of cement pastes.
Experimental results revealed the setting time of pastes incorporating activated CT was reduced by 3%—10% (initial
setting time) and 3%—16% (final setting time). XRD and TGA analyses revealed an increased generation of Ca(OH):
during the early stages of hydration, accompanied by greater mass loss upon heating, indicating an improved hydration
process. This improvement effect was found to correlate with calcination temperatures of CT. In particular, pastes
with activated CT (400 °C—900 °C) exhibited a linear relationship between compressive strength and calcination
temperature at early ages, with improvements ranging from 6.8%—20.6% at 3d and 5%—16.9% at 7d compared to
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the paste with raw CT. Although this linear trend diminished over time, the 28d compressive strength of the activated
CT pastes still showed an increase of 1.2%—13.5%. These findings highlight the potential of thermally activated CT
to improve the hydration of cement-tailings mixtures, contributing to both tailings management and environmental
protection efforts. Future research could focus on optimizing the activation process, for example, by exploring the use
of catalysts to lower the required activation temperature.
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