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A B S T R A C T

The valorization of recycled concrete fines (RCF) into reactive binders offers a sustainable solution for mitigating 
construction waste and carbon emissions. However, embedded sand particles hinder phase development during 
thermal activation. This study explores thermally activated sand-containing RCF by adjusting calcium-to-silicon 
ratio via limestone addition to produce reactivated cementitious materials (RCM). Carbonation-cured RCMs were 
analyzed for phase evolution, microstructure, and strength. Results showed that higher activation temperature 
with Ca addition enhanced sand reactivity and mineral formation, transitioning from α′H-C2S and β-C2S below 
1000 ◦C to low-reactivity CS or C3S2 at 1200 ◦C. Carbonation curing of RCM activated at 1000 ◦C with 20 wt.% 
limestone addition yielded the highest mechanical performance by optimizing phase reactivity, carbonation 
efficiency, and pore refinement, while lower strengths in other groups stemmed from insufficient CaCO3 and 
silica gel. Life cycle assessment showed a 61 % CO2 reduction compared to Portland cement, which validates 
thermochemical tuning for closed-loop RCF recycling.

1. Introduction

The rapid acceleration of global urbanization and urban renewal has 
resulted in a dramatic surge in waste concrete generation, exceeding 3 
billion tons annually (Fang et al., 2024; Pristerà et al., 2024). Conven
tional disposal methods–such as dumping and landfilling–not only 
consume valuable land resources but also present serious environmental 
hazards (Duan and Li, 2016; Ram et al., 2020). Reusing waste concrete 
into recycled aggregates (particles larger than 4.75 mm) and recycled 
sands (particles between 0.125 mm and 4.75 mm) offers a sustainable 
alternative to address both environmental challenges and resource 
scarcity (Infante Gomes et al., 2021; Liu et al., 2022). However, a sig
nificant amount of recycled concrete fines (RCF) is inevitably generated 
during the production of recycled aggregates, accounting for over 20 wt. 
% of waste concrete (Tang et al., 2020). The utilization of this RCF 
fraction is crucial for achieving full-component recycling of waste 
concrete.

Various techniques have been explored to valorize RCF as alternative 
binders and novel cementitious systems, including carbonation, chem
ical leaching, alkali activation, and thermal activation (Mao et al., 
2024a, 2024b; Shen et al., 2022a). Among these, thermal activation is 

regarded as a highly industrialized technical route due to its ability to 
utilize existing or decommissioned cement kilns, minimize capital in
vestment while offering large-scale processing capacity. Because RCF is 
rich in calcium silicate hydrates (C–S–H) and calcium hydroxide, heat
ing to between 400 ◦C and 1200 ◦C (Bogas et al., 2020; Serpell and 
Lopez, 2013; Shui et al., 2009; Xu et al., 2022) leads to C–S–H and 
calcium hydroxide in RCF dehydrate and form reactive silicate phases, 
effectively regenerating a low-calcium cementitious material (Crook and 
Murray, 1970; Miller et al., 2016; Real et al., 2020; Wang et al., 2018). 
Despite this promise, a critical limitation in current thermal activation 
research is its predominant focus on pure hardened cement pastes as 
precursor material (Carriço et al., 2020; Kalinowska-Wichrowska et al., 
2019; Miller et al., 2016; Real et al., 2020; Wang et al., 2018; Xi et al., 
2024; Xu et al., 2023; Zanovello et al., 2024; Zhu et al., 2018), 
neglecting sand–a major constituent of waste concrete.

Sand primarily composed of low-reactivity crystalline α-SiO2, 
altering the chemical composition (especially calcium-to-silicon ratio) 
of pure hydration products during thermal activation (Abo-Almaged 
et al., 2024; Autef et al., 2012; Bogas et al., 2020; Ji et al., 2024). A 
temperature exceeding 1150 ◦C caused sand melting and fusing with 
cement (Ge et al., 2025), revealing sand’s potential as a reactive silica 
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source. Viggh et al. (Viggh et al., 2020) discovered that the source of 
quartz would affect the formation of belite. Luo et al. (Luo et al., 2025) 
prepared dicalcium silicate using desert sand at 1030 ◦C. Abdelghani 
et al. (Brahimi et al., 2020) prepared a new green cementitious material 
based on Algerian sand dune. These findings support the concept that 
sand could be combined with hydration products and calcium source to 
produce novel low-calcium cementitious binders. Limestone (CaCO3) 
was selected as the calcium source due to its central role in conventional 
cement production, its low cost and chemical stability, and its compat
ibility with large-scale kiln processing. During thermal activation, 
CaCO3 decomposes in situ to form highly reactive CaO, which effectively 
reacts with SiO2 from both dehydrated C–S–H and sand particles to 
promote the controlled formation of calcium silicate phases. This pro
vides a direct and industrially relevant route for Ca/Si ratio regulation in 
sand-containing RCF systems.

Another common issue with thermally reactivated cementitious 
materials (RCM) is their low compressive strength, often around only 10 
MPa after one week under conventional conditions, due to the low hy
draulic reactivity of the formed silicate minerals (Bogas et al., 2019, 
2020; Carriço et al., 2020; Shui et al., 2008; Wang et al., 2018; Xu et al., 
2023). Carbonation curing dramatically improves mechanical perfor
mance, enabling strengths exceeding 60 MPa for γ-dicalcium silicate 
(γ-C2S) (Zhao et al., 2021), 66 MPa for rankinite (C3S2) and 20 MPa for 
wollastonite (CS) (Mu et al., 2019). These improvements not only 
broaden application of RCM (Lu et al., 2021; Wang et al., 2022), but also 
enables CO2 sequestration and reduces carbon emissions.

This study tests the hypothesis that strategic limestone addition can 
effectively regulate the Ca/Si ratio in sand-containing recycled concrete 
fines (RCF), thereby promoting the formation of reactive calcium silicate 
phases through solid-state reactions during thermal activation. It further 
hypothesizes that the resulting phase assemblage directly governs the 
carbonation mechanism, as well as the type and crystallinity of CaCO3 
polymorphs and the degree of microstructural densification. Finally, it is 
hypothesized that these coupled mineralogical and microstructural 
changes lead to enhanced mechanical performance and a reduced car
bon footprint of the reactivated cementitious materials. To validate 
these hypotheses, the mineral composition of the reactivated cementi
tious materials (RCM), the phase assemblage and microstructure of the 
carbonation products, and the mechanical performance were systemat
ically characterized using X-ray diffraction (XRD), thermogravimetric 
analysis (TGA), mercury intrusion porosimetry (MIP), scanning electron 
microscopy (SEM), and compressive strength tests. The carbon footprint 
was further quantified using life cycle assessment (LCA). This study aims 
to establish the feasibility of thermally activating sand-containing RCF, 
elucidate the role of calcium supplementation in enhancing reactivity, 
and advance comprehensive waste concrete recycling.

2. Materials and specimen preparation

2.1. Raw materials

In this study, recycled concrete fines (RCF) refer to fine recycled 
concrete-derived materials containing both hydrated cement pastes and 
residual sand phases obtained after crushing and grinding of waste 
mortar. P.O. 42.5 R cement (OPC, Anhui Conch Cement Co., Ltd) and 
ISO standard sand (0.08–2.0 mm; <0.2 % moisture) were served as 
primary raw materials to prepare simulated RCF. Analytically pure re
agents such as calcium carbonate (≥ 99.0 %), isopropanol (≥ 99.7 %), 
ethanol (≥ 99.7 %), and zinc oxide (≥ 99.0 %) were sourced from 
Sinopharm Chemical Reagent Co., Ltd. Tap water in the laboratory was 
used for sample preparation. X-ray diffraction (XRD) pattern and X-ray 
fluorescence spectrometry (XRF) results of OPC identified phases as C3S, 
β-C2S, C4AF, C3A, CaCO3, and CaSO4, as detailed in Fig. 1 and Table 1.

2.2. Preparation of reactivated cementitious materials

Simulated RCF, referred to as waste mortar, was prepared with a 
binder-to-sand ratio of 1 to 2 and a water-to-binder ratio of 0.4. The use 
of a synthesized OPC–standard sand system was a methodological 
choice aimed at establishing a well-defined, reproducible, and compo
sitionally controlled model system. This approach enables investigation 
of the intrinsic high-temperature reactions between cement hydration 
products and silica, as well as the controlled regulation of the Ca/Si 
ratio, without the confounding effects of the highly variable cement 
types and supplementary cementitious materials typically present in real 
RCF. Although the present study does not attempt to represent the full 
compositional diversity of all real RCF, the proposed methodology is 
broadly representative and transferable. Regardless of the original 
concrete composition, RCF with different initial Ca/Si ratios can be 
adjusted using the same approach by modifying calcium source dosage, 
while the underlying reaction mechanisms, phase evolution pathways, 
and carbonation principles remain applicable after appropriate precur
sor characterization and Ca-source calibration.

The mortar was water-cured for three months and aged indoors at 20 
± 2 ◦C and 60 ± 5 % RH for five months. This extended regime was 
designed to achieve a high degree of hydration (>80 %) and a mature 
microstructure, representative of a well-hydrated cement paste 
(Termkhajornkit et al., 2015; Wong and Buenfeld, 2009). The cured 
mortar was crushed into 1 cm fragment, ground by a planetary mill (650 
rpm, 15 min), and sieved (<75 μm) to obtain RCF.

XRF analysis revealed elevated silicon content in RCF due to inclu
sion of sand (Table 1). Calcium carbonate was added to adjust the Ca/Si 
ratio to target values of CS (1), C3S2 (1.5), C2S (2), and C3S (3). For 
example, achieving Ca/Si=2 required 39.19 wt. % calcium carbonate as 
shown in Eq. (1), with calculated values rounded to 10 % increments 
(Table 2). 

Ca

/

Si =

(
mCaO ⋅(100− x)

MrCaO
+ x

MrCaCO3

)

mSiO2 ⋅(100− x)
MrSiO2

= 2 (1) 

where mCaO, mSiO2 represent the contents of calcium oxide (CaO) and 
silicon dioxide (SiO2) in RCF. MrCaO, MrCaCO3 and MrSiO2 were the rela
tive molecular masses of CaO, CaCO3, and SiO2, which are 56, 100, and 
60, respectively.

Thermal activation involved several steps, including mixing, 

Fig. 1. Phase assemblage of OPC.
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compacting, calcining, rapid cooling, milling, and sieving, as illustrated 
in Fig. 2. The precursors were mixed in a three-dimensional blender for 
24 h. A 30 g mixture, with 10 % added tap water by weight, was com
pacted into cylinders (Φ40 mm × 10 mm) at a pressure of 20 MPa. These 
cylinders were calcined in a muffle furnace at a rate of 10 ◦C/min to 
target temperatures of 800 ◦C, 1000 ◦C, and 1200 ◦C, maintained for 3 h. 
The thermal activation temperatures (800 ◦C, 1000 ◦C, and 1200 ◦C) 
were chosen to cover a critical range: from the decomposition temper
ature of cement hydrates at the lower end, up to and beyond the point 
where partial sand fusion and enhanced solid-state reactions with 
cement phases become significant, as reported in literatures (Ge et al., 
2025; Li et al., 2023; Ren et al., 2025). After calcination, samples were 
rapidly cooled by the wind, re-milled at 300 rpm, and sieved to obtain 
the final RCM product (<75 µm). After calcination, the crucible con
taining the hot sample was immediately removed from the furnace and 
placed in a designated cooling area at a controlled ambient temperature 
of 25 ± 3 ◦C. A laboratory air blower was positioned at a fixed distance 
of 20 cm from the sample to provide directed forced convection. Under 
these conditions, the sample was cooled to room temperature within 
approximately 20 min. Samples were designated M-T-CC (material, 
temperature, calcium carbonate content), with untreated RCF stored at 
20 ◦C as control (M-20-0).

2.3. Carbonation curing of specimens

RCM specimens were cast into 25 mm cubic molds with a water-to- 
solid ratio of 0.4, following procedures in references (Mucsi et al., 
2021; Wang et al., 2020; Zhao et al., 2021). After setting for six hours, 
specimens were transferred to a carbonation chamber holding for 7 
days, maintained at 70 % ± 5 % relative humidity, 20 % ± 2 % CO2 
concentration, and 40 ± 2 ◦C. The carbonation curing regime was 

selected based on our previous foundational research (Li et al., 2023; 
Liao et al., 2024). Specimens were designated as C-T-CC, categorized by 
carbonation conditions (C), thermal activation temperature (T), and 
calcium carbonate addition (CC).

3. Characterization methods

Thermal-activated and carbonated RCM samples were preserved in 
isopropanol to halt hydration and carbonation processes. These samples 
were subsequently ground manually and sieved through a 75 µm mesh 
for analysis. All powder samples for tests were obtained from a single 
homogenized batch for each group, ensuring different tests were per
formed on representative material.

TGA was conducted on a Netzsch STA 449 F5/F3 Jupiter instrument. 
For thermal activation of RCM precursor, blended samples were heated 
from 30 ◦C to 1500 ◦C in a nitrogen atmosphere at a rate of 10 ◦C/min. 
For phase analysis of carbonated and hydration products, a temperature 
range of 30 ◦C to 900 ◦C was adopted. The mass of TGA was 15 ± 2 mg. 
The mass change measured by thermogravimetric analysis was reported 
on a percentage basis. XRD analysis employed a Bruker D8 Advance X- 
ray powder diffractometer (Cu Kα radiation, 40 kV, 40 mA) scanning 
from 5◦ to 65◦, with a total scan duration of 20 min. 10 wt. % zinc oxides 
(ZnO) as the internal standard for standard for quantitative analysis. The 
XRD patterns were analyzed using software HighScore Plus 3.0.

Pore size distribution was evaluated using a Micromeritics Autopore 
IV 9500 mercury porosimeter. Small cube samples (~5 mm) were 
exclusively cored from the central region of the carbonated specimens, 
and all selected samples were visually inspected to be free of cracks and 
major defects. The pore sizes between 6 nm and 360 µm were measured.

SEM imaging was performed using a Phenom ProX G6 SEM equipped 
with backscattering mode and energy-dispersive X-ray spectroscopy 
(EDS). For thermal-activated RCM samples, the specimens were 
impregnated with resin and allowed to set for 24 h. The surfaces were 
prepared by sequential grinding and polishing using sandpaper ranging 
from 600 to 2400 grit, followed by polishing with 3 µm to 1 µm polishing 
paste to achieve smooth surfaces. For carbonated specimens, the 
morphology was observed directly by placing small broken pieces (side 
lengths <5 mm) into the SEM chamber. These samples were scanned in 
secondary electron mode at an accelerating voltage of 15 kV to capture 
detailed surface structures.

Compressive strength of carbonated RCM specimens was measured 
using a SANS universal testing machine from MTS LTD at a constant 

Table 1 
Chemical composition of OPC and RCF (wt. %).

Ingredient CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 SrO

OPC 61.64 21.54 5.70 3.30 2.93 1.07 3.24 0.07
RCF 43.28 42.96 5.21 3.06 1.91 0.50 2.13 0.03

Table 2 
The mass fraction of the extra added calcium carbonate.

Target Ca/Si 
ratio

Theoretical additions 
(wt. %)

Experimental additions 
(wt. %)

Practical Ca/Si 
ratio

1.08 (initial 
value)

/ 0 1.08

1.5 22.63 20 1.43
2 39.19 40 2.01
3 57.33 60 3.17

Fig. 2. Process of RCM preparation.
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displacement rate of 0.5 mm/min (Mu et al., 2019; Wang et al., 2020). 
All tests were performed in triplicate, and the results are reported as 
mean values with standard deviations to ensure statistical reliability.

4. Results and discussion

4.1. Phase assemblage of the RCM

4.1.1. Effect of activation temperatures
TGA with derivative thermogravimetric curve (DTG curve) and dif

ferential scanning calorimetric curve (DSC curve) was performed on RCF 
without the addition of calcium carbonate up to 1500 ◦C, revealing 
phase transformations during thermal treatment. The DTG curve in 
Fig. 3 showed a peak around 100 ◦C, corresponding to free water 
evaporation (Alarcon-Ruiz et al., 2005). Peaks between 180 ◦C and 450 
◦C represented C–S–H dehydration (Alonso and Fernandez, 2004; Xu 
et al., 2022). The peak near 450 ◦C of DTG and DSC curves indicated that 
calcium hydroxide absorbed heat and dehydroxylated (Alarcon-Ruiz 
et al., 2005), leading to 1.7 wt. % loss of mass. The endothermic peak at 
~647 ◦C corresponds to the thermal decomposition of calcium carbon
ate formed by natural carbonation of RCF (Saeki et al., 2024). The mass 
loss between 500 and 700 ◦C is attributed to the decomposition of C–S–H 
into C2S polymorphs (α′H-C2S, β-C2S, and γ-C2S), with a mass loss of 
approximately 4.9 wt. % (Handoo et al., 2002; Okada et al., 2005; Peng 
and Huang, 2008). This interpretation is consistent with the QXRD re
sults in Fig. 4, which confirm the disappearance of Ca(OH)2 and CaCO3 
and the emergence of C2S after activation at 800 ◦C. The thermal feature 
near ~850–900 ◦C is assigned to the formation of gehlenite via 
solid-state reactions among CaO, SiO2, and Al2O3 (Xu et al., 2021). The 
peak at ~1072 ◦C signals the formation of wollastonite, which is inde
pendently confirmed by QXRD, with wollastonite contents of 4.3 % at 
1000 ◦C and 37.1 % at 1200 ◦C. Further, calcium carbonate addition 
facilitated C3S2 formation, which will be detailed in Section 4.1.2. As the 
peak appeared at 1331 ◦C, C3S began to generate when the temperature 
was over 1250 ◦C (Zhutovsky and Shishkin, 2021).

Quantitative X-ray diffraction (QXRD) was conducted on RCM at 
varying activation temperatures, as shown in Fig. 4. This analysis details 
the transformation of calcium silicate minerals in RCF without modi
fying the Ca/Si ratio as activation temperatures increase. At 800 ◦C and 
1000 ◦C, RCM primarily contained α′H-C2S and β-C2S with a total content 
of 28.2 %. At 1000 ◦C, more C2S was generated with a content of 35.2 %. 
However, α′H-C2S decreased significantly, with β-C2S becoming domi
nant. This phenomenon appears in other references as well (Serpell and 
Zunino, 2017; Zhutovsky and Shishkin, 2021). The rapid cooling after 
activation at 1000 ◦C promotes the retention of β-C2S and the complete 
transformation of α′H-C2S (Serpell and Lopez, 2015). At 1200 ◦C, C2S 
reduced while wollastonite and pseudowollastonite peaked at 37.1 %.

Untreated RCF contains about 33 % amorphous substances, 

primarily C–S–H gels from the hydration of C2S and C3S (Beaudoin and 
Odler, 2019), along with possible alumina gels from C3A and C4AF hy
dration (Bullard et al., 2011; Cai et al., 2021). Activated at 800 ◦C, 
C–S–H degrades, forming calcium silicates (C3S and C2S) (Amiri et al., 
2022; Zheng et al., 2021), while poorly crystallized C2S and unreacted 
C–S–H gels remain (Sun et al., 2024). As temperature rises, crystalline 
C2S increases and amorphous content decreases, aligning with findings 
by Li et al (Li et al., 2021). At 1200 ◦C, amorphous substances rise, likely 
due to poor crystalline CS minerals from C2S-sand reactions and C–S–H 
gel transformation (Amiri et al., 2022; Li et al., 2023; Trník et al., 2016; 
Zheng et al., 2021). Additionally, hydration products containing 
aluminum like ettringite decompose, yielding C12A7 (Lee et al., 2017b), 
while C–(A)–S–H gels convert to gehlenite (Lee et al., 2017a).

Increased activation temperatures accelerated sand reaction and 
calcium silicate formation. The main phases formed have decreased 
hydration activity but can be effectively carbonated. This will be re
flected in the following sections.

4.1.2. Effect of calcium-silicon ratio adjustment
Fig. 5 displayed XRD patterns for RCMs activated at 800 ◦C. The M- 

800-60 means that addition of 60 wt. % calcium carbonate prior to 
activation. All samples showed diffraction peaks for α′H-C2S, β-C2S, 
γ-C2S, CS, C4AF, C12A7 and quartz. “Others” in Fig. 5(b) represents a 
marginal amount of C3S, gypsum, and gehlenite. A pronounced increase 
in calcite peak intensity was observed with higher calcium carbonate 
addition, concurrently with a reduction in SiO2 peak intensity near 27◦. 
The reduced sand content implies participation in solid-phase reactions 
during thermal activation. However, incomplete decomposition of the 
added calcite occurred, resulting in higher residual content: 19.2 % in 
M-800-20, 34.2 % in M-800-40, and 43.0 % in M-800-60. Only 0.8 %, 
5.8 %, and 17.0 % of added calcium carbonate decomposed and the 
resultants reacted with quartz at 800 ◦C. This incomplete reaction 
directly suppressed C2S formation, evidenced by its decrease from 33.9 
% in M-800-0 to 21.8 % in M-800-60. The accumulation of residual 
calcite and reduced C2S yields indicates limited effectiveness in adjust
ing the Ca/Si ratio.

Fig. 6 presented XRD patterns and phase proportion for RCMs acti
vated at 1000 ◦C. A significant substance transformation occurred 
compared to M-20-0. Specifically, phases such as Ca(OH)2, CaCO3, and 
CaSO4 were replaced by more stable phases like C2S, CS, and gehlenite 
(C2AS). The interaction of SiO2 from RCF with decomposed CaO pre
dominantly led to the formation of β-C2S. Additionally, dehydration of 
C–S–H gel also contributed to development of β-C2S, which emerged as 
the dominant phase, constituting 32.9 %, 43.2 %, 34.1 %, and 39 % in 
M-1000-0, M-1000-20, M-1000-40, and M-1000-60, respectively. The 
high reliability of the quantification was validated by the good fit (R- 
weighted pattern, Rwp < 15 %) achieved for all samples. Detailed data 
was recorded in Table S1 of the supplementary materials. Notably, α′H- 
C2S was minimal (2.3 % only in M-1000-0) and γ-C2S was absent, 

Fig. 3. TGA results of RCF.

Fig. 4. QXRD results of the RCM with different activation temperatures.
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confirming the stability of β-C2S. This observation was consistent with 
the findings of Zhong et al. (Ávalos-Rendón et al., 2018), attributing 
β-C2S stability to rapid cooling process inhibiting its transformation to 
γ-C2S. Furthermore, calcium oxide reacted with aluminum and silicon 
compounds to form C2AS. Content of C2AS diminished sharply from 12.1 
% to 2.0 % with increasing calcium carbonate, suggesting that higher 
calcium levels favor C2S while suppressing the generation of C2AS (Xu 
et al., 2021).

Compared with the sand content of M-20-0 (45.5 %), the M-1000-0, 
M-1000-20, M-1000-40, and M-1000-60 contained of 28.4 %, 20.2 %, 
35.9 % and 17.7 % residual sand respectively, indicating substantial 
participation of sand in solid-state reactions during thermal activation at 
1000 ◦C. The decrease in residual sand signifies its direct consumption 
and transformation into new solid phases, rather than being physically 
removed. However, residual calcium oxide persisted in M-1000-40 (14.7 
%) and M-1000-60 (13.7 %) with extra CaCO3, indicating incomplete 

consumption of the added calcium carbonate. It implies diminishing 
returns at higher calcium carbonate dosages at 1000 ◦C.

Most importantly, the phase assemblage directly governed the me
chanical performance. The high β-C2S content, particularly in M-1000- 
20, was the primary factor responsible for the superior compressive 
strength observed after carbonation curing (Fig. 17). In contrast, the 
persistence of substantial unreacted CaO in M-1000-60 was associated 
with inferior strength development.

Fig. 7 presents the XRD analysis for RCMs activated at 1200 ◦C. 
Diffraction peaks confirmed the formation of calcium silicate minerals 
such as wollastonite (β-CS) and pseudowollastonite (α-CS), aligning with 
TGA curves (Fig. 3). Additionally, C3S2 appeared in the M-1200-40 and 
M-1200-60. Transformation of quartz to high-temperature polymorphs 
tridymite and cristobalite was detected (Pagliari et al., 2013).

The adjustment of the Ca/Si ratio at 1200 ◦C had a significant impact 
on the phase composition of the RCM. Increases in calcium carbonate 

Fig. 5. XRD results of the RCM activated at 800 ◦C (a) XRD patterns and (b) QXRD results.

Fig. 6. XRD results of the RCM activated at 1000 ◦C: (a) XRD patterns and (b) QXRD results.

Y. Ju et al.                                                                                                                                                                                                                                       Carbon Capture Science & Technology 18 (2026) 100557 

5 



boosted wollastonite and pseudowollastonite formation. At 40 wt. % 
addition, C3S2 emerged, increasing to 50.6 % at 60 wt. % addition. β-C2S 
was detected in M-1200-60 (6.2 %), while α′H-C2S and γ-C2S were ab
sent. The cumulative content of calcium silicate minerals (C2S, C3S2, CS) 
rose from 37 % (M-1200-0) to 79 % (M-1200-60). Residual sand content 
decreased consistently with higher calcium carbonate, mirrored by re
ductions in the total SiO2 content (18.1 % to 3.0 %). The increase in 
calcium silicate minerals and the decrease in sand jointly indicate that 
increased calcium carbonate dosage promotes participation of sand in 
RCM synthesis reaction.

4.2. Microscopic morphology of the RCM

4.2.1. Effect of activation temperatures
The microscopic morphology of thermally activated RCM was 

examined using SEM-EDS. Fig. 8 presented the EDS mapping results for 
RCM activated at three different temperatures. The mapping revealed 
that calcium (colored red) accumulated around sand particles, forming a 
distinct ring of newly generated calcium-containing phase. This 
calcium-rich ring became more pronounced as the activation tempera
ture increased, visually confirming that higher temperatures enhance 
the incorporation of calcium into the sand particles. This change was 
consistent with the XRD results discussed in Section 4.1. At 1200 ◦C, 
many sand particles transformed into a new phase containing both 
calcium and silicon, indicative of the formation of CS (as shown in 

Fig. 7. XRD results of the RCM activated at 1200 ◦C: (a) XRD patterns and (b) QXRD results.

Fig. 8. EDS mapping results of (a) the RCF and the RCM activated at (b) 800 ◦C, (c) 1000 ◦C, and (d) 1200 ◦C.
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Fig. 12).
Fig. 9 showed the EDS line scanning results for the M-1200-0 group, 

where the distribution and concentration of elements (O, Si, and Ca) 
were measured along a 19.08 μm line with 128 measurement points. In 
the first half of the scan (0–9.54 μm), the concentrations of silicon and 
oxygen remained stable, with silicon fluctuating between 22 % and 25 % 
and oxygen maintaining a concentration of 75 %. Notably, calcium was 
absent in this segment, consistent with the elemental composition of 
sand. However, from 9.54 μm to the endpoint (19.08 μm), a sharp in
crease in calcium concentration (reaching 27 %) was observed, 
accompanied by a correspondingly decreased in oxygen concentration 
to 27 %. This shift suggests the formation of CS and highlights the 
transformation of quartz. The relatively stable silicon content 
throughout the scan further demonstrates the movement of calcium and 
oxygen atoms, while silicon remains largely unchanged.

4.2.2. Effect of calcium-silicon ratio adjustment
The influence of Ca/Si ratio adjustment on RCM microstructure was 

analyzed using SEM, with EDS results presented in Figs. 10–12. As 
presented in Fig. 10(a), the sand particles initially exhibited sharp edges 
and uniform grayscale, surrounded by unhydrated cement particles and 
hydration products. However, after activation at 800 ◦C as demonstrated 
in Fig. 10(b), the interface between the sand and surrounding mortar 
matrix appeared brighter, indicating localized interfacial reactions 
within several microns. In contrast, the internal areas of the sand par
ticles were dark. Despite varying calcium carbonate additions (20 %–60 
%), the overall morphology of the sand remained relatively unchanged, 
as shown in Fig. 10(c) to (e).

At 1000 ◦C (Fig. 11), the central regions of the sand present Ca/Si 
ratios of 0.01–0.02. Compared with M-20-0 (as shown in Fig. 10), 
thermal activation at 1000 ◦C led to the formation of a ring of short rod- 
like crystals around the sand particles. EDS point analysis revealed that 
these crystals exhibited the Ca/Si ratio of 1.68–2.38, characteristic of 
C2S, in agreement with the XRD results in Section 4.1. Increasing the 
calcium carbonate content resulted in denser and more widely distrib
uted rod-like crystals, particularly evident in Fig. 11(d).

Fig. 12 illustrated the microstructural evolution of RCM activated at 
1200 ◦C, where sand particles underwent significant transformation into 
densely packed, irregular ellipsoidal crystals extending from the surface 
to the core. The blurry boundaries around these crystals suggested 
extensive integration with surrounding products, identified by XRD 
analysis in Section 4.1 as predominantly calcium silicate minerals, 
including CS and C3S2 (Fig. 7). EDS point analysis showed Ca/Si ratios 
close to 1.0 in M-1200-0 and M-1200-20, consistent with CS. In M-1200- 
40, Ca/Si ratios of 1.0 and 1.5 corresponded to CS and C3S2, respec
tively. With an increase in calcium carbonate to M-1200-60, varied Ca/ 
Si ratios of 1.0, 1.2, and 1.8 were identified, which corresponded to CS, 
C3S2, and C2S, aligning with the XRD findings.

The data suggests that higher activation temperatures substantially 

enhance the reaction of sand particles, promoting the formation of larger 
calcium silicate crystals, particularly at 1200 ◦C. While calcium car
bonate addition has limited effects at 800 ◦C, it significantly contributes 
to the formation at 1200 ◦C. Adjusting the Ca/Si ratio through calcium 
carbonate addition and increased temperature significantly alter the 
microstructure and phase composition of RCM. The impact of these 
changes on the carbonation process and mechanical properties will be 
further discussed in subsequent sections.

This study employed a mixture of OPC and standard sand as a model 
RCF system to isolate and elucidate fundamental reaction mechanisms 
under controlled conditions. However, real-world RCF exhibits greater 
compositional and microstructural heterogeneity, which may signifi
cantly influence thermal activation behavior and the performance of the 
resulting RCM. The chemical composition of cement paste in waste 
concrete can vary due to differences in cement type, the presence of 
supplementary cementitious materials (SCMs) such as fly ash and slag, 
and residual chemical admixtures. These constituents may modify both 
the decomposition temperatures and the phase evolution pathways 
during thermal activation. For example, SCM-derived alumina and silica 
may promote the formation of alumino-silicate phases such as gehlenite 
at the expense of calcium silicate phases, thereby altering the reactivity 
and carbonation potential of RCM. In addition, the presence of car
bonate aggregates (e.g., limestone) or clay-bearing fines in real RCF may 
participate in high-temperature solid-state reactions, potentially leading 
to the formation of clinker-like phases or amorphous glassy products not 
observed in the present model system. These factors indicate that the 
optimal activation parameters identified herein may require case- 
specific adjustment for different real RCF sources.

4.3. Phase assemblage of the carbonated specimens

The effects of activation temperature and Ca/Si ratio adjustments on 
the carbonation behavior of hardened RCM were analyzed through XRD 
results, as depicted in Fig. 13. When RCM prepared at 800 ◦C shown in 
Fig. 13(a), carbonated specimens exhibited diffraction patterns 
comprising calcite, vaterite, unreacted sand, and small amounts of C2S 
polymorphs. The calcite originated from both carbonation reactions of 
RCM and the residual calcium carbonate in precursors. Notably, C-800- 
0 sample without externally added calcium carbonate, contained 25.8 % 
vaterite alongside 11.1 % calcite. In contrast, samples with externally 
added calcium carbonate (C-800-20/40/60 samples) showed no 
detectable vaterite. This difference arises because vaterite, a metastable 
polymorph, initially precipitates during carbonation but rapidly con
verts to calcite (Chang et al., 2016) in the presence of residual calcium 
carbonate (calcite), which act as nucleation sites (Zhao et al., 2024).

When RCM prepared at 1000 ◦C, all externally added calcium car
bonate decomposed during activation. The calcite content in the 
carbonated samples increased, starting from 19.3 % (C-1000-0) to 41.3 
% (C-1000-60) as attained from Fig. 13(d). Conversely, vaterite content 

Fig. 9. EDS results of M-1200-0 with (a) morphology and (b) line scanning results.
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peaked at 10.3 % (C-1000-20) but decreased to 2.6 % in C-1000-60. In 
the C-1000-40 and C-1000-60 groups, the presence of CaO reacted with 
mixing water and formed Ca(OH)2. The alkalinity provided by Ca(OH)2 
promotes the conversion of calcium carbonate to the stable form of 
calcite during carbonation (Wang et al., 2020). In contrast, in the 
C-1000-0 and C-1000-20 groups, the slower dissolution of β-C2S resulted 
in a lower pH prolonging vaterite stability before its eventual conversion 
to calcite (Mu et al., 2019).

In the C-1200 group, the calcium silicate phases played a significant 
role in determining the types of calcium carbonate formed. The crys
talline phases included calcite, vaterite, and aragonite, along with re
sidual sand, C2AS, CS, and C3S2. The total CaCO3 content initially 
decreased to 12.6 % in C-1200-20 and then increased to 19.8 % in C- 
1200-60. Vaterite content peaked at 11.6 % in C-1200-60, while 
aragonite content generally decreased from 10.0 % in C-1200-0 to 4.1 % 
in C-1200-60. This divergence reflects the distinct carbonation behav
iors of CS and C3S2. Samples dominated by CS (C-1200-0 and C-1200-20) 
favored aragonite due to the lower pH (<11), limited hydration activity 
of CS and reduction of Ca2+ and OH− release. In contrast, C3S2-rich 

mixtures (C-1200-40/60) promoted calcite and vaterite formation 
(Smigelskyte et al., 2020). Post-carbonation, CS content decreased by 
8.4 % in C-1200-0 and 20.6 % in C-1200-20, whereas C3S2 declined by 
23.2 % in C-1200-40 and 27.4 % in C-1200-60. The overall higher re
action rate indicates that increased external calcium carbonate addition 
in the precursor enhanced the carbonation reaction.

The total generation of CaCO3 varied with activation temperature: 
36.9 % (C-800-0), 23.9 % (C-1000-0), and only 14.6 % (C-1200-0). This 
trend highlights the diminishing carbonation efficiency at elevated 
temperatures, attributable to the reduced availability of reactive phases 
such as C2S, C3S2, and CS.

A high-pH, Ca2+-rich pore solution generated by reactive C2S and/or 
free CaO (as in the 800 ◦C and 1000 ◦C samples) leads to high CaCO3 
supersaturation, favoring rapid nucleation and stabilization of calcite as 
the dominant polymorph (Oral and Ercan, 2018). By contrast, the lower 
dissolution rates of CS and C3S2 in the 1200 ◦C samples produce a pore 
solution with reduced Ca2+ activity and lower pH, shifting carbonation 
into a kinetically controlled regime in which metastable polymorphs 
such as vaterite and aragonite preferentially form and persist (Chang 

Fig. 10. Morphology of the RCM activated at 800 ◦C. (a) M-20-0, (b) M-800-0, (c) M-800-20, (d) M-800-40, and (e) M-800-60.

Fig. 11. Morphology of the RCM activated at 1000 ◦C. (a) M-1000-0, (b) M-1000-20, (c) M-1000-40, and (d) M-1000-60.
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et al., 2016; Konopacka-Łyskawa, 2019).
Calcium carbonate content and the carbonation degree are calcu

lated by TGA results. The mass loss between 500 ◦C and 650 ◦C is 
typically attributed to the decomposition of poorly crystallized or 
metastable forms of calcium carbonate, while mass loss from 650 ◦C to 
850 ◦C corresponds to the decomposition of well-crystallized calcium 
carbonate (Ashraf and Olek, 2018b; Goto et al., 1995; Lu et al., 2022; 
Shen et al., 2022b). The contents of different forms of CaCO3 are 
quantitatively analyzed using the following equations: 

CCAM(%) =

(

m500− 650 ×
MCaCO3
MCO2

)

m30
× 100% (2) 

CCC(%) =

(

m650− 850 ×
MCaCO3
MCO2

)

m30
× 100% (3) 

where CCAM and CCC represent the percentages of low and high crys
tallinity CaCO3, respectively. m30 is the initial mass of the samples at 
room temperature. m500–650 and m650–850 represent the mass loss within 
the specified temperature intervals. MCaCO3 and MCO2 are the molecular 
masses of CaCO3 and CO2, respectively. The theoretical maximum 
CaCO3 content is calculated using Eq. (4) and (5). Eq. (6) defines 
carbonation degree as the ratio of the actual percentage of CaCO3 
formed to the theoretical maximum achievable. 

mCO2max = 0.785(CaO − 0.7SO3) + 1.09MgO + 1.42Na2O + 0.93K2O
(4) 

CCmax = mCO2max ×
MCaCO3

MCO2

(5) 

Carbonation degree =
CCAM + CCC

CCmax
(6) 

where mCO2max is the theoretical maximum of absorbed CO2. CCmax is the 
theoretical CaCO3 that can be formed when all calcium phases are 
carbonated.

The results displayed in Fig. 14 showed that increasing addition of 
calcium carbonate in the precursors at a certain thermal activation 

temperature led to an increase in the content of high-crystallinity cal
cium carbonate (CaCO3). Consequently, both the total CaCO3 generation 
and the carbonation degree followed a similar upward trend. 
Conversely, increasing the thermal activation temperature while keep
ing calcium carbonate addition constant resulted in a significant 
decrease in both low- and high-crystallinity CaCO3 formation. As a 
result, the total CaCO3 generated, and the carbonation degree also 
declined. This is due to higher activation temperatures produce larger 
amounts of low-calcium silicate phases like CS and C3S2 (Ashraf and 
Olek, 2016), which have a reduced dissolution rate of Ca2+ ions (Chang 
et al., 2016; Ruan et al., 2021). The lower Ca2+ concentration weakened 
the formation of highly crystalline CaCO3 (Ahn et al., 2008), and 
resulted in a lower decalcification temperatures. This explained why the 
C-800 and C-1000 series contained a higher content of high-crystallinity 
CaCO3 (CCC), while the C-1200 series exhibited lower amounts.

4.4. Porosity and microstructure

The mercury intrusion porosimetry (MIP) results for the carbonated 
RCM hardened specimens (Fig. 15) illustrated the pore size distribution 
and porosity for each group. The C-800 group predominantly featured 
pore sizes between 100 nm and 1 µm and total porosity ranging from 23 
% to 29 %, with peak pore sizes at 835 nm, 677 nm, 835 nm, and 349 nm 
for C-800-0, C-800-20, C-800-40, and C-800-60 respectively. Due to 
calcium carbonate precipitation filling the pores of carbonated RCM, the 
variation trend of the peak pore sizes in C-800 group was opposite to 
that of the calcium carbonate generation amount. The C-1000 group 
exhibited a wider pore size distribution, ranging from 100 nm to 10 µm 
and total porosity ranging from 23 % to 31 %, with peaks at 2484 nm, 
2053 nm, 834 nm, and 284 nm for C-1000-0, C-1000-20, C-1000-40, and 
C-1000-60 respectively, suggesting a more porous structure than the C- 
800 group. Similar to the C-800 group, more calcium carbonate was 
generated and densified pore structure with the increased participation 
of sand reaction. The pores of C-1200 group were larger than the pre
vious groups, primarily distributed between 1 µm and 10 µm, with peaks 
at 2053 nm, 1608 nm, 2818 nm, and 2828 nm for C-1200-0, C-1200-20, 
C-1200-40, and C-1200-60, respectively. The highest porosity was 
observed in the C-1200-0 (38 %) and C-1200-20 (37 %) samples, which 
is attributed to the dominance of low-reactivity CS in these specimens. 

Fig. 12. Morphology of the RCM activated at 1200 ◦C. (a) M-1200-0, (b) M-1200-20, (c) M-1200-40, and (d) M-1200-60.
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Fig. 13. XRD results of carbonated RCM specimens with preceding activation at (a) 800 ◦C, (b) 1000 ◦C, (c) 1200 ◦C and (d) QXRD results.

Fig. 14. Calcium carbonate content and the carbonation degree of carbonated RCM specimens.
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The lack of amorphous substances failed to fill the voids between crystal 
particles (Ashraf and Olek, 2016). The C-800 and C-1000 group con
tained a large amount of C2S, and generated calcium-modified silica gel 
to densify their microstructure.

Significant morphological differences were observed among the 
carbonated RCM specimens (Fig. 16). In the C-800 group (Fig. 16(a)– 
(d)), vaterite (just presented in C-800-0) and calcite crystals were 
observed, aligning with the characteristic XRD peaks. This group also 
contained abundant calcium-modified silica gels. Similarly, the C-1000 
group (Fig. 16(e)–(h)) exhibited polymorphs of CaCO3 including calcite, 
vaterite, and aragonite. The microstructure of the carbonated RCM of C- 
1000 group revealed a distinct three-layer arrangement: a sand core, an 
inner layer of C2S crystals, and an outer shell of CaCO3 polymorphs and 
calcium-modified silica gel (Fig. 16(f)–(h)). However, the interface be
tween these components appeared loosely bonded in the C-1000-0, 
likely due to incomplete sand reaction during activation and limited 
formation of calcium silicate phases. Some C2S (marked with an orange 
circle) remained uncarbonated around sand particles. Nonetheless, 
densely packed rhombohedral calcite crystals were in close contact with 
C2S, promoting mechanical interlocking and enhancing the micro
structural integrity (Wang et al., 2020). Additionally, calcium-modified 
silica gel filled voids and bonded mineral phases, further improving 
local mechanical performance.

In contrast, the C-1200 group (Fig. 16(i)–(l)) showed significant 
different features. The CS and C3S2 phases formed at 1200 ◦C dissolved 
and reacted with CO2 in the pore solution, generating CaCO3 and 
calcium-modified silica gel (Ashraf et al., 2017; Plattenberger et al., 
2018; Smigelskyte et al., 2020). However, the microstructure was 
composed of loosely packed non-hydraulic minerals (CS and C3S2) 
intermixed with CaCO3 crystals, but lacks amorphous phases like in 

Fig. 16(a). Vaterite appeared in various morphologies, including 
spherical, plate-like, and petal-like forms, particularly in the C-1200-60 
specimens, as shown in Fig. 16(l). These vaterite forms, along with cubic 
calcite and rod-like aragonite, contributed to strength through inter
locking configurations (Hargis et al., 2024). Nevertheless, the lack of 
gel-like binding phases likely limited the encapsulation of calcium sili
cate and carbonate crystals, potentially reducing the overall mechanical 
performance (Chen and Gao, 2019).

4.5. Compressive strength of the carbonated specimens

The compressive strength results for the carbonated RCM specimens 
(Fig. 17) revealed a clear trend, where RCM activated at 1000 ◦C 
generally exhibited superior mechanical performance compared to those 
activated at 800 ◦C and 1200 ◦C.

In the C-800 group, strength development was primarily driven by 
the formation of cubic calcite crystals during carbonation curing. These 
crystals contributed mechanical bonding through close packing and 
interlocking(Wang et al., 2020), with C-800-0 reaching compressive 
strength at 35.6 MPa. However, the enhancement effect was limited by 
incomplete decomposition of calcium carbonate during activation, 
leaving residue CaCO3. Additionally, the low amorphous content meant 
that many calcite crystals were not encapsulated by binding phases, 
reducing the overall cohesion and structural integrity.

In contrast, RCM activated at 1000 ◦C benefited from increased 
reactivity of sand, which more effectively participated in solid-phase 
reactions. The presence of calcium carbonate and elevated activation 
temperature facilitated the formation of calcium silicate phases, which, 
upon carbonation, yielded CaCO3 and calcium-modified silica gels. 
These phases contributed to strength gain (De Silva et al., 2006). 

Fig. 15. Pore size distribution of carbonated RCM specimens with preceding activation at (a) 800 ◦C, (b) 1000 ◦C, (c) 1200 ◦C, and (d) porosity.
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Importantly, the crystallinity of CaCO3, as observed in TGA results 
(Section 4.3), was found to influence compressive performance. The 
presence of low-crystallinity CaCO3 and amorphous calcium-modified 
silica gels was particularly beneficial, underscoring the role of amor
phous binding phases in enhancing microstructural densification and 
strength (Ashraf and Olek, 2018a; Kellermeier et al., 2010; Rostami 
et al., 2012). As a result, C-1000-20 achieved the highest compressive 
strength at 36.5 MPa, closely followed by C-1000-0 at 33.2 MPa.

In the C-1200 group, compressive strength increased gradually with 
calcium carbonate additions, peaking at 12.3 MPa in C-1200-60. The 
added CaCO3 promoted the formation of calcium silicate phases and 
improved their Ca/Si ratio, particularly enhancing C2S formation, which 
contributed to strength gain. Nevertheless, the overall mechanical per
formance remained significantly lower than in the C-800-0 and C-1000 
group. This reduction was attributed to the dominance of low-reactivity 
phases such as CS and C3S2, which generated fewer carbonation prod
ucts and resulted in larger pore structures, undermining structural 
strength.

In summary, the mechanical performance of carbonated RCM spec
imens is strongly influenced not only by the amount and polymorph type 
of CaCO3 formed, but also by its crystallinity and morphology. Future 

studies into the growth models and spatial distribution of CaCO3 crystals 
may yield further insights for optimizing mechanical properties in RCM 
systems.

4.6. CO2 emissions of the RCM

The life-cycle inventory was compiled using Ecoinvent v3.9 datasets 
implemented in SimaPro. The system boundary was cradle-to-gate, 
encompassing the production of 1 tonne of cured cementitious paste 
as the functional unit. This enables a comparison between carbonation- 
cured RCM and conventionally water-cured ordinary Portland cement 
(OPC), the latter serving as the baseline for current industry practice. 
Three high-performance RCM formulations (C-800-0, C-1000-0, and C- 
1000-20) were selected for analysis.

For the OPC benchmark, the system boundary encompassed raw 
material extraction, calcination, grinding, mixing, and water curing. For 
RCM, the boundaries included raw material sourcing (limestone, 
superplasticizer), thermal activation, grinding, mixing, and carbonation 
curing. Recycled concrete fines (RCF) were assumed to be pre-collected, 
with a 50 km transport distance to the processing site. The CO2 used for 
curing was modeled as on-site recovered flue gas, avoiding 

Fig. 16. Morphology of carbonated RCM specimens, labeled sequentially from top to bottom and left to right: (a) C-800-0, (b) C-800-20, (c) C-800-40, (d) C-800-60; 
(e) C-1000-0, (f) C-1000-20, (g) C-1000-40, (h) C-1000-60; (i) C-1200-0, (j) C-1200-20, (k) C-1200-40, and (l) C-1200-60.

Y. Ju et al.                                                                                                                                                                                                                                       Carbon Capture Science & Technology 18 (2026) 100557 

12 



transportation emissions. Furthermore, the impacts of cement kiln ret
rofitting were excluded from the analysis. Key assumptions for thermal 
activation energy (scaled by activation temperature), electricity mix (CH 
grid), transport distance (50 tkm), and CO2 uptake (derived directly 
from TGA measurements) are summarized in Table S2 of the Supple
mentary Material. A comprehensive depiction of system boundaries and 
LCA results was shown in Fig. 18.

The results demonstrated substantial carbon reduction potential: 
total GWP values were 99, 155, and 231 kg CO2 eq/t for the C-800-0, C- 

1000-0, and C-1000-20 groups, respectively. These correspond to re
ductions of 83 %, 74 %, and 61 %, relative to OPC (591 kg CO2 eq/t). 
The reductions arise from two primary mechanisms: (i) substituting 
limestone with RCF eliminates large scale limestone decomposition 
during clinkering of OPC (limestone serves as additives in this study), 
(ii) carbonation curing directly sequesters CO2 through mineral forma
tion, partially offsetting emissions from the thermal activation process. 
These findings demonstrate that carbonation-cured RCM offers a viable 
and scalable pathway for low-carbon cement production, particularly in 
regions with abundant concrete waste and access to CO2-rich industrial 
emissions.

5. Conclusion

This study demonstrated that modulating the calcium-to-silicon (Ca/ 
Si) ratio and applying thermal activation effectively enhanced the 
reactivity of sand particles in recycled concrete fines, enabling the 
production of reactivated cementitious materials and promoting the 
sustainable reuse of waste concrete. Comprehensive analyses of 
morphological evolution, phase assemblage, carbonation products, 
microstructure, and compressive strength were conducted using XRD, 
TGA, MIP, SEM, and mechanical testing. The key findings are summa
rized below: 

1) The composition of calcium silicate minerals in RCM evolved 
significantly with activation temperature. At 800 ◦C, α′H-C2S and 
β-C2S were predominant. At 1000 ◦C, α′H-C2S disappeared, leaving 
β-C2S as the dominant phase. At 1200 ◦C, silicate phases transformed 
into low-reactivity CS or C3S2, indicating over-sintering and reduced 
hydraulic potential.

Fig. 17. Compressive strength of carbonated RCM specimens.

Fig. 18. The system boundaries of (a) RCM and (b) OPC specimens. The (c) GWP results.

Y. Ju et al.                                                                                                                                                                                                                                       Carbon Capture Science & Technology 18 (2026) 100557 

13 



2) Adjusting the Ca/Si ratio enhanced the reaction of sand, particularly 
at higher activation temperatures. At 800 ◦C, substantial unreacted 
CaCO3 and sand remained, suggesting limited impact. At 1000 ◦C, 
Ca/Si modulation significantly increased C2S formation and reduced 
sand content. At 1200 ◦C, CaCO3 addition further promoted quartz 
transformation into cristobalite and tridymite, and increased the Ca/ 
Si ratio in resulting silicate minerals.

3) Activation temperature strongly influenced the type and amount of 
CaCO3 polymorphs in carbonated RCM. Calcite was the main product 
at 800 ◦C and 1000 ◦C, correlating with higher compressive strength. 
At 1200 ◦C, calcite formation declined sharply, leading to reduced 
total CaCO3 content. In the absence of CaCO3 addition, compressive 
strength declined with increasing activation temperature, due to the 
lack of amorphous CaCO3 and calcium-modified silica gel. The 
highest strength (36.5 MPa) was observed in C-1000-20. When 
CaCO3 was added, RCM activated at 1000 ◦C delivered the best 
overall mechanical performance. Furthermore, carbonation-cured 
RCM specimens achieved up to 61 % reduction in CO2 emissions 
compared to OPC, confirming their promise as low-carbon 
alternatives.

In conclusion, this research confirms the potential of thermal acti
vation combined with Ca/Si ratio control for converting RCF into low- 
carbon cementitious materials. The approach reduces dependence on 
natural limestone while enabling CO2 sequestration.

Future implementation of waste concrete recycling based on ther
mally activated RCF depends on several key advances. The thermal 
activation process must be scaled by leveraging existing cement kiln 
infrastructure, which requires systematic evaluation of the compatibility 
of RCF with standard kiln feed and its potential impact on clinker 
quality, energy efficiency, and emissions. An economic and environ
mental comparison of alternative calcium sources is also required, 
including the use of industrial by-products as substitutes for natural 
limestone. Most critically, robust strategies must be developed to 
manage the highly variable composition present in real-world RCF 
streams, arising from differences in cement type, supplementary 
cementitious materials, and service exposure. Overcoming these chal
lenges is essential to transition the proposed technology from 
laboratory-scale validation to a viable circular solution for the con
struction industry.
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