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Carbon dioxide (CO2) capturing is an attractive approach for producing 
low carbon construction materials such as artificial aggregates. 
Therefore, this paper investigates the optimization of cement–slag 
artificial aggregates under different CO2 curing regimes. The mix 
proportion used is 50% Ground Granulated Blast Furnace Slag (GGBS) 
and 50% Ordinary Portland Cement (OPC) with 20% of water under 
various curing conditions. The curing regimes include CO2 curing 
followed by water and air curing at different curing ages: 1 day of CO2 
curing followed by 27 days of water and air curing, 2 days of CO2 curing 
followed by 26 days of water and air curing, and 3 days of CO2 curing 
water 25 days of water and air curing; with 28 days of total curing, 
respectively. After through curing process, several tests were carried 
out on cement–slag artificial aggregates including an individual 
strength test, aggregate crushing value test, visual carbonation by 
phenolphthalein solution and CO2 uptake by thermogravimetric 
analysis test. These tests provide a thorough assessment of the artificial 
aggregates by examining their strength and chemical characteristics 
under various curing conditions. The results indicated that 3 days of 
CO2 curing followed by 25 days of air curing is optimal, showing 6.71 
MPa of individual crushing strength and 18.56% of aggregate crushing 
value. Thermogravimetric analysis indicated that calcium hydroxide 
(Ca(OH)2) played a significant role in synthesizing calcium silicate 
hydrate (C–S–H) gel, contributing to aggregate strength. The 
carbonation of Ca(OH)2 to calcium carbonate (CaCO3) enhanced 
aggregate durability by reducing permeability and increasing material 
density. The findings show that the optimal curing regime produces the 
best results in terms of strength and CO2-capturing properties, which 
was the main goal of this study. 
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1. Introduction 
As humanity strives for progress, the challenge of global warming especially in construction industry has become 
increasingly apparent. The production of cement and concrete contributed to approximately 7% of global 
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greenhouse gas emissions [1]. Moreover, the depletion of natural aggregate resources highlights the urgent need 
for alternative materials with equivalent properties to meet construction demands [2]. 

With the aim of reducing CO2 emissions, CO2 will be incorporated into the curing regime, utilizing CO2 curing 
as one of the established techniques. During the process, the reaction between CO2 with cement clinker such as 
tricalcium silicate (C3S), dicalcium silicate (C2S), calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)2) 
formed calcium carbonate [3], [4]. The formation CaCO3 fills the pore which subsequently improve the strength of 
the concrete [5]. Another method to reduce CO2 emission is by incorporating alkaline-rich industrial waste such 
as fly ash, ground granulated blast slag (GGBS) and steel slag into the production of artificial aggregates through 
mineral carbonation. In this process, the alkaline-rich materials inside the artificial aggregate react with CO2 to 
form stable carbonate such as CaCO3 and magnesium carbonate (MgCO3) [6]. Among the alkaline-rich industrial 
waste, selection of GGBS is gaining interest as it is reported to have excellent micro-aggregate effect, good strength 
and durability as a result of its rich calcium concentration [7]. This approach not only conserves resources but 
also addresses environmental challenges [8]. The production of artificial aggregates made from slag contributes 
both to the reduction of CO2 emissions and the efficient repurposing of industrial byproducts. 

In cementitious materials, the hydration process is important to obtain high strength concrete. The 
exploration of optimized curing regime is necessary as it directly influences the performance of the concrete [9]. 
Curing concrete in water provides a conducive environment for hydration and protection from rapid moisture 
loss [10]. Meanwhile, air curing utilizes atmospheric moisture to hydrate the subject. Air curing is generally 
employed in conjunction with other curing method as to provide sufficient time for the concrete to improve its 
strength. Several studies have shown that employing various curing techniques such as air, water and CO2 curing 
can affect the mechanical and physical properties of these aggregates. It is reported that CO2 curing has shown 
encouraging results in terms of durability and compressive strength of cement cylindrical samples as compared 
to water curing [11], [12]. Another study regarding curing regime revealed that the cement paste which has gone 
through CO2 curing followed by water curing experience delayed hydration which is reflected in its 
microstructural properties [13]. Meanwhile, Liu reported that the artificial aggregates which are subjected to CO2 
and air curing exhibited improved compactness due to formation of CaCO3 [14]. Although artificial aggregates 
have the potential to improve sustainability, their wider implementation is hindered by the uncertainty around 
the best curing schedules [15]. 

Beyond environmental benefits, carbonated artificial aggregates require a deeper understanding of their 
impact on steel reinforcement corrosion in concrete structures. The carbonation process, while effective at 
reducing porosity and improving the mechanical properties of concrete, can have significant implications for the 
durability of steel reinforcements [16]. Carbonation lowers the pH of the surrounding concrete, potentially leading 
to the de-passivation of the steel surface and accelerating corrosion in the presence of moisture and oxygen. 
However, it is reported that the reduction of pH level may not sufficiently initiate the corrosion of reinforcement 
steel [17], [18]. On the other hand, the effect of accelerated carbonation which can be examined through the visual 
carbonation observation may require further study as it plays a critical role in determining long-term durability 
and structural integrity [17]. To assess the long–term performance of these aggregates in building applications 
and to improve the CO2 curing procedure, more study is necessary. 

The point load test is used to assess the individual crushing strength of the artificial aggregate. Meanwhile, 
the aggregate crushing value (ACV) test evaluates their mechanical strength and durability, particularly for 
recycled concrete aggregates (RCA) [12], [18], [19]. Besides, thermogravimetric analysis and derivative 
thermogravimetric (TGA/DTG) curve provides insight into the reaction rates and thermal properties of a material 
which is crucial to understand the CO2 capturing mechanism of artificial aggregates. 

In summary, this study aims to identify the optimum curing regimes for carbonated artificial aggregates made 
from cement and GGBS by comparing their mechanical and CO2-capturing properties. The mechanical properties 
of the cement-slag artificial aggregates will be determined through individual crushing strength test and aggregate 
crushing value (ACV) while the CO2-capturing properties will be verified by visual carbonation test using 
phenolphthalein solution as well as TGA/DTG curve analysis. Through detailed investigation and analysis, this 
work seeks to offer insights into the use of carbonated aggregates to enhance both material performance and 
environmental sustainability. 

2. Experimental Procedure 

2.1 Preparation of Cement–Slag Artificial Aggregates 
The granulation process was a crucial stage in the production of cement–slag artificial aggregates that were made 
from a blend of Ordinary Portland Cement (OPC) and Ground Granulated Blast Furnace Slag (GGBS). To modify 
the cement–slag artificial aggregates properties like strength, durability, and workability, the ideal ratio between 
OPC and GGBS needed to be calculated. The precise blend of 50% of OPC and 50% of GGBS was calculated to 
optimize their synergistic interaction, resulting in a well–balanced mixture. To create this the cement–slag 



178 Int. Journal of Integrated Engineering Vol. 17 No. 1 (2025) p. 176-189 

 

 

artificial aggregates with optimal workability and strength for concrete applications, 3 kg of aggregates were 
prepared using a 50:50 ratio of OPC (1.5 kg) and GGBS (1.5 kg). The chemical compositions of OPC and GGBS were 
determined using energy-dispersive x-ray fluorescence (EDXRF) spectroscopy (see Table 1).  

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

Chemical properties 
Percentage (%) 

OPC GGBS 

SiO2 14.60 29.73 
CaO 60.00 37.84 
Fe2O3 2.20 1.37 
Al2O3 3.34 15.55 
MgO 0.62 6.60 
SO3 2.63 0.86 
MnO - 0.51 
TiO2 0.21 - 
P2O5 - 0.01 

 
Initially, the granules were formed by mixing the OPC and GGBS (see Fig. 1(a)), followed by spraying water. 

The resulting granules were referred to as cement–slag artificial aggregates (see Fig. 1(b)). To ensure optimal 
binding in the formation of the artificial aggregates, the water content was measured at approximately 20% of the 
total mixture. The granulator was set to an angle of 30° with an operating speed of 35 rpm for a 30-minute 
formation process, which helped achieve uniform cement–slag artificial aggregates. The artificial aggregates were 
then exposed to direct CO2 gas at 98% purity, with a flow rate of 5 L/min at 1 bar pressure for approximately 30 
minutes. Next, the artificial aggregates were sieved to get a proper and consistent particle size distribution. Fig. 2 
illustrates the particle distribution of artificial aggregates that provide important information on the materials' 
gradation, which could help in terms of the hydration of cement and the strength of the concrete.   
 

 
(a) (b) 

Fig. 1 Disc granulator (a) Mix of OPC and GGBS; (b) Formation of cement–slag artificial aggregates  
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Fig. 2 Particle size distribution of cement–slag artificial aggregates 

2.2 Curing Regimes 

2.2.1 CO2 Curing 
The cement–slag artificial aggregates were then cured in CO2 chamber, where pure CO2 gas was injected into the 
chamber at 1 bar with a concentration of 19.9% ± 0.1% and a fixed temperature of 59.9oC ± 0.1 oC to accelerate 
the CO2 curing process for 1, 2 and 3 days, followed by further curing under different regimes with the designed 
notation: (a) CO2–water curing, which involved CO2 curing followed by water curing; and (b) CO2–air curing, which 
involved CO2 curing followed by air curing. The purpose of extending the curing process after CO2 curing under 
different regimes was to reduce energy consumption during CO2 curing and to ensure continuous curing until a 
minimum total curing age of 28 days for artificial aggregates. The curing process played a pivotal role in the 
production of artificial aggregates, aiding in terms of their strength development, durability, and attainment of 
desired properties. Fig. 3(a) illustrates the CO2 chamber that was used in this study.  

2.2.2 CO2–Water Curing 
The cement–slag artificial aggregates were further cured with tap water after 1, 2 and 3 days of CO2 curing process. 
They were carefully transferred and immersed in water for a duration of 25, 26, and 27 days, respectively, to 
achieve a minimum total curing age of 28 days. Fig. 3(b) illustrates the artificial aggregates under the water-curing 
process. This immersion enables the cementitious matrix within the artificial aggregates to continue hydrating 
and developing. Each immersion phase marks a critical stage in the curing process, facilitating the enhancement 
and strengthening of the aggregates' mechanical properties. 

2.2.3 CO2–Air Curing 
The cement–slag artificial aggregates were further subjected to air curing after 1, 2 and 3 days of the CO2 curing 
process. The artificial aggregates were left in the room with an ambient air environment for predetermined 
periods of 25, 26 and 27 days, respectively, to fulfill the minimum total curing age requirement of 28 days. Fig. 
3(c) displays the artificial aggregates exposed to air curing after the CO2 curing process.  
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(a) (b) 

 
(c) 

Fig. 3 The cement–slag artificial aggregates at different curing regimes (a) CO2 chamber; (b) Water curing;              
(c) Air curing 

2.3 Strength Properties 

2.3.1 Individual Point Load Test 
Although cement–slag artificial aggregates generally exhibit more uniform qualities compared to natural 
aggregates, the aggregates possess a unique strength, influenced by their production methods. In contrast, natural 
aggregates may vary in strength due to geological factors. Individual point load tests on artificial aggregates aim 
to ensure uniformity and reliability. Therefore, this study conducted the individual strength measurements of 
artificial aggregates through point load testing to understand their consistent and predictable strength, potential 
characteristics and material source versatility. The individual point load test was conducted according to the 
ASTM D5731; a method to determine the point load strength index of rock and its application to rock strength 
classifications.  

Initially, the cement–slag artificial aggregates samples were thoroughly cleaned to remove any impurities. 
Next, an individual granule of artificial aggregates was positioned between the conical platens of the point load 
machine's setup. Gradual axial loading was applied until the specimen failed, with approximately 20 granules of 
each mixture tested under this procedure. The load at which each granule of artificial aggregates failed was 
recorded. Fig. 4(a) illustrates the point load test apparatus utilized in this experiment. Individual strength can be 
calculated using the following formula: 

 

𝜎𝜎 =
2.8𝐹𝐹
𝜋𝜋𝐷𝐷2  (1) 

 
where σ is the individual crushing strength of artificial aggregates (in MPa), F is the failure load on artificial 
aggregates (in N) and D is the diameter of artificial aggregates (in mm). 

2.3.2 Aggregate Crushing Value (ACV) Test 
The aggregate crushing value (ACV) test was performed according to BS 812: Part 110:1990; a recognized method 
to measure the strength and durability of aggregates. Fig. 4(b) illustrates the apparatus employed for conducting 
the ACV test for cement-slag artificial aggregates. The test was performed with artificial aggregates passing a 12.5 
mm sieve of size and retained on a 10 mm sieve of size. The artificial aggregates were filled into the cylindrical 
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mould by measuring in three layers of equal depth, whereby each layer was tampered 25 times using a tamping 
rod.  

The universal testing machine was set up by applying compression load to the cylindrical mould filled with 
the artificial aggregates with a total load of 400 kN for 10 minutes. The load was released and the whole of the 
sample was removed from the cylinder mould and sieved with 2.36 mm of sieve size to separate crushed and 
uncrushed artificial aggregate. The percentage of artificial aggregates passed through the sieve was weighed after 
the test. The ACV was determined using the following formula, which quantifies the ratio of the weighted original 
sample to the maximum load applied during testing: 
 

𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑊𝑊𝐴𝐴

𝑊𝑊𝐵𝐵
× 100 (2) 

 
where WA is the weight of fraction passing through the 2.3 mm sieve (in g) and WB is the weight of the oven–

dried samples (in g). 
 
 

 
(a) 

 
(b) 

Fig. 4 Aggregates test (a) Point load test; and (b) ACV test 

2.4 CO2 Capturing Properties 

2.4.1 Visual Carbonation Test by Phenolphthalein Solution 
The rapid carbonation test was performed by visually observing the colour changes on the cement–slag artificial 
aggregates after spraying with phenolphthalein solution following ASTM E70 standard. The visual observation of 
carbonation of cement-slag artificial aggregates was conducted at 28 days of CO2–air-cured and CO2-water cured, 
and the colour changes clearly can be seen in Fig. 5. The samples must be free from any debris before spraying the 
phenolphthalein solution and the colour changes on the cement–slag artificial aggregates were observed.  The 
information collected can be used to understand the CO2 capturing mechanism of artificial aggregates. 
 

 
 

Fig. 5 Visual observation after spraying with phenolphthalein 
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2.4.2 CO2 Capturing Evaluation by Thermogravimetric Analysis (TGA) 
The thermogravimetric analysis (TGA) test was conducted to evaluate the CO2-capturing properties of cement–
slag artificial aggregates. Initially, the aggregates were immersed in acetone solution for 24 hours purposely to 
stop the cement hydration process. Subsequently, the samples underwent a 24–hour drying process in an oven to 
eliminate moisture. Then, the samples were crushed and ground into a powder form using a pestle and mortar. 
The resulting dried powder samples were then subjected to further testing using Thermogravimetric Analyzer 
Q500 TGA/FT-IR Interface. The dried powder samples were placed into crucibles and subjected to progressive 
calcination, starting at a temperature of 20°C and gradually increasing to a maximum set temperature of 1000°C, 
with a temperature ramp rate of 10°C/min. Throughout the testing process, the weights of the samples before and 
after testing were recorded.  

3. Results and Discussion 

3.1 Individual Crushing Strength 
Fig. 6 shows the effect of CO2-air curing on the individual strength of three different range sizes of aggregates: 5–
6 mm, 7–8 mm and 9–10 mm. The benefits of smaller–sized aggregates are highlighted by the improved strength 
observed with the 5–6 mm diameter aggregates. The application of smaller particles in the concrete mix is to have 
a dense packing structure. Due to their compact size, they interlock more tightly and reduce the gaps between the 
aggregates and matrix [20]. Sharma et al. [21] suggested that using smaller-size aggregates could increase the 
denseness of the packing structure of the concrete which is essential for minimizing voids. Therefore, the 5–6 mm 
diameter of artificial aggregates benefited in this study. The smaller particles result in fewer voids and a more 
homogeneous force distribution across the aggregates, contributing to the overall strength of the concrete 
application. 

Fig. 7 illustrates the effect of water curing on the individual strength of the same sizes of aggregates ranging 
from 5–6 mm, 7–8 mm and 9–10 mm. Water curing significantly enhances the properties of the concrete mix by 
maintaining moisture levels which is crucial for the hydration process of the cement. The 5–6 mm diameter 
aggregates show an improvement in strength in water curing conditions. The application of smaller aggregates 
can facilitate better interaction in the concrete mix, thus promoting superior adherence and coating by the cement. 
These results show a strong bond that can enhance cohesiveness and improve the overall compressive strength 
of the concrete. For the sizes 7–8 mm and 9–10 mm of aggregates, water curing still offers benefits, but the impact 
is less pronounced compared to the 5–6 mm aggregates. Studies conducted by Yu et al. [22] have shown that larger 
aggregate sizes while providing structural support, do not achieve the same level of compactness and particle 
interlocking as smaller ones. However, the water-curing process aids in reducing stress concentrations and 
potential weak points within the aggregate’s matrix, contributing to a more durable concrete mix. 

The phenomenon of achieving the highest strength, particularly when using 5–6 mm diameter aggregates, can 
be attributed to the combined effects of CO2 curing for 3 days and air curing for 25 days. These curing conditions 
significantly influence the short– and long–term strength development of concrete. The initial three days of CO2 
curing likely accelerate the early–age strength development of the aggregates. CO2 curing promotes the formation 
of CaCO3 within the aggregates matrix through a process known as carbonation, resulting in a quicker initial 
strength gain compared to conventional curing methods [23]. Following the initial CO2 curing phase, the 
subsequent 25 days of air curing allow the hydration and carbonation process to continue. During air curing, the 
aggregates are maintained in a controlled environment with optimal humidity and temperature, facilitating 
ongoing chemical reactions that contribute to the material's strength development. This prolonged curing period 
enhances the long–term strength and durability of the aggregates [24]. 

The combined strategy of 3 days CO2 curing followed by 25 days of air curing, especially for 5–6 mm diameter 
aggregates, maximizes concrete strength by leveraging both early–age and long–term curing conditions. This 
approach is further improved by the selection of smaller aggregate sizes, which enhance the concrete mix's 
cohesiveness and compactness. The findings highlight the critical role of careful aggregate selection and curing 
techniques in achieving optimal concrete performance. 
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Fig. 6 Effect of air curing on the individual strength of aggregates of different diameters 
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Fig. 7 Effect of water curing on the individual strength of aggregates of different diameters 

3.2 Aggregate Crushing Value (ACV) 
Fig. 8 shows the aggregate crushing value (ACV) under four different conditions. The first exposure to carbonation 
was critical in the 1 day of CO2 curing followed by 27 days of air curing conditions when the ACV of 23.32% was 
seen. CaCO3 was formed inside the aggregate’s matrix because of the reaction between CO2 and Ca(OH)2 from the 
cement hydration process as follows: 

 

Ca(OH)2 + CO2  CaCO3 + H2O (3) 

 
This method helped to increase mechanical strength through void filling and increased interparticle bonding. 

The air–curing period of 27 days that follows permits continuous hydration and the formation of a tightly bonded 
aggregate structure. In contrast, the ACV of cement-slag artificial aggregate cured in water was slightly higher 
(25.22% and 19.0% for initially 1 and 3 days of CO2 curing, respectively) compared to air curing due to the 
concentration of dissolved CO2 gas in the water lower compared to the concentration of CO2 in the air.  A high 19% 
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ACV value of the artificial aggregate which was seen in the 3 days of CO2 curing followed by 25 days of water curing 
indicating a slight impact of water on the artificial aggregate properties. This finding highlighted that an excessive 
amount of water might change the water–to–cement ratio overall, impacting the hydration process. A high–water 
concentration may cause interparticle bonding to deteriorate, making the aggregates less resistant to crushing. 

It is reported that the curing environment affects the aggregate's mechanical characteristics, and how 
exposure to water may reduce the aggregate's ability to withstand crushing [20]. Nevertheless, the ACV for the 3 
days of CO2 curing followed by 25 days of air curing was quite like the ideal air–cured situation (18.56%). Extended 
exposure to air promoted sustained hydration and carbonation, which resulted in the formation of an aggregate 
structure with a strong link. In this case, CO2-air curing seemed to have a beneficial effect on the crushing 
resistance of the artificial aggregates. The 3 days of CO2 curing followed by 25 days of air curing condition was the 
most advantageous of the examined scenarios. This was proven by the lowest ACV of 18.56%, which indicated 
higher crushing resistance. A well–balanced mix of air curing and carbonation is responsible for this outcome.  

Pang et al. [24] suggested that the aggregate matrix formed CaCO3 because of processes triggered by exposure 
to CO2, which improved the mechanical strength by effectively filling voids and forming interparticle bonds. The 
total curing period of 28 days was essential for continuous hydration, which aids in the formation of a sturdy and 
tightly bonded aggregate structure. As per previous studies [5], a curing time of 28 days is necessary for the best 
possible growth of strength. 

In addition, previous studies by Ibrahim et al. [25] show that the 3 days of CO2 curing followed by 25 days of 
air curing conditions guaranteed ideal moisture management, avoiding an excessive amount of water that might 
weaken crushing resistance. The well–planned fusion of interparticle bonding, prolonged air curing, carbonation–
induced strengthening, and efficient void filling results in a well–bonded aggregate structure that enhances load–
bearing capacity and resistance to crushing pressures. This condition stands out as the finest overall due to its all-
encompassing approach and optimization of several aspects that affect the aggregate's mechanical strength. The 
significance of a precisely customized curing approach in achieving the best aggregate performance for building 
applications was shown by these results.  In summary, it can be stated that complex interactions including 
carbonation effects, air curing advantages, water exposure implications, hydration kinetics, and moisture content 
dynamics all have an impact on the subtle differences in ACV under various curing circumstances. The results 
emphasize the necessity of carefully choosing curing methods to maximize aggregate mechanical strength for 
building applications. 
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Fig. 8 ACV under four different sample conditions 

3.3 Visual Carbonation by Phenolphthalein Solution 
Fig. 9 shows the visual observation of carbonation after spraying phenolphthalein solution on cement-slag 
artificial aggregates after 28 days of CO2–air curing and CO2-water curing; the colour difference was observed 
between both curing regimes. For the cement–slag artificial aggregates subjected to CO2–water curing, the colour 
immediately turns to pink colour after spraying phenolphthalein solution indicating minimal carbonation. Jiang 
et al. [26] stated that the samples with this phenomenon retained their alkaline environment due to the lower 
extent of carbonation. The continuous sample in water curing likely did not facilitate the adsorption of CO2 which 
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maintains the pH of alkaline. In contrast, the cement–slag artificial aggregates subjected to CO2–air curing did not 
change colour after spraying the phenolphthalein solution, indicating the sample achieved full carbonation. This 
phenomenon is due to the reaction of Ca(OH)2 from cement with CO2 which forms stable CaCO3. Additionally, the 
calcium content in GGBS also reacts with CO2 which contributes to the formation of CaCO3 [24], [25]. This 
difference in colour changes was due to the varied curing conditions which CO2 curing followed by air curing 
promoting more extensive carbonation. 
 

 
(a) 

 
(b) 

Fig. 9 Phenolphthalein indication on cement-slag artificial aggregates at different curing regimes (a) CO2-water 
curing (b) CO2–air curing 

3.4 Thermogravimetric Analysis (TGA) 
Among various curing regimes, the artificial aggregate that exhibited the optimum mechanical properties was 
selected for TGA/DTG analysis. Fig. 10(a) shows the TGA and DTG indicating Ca(OH)2 and CaCO3 decomposition 
of aggregate samples with 1 day of CO2 curing followed by 27 days of air curing. Meanwhile, Fig. 10 (b) shows the 
TGA and DTG curve indicating Ca(OH)2 and CaCO3 decomposition of aggregate samples with 3 days of CO2 curing 
followed by 25 days of air curing.  

For Fig. 10(a), the weight loss of 2.35% at the temperature ranging from 463.0 °C to 614.8 °C is attributed to 
the removal of both physically and chemically bound water [26]−[28]. According to Chu et al., these crystals are 
primarily in the form of Ca(OH)₂ [29]. The absence of additional weight loss indicates that the sample is free from 
organic additives or impurities. The primary cementitious components, such as OPC and GGBS, decompose at 
various temperatures, contributing to weight loss. Although some cementitious materials contain carbonates, 
whose decomposition results in weight loss, the extent observed in TGA is not directly proportional to the degree 
of hydration or the quality of the hydration products formed during the curing process. Nonetheless, the weight 
loss of 8.58% at a temperature ranging from 614.8°C to 759.8°C indicated the decomposition of CaCO3. The weight 
percentage of CaCO₃ in the aggregate sample can be estimated using the following equation [26]: 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3  (%) =  𝑚𝑚𝐶𝐶𝐶𝐶2
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

× 𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
𝑀𝑀𝐶𝐶𝐶𝐶2

× 100% (4) 

 
where mCO2 is the product of percentage weight loss due to the decomposition of CaCO₃ with the total mass of 

the sample (in mg), mtotal is the total mass of the sample (in mg), MCaCO3 is the molar mass of CaCO₃ (100.09 g/mol) 
and MCO2 is the molar mass of CO₂ (44.01 g/mol). 

This calculation is based on the principle that upon the decomposition of CaCO₃, CaO remains as a solid residue 
due to its high decomposition temperature, while CO₂ is released which contributed to the significant weight loss. 
From Eqn. 4, the weight percentage of CaCO₃ in the aggregate sample is calculated to be 19.51%. 

 Conversely, the aggregates that underwent 3 days of CO₂ curing followed by 25 days of air curing (as shown 
in Fig. 10(b)) experienced a 2.53% weight loss between 450.6°C and 618.9°C due to the decomposition of Ca(OH)₂. 
The decomposition of CaCO3 is also observed between 618.9°C to 766.0°C which results in 8.60% of weight loss. 
Using the Eqn. 3, the weight percentage of CaCO₃ in this sample is calculated to be 19.56%. This verifies the higher 
formation of CaCO3 with longer CO2 curing duration. 

In cementitious materials such as the artificial aggregates, Ca(OH)₂ and CaCO₃ plays a crucial role in the curing 
process of aggregates. Ca(OH)2 is produced as a byproduct of cement hydration. Because it participates in the 
synthesis of important hydration products like calcium silicate hydrate (C–S–H), this molecule is essential to the 
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curing process. C–S–H has a major role in the durability and strength of aggregates [30]. Throughout the curing 
time, Ca(OH)2 is gradually released, supporting the ongoing synthesis of C–S–H and aiding in the densification and 
reinforcing of the concrete matrix. Furthermore, while it may have an impact on alkalinity, the carbonation of 
Ca(OH)2 to generate CaCO3 can improve the durability of concrete by decreasing permeability and raising material 
density [31]. 
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(b) 

Fig. 10 TGA/DTG curves of artificial aggregate (a) 1 day of CO2 curing followed by 27 days of air curing; (b) 3 
days of day of CO2 curing followed by 25 days of air curing 

4. Conclusions 
This study investigated the influence of CO₂-air and CO₂-water curing regimes on the mechanical and CO₂-
capturing properties of artificial aggregates. The individual crushing strength of the aggregates was compared 
based on size, revealing that aggregates in the 5–6 mm range showed the highest value. Additionally, the ACV 
comparison of selected artificial aggregates showed that artificial aggregates subjected to CO₂-air curing 
consistently demonstrated lower ACV as compared to artificial aggregate that underwent CO₂-water curing, 
confirming higher strength. The phenolphthalein test revealed that artificial aggregates subjected to CO2-air 
curing exhibited full carbonation, while artificial aggregates subjected to CO₂-water curing exhibited lower 
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carbonation as indicated by the changing of aggregates’ colour from grey to pink when phenolphthalein solution 
was sprayed. The TGA/DTG curve of artificial aggregates with 1 and 3 days of CO₂-air curing demonstrated that a 
longer CO₂ curing duration resulted in greater CaCO₃ formation, as evidenced by the larger area under the curve 
in the CaCO₃ decomposition range. The TGA/DTG results supported the findings from the individual crushing 
strength and ACV tests, indicating that extended CO₂ curing improved the mechanical properties of the artificial 
aggregates. Overall, these findings suggest that integrating CO2-air curing process significantly enhances the 
mechanical and CO₂ capturing properties of cement-slag artificial aggregates. The current work may contribute 
to a better understanding of sustainable building materials and their potential applications. 
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