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Abstract

:

In the field of construction materials, the development of fundamental technologies to reduce energy consumption and CO2 emissions, such as manufacturing process improvement and the expanded use of alternative materials, is required. Technologies for effectively reducing energy consumption and improving CO2 absorption and reduction that can meet domestic greenhouse gas reduction targets are also required. In this study, calcium–aluminate–ferrite (CAF), a ternary system of CaO·Al2O3·Fe2O3, was sintered at a low temperature (1100 °C) to examine the possibility of CO2 adsorption, and excellent CO2 absorption performance was confirmed, as the calcite content was found to be 11.01% after 3 h of the reaction between synthetic CAF (SCAF) and CO2. In addition, the physical and carbonation characteristics were investigated with respect to the SCAF substitution rate for cement (10%, 30%, 50%, 70%, and 100%). It was found that SCAF 10% developed a compressive strength similar to that of ordinary Portland cement (OPC 100%), but the compressive strength tended to decrease as the SCAF substitution rate increased. An increase in the SCAF substitution rate led to the rapid penetration of CO2, and carbonation was observed in all the specimens after 7 days. As carbonation time increased, the CO2 diffusion coefficient tended to decrease. This is because the diffusion of CO2 in the cement matrix follows the semi-infinite model of Fick’s second law. SCAF can contribute to reduced energy consumption and CO2 emissions because of the low-temperature sintering and can absorb and fix CO2 when a certain amount is substituted.
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1. Introduction


Since the Paris Climate Change Accord in 2015, countries worldwide have set goals to reduce carbon emissions by >45% compared with 2010 and achieve net-zero by 2050 [1,2]. South Korea declared “net-zero by 2050” and raised the nationally determined contribution (NDC) in 2030 to 40% compared with 2018. According to a press release from the Ministry of Environment (2022), the national greenhouse gas (GHG) emissions in 2021 are expected to be 679.6 million tons, which is an increase of approximately 23 million tons (3.5%) relative to the previous year. The representative industries that generate GHG emissions are the steel, petrochemical, oil refining, and cement industries. They exceed 79% of all industrial GHG emissions and are important for achieving net-zero targets. In particular, the cement industry emitted 0.87 tons of CO2 per ton of cement as of 2000, and 0.53 tons of CO2 are generated by the decarbonization of limestone [3,4].



In the field of construction materials, it is necessary to develop fundamental technologies to reduce energy consumption and CO2 emissions, such as manufacturing process improvement and expanded use of alternative materials, in addition to technologies for effectively reducing energy consumption and improving CO2 absorption and reduction that can meet domestic GHG reduction targets. Research has been actively conducted on the use of blast furnace slag, which is a byproduct of the steel industry, and fly ash, which is a byproduct of coal power plants, as cement substitutes [5,6]; however, they fail to develop compressive strength at early ages compared with cement. Concrete carbonation generally reduces the pH of concrete, causing corrosion of the steel reinforcement embedded in the concrete. Therefore, studies have been conducted on the prediction of the concrete carbonation depth and the inhibition of carbonation [7,8,9,10].



Concrete carbonation has effects such as pore-filling in concrete, densification, and compressive-strength improvement because the carbonation product, that is, CaCO3, has a higher molecular weight than hydrates [11,12,13]. Therefore, positive effects of carbonation on concrete can be expected in ordinary concrete and precast concrete products. Studies have been conducted on the effects of CO2 curing that artificially uses CO2. The representative effects of CO2 curing include porosity reduction, performance-inhibitor blocking, compressive-strength improvement, shrinkage compensation by carbonation, and CO2 reduction due to the reaction with CO2. Previous studies were limited to ordinary Portland cement (OPC) and focused on the rate of increase in the compressive strength, as they were conducted in the early stage of research on CO2 curing [14,15,16]. C4AF, a cement clinker product, underwent a phase change at a sintering temperature of 700–1200 °C and was converted into ferrite in a stable state at the time of cooling after being in an unstable solid solution state with various compositions, such as 2CaO·Fe2O3, 4CaO·Al2O3·Fe2O3, and 6CaO·2Al2O3·Fe2O3 [17]. The CaO·Al2O3·Fe2O3 ternary system is cubic, and its hydration reaction is divided into the C3AH6-C3FH6 series (garnet–hydrogarnet series) and the C4AHn-C4FHn series (hexagonal system); it is known that the hydration reaction by water and the carbonation reaction by CO or CO2 is possible.



Therefore, in this study, we investigated the CO2 absorption and fixation characteristics of synthetic calcium aluminoferrite (SCAF), which was synthesized at a temperature (1100 °C) lower than the cement sintering temperature (1450 °C), resulting from the carbonation reaction. We further examined the characteristics of the cement matrix and CO2 diffusion characteristics with respect to the SCAF substitution rate for cement.




2. Materials and Methods


2.1. Materials


Table 1 presents the physical and chemical properties of the materials used in this study. For the cement, OPC was obtained from Sampyo cement (Samcheck-si, Republic of Korea) and had a density of 3.15 g/cm3 and fineness of 3.475 cm2/g. For the sand used in the mortar, ISO standard sand with a SiO2 content of ≥90 wt.%, a moisture content of ≤0.2 wt.%, and a fineness modulus of 2.65 was employed.



Figure 1 shows the CAF (mixed in molar ratio; CaO, Al2O3, Fe2O3) sintering process and conditions. The mixture was heated at a rate of 10 °C/min until the temperature reached 1100 °C. After 2 h of sintering at a low temperature (1100 °C), the mixture was cooled in a furnace to room temperature and pulverized with a ball mill to produce SCAF.




2.2. Methods


2.2.1. Carbonation Characteristics of SCAF


A carbonation test was conducted to evaluate the CO2 reactivity of the SCAF. In the test, SCAF was dispersed in water (binder: water = 1:1) to convert it into a slurry state and subjected to a gas–liquid (wet method) reaction with CO2, as shown in Figure 2. The reaction time for CO2 was set at 30 min, 1 h, 3 h, and 6 h. Each time, samples for analysis were collected, and their crystal structures were examined via a qualitative X-ray diffractometer (Rigaku, D/Max-2500 V, Tokyo, Japan scan range: 5 °–80 ° accelerating voltage: 40 kV, 200 mA; scan speed: 2 °/min; target: Cu) analysis (5 °/min). In addition, the hydrates generated through carbonation were subjected to a thermal analysis using an STA409PC Luxx instrument (Netzsch, Selb, Germany). For the thermogravimetry differential thermal analysis (TG-DTA), the temperature was increased at 10 °C/min from room temperature to a maximum value of 1000 °C, and the calcite content was measured in a nitrogen (N2) atmosphere to calculate the amount of adsorbed CO2.




2.2.2. Effects of SCAF Carbonation on the Properties of Cement Matrix


A test was conducted to examine the material properties of the cement matrix and CO2 diffusion for the matrix with the substitution of SCAF by setting the SCAF substitution rate at 10%, 30%, 50%, 70%, and 100%, as shown in Table 2. The cement-to-sand ratio was set at 1:3, and the water-to-cement (W/C) ratio was set at 0.5.



To investigate the compressive-strength characteristics with respect to the SCAF substitution rate, prismatic specimens with dimensions 40 × 40 × 160 mm were prepared in accordance with ASTM C 109 [18]. The specimens were subjected to dry curing (20 ± 1 °C, 60% ± 5% RH) until their compressive strengths were measured. The flexural strength was first measured according to age, and then the compressive-strength test was conducted using the broken specimens. In addition, the porosity was measured by mercury intrusion porosimetry to examine the pore structures in the hydrates. The carbonation test was conducted in accordance with KS F 2584 [19] (“Standard Test Method for Accelerated Carbonation of Concrete”), and 40 × 40 × 160 mm specimens for carbonation were prepared by setting the water/binder ratio at 0.5, with a sand/binder ratio of 3. The specimens were subjected to water curing at 20 ± 2 °C for 28 d. They were then cured in a constant-temperature and humidity chamber with a humidity of 60% ± 5% and temperature of 20 ± 2 °C. The pouring surface, the bottom surface, and both sides were coated three times using epoxy resin to block CO2. The specimens were subjected to carbonation tests using two methods. First, they were cured for different ages (3, 28, and 91 days) in a vacuum desiccator with a humidity of 60% ± 5%, temperature of 20 ± 2 °C, and CO2 gas concentration of 100%. Second, they were exposed to the atmosphere, and measurements were performed according to their age (3, 28, and 91 days) to examine the carbo reaction caused by the adsorption of CO2 in the atmosphere. Regarding the test surface preparation and measurement method, the specimens were cut to a size of 40 × 40 × 10 mm. The cut surface was sprayed with a 1% phenolphthalein solution and the change in color of the surface to purple was measured in accordance with KS F 2596 [20] (“Method for Measuring Carbonation Depth of Concrete”). Figure 3 shows the accelerated-carbonation experimental setup.






3. Results and Discussion


3.1. Characteristics of SCAF


The SCAF had a density of 3.52 g/cm3, and its fineness after pulverization was 3117 cm2/g. Figure 4 shows the X-ray diffraction (XRD)–Rietveld analysis results for the SCAF, which consisted of 50.8 wt.% srebrodolskite (Ca2Fe2O5), 16.5 wt.% mayenite (Ca12Al14O33), 11.5 wt.% krotite (CaAl2O4), unreacted alumina, and calcium oxide.




3.2. Carbonation Characteristics of SCAF


Figure 5 shows the crystalline phase analysis results for the reaction hydrates at different reaction times (30 min, 1 h, 3 h, and 6 h) after the SCAF powder was dispersed in water to convert it into a slurry state and cause the gas–liquid (wet method) reaction with CO2. After 3 h of carbonation, numerous hydrates were generated by the reaction between SCAF and CO2, including calcite, calcium carboaluminate compounds (CAC(Ca4Al2O6CO3·11H2O) and CACH(Ca4Al2O6CO3·11H2O)), and calcium carboaluminoferrite compounds (CFC(Ca4Al2Fe2O12CO3(OH)2·22H2O)). In addition, the peak intensity of lime stopped decreasing as the carbonation reaction time increased. This appeared to be because the CaO that remained in the SCAF compounds contributed to the generation of CaCO3 by the carbonation reaction. In particular, the peak intensity of CaCO3 was strong after 3 h of carbonation. After 6 h of the carbonation reaction, the peak intensity was further increased. The intensities of the peaks corresponding to CAC and CFC crystals, i.e., calcium carbo compounds, increased with the reaction time. This indicated that SCAF generates calcite and calcium carbo compounds through the reaction with CO2 and that the carbo reaction becomes more active over time. Because SCAF generates calcite and calcium carbo compounds by adsorbing CO2 as a result of the carbo reaction, it is applicable as a CO2 absorption and CO2 fixation material.



After SCAF was dispersed in water to convert it into the slurry state and cause the gas–liquid (wet method) reaction with CO2, sampling was performed according to the CO2 reaction time, and TG-DTA was conducted to examine the adsorbed amount of CO2. Table 3 presents the weight loss for each of the three temperature sections. The first section corresponds to the weight lost by the decomposition of water, and the second section corresponds to the weight lost by Ca(OH)2. Finally, the third section corresponds to the weight loss in the 700–900 °C range, which is the typical thermal decomposition characteristic of calcite generated through the absorption of CO2 by the hardened body of SCAF. In the first section, corresponding to the weight lost by the decomposition of H2O, the loss of water from the generated compound decreased as the carbonation reaction time increased. The amount of Ca(OH)2 that decomposed in the second section also decreased. However, the amount of thermal decomposition in the third section increased. This indicates that the carbonation of SCAF interferes with the absorption of H2O or its reaction in the presence of CO2. The weight loss in the third section was caused by the thermal decomposition of CaCO3 generated by the carbonation reaction, indicating that the amount of CaCO3 generated increased with the carbonation reaction time.



According to Duguid et al., supercritical CO2 (scCO2) and water under certain conditions form a two-phase system composed of wet scCO2, a phase rich in scCO2, and a water-rich phase (CO2-saturated aqueous solution) because they can dissolve in each other without being mixed [21]. Therefore, cementitious materials can be exposed to CO2-saturated aqueous solutions, wet scCO2, or their combination. In this case, CO2 is dissolved in water to form carbonic acid, which forms calcium carbonate in cementitious materials. The CAF used in this study was a cementitious material, and it was determined that calcium carbonate was generated by the carbonation reaction of SCAF owing to exposure to the CO2-dissolved aqueous solution in the carbonation reaction, even though it was not supercritical CO2.




3.3. Effects of SCAF Carbonation on the Cement Matrix


3.3.1. General Properties


The compressive strengths at each age (3, 7, and 28 days) were measured and compared for the reference OPC mixture (P) and SCAF substitution rates of 10%, 20%, 30%, 50%, 70%, and 100%, as shown in Figure 6.



As the SCAF substitution rate increased, the compressive strength at each age tended to decrease. SCAF 10% developed a similar strength to 100% OPC (P). However, at substitution rates of 20%, 50%, and 70%, the compressive strength ranged from 50% to 2.3% of that of 100% OPC at 3 days of age and from 70% to 2.3% at 28 days. In the case of SCAF 100%, almost no strength developed at 3 and 28 days of age. Thus, the compressive strength decreased rapidly as the SCAF content increased. This indicates that the strength development due to the hydration reaction is insignificant for SCAF and that SCAF has no hardening characteristics due to the hydration reaction. To evaluate the pore structure characteristics with respect to the SCAF content, the pore-size distribution at 28 days of age was analyzed for the 100% OPC, SCAF 10%, and SCAF 100% specimens. The porosity of the cement was 23.76% at 28 days, whereas those of the SCAF 10% and SCAF 100% specimens were higher (40.12% and 52.84%, respectively).



Figure 7 shows the pore-size distributions for each specimen. SCAF 100% contained more capillary pores (≥50 nm) and fewer mesopores (4.5–50 nm) and gel micropores (3.0–4.5 nm) than the 100% OPC and SCAF 10% specimens. SCAF 100% exhibited a high porosity owing to the evaporation of a large amount of residual water that could not contribute to the hydration reaction. The presence of such pores facilitates the penetration or diffusion of CO2 during the carbonation reaction.




3.3.2. Penetration and Diffusion of CO2 in Cement Matrix Containing SCAF Compounds


After the carbonation test, the area of the specimen was largely divided into two areas: (1) a colorless area in which carbonation occurred along with the consumption of hydroxyl ions when Ca(OH)2 reacted with CO2 to form CaCO3, and (2) a purple area without a carbonation reaction in which hydroxyl ions that did not react with existing CO2. The carbonation depth by age was measured for each specimen, and the results are presented in Table 4.



Carbonation was performed using an accelerated method. Carbonation hardly occurred in the 100% OPC (P) specimen and in the cases where a small amount of SCAF was added. As the SCAF content increased, rapid carbonation occurred at an early stage. For the ordinary cement with no SCAF and the cement matrix containing a small amount of SCAF compounds, it appeared that the penetration or diffusion of CO2 due to accelerated carbonation was hindered because the density of the matrix was increased by the generation of calcium silicate hydrates, calcium aluminate hydrate, ettringite, or monosulfate owing to the active hydration of cement. This formed a two-phase system composed of wet scCO2, a phase rich in scCO2, and a water-rich phase (CO2-saturated aqueous solution), as reported by Duguid et al. [21]. Therefore, according to the theory that cementitious materials can be exposed to a CO2-saturated aqueous solution, wet scCO2, or both, in which CO2 is dissolved in water to form carbonic acid, and that carbonic acid forms calcium carbonate in cementitious materials, it is judged that hardened cement resists the penetration and diffusion of CO2 in the early stage of carbonation, but occur through the pores in hardened cement after a certain period of time. When the SCAF substitution rate was ≥30%, CO2 penetrated more rapidly as the substitution rate increased, and all the specimens were carbonated at 7 days of age. In the case of accelerated carbonation, carbonation occurred rapidly because the CO2 concentration was high. In general, cement hydrates are carbonated through reactions with CO2 in the atmosphere, and the types of reactions are presented in Table 5. For these reactions, carbonation occurs after the hydration of cement, indicating that the penetration and diffusion of CO2 in the cement matrix proceed after the occurrence of hydration at a certain age.




3.3.3. CO2 Diffusion Coefficient Calculation


The theory of diffusion follows Fick’s law. Fick’s second law describes the changes in the concentration of the diffusing solute at a position over time based on the first law. Therefore, it considers changes in the concentration of a sample at a given position over time. As for diffusion in the cement matrix where carbonation proceeds, the concentration increase in the unit area over time can be explained by the difference between the inflow and outflow volume fluxes according to Equation (1). Here, Fin represents the mass of incoming CO2, and Fout represents the mass of outgoing CO2. ΔC represents the amount of calcium carbonate (excluding CaO), combined during carbonation.


    F   i n   =   F   o u t   + ∆ C  



(1)







Fick’s second law quantifies diffusion in a specimen as the change in concentration over time. The concentration of the diffusion component decreases as the distance from the surface (x) increases, and increases over time at a given position of X. The mathematical solution to Fick’s second law can be expressed using Equation (2), which is limited by the boundary condition. The concentration at time t(C(x, t)) at a given distance x can be calculated using Equation (3), which uses the error function for diffusion in a semi-infinite solid.


    d C   d t   = D     d   2   C     d X   2      



(2)






      C   x       C   0     = 1 − e r f     X     D t   2        



(3)







When the surface concentration C0 and the concentration at distance X (CX) are known, the diffusion coefficient D can be calculated using Equation (4).


    X   1   = k  D t   



(4)







Table 6 presents the diffusion coefficients according to the CO2 penetration depth. As shown in the figure, the diffusion coefficient was large in the early stage of carbonation but decreased over time. This indicates that the diffusion of CO2 in the cement matrix closely follows a semi-infinite model of Fick’s second law. Thus, the diffusion of CO2 due to penetration is easy in the early stage of carbonation, but it is slowed by the filling of pores by carbonation products over time.



According to these research results, SCAF can contribute to a reduction in CO2 emissions through energy savings because it can be sintered at a lower temperature (1100 °C) than cementitious compounds or cement (1450 °C). SCAF is also expected to contribute to the absorption and fixation of CO2 when a certain amount is substituted. The use of CAF compounds may cause degradation of properties, such as the compressive strength, but this can be improved through optimal mix design.






4. Conclusions


We investigated the carbonation potential of SCAF together with the physical and carbonation characteristics according to the substitution of SCAF for cement, and the following results were obtained.




	
The SCAF was prepared via low-temperature sintering (1100 °C). Its density was 3.52 g/cm3 and its fineness after pulverization was 3117 cm2/g. The main crystalline phases were srebrodolskite (Ca2Fe2O5), mayenite (Ca12Al14O33), krotite (CaAl2O4), unreacted alumina, and CaO.



	
When wet carbonation was performed to evaluate the carbonation potential of SCAF, the calcite content rapidly increased to 11.01% after 3 h of the carbonation reaction, confirming that SCAF has a CO2 absorption and fixation effect.



	
When SCAF was substituted for 10% of cement, the compressive strength was equal to that of the 100% OPC (P) specimen. However, as the SCAF substitution rate increased, the compressive strength tended to decrease.



	
SCAF 100% contained more capillary pores and fewer mesopores and gel micropores than the 100% OPC (P) and SCAF 10% specimens. CAF 100% exhibited a high porosity owing to the evaporation of a large amount of residual water that could not contribute to the hydration reaction.



	
Carbonation hardly occurred in the 100% OPC (P) specimen and in cases where a small amount of SCAF was added. However, as the SCAF content increased, rapid carbonation occurred at an early stage.



	
The diffusion coefficient decreased as the carbonation time increased. This indicated that the diffusion of CO2 in the cement matrix closely follows a semi-infinite model of Fick’s second law.








SCAF can contribute to reducing energy consumption and CO2 emissions because of the low-temperature sintering and can absorb and fix CO2 when a certain amount is substituted. Further research is needed to evaluate the durability of the cement matrix with the substitution of SCAF for cement.







Author Contributions


Conceptualization, M.-S.S.; methodology, S.-M.K.; investigation, W.-G.L.; data curation, W.-G.L. and S.-M.K.; writing—original draft, W.-G.L.; supervision, M.-S.S.; funding acquisition, M.-S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Land, Infrastructure, and Transport/Korea Agency for Infrastructure Technology Advancement (No. 21CTAP-C163942-01).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors dec Seoung-Min Kang is currently employed by KC Green Material Co., Ltd. while contributing to this manuscript, His contributions to this work and manuscript were made independently without and requirement, guidance or input by my employer. He received no financial compensation from any source for the contributions He made to the scientific work and manuscript.




References


	



Bae, S.C.; Moon, J.H.; Nam, J.S. Global status of cement concrete carbon neutrality. Mag. Korea Conctre Institure 2022, 34, 50–57. [Google Scholar]

	



Kim, I.; Seol, S.Y.; Kim, H.S.; Lee, J.Y. Comparison of environmental performance for 3 types of cement by EU PEF Guide. Korean J. LCA 2020, 21, 2326. [Google Scholar]

	



Scrivener, K.L.; Kirkpatrick, R.J. Innovation in use and research on cementitious material. Cem. Concr. Res. 2008, 38, 128–136. [Google Scholar] [CrossRef]

	



Chen, C.; Habert, G.; Bouzidi, Y.; Jullien, A. Environmental impact of cement production: Detail of the different processes and cement plant variability evaluation. J. Clean. Prod. 2010, 18, 478–485. [Google Scholar] [CrossRef]

	



Ahn, N.S.; Lee, J.H.; Lee, Y.H. Sulfate attack according to the quantity of composition of cement and mineral admixtures. J. Korea Inst. Build. Constr. 2021, 11, 547–556. [Google Scholar] [CrossRef]

	



Hwang, K.R. Current technical tendency of concrete using fly ash. Mag. Korea Concr. Inst. 2002, 14, 96–103. [Google Scholar]

	



Papadakis, V.G.; Fardis, M.N.; Vayenas, C.G. Hydration and carbonation of pozzolanic cements. ACI Mater. J. 1992, 89, 119–130. [Google Scholar]

	



Lee, S.H.; Lee, S.B.; Lee, H.S. Study on the evaluation CO2 emission absorption of concrete in the view of carbonation. J. Korea Concr. Inst. 2009, 21, 85–92. [Google Scholar] [CrossRef]

	



Yoon, I.S. Analytical modeling for microstructural permeability coefficient of (Non)carbonated concrete. J. Korea Concr. Inst. 2009, 21, 255–264. [Google Scholar] [CrossRef]

	



Lee, Y.; Kwon, S.J.; Park, K.T. Simplified carbonation model considering Ca(OH)2 solubility and porosity reduction. J. Korea Inst. Struct. Maint. Insp. 2015, 19, 128–138. [Google Scholar]

	



Ramlee, N.S.; Sabah, S.U.A.; Juki, M.I. Effect of carbonation on concrete strength: A systematic review. Recent Trends Civ. Eng. Built Environ. 2021, 2, 388–396. [Google Scholar]

	



Merah, A.; Krobba, B. Effect of the carbonatation and the type of cement (CEM I, CEM II) on the ductility and the compressive strength of concrete. Constr. Build. Mater. 2017, 148, 874–886. [Google Scholar] [CrossRef]

	



You, K.P.; Jeong, H.S.; Hyung, W.I. Effects of accelerated carbonation on physical properties of mortar. J. Asian Archit. Build. Eng. 2014, 13, 217–221. [Google Scholar] [CrossRef]

	



Liu, L.; Liu, Y.; Tian, X.; Chen, X. Superior CO2 uptake and enhanced compressive strength for carbonation curing of cement-based materials via flue gas. Constr. Build. Mater. 2022, 346, 12836. [Google Scholar] [CrossRef]

	



Jia, X.; Ling, T.C.; Mehdizadeh, H.; Kim, H.M. Impact of CO2 curing on the microhardness and strength of 0.35 w/c cement paste: Comparative study of internal/surface layers. J. Mater. Res. Technol. 2020, 9, 11849–11860. [Google Scholar] [CrossRef]

	



Ashraf, W. Carbonation of cement-based materials: Challenges and opportunities. Constr. Build. Mater. 2016, 120, 558–570. [Google Scholar] [CrossRef]

	



Elmer, T.C. Action of water on calcium aluminoferrites. J. Res. Natl. Bur. Stand. Sect. A Phys. Chem. 1964, 68, 456–463. [Google Scholar]

	



ASTM C 109; Standard Test Method for Compressive Strength of Hydraulic Cement Mortars. ASTM International: West Conshohocken, PA, USA, 2008.

	



KS F 2584; Standard Test Method for Accelerated Carbonation of Concrete. Korea Standard Association: Seoul, Republic of Korea, 2020.

	



KS F 2596; Method for Measuring Carbonation Depth of Concrete. Korea Standard Association: Seoul, Republic of Korea, 2019.

	



Duguid, A.; Scherer, G.W. Degradation of oilwell cement due to exposure to carbonated brine. Int. J. Greenh. Gas Control 2010, 4, 546–560. [Google Scholar] [CrossRef]

	



Peter, M.A.; Muntean, A.; Meier, S.A.; Böhm, M. Competition of several carbonation reactions in concrete: A parametric study. Cem. Concr. Res. 2008, 38, 1385–1393. [Google Scholar] [CrossRef]








[image: Materials 16 07344 g001] 





Figure 1. SCAF sintering process. 
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Figure 2. Carbonation method. 
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Figure 3. Accelerated-carbonation experimental system. 
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Figure 4. XRD pattern of the SCAF. 
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Figure 5. XRD patterns for carbonation with the wet method. 
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Figure 6. Compressive strength with respect to the SCAF substitution rate. 
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Figure 7. Pore-size distribution of paste with SCAF. 
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Table 1. Chemical and physical properties of materials.
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Component (wt.%)

	
Materials




	
OPC

	
SCAF






	
Chemical

	
SiO2

	
20.5

	
3.38




	
Al2O3

	
5.0

	
10.49




	
Fe2O3

	
3.4

	
30.44




	
CaO

	
62.3

	
53.0




	
MgO

	
3.6

	
0.5




	
SO3

	
2.1

	
1.49




	
Loss on ignition

	
2.4

	
·




	
Physical

	
Blaine (cm2/g)

	
3475

	
3117




	
Specific gravity (g/cm3)

	
3.15

	
3.52











 





Table 2. Mixing design.
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Sample No.

	
Label

	
Binder (%)

	
Paste Ratio




	
OPC

	
SCAF

	
Sand/Binder

	
Water/Binder






	
1

	
P

	
100

	
0

	
3

	
0.5




	
2

	
SCAF10

	
90

	
10




	
3

	
SCAF30

	
70

	
30




	
4

	
SCAF50

	
50

	
50




	
5

	
SCAF70

	
30

	
70




	
6

	
SCAF100

	
0

	
100











 





Table 3. Weight loss for different temperature sections according to the carbonation time.
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	Reaction Time
	First Section 100–200 °C
	Second Section 350–500 °C
	Third Section 600–900 °C





	30 min
	6.32
	7.27
	2.82



	1 h
	5.89
	7.14
	4.28



	3 h
	4.97
	6.34
	11.01



	6 h
	2.27
	6.12
	12.93










 





Table 4. Carbonation depth (mm) in accelerated carbonation.






Table 4. Carbonation depth (mm) in accelerated carbonation.





	

	
Accelerated Carbonation




	
3 Days

	
28 Days

	
91 Days






	
P

	
0

	
0

	
0




	
SCAF10

	
5.21

	
5.41

	
0




	
SCAF30

	
10.15

	
40.00

	
40.00




	
SCAF50

	
35.21

	
40.00

	
40.00




	
SCAF70

	
40.00

	
40.00

	
40.00




	
SCAF100

	
40.00

	
40.00

	
40.00











 





Table 5. Carbonation in cement hydration [22].






Table 5. Carbonation in cement hydration [22].





	1. Carbonation of calcium silicate hydrate

 3CaO·SiO2·3H2O+CO2→3CaCO3+2SiO2+3H2O



	2. Carbonation of calcium hydroxide

 Ca(OH) 2→CaCO3+H2O



	3. Carbonation of ettringite

 3CaO·Al2O3·3CaSO4·32H2O+3CO2→3CaCO3+2Al(OH)3+3CaSO4·H2O+32H2O



	4. Carbonation of fredelitis

 3CaO·Al2O3·CaCl2·10H2O+3CO2→3CaCO3+2Al(OH)3+3CaCl2+29H2O










 





Table 6. Carbonation coefficient in accelerated carbonation.






Table 6. Carbonation coefficient in accelerated carbonation.





	

	
Curing Age




	
3 Days

	
28 Days

	
91 Days






	
P

	
0.00

	
0.00

	
0.00




	
SCAF10

	
7.96

	
2.71

	
0.00




	
SCAF30

	
15.50

	
20.00

	
11.09




	
SCAF50

	
53.78

	
20.00

	
11.09




	
SCAF70

	
61.10

	
20.00

	
11.09




	
SCAF100

	
61.10

	
20.00

	
11.09
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