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Abstract

:

As a major steel producer, China is now eager to develop feasible solutions to recycle and reuse steel slag. However, due to the relatively poor hydration activity of steel slag, the quantity of steel slag used as a supplemental binder material is limited. In order to improve the cementitious properties of steel slag, the strength and carbonation degree of the high-content steel slag powder–cement–metakaolin composite cementitious material system under CO2 curing conditions were investigated. The compressive strengths of the mortar specimens were tested and compared. The carbonation areas were identified and evaluated. A microscopic analysis was conducted using X-ray diffraction (XRD), thermogravimetry analysis (TG), and scanning electron microscopy (SEM) to reveal the chemical mechanisms. The results showed that CO2 curing significantly increased the early strength as the 3D compressive strength of the specimens increased by 47.2% after CO2 curing. The strength of the specimens increased with increasing amounts of metakaolin in a low water-to-binder ratio mixture. The 3D compressive strength of the specimens prepared with 15% metakaolin at a 0.2 water-to-binder ratio achieved 44.2 MPa after CO2 curing. Increasing the water-to-binder ratio from 0.2 to 0.5 and the metakaolin incorporation from 0% to 15% resulted in a 25.33% and 19.9% increase in the carbonation area, respectively. The calcium carbonate crystals that formed during carbonation filled the pores and reduced the porosity, thereby enhancing the strength of the mortar specimens. The soundness of the specimens after CO2 curing was qualified. The results obtained in the present study provide new insight for the improvement of the hydration reactivity and cementitious properties of steel slag powder.
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1. Introduction


With the rapid development of the steel industry, China has become the largest steel producer worldwide. Steel slag is a by-product produced during the steel-making process, accounting for approximately 15–20% of the total steel production [1,2]. In 2021, steel slag production in China reached 120 million tons with a cumulative stockpile of over 800 million tons [3]. However, the comprehensive utilization rate is only 30% [4,5]. Mostly, steel slag is disposed of at landfills as solid waste, occupying land resources and causing environmental issues, since steel slag contains a variety of heavy metals which can contaminate soil and underground water after leaching [3,6]. The steel industry is eager to develop practical, economical, and environmentally friendly approaches to reuse steel slag.



Steel slag contains potential cementitious components such as dicalcium silicate (C2S), tricalcium silicate (C3S), tetracalcium aluminoferrite (C4AF), and other minerals [7,8]. However, a large number of highly hydrated active minerals in steel slag decompose or transform during the production procedures due to the high temperatures (1600–1700 °C) and slow cooling process [9]. Moreover, the presence of non-reactive components, such as the divalent metal oxide solid solution (RO phases), further reduces the hydration activity of steel slag [10]. In addition, free calcium oxide (f-CaO) and free magnesium oxide (f-MgO) in steel slag continue to hydrate after cement hardening and cause volume expansion, expansion, and cracking damages, which were often noticed when utilizing steel slag as construction materials [11]. Therefore, proper treatments have to be conducted in order to improve the usage of steel slag in construction applications.



On the other hand, steel slag is highly carbonation active owing to the presence of f-CaO, f-MgO, C3S, and C2S, which would react with CO2 and form carbonates [1,12,13]. Compared to standard curing, carbonization curing can effectively improve the strength and durability of steel slag powder specimens [14,15,16,17,18,19]. Zhang et al. [14] found that carbonization can improve the early strength of the specimens and that carbonation improved the compressive strength of ladle steel slag and electric arc furnace steel slag binders by 48.1 MPa and 25 MPa, respectively, compared to conventional hydration, reaching a 12-h paste strength of 52.8 MPa and 27 MPa, respectively. Park and Chang et al. [15,16] found that carbonation curing can effectively reduce the drying shrinkage and water absorption of steel slag concrete and improve its resistance to sulfate attacks. Polettini et al. [20] found that the carbonization reaction of steel slag products was closely related to the CO2 concentration, carbonization pressure, and carbonization time. They also noted that increasing the CO2 concentration and carbonization pressure can increase the rate of diffusion and dissolution of CO2 in the specimens as well as increase the early carbonation reaction rate of the specimens. Mo et al. [1,21,22,23,24] used CO2 gas (≥99.9%) to cure steel slag products and reported that abundant CaxMg1-xCO3 was formed after carbonation, which contributed to the porosity reduction and strength enhancement of the specimens. Meanwhile, the soundness of the steel slag was improved due to the consumption of f-CaO and f-MgO during carbonation. Chen et al. [25] reported that steel slag absorbed CO2 equivalent to 12% of its own mass through a 1 h carbonation with 99.9 vol% CO2, indicating that the utilization of steel slag for CO2 sequestration as a building material was a feasible approach towards carbon neutralization. At present, the content of steel slag powder used as cementitious material is generally low. However, in a high CO2 concentration, a protective film of CaCO3 will form on the surface of the specimens, hindering internal carbonization [20,26]. Increasing the content of steel slag powder and the carbonization effect of the specimens was the focus of current research.



Metakaolin is a metastable amorphous silicoaluminate compound with fine particles and pozzolanic activity with filling effects. Currently, steel slag–metakaolin systems are mostly found in geopolymers [27,28,29]. Furlani et al. [27] found that geopolymers containing 40 wt% steel slag powder and 60 wt% metakaolin had the best strength. The Ca released from steel slag powder could facilitate the formation of C-A-S-H and C-S-H gels, which could fill the voids and bond the adjacent solid phase together, increasing the strength of the geopolymer [28]. Huang et al. [30] investigated the effect of metakaolin on a steel slag powder–cement-based cementitious system under steam curing conditions. The results showed that metakaolin greatly improved the strength of the steel slag powder–cement composite cementitious system. Metakaolin improved the carbonation of cementitious materials [31,32]. However, limited research was conducted on the correlation between the strength and carbonation degree of the high-content steel slag powder–cement–metakaolin composite material system under CO2 curing conditions.



In the current literature, the content of steel slag powder is generally low, and the utilization of steel slag is limited. This study aims to solve the problem of low-strength high-content steel slag specimens by adding metakaolin to improve the strength and carbonation effect of the specimens, heighten the usage of steel slag in cement-based cementitious materials, and therefore, increase the recycling ratio of steel slag. The strength, CO2 sequestration, and soundness of the mortar specimens were tested and compared. The pore structures, carbonation products, carbonation area, and morphology were analyzed.




2. Materials and Methods


2.1. Raw Materials


A P·O 42.5 ordinary Portland cement (PC) was provided by Ningbo Hailuo Cement Co., Ltd., Ningbo, Zhejiang, China, with a specific surface area of 365 m2/kg, a density of 3.1 g/cm3, and a loss on ignition value of 2.2%. The steel slag powder (SS) was provided by Hebei Jingye Steel Co., Ltd., Shijiazhuang, Heibei, China. It was a yellowish-brown powder with an average particle size of 74 μm (Figure 1a). The metakaolin (MK) was provided by Hunan Chaopai Metakaolin Co., Ltd., Changsha, Hunan, China. It was a white powder with an average particle size of 2 μm and a specific surface area of approximately 25,000 m2/kg (Figure 1b). The mineral compositions of the steel slag powder are shown in Figure 2. The chemical compositions of Portland cement, steel slag powder, and metakaolin are shown in Table 1.



The sand was an ISO standard sand (GB/T17671-2021 [33]). The water-reducing agent that was used was a polycarboxylate superplasticizer with a water-reducing rate of ≥20%. Tap water was used as the mixing water. The dosage of the water-reducing agent was adjusted during mixing to ensure the consistent flowability of the different mixtures.




2.2. Sample Preparation


The mortar specimens with a dimension of 40 × 40 × 160 mm were prepared according to the mix proportions listed in Table 2. The steel slag powder content was fixed at 50 wt% with the cement and metakaolin in different proportions. The cement content was set at 50%, 45%, 40%, and 35% and the metakaolin content was set at 0%, 5%, 10%, and 15% accordingly. The water-to-binder ratio was set at 0.2, 0.3, 0.4, and 0.5. The sand-to-binder ratio was fixed at 2. In total, 16 different mix proportions were prepared.



Firstly, the mixtures were cast and cured in a climate chamber with a relatively humidity of 60 ± 5% and a temperature of 20 ± 2 °C for 24 h. Secondly, the mortar specimens were demolded and placed in a drying oven at a temperature of 30 °C for 24 h to remove the excess moisture. Finally, the specimens were cured in a carbonation chamber with a relatively humidity of 70 ± 5%, a temperature of 20 ± 2 °C, and a CO2 concentration of 90 ± 2% for 24 h. Tests were conducted on the specimens both before and after carbonation. The word C in MK0-2-C denotes after carbonation.




2.3. Test Method


2.3.1. Compressive and Flexural Strength


The flexural and compressive strength tests were conducted according to the GB/T 17671-2021 [33] by using a universal testing machine. The flexural strength loading rate was set at 50 N/s and the compressive strength loading rate was set at 2.4 kN/s. Three identical specimens were prepared and the test results were averaged. The strength development rate after CO2 curing was calculated using Equation (1).


  r =    σ c  −  σ 0     σ 0    × 100 %  



(1)




where r is the strength development rate after CO2 curing (%);    σ 0    is the 2D strength of the specimen before CO2 curing (MPa); and    σ c    is the 3D strength of the specimen after CO2 curing (MPa).




2.3.2. Carbonated Area


The carbonated area was indicated by spraying a 1 wt% of phenolphthalein alcoholic solution evenly upon the cross-section of the specimen. The carbonated area was identified by coloring a range on the cross-section after 30 s. The phenolphthalein staining image was processed and analyzed using the image analysis software Image J 1.8.0 to calculate the ratio of the carbonated area according to Equation (2). The area recognition process is shown in Figure 3.


   Percentage   of   carbonized   area  =    Area   of   carbonized   area     Total   cross  −  sectional   area     



(2)








2.3.3. Soundness


The specimens with water-to-binder ratios of 0.3 were selected for soundness testing. The soundness of the specimens before and after CO2 curing was tested using the Le Chatelier soundness test according to the GB/T1346-2011 [34] (Figure 4). The volume expansion of the specimens in the Le Chatelier test after boiling increased the opening distance of the Le Chatelier. The soundness of the specimens could be characterized according to the opening distance of the Le Chatelier.




2.3.4. Pore Structures


The pore structure was tested using the evaporable water content method [35]. The specimens with water-to-binder ratios of 0.3 and 0.4 were selected for testing. The total porosity (   P 0   ) and the porosity (   P 1   ) of large pores (>30 nm) were calculated using Equations (3) and (4). The difference between these two values was the porosity (   P 2   ) of small pores (≤30 nm), given by Equation (5).


   P 0  =    ρ c     M 0  −  M 2       M 0   ρ W    × 100 %  



(3)






   P 1  =    ρ c     M 0  −  M 1       M 0   ρ W    × 100 %  



(4)






   P 2  =  P 0  −  P 1   



(5)




where    ρ c    is the density of the specimen (g·cm3);    ρ W    is the density of water (g·cm3);    M 0    is the mass of the specimen after 48 h of vacuum water saturation;    M 1    is the mass of the specimen after drying in a desiccator for 28 days to constant weight; and    M 2    is the mass of the specimen dried at 105 °C for 48 h to constant weight.




2.3.5. Carbonation Products


The samples were collected at a depth of 0~5 mm in the surface area of the specimen. The samples were ground to pass through a 200 mesh standard sieve. The carbonated product content was tested using a thermogravimetric analysis (TG-DTG) at a temperature range from 25 °C to 1000 °C with a heating rate of 10 °C/min under nitrogen atmosphere protection.




2.3.6. Microstructure


The samples described in Section 2.3.5 were firstly put into anhydrous ethanol to stop hydration and dried in a vacuum drying oven at 60 °C for 48 h before testing. The microscopic morphology was observed using a scanning electron microscope (SEM-EDS) device(COXEM Co., Ltd., Seoul, Republic of Korea).






3. Results and Discussion


3.1. Compressive and Flexural Strength


The flexural strength, compressive strength, and strength development rate of the specimens are presented in Figure 5. It was noticed that the strength of all the specimens improved after 24 h of carbonation. The greatest enhancement in the compressive strength was 47.2%. It was due to the formation of CaCO3 after carbonation, which filled the pores and created a more compact microstructure. Additionally, CaCO3 had a higher microhardness compared to mineral clinker, which also enhanced the strength of the specimens [36,37,38].



Figure 5 shows that the strength development rate after carbonation was directly proportional to the amount of metakaolin incorporation under the same water-to-binder ratio. When the water-to-binder ratio was 0.5, increasing the metakaolin content from 0% to 15% resulted in an increase in the compressive strength development rate from 32.3% to 47.2%. Since the active components in metakaolin reacted with the Ca(OH)2 in the hydration products, they generated more C-S-H, which increased the dissolution of Ca2+ and benefited the carbonation reaction of the system [39,40]. Moreover, the pore-filling effect of the small particles of metakaolin was also beneficial to the system [30]. This filling effect was more noticeable at low water-to-binder ratio conditions. When the water-to-binder ratio was 0.2, increasing the metakaolin content from 0% to 15% resulted in an increase in the compressive strength from 39.2 MPa to 44.2 MPa. However, the strength of the specimens was reduced at high water-to-binder ratios due to the decreased hydration products.



As shown in Figure 5, the strength development rate after carbonation was directly proportional to the water-to-binder ratio under the same metakaolin content conditions. When the metakaolin content was 10%, increasing the water-to-binder ratio from 0.2 to 0.5 resulted in an increase in the compressive strength development rate from 15.3% to 40.3%. The reason was that the porosity of the system increased with an increase in the water-to-binder ratio and, therefore, facilitated the diffusion of CO2 within the mortar and improved the carbonation efficiency [41,42,43].



Figure 6 shows the comparison between the strengths of the specimens with a 10% metakaolin content under CO2 curing and standard curing (cured in a relatively humidity of 95 ± 5% and a temperature of 20 ± 2 °C for 48 h after being demolded). The flexural and compressive strength of the specimens after carbonation were equal to or higher than those of the standard-cured specimens when the water-to-binder ratio was 0.2, 0.3, and 0.4, respectively. However, both the flexural and compressive strength of the specimens after carbonation were slightly lower than those of the standard-cured specimens when the water-to-binder ratio was 0.5. Carbonation converted the hydration product into CaCO3, which filled the pores in the specimen to improve the strength. At a high water-to-cement ratio, the filling effect of carbonation was no longer obvious due to a higher number of pores in the specimen, while the reduction in the hydration product led to a reduction in the strength of the specimen [44].




3.2. Carbonated Area and CO2 Uptake


3.2.1. Carbonized Area


Table 3 shows the carbonated area of the mortar specimens after 24 h of carbonation. It was clear that the carbonated area of the specimen was effectively increased with the incorporation of metakaolin. The carbonated area of the specimen was more than 50% at a 15 wt% metakaolin addition. When the water-to-binder ratio was 0.2, increasing the amount of metakaolin from 0% to 15% resulted in a 19.9% increase in the carbonated area. The pozzolanic reaction of metakaolin produced more C-S-H, which increased the dissolution of Ca2+ and promoted the carbonation reaction [39,40].



Since a higher water-to-binder ratio led to a more porous structure, which contributed to the diffusion of CO2 gas, the carbonated area of the specimens increased with an increase in the water-to-binder ratio. The carbonated area with a 0.5 water-to-binder ratio ranged from over 60% to 88.57%. Increasing the water-to-binder ratio from 0.2 to 0.5 led to a 25.3% increase in the carbonated area when no metakaolin was incorporated. When the amount of metakaolin was 15%, increasing the water-to-binder ratio from 0.2 to 0.5 led to a 56% increase in the carbonated area. The size of the carbonated area was correlated with the strength development of the specimens after carbonation. It was noticed that the specimens with larger carbonated areas exhibited higher strength development rates, indicating that carbonation contributed to the increase in strength.




3.2.2. CO2 Uptake


The CO2 uptake was obtained thought a thermogravimetric analysis. The TG curves of the specimens with different metakaolin contents are shown in Figure 7. Since the decomposition temperature of the calcium carbonate was between 550 °C and 1000 °C, the CO2 uptake was calculated using the mass loss, according to Equation (6) [45].


CO2 uptake (%) = (m550 − m1000)/mc



(6)




where m550 is the mass of the sample at 550 °C, m1000 is the mass of the sample at 1000 °C, and mc is the mass of the cementitious material that was used.



According to Figure 7, the incorporation of metakaolin significantly improved the CO2 uptake of the specimens as the CO2 uptakes of MK0-3-C, MK0-5-C, MK10-3-C, and MK10-5-C were 4.8%, 9.2%, 15.2%, and 21.4%, respectively. The CO2 uptakes of the specimens with a 10% metakaolin content exhibited a 217% and 133% increase, respectively, compared to the specimens without metakaolin. The specimens with a 0.5 water-to-binder ratio increased the CO2 uptake by 92% and 41% compared to the specimens with a 0.3 water-to-binder ratio, suggesting that the increase in the water-to-binder ratio had a positive effect on the carbonation of the specimens.





3.3. The Soundness Evaluation


Soundness is the key technical index for steel slag powder used in construction materials and is a decisive factor in the building industry. Table 4 lists the soundness of the specimens before and after CO2 curing. According to GB/T20491-2017 [46], steel slag powder specimens should not exceed 5 mm after the boiling of the Le Chatelier opening distance. According to Table 4, the Le Chatelier opening distances were more than 7 mm before CO2 curing. After 24 h of CO2 curing, the soundness of the specimens was significantly improved. On the other hand, the opening distance gradually reduced with an increase in metakaolin. For example, the opening distance of the MK0-3-C specimen was 3.5 mm and that of the MK15-3-C specimen was only 2.5 mm. The soundness of all the specimens met the specification requirements. Usually, the volume expansion caused by the hydration of f-CaO and f-MgO in steel slag powder is the main reason for the poor soundness of steel slag powder. However, when f-CaO and f-MgO became stable CaCO3 or CaxMg1-xCO3 after CO2 curing [23], they effectively improved the soundness of the steel slag powder specimens. The positive effect of metakaolin on the carbonation also enhanced the soundness of the specimens after CO2 curing.




3.4. Porosity Profiles


The 28-d porosity of the mortar specimens with water-to-binder ratios of 0.3 and 0.4 were tested under standard and CO2 curing conditions using the evaporable water content method, and the results are shown in Table 5. Compared to standard curing, the total and macropore volume of the mortar significantly decreased after CO2 curing. The total and macropore volumes of the MK0-3 specimen decreased by 9.4% and 54.2%, respectively, after CO2 curing. This was owing to the pores that were effectively filled by nano-calcium carbonate during carbonation, which reduced the total and macropore porosity of the specimens. This also explained the strength enhancement of the specimens after CO2 curing, as discussed previously.



Since the particle size of metakaolin was smaller than that of the steel slag powder and cement, the pore-filling effect further improved the quality of the mortar specimens. Moreover, the pozzolanic reaction of metakaolin provided C-S-H filling in the large pores, which also reduced the porosity and increased the density. The porosity of the specimens after CO2 curing firstly decreased and then increased with the increase in the metakaolin content. The total porosity of MK10-3-C decreased by 45.3%, 28.5%, and 7.8%, compared to MK0-3-C, MK5-3-C, and MK15-3-C, respectively. The effect of the cement reduction resulted in reduced hydration products, leading to an increased porosity [47]. The increased metakaolin content compensated for the effect of the cement reduction due to the increased hydration products and pore-filling effect of the particles.




3.5. Carbonation Products


The TGA analysis was conducted on the specimens with four mixtures (MK0-3, MK10-3, MK0-5, and MK10-5) to analyze the changes in the phase content during carbon curing. The TG-DTG curves are shown in Figure 8. The DTG curves suggested that the changes in the loss on ignition before and after CO2 curing were concentrated in the decomposition of C-S-H, Ca(OH)2, and CaCO3 at 50~200 °C, 400~450 °C, and 550~1000 °C, respectively.



All the samples without CO2 curing showed a significant mass loss area between 400 to 450 °C, indicating a high Ca(OH)2 content before CO2 curing. The mass loss of each sample decreased significantly between 400 to 450 °C after CO2 curing, while the mass loss increased significantly between 550 to 1000 °C, indicating that a significant amount of Ca(OH)2 was carbonated during the CO2 curing process. The mass loss according to the decomposition of CaCO3 in the MK0-3-C, MK10-3-C, MK0-5-C, and MK10-5-C samples was 3.7%, 6.1%, 11.7%, and 14.3%, respectively. This indicated that both the increasing the water-to-binder ratio or the metakaolin content would benefit from the carbonation reaction.




3.6. Microstructure


Figure 9 shows the SEM images of the specimens before and after CO2 curing. According to Figure 9a,b, the MK10-5 specimen before CO2 curing showed a loose structure with many large capillary pores between 5 and 10 μm and the presence of hexagonal platelet Ca(OH)2, reticular calcium silicate hydrate (C-S-H), and elongated prismatic ettringite (Aft). As shown in Figure 9c,d, Ca(OH)2 and Aft were no longer observed inside the MK10-5-C specimen. The calcite crystals were generated inside to fill the pores, which made a dense structure and improved the strength. The amount of carbonation products generated inside the MK10-5-C sample was significantly higher than that in the MK10-3-C sample. Figure 10 presents the ESD energy spectrum analysis of M10-3-C. It was evident that these crystalline materials were CaCO3. Meanwhile, it was noticed that Mg reacted with CaCO3 to form CaxMg1−xCO3, indicating that MgO leached and precipitated with the calcium carbonate in the carbonation reaction.





4. Conclusions


The strength, CO2 sequestration, and soundness of the high-content steel slag powder–cement–metakaolin composite material system under CO2 curing conditions were tested and compared. The pore structures, carbonation products, carbonation area, and morphology were analyzed. Some conclusions can be drawn as follows.



	
The incorporation of metakaolin effectively improved the strength development rate of the steel slag powder composite cementitious material after carbonation. With a metakaolin content of 15%, the compressive strength development rate after carbonation reached a maximum of 47.2%. At low water-to-binder ratio conditions, the strength of the slag cement mortar after carbonation increased with an increase in the metakaolin content. Carbonation also enhanced the early strength of the specimens. For the specimens with 15% metakaolin content and a water-to-binder ratio of 0.2, the 3-day strength after carbonation achieved 44.2 MPa. Carbonation improved the early strength of the specimens, providing a basis for the use of steel slag powder specimens as bricks, blocks, etc. The development of further strength will continue to be investigated.



	
The cementitious system of steel slag powder–cement–paraffin showed an excellent CO2 uptake performance. The CO2 uptake of the specimen with a 10% metakaolin content at a 0.5 water-to-binder ratio reached 21.4%. The CO2 uptake and carbonized area of the specimen was increased by increasing the water-to-binder ratio or metakaolin content. The carbonated area of the specimen with a 0.5 water-to-binder ratio and a 15% metakaolin content achieved 88.57%, indicating that the utilization of steel slag for CO2 sequestration as a building material is a feasible approach towards carbon neutralization.



	
CO2 curing managed to reduce the content of f-CaO and f-MgO in the steel slag powder and improve the soundness of the steel slag powder cement mortar. The Le Chatelier opening distance of the carbonated steel slag powder specimens were smaller than 3.5 mm. Moreover, the incorporation of metakaolin also enhanced the soundness of the slag cement mortar. However, the durability of the carbonization specimens deserves a subsequent study.



	
The formation of calcium carbonate crystals during CO2 curing filled the internal pores of the specimens. The pozzolanic activity and filling effect of metakaolin also contributed to the reduction in the porosity. As a result, the total porosity and macropore volume significantly decreased. Therefore, the strength of the specimens was enhanced. The lowest porosity was achieved at a 10% metakaolin content.










Author Contributions


Conceptualization, X.S. and Z.H.; methodology, X.S.; validation, Z.H.; formal analysis, X.S. and Z.H.; investigation, X.S. and X.C.; resources, Z.H.; data curation, X.S. and X.C.; writing—original draft preparation, X.S.; writing—review and editing, X.S., Z.H. and X.C.; visualization, X.S.; supervision, Z.H.; project administration, Z.H.; funding acquisition, Z.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Collaborative Innovation Center of Coastal Urban Rail Transit, Ningbo University (No. 2020004).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are available from the corresponding authors upon request.




Conflicts of Interest


The authors declare that there are no conflict of interest regarding the publication of this paper.




References


	



Liu, P.; Zhong, J.; Zhang, M.; Mo, L.; Deng, M. Effect of CO2 treatment on the microstructure and properties of steel slag supplementary cementitous materials. Constr. Build. Mater. 2021, 309, 125171. [Google Scholar] [CrossRef]

	



Song, Q.; Guo, M.-Z.; Wang, L.; Ling, T.-C. Use of steel slag as sustainable construction materials: A review of accelerated carbonation treatment. Resour. Conserv. Recycl. 2021, 173, 105740. [Google Scholar] [CrossRef]

	



Gao, W.; Zhou, W.; Lyu, X.; Liu, X.; Su, H.; Li, C.; Wang, H. Comprehensive utilization of steel slag: A review. Powder Technol. 2023, 422, 118449. [Google Scholar] [CrossRef]

	



Rui, Y.; Qian, C. CO2-fixing steel slag on hydration characteristics of cement-based materials. Constr. Build. Mater. 2022, 354, 129193. [Google Scholar] [CrossRef]

	



Chen, G.; Wang, S. Research on macro-microscopic mechanical evolution mechanism of cement-stabilized steel slag. J. Build. Eng. 2023, 75, 107047. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, K.; Li, J.; Wang, W.; Mao, Y.; Wu, S.; Yang, S. Heavy metals migration during the preparation and hydration of an eco-friendly steel slag-based cementitious material. J. Clean. Prod. 2021, 329, 129715. [Google Scholar] [CrossRef]

	



Li, M.; Lu, Y.; Yang, S.; Chu, J.; Liu, Y. Study on the Early Effect of Excitation Method on the Alkaline Steel Slag. Sustainability 2023, 15, 4714. [Google Scholar] [CrossRef]

	



Guo, J.; Bao, Y.; Wang, M. Steel slag in China: Treatment, recycling, and management. Waste Manag. 2018, 78, 318–330. [Google Scholar] [CrossRef]

	



Yildirim, I.Z.; Prezzi, M. Chemical, Mineralogical, and Morphological Properties of Steel Slag. Adv. Civ. Eng. 2011, 2011, 463638. [Google Scholar] [CrossRef]

	



Li, W.; Cao, M.; Wang, D.; Zhao, J.; Chang, J. Improving the hydration activity and volume stability of the RO phases in steel slag by combining alkali and wet carbonation treatments. Cem. Concr. Res. 2023, 172, 107236. [Google Scholar] [CrossRef]

	



Brand, A.S.; Roesler, J.R. Steel furnace slag aggregate expansion and hardened concrete properties. Cem. Concr. Compos. 2015, 60, 1–9. [Google Scholar] [CrossRef]

	



Humbert, P.S.; Castro-Gomes, J.P.; Savastano, H. Clinker-free CO2 cured steel slag based binder: Optimal conditions and potential applications. Constr. Build. Mater. 2019, 210, 413–421. [Google Scholar] [CrossRef]

	



Zhang, X.; Qian, C.; Ma, Z.; Li, F. Study on preparation of supplementary cementitious material using microbial CO2 fixation of steel slag powder. Constr. Build. Mater. 2022, 326, 126864. [Google Scholar] [CrossRef]

	



Zhang, S.; Ghouleh, Z.; Mucci, A.; Bahn, O.; Provençal, R.; Shao, Y. Production of cleaner high-strength cementing material using steel slag under elevated-temperature carbonation. J. Clean. Prod. 2022, 342, 130948. [Google Scholar] [CrossRef]

	



Park, B.; Choi, Y.C. Effect of Carbonation Curing on Physical and Durability Properties of Cementitious Materials Containing AOD Slag. Appl. Sci. 2020, 10, 6646. [Google Scholar] [CrossRef]

	



Chang, J.; Gu, Y.; Ansari, W.S. Mechanism of blended steel slag mortar with CO2 curing exposed to sulfate attack. Constr. Build. Mater. 2020, 251, 118880. [Google Scholar] [CrossRef]

	



Moon, E.-J.; Choi, Y.C. Development of carbon-capture binder using stainless steel argon oxygen decarburization slag activated by carbonation. J. Clean. Prod. 2018, 180, 642–654. [Google Scholar] [CrossRef]

	



Librandi, P.; Nielsen, P.; Costa, G.; Snellings, R.; Quaghebeur, M.; Baciocchi, R. Mechanical and environmental properties of carbonated steel slag compacts as a function of mineralogy and CO2 uptake. J. CO2 Util. 2019, 33, 201–214. [Google Scholar] [CrossRef]

	



Wang, D.; Zhang, H.; Liu, M.; Fu, Y.; Si, Z.; Zhang, X.; Zhong, Q. The characterization and mechanism of carbonated steel slag and its products under low CO2 pressure. Mater. Today Commun. 2023, 35, 105827. [Google Scholar] [CrossRef]

	



Polettini, A. CO2 sequestration through aqueous accelerated carbonation of BOF slag: A factorial study of parameters effects. J. Environ. Manag. 2016, 167, 185–195. [Google Scholar] [CrossRef]

	



Mo, L.; Zhang, F.; Deng, M.; Jin, F.; Al-Tabbaa, A.; Wang, A. Accelerated carbonation and performance of concrete made with steel slag as binding materials and aggregates. Cem. Concr. Compos. 2017, 83, 138–145. [Google Scholar] [CrossRef]

	



Mo, L.; Zhang, F.; Deng, M. Mechanical performance and microstructure of the calcium carbonate binders produced by carbonating steel slag paste under CO2 curing. Cem. Concr. Res. 2016, 88, 217–226. [Google Scholar] [CrossRef]

	



Liu, P.; Mo, L.; Zhang, Z. Effects of carbonation degree on the hydration reactivity of steel slag in cement-based materials. Constr. Build. Mater. 2023, 370, 130653. [Google Scholar] [CrossRef]

	



Liu, P.; Zhang, M.; Mo, L.; Zhong, J.; Xu, M.; Deng, M. Probe into carbonation mechanism of steel slag via FIB-TEM: The roles of various mineral phases. Cem. Concr. Res. 2022, 162, 106991. [Google Scholar] [CrossRef]

	



Chen, Z.; Li, R.; Liu, J. Preparation and properties of carbonated steel slag used in cement cementitious materials. Constr. Build. Mater. 2021, 283, 122667. [Google Scholar] [CrossRef]

	



Salman, M.; Cizer, Ö.; Pontikes, Y.; Santos, R.M.; Snellings, R.; Vandewalle, L.; Blanpain, B.; Van Balen, K. Effect of accelerated carbonation on AOD stainless steel slag for its valorisation as a CO2-sequestering construction material. Chem. Eng. J. 2014, 246, 39–52. [Google Scholar] [CrossRef]

	



Furlani, E.; Maschio, S.; Magnan, M.; Aneggi, E.; Andreatta, F.; Lekka, M.; Lanzutti, A.; Fedrizzi, L. Synthesis and characterization of geopolymers containing blends of unprocessed steel slag and metakaolin: The role of slag particle size. Ceram. Int. 2018, 44, 5226–5232. [Google Scholar] [CrossRef]

	



Sun, K.; Peng, X.; Chu, S.H.; Wang, S.; Zeng, L.; Ji, G. Utilization of BOF steel slag aggregate in metakaolin-based geopolymer. Constr. Build. Mater. 2021, 300, 124024. [Google Scholar] [CrossRef]

	



Bai, T.; Song, Z.-G.; Wu, Y.-G.; Hu, X.-D.; Bai, H. Influence of steel slag on the mechanical properties and curing time of metakaolin geopolymer. Ceram. Int. 2018, 44, 15706–15713. [Google Scholar] [CrossRef]

	



Huang, S. Hydration Mechanism and Long-Term Performance of Steel Slag-Metakaolin-Cement Ternary Composite Cementtious Materials under Autoclave Condition. Master’s Thesis, Southeast University, Jiangsu, China, 2021. Available online: https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&dbname=CMFD202201&filename=1022467937.nh&v= (accessed on 10 July 2023).

	



Bucher, R.; Diederich, P.; Escadeillas, G.; Cyr, M. Service life of metakaolin-based concrete exposed to carbonation. Cem. Concr. Res. 2017, 99, 18–29. [Google Scholar] [CrossRef]

	



Hameed, R.; Seo, J.; Park, S.; Amr, I.T.; Lee, H.K. CO2 Uptake and Physicochemical Properties of Carbonation-Cured Ternary Blend Portland Cement–Metakaolin–Limestone Pastes. Materials 2020, 13, 4656. [Google Scholar] [CrossRef]

	



GB/T17671-2021; Cement Mortar Strength Test Method. China Standard Publishing House: Beijing, China, 2021.

	



GB/T1346-2011; Standard Test Method for Water Requirement of Normal Consistency Setting Time and Soundness of The Portland Cement. China Standard Publishing House: Beijing, China, 2011.

	



He, Z. Research on Thermal Damage Effect of Autoclaved Concrete and Its Improvement Measures. Ph.D. Thesis, Central South University, Hunan, China, 2012. Available online: https://kns.cnki.net/KCMS/de-tail/detail.aspx?dbcode=CDFD&dbname=CDFD1214&filename=1013358432.nh&v= (accessed on 10 July 2023).

	



Zhong, X.; Li, L.; Jiang, Y.; Lin, Z. Study on high temperature resistance of steel slag-accelerated carbonized products. Silic. Bull. 2021, 40, 3677–3684+3692. [Google Scholar] [CrossRef]

	



Wang, X.; Ni, W.; Li, J.; Zhang, S.; Hitch, M.; Pascual, R. Carbonation of steel slag and gypsum for building materials and associated reaction mechanisms. Cem. Concr. Res. 2019, 125, 105893. [Google Scholar] [CrossRef]

	



Liu, Y.; Fang, J.; Liu, S.; An, X.; Kang, Y.; Wang, L. Effect of Different CO2 Treatments on the Metal Leaching in Steel Slag Binders. Front. Energy Res. 2021, 9, 765519. [Google Scholar] [CrossRef]

	



Bernal, S.A.; De Gutierrez, R.M.; Provis, J.L.; Rose, V. Effect of silicate modulus and metakaolin incorporation on the carbonation of alkali silicate-activated slags. Cem. Concr. Res. 2010, 40, 898–907. [Google Scholar] [CrossRef]

	



Bernal, S.A.; Provis, J.L.; Mejía De Gutiérrez, R.; Van Deventer, J.S.J. Accelerated carbonation testing of alkali-activated slag/metakaolin blended concretes: Effect of exposure conditions. Mater. Struct. 2015, 48, 653–669. [Google Scholar] [CrossRef]

	



Ukwattage, N.L.; Ranjith, P.G.; Li, X. Steel-making slag for mineral sequestration of carbon dioxide by accelerated carbonation. Measurement 2017, 97, 15–22. [Google Scholar] [CrossRef]

	



Peng, Y.; Tang, S.; Huang, J.; Tang, C.; Wang, L.; Liu, Y. Fractal Analysis on Pore Structure and Modeling of Hydration of Magnesium Phosphate Cement Paste. Fractal Fract. 2022, 6, 337. [Google Scholar] [CrossRef]

	



Huang, J.; Li, W.; Huang, D.; Wang, L.; Chen, E.; Wu, C.; Wang, B.; Deng, H.; Tang, S.; Shi, Y.; et al. Fractal Analysis on Pore Structure and Hydration of Magnesium Oxysulfate Cements by First Principle, Thermodynamic and Microstructure-Based Methods. Fractal Fract. 2021, 5, 164. [Google Scholar] [CrossRef]

	



Zeng, H.; Liu, Z.; Wang, F. Effect of carbonation maintenance on mechanical properties and microstructure of heavily dosed steel slag mortar. J. Silic. 2020, 48, 1801–1807. [Google Scholar] [CrossRef]

	



Jang, J.G.; Lee, H.K. Microstructural densification and CO2 uptake promoted by the carbonation curing of belite-rich Portland cement. Cem. Concr. Res. 2016, 82, 50–57. [Google Scholar] [CrossRef]

	



GB/T20491-2017; Steel Slag Powder Used in Cement and Concrete. China Standard Publishing House: Beijing, China, 2017.

	



Wang, L.; Luo, R.; Zhang, W.; Jin, M.; Tang, S. Effects of fineness and content of phosphorus slag on cement hydration, permeability, pore structure and fractal dimension of concrete. Fractals 2021, 29, 2140004. [Google Scholar] [CrossRef]








[image: Materials 16 06204 g001] 





Figure 1. Steel slag powder (a) and metakaolin (b). 
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Figure 2. XRD pattern of the steel slag. 
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Figure 3. Carbonated area identification and calculation: (a) phenolphthalein staining image; (b) uncarbonated area; (c) carbonated area. 
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Figure 4. Le Chatelier soundness test. 
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Figure 5. Strength of the specimens before and after carbonation with different metakaolin additions and water-to-binder ratios: (a) compressive strength; (b) flexural strength. 
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Figure 6. Strength of the specimens of standard-cured and carbonation with different water-to-binder ratios: (a) compressive strength; (b) flexural strength. 
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Figure 7. TG curves of the specimens after carbonation. 
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Figure 8. TG-DTG of the specimens before and after carbonation: (a) MK0-3, (b) MK10-3, (c) MK0-5, and (d) MK10-5. 
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Figure 9. SEM of the specimens before and after carbonation: (a,b) MK10-5 before carbonation; (c,d) MK10-5-C; and (e,f) MK10-3-C. 
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Figure 10. EDS of the specimens after carbonation. 
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Table 1. Chemical compositions of the Portland cement, steel slag powder, and metakaolin (wt%).
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	CaO
	SiO2
	Fe2O3
	Al2O3
	MgO
	SO3





	PC
	55.2
	24.5
	3.5
	4.5
	4.0
	2.0



	SS
	42.5
	13.1
	29.5
	3.0
	5.9
	0.3



	MK
	0.3
	64.8
	1.0
	29.1
	1.6
	0.2










 





Table 2. Mix proportion of the mortar specimens.
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Specimen

	
Steel Slag Powder (wt%)

	
Cement

(wt%)

	
Metakaolin

(wt%)

	
Water-to-Binder Ratio

	
Sand-to-Binder Ratio






	
MK0-2 1

	
50

	
50

	
0

	
0.2/0.3/0.4/0.5

	
2




	
MK5-2

	
45

	
5




	
MK10-2

	
40

	
10




	
MK15-2

	
35

	
15








1 MK0-2 represents 0% of the metakaolin and a 0.2 water-to-binder ratio.













 





Table 3. Carbonated area of the mortar with different metakaolin contents and water-to-binder ratios.
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	Water-to-Binder Ratio
	0.2
	0.3
	0.4
	0.5





	0% metakaolin
	[image: Materials 16 06204 i001]
	[image: Materials 16 06204 i002]
	[image: Materials 16 06204 i003]
	[image: Materials 16 06204 i004]



	
	36.87%
	41.87%
	49.19%
	62.20%



	5% metakaolin
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	39.72%
	45.42%
	57.35%
	73.78%



	10% metakaolin
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	58.25%
	56.36%
	63.81%
	82.37%



	15% metakaolin
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	56.77%
	57.16%
	72.58%
	88.57%










 





Table 4. Soundness test results.
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Specimens

	
before Carbon Curing

	
after Carbon Curing




	
Opening Distance

	
Whether the Soundness Is Qualified

	
Opening Distance

	
Whether the Soundness Is Qualified






	
MK0-3

	
7.8 mm

	
no

	
3.5 mm

	
yes




	
MK5-3

	
7.5 mm

	
no

	
3.2 mm

	
yes




	
MK10-3

	
7.0 mm

	
no

	
3.1 mm

	
yes




	
MK15-3

	
7.1 mm

	
no

	
2.5 mm

	
yes











 





Table 5. 28-d porosity of the mortar specimens.
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Number

	
Macropore (>30 nm)

	
Microporous (≤30 nm)

	
Total Porosity (%)




	
Porosity (%)

	
Percentage

	
Porosity (%)

	
Percentage






	
Standard curing

	
MK0-3

	
1.124

	
10.47%

	
9.617

	
89.53%

	
10.742




	
MK5-3

	
0.750

	
9.08%

	
7.513

	
90.92%

	
8.263




	
MK10-3

	
0.552

	
8.22%

	
6.163

	
91.78%

	
6.715




	
MK15-3

	
0.528

	
8.11%

	
5.982

	
91.89%

	
6.510




	
MK0-4

	
2.145

	
15.12%

	
12.044

	
84.88%

	
14.189




	
MK5-4

	
1.628

	
14.27%

	
9.775

	
85.73%

	
11.403




	
MK10-4

	
1.052

	
13.36%

	
6.824

	
86.64%

	
7.876




	
MK15-4

	
1.177

	
13.87%

	
7.310

	
86.13%

	
8.487




	
CO2 curing

	
MK0-3

	
0.515

	
5.29%

	
9.213

	
94.71%

	
9.728




	
MK5-3

	
0.353

	
4.75%

	
7.090

	
95.25%

	
7.443




	
MK10-3

	
0.131

	
2.46%

	
5.188

	
97.54%

	
5.319




	
MK15-3

	
0.233

	
4.04%

	
5.534

	
95.96%

	
5.767




	
MK0-4

	
1.612

	
12.80%

	
10.982

	
87.20%

	
12.594




	
MK5-4

	
1.213

	
11.11%

	
9.705

	
88.89%

	
10.918




	
MK10-4

	
0.655

	
9.77%

	
6.045

	
90.23%

	
6.700




	
MK15-4

	
0.744

	
9.94%

	
6.736

	
90.06%

	
7.480
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