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Abstract

:

To improve the utilization of steel slag (SS) in CO2 capture and making building materials, the paper mainly discussed the effects of desulphurization gypsum (DG) and w/s ratio on strength development and CO2 capture capability of high Al content SS. It showed that 10 wt% DG enhanced the strength of hydration-curing SS by 262% at 28 days. Similarly, adding 6 wt% DG in carbonation-curing SS contributed to increases in strength and CO2 uptake by 283% and 33.54%, reaching 42.68 MPa and 19.12%, respectively. Strength decreases and CO2 uptake increases with w/s. Microanalysis (QXRD, SEM-EDS, TG-DTG, FTIR, XPS, and MIP) revealed that the main hydration products of SS were C-S-H gel and C4AH13, which transformed to ettringite with DG addition. The carbonation products were mainly calcite and aragonite. Additionally, the amount of aragonite, mechanically weaker than calcite, decreased and calcite increased significantly when DG was added in carbonation-curing samples, providing a denser structure and higher strength than those without DG. Furthermore, high Al 2p binding energies revealed the formation of monocarboaluminate in the DG-added carbonation samples, corresponding to higher CO2 uptake. This study provides guidance for the preparation of SS-DG carbide building materials.
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1. Introduction


Owing to climate change and its effects on humans and their environment, there is an urgent need to reduce greenhouse gas emissions [1,2,3,4]. Mineral carbonation describes the reaction of Ca and Mg-silicate minerals with atmospheric CO2, which leads to the precipitation of carbonates. Mineral carbonation is thought to be a permanent form of CO2 capture due to the high stability of formed carbonates [4]. However, natural Ca and Mg-silicate minerals tend to have low carbon reactivity so that requires high temperature and high CO2 pressure, which consumes relatively large amounts of energy and releases relatively large amounts of CO2 into the atmosphere [4]. Therefore, it is extremely important to find energy saving and environmentally friendly methods to absorb CO2.



In recent years, the carbon curing treatment on alkaline industrial wastes has been developed greatly for building materials making and CO2 capture. In the studies, CO2 concentration and pressure, temperature, relative humidity, reaction duration, w/s (water/solid mass ratio), additive, and particle size of carbon capture feedstock are influencing factors [5]. Due to the high reactivity of solid wastes and for energy saving purposes, room temperature is mostly used in the studies. Recycled concrete aggregates [6], blast furnace slag [7], fly ash [8], and steel slag [9] are several main CO2 capture feedstocks. Most of the research revealed that carbon curing helped enhance the mechanical properties of the samples and their resistance to the environment [10].



Steel slag (SS), produced during the steel manufacturing process, is considered an ideal feedstock for CO2 sequestration owing to its high carbon reactivity, high CaO content (30–60%), and high output (more than 100 million tons per year in China) [10,11,12,13,14,15,16]. However, the current utilization rate of SS in China is only 29.5% [3,17], and its stockpiled amount reached 1.8 billion tons at the end of 2018 in China. Based on previous studies on the carbonation of SS, dicalcium silicates (C2S) and tricalcium silicates (C3S) are the most important components to undergo the reaction in SS. The C2S and C3S can react with H2O to form calcium–silicate–hydrate (C-S-H gel) (Figure 1). Therefore, SS is sometimes used as a cementitious material [4]. However, SS has a lower hydration reactivity than the cement due to its larger particle size and more stable crystal structure resulting from its slow cooling rate during the production process. In addition, the presence of free lime (f-CaO) and magnesium oxide (f-MgO) in SS may result in volume instability [17,18]. Many studies have shown that hydration–carbonation-cured SS samples have greater compressive strength performance and CO2 capture capabilities than do purely hydration-cured SS samples [5,19,20,21]. CaCO3 tends to precipitate from the carbonation of C-S-H gel and portlandite (Figure 1), and the carbonation of free oxides improves volume stability [13,14]. Therefore, using metallurgical industrial flue gas to cure SS and produce building materials (Figure 1) is an excellent way to consume SS, absorb CO2, and reduce cement production.



For SS with a high aluminum content (5–10%), the reactions of calcium–aluminum minerals such as tricalcium aluminate (C3A) and mayenite (C12A7) are worth studying. However, little attention has been paid to these minerals. It has been found that gypsum is an effective activator for calcium–aluminum in SS. Our previous study has shown positive effects of DG in the carbonation of press-shaped SS [10]. It was found that gypsum slightly promoted carbon absorption and increased the strength of SS via the formation of ettringite in hydration reactions and consequent calcite and monocarboaluminate formation in carbonation reactions. In addition, it was noted that the promotion effect was limited by generally low relative humidity in the chamber and low water addition to the samples. Therefore, it is worth studying the role of DG in hydration–carbonation-cured SS with a high w/s ratio.



SS has a relatively complex mineral composition, making it difficult to analyze the reaction mechanisms. Monocarboaluminate (C3A·CaCO3·11H2O), a possible hydration or carbonation product in SS, is hard to distinguish using certain traditional methods such as XRD and TG due to the peak overlap with other minerals. Dubina et al. [22] successfully used Al 2p binding energy and Ca/C X-ray photoelectron spectroscopy (XPS) results to verify the existence of monocarboaluminate after carbonation of hydrated cubic C3A. XPS is a powerful method for providing reliable information on reaction mechanisms. However, to the best of our knowledge, very few reports are available on the XPS characteristics of SS carbonation.



In this study, the strength, CO2 uptake, and carbonation depth of hydrated and carbonated SS with and without the addition of DG were studied. In addition, microanalysis methods such as quantitative X-ray diffraction (QXRD), scanning electron microscopy–energy dispersive spectrometry (SEM–EDS), thermogravimetry (TG-DTG), Fourier transform infrared spectroscopy (FTIR), mercury intrusion porosimetry (MIP), and X-ray photoelectron spectroscopy (XPS) were used to determine the chemical and microstructural characteristics of the samples.




2. Materials and Methods


2.1. Materials


The SS used in this study, with a specific surface area of 460 m2/kg, was obtained from Anshan Iron and Steel Co. Ltd., Anshan, China. DG was provided by Jintaicheng Environmental Resources Co., Ltd. (Baoding, China). X-ray fluorescence and carbon/sulfur analyses were used to determine the chemical compositions of the SS and DG. The Mineral compositions of the samples and raw materials were characterized using a Rigaku UltimaIV X-ray diffractometer with CuKα radiation (40 kV, 40 mA). Data were collected from 3 to 70° (2θ) in the step-scanning mode (FT1.5s) with a step size of 0.02°. Furthermore, the Rietveld refinement was conducted using TOPAS software (ver. 5.0, Bruker AXS GmbH) for quantitative X-ray diffraction (QXRD) analysis on the SS. It should be noted that the QXRD results are related barely to the crystalline components of the sample. Table 1 shows the chemical and mineral compositions of the SS and DG. Figure 2 indicates images and the XRD pattern for the SS and DG. The crystalline phases of the SS mainly contain larnite (Ca2SiO5), hatrurite (Ca3SiO5), mayenite (Ca12Al14O33), portlandite (Ca(OH)2), RO phase (solid solution of CaO, MgO, FeO, and MnO) [10,23,24], calcite (CaCO3), srebrodolskite (Ca2Fe2O5), magnetite (Fe3O4), and C3A (Ca3AlO6). The DG used in this study, with the main component of DG (CaSO4·2H2O), is a by-product of the steel manufacturing process. Figure 3 shows the particle size distributions (PSDs) of the SS and DG, showing that the Dv(50) values of the SS and DG were 7.52 and 16.5 μm, respectively.




2.2. Sample Preparation


The SS, DG, and water were firstly weighed according to the mass ratio listed in Table 2. Afterwards, they were fully mechanically mixed using a NJ-160A paste mixer for 5 min at a rate of 60 rpm to make the mixture. The prepared mixture was then poured into covered triplicate molds with dimensions of 30 × 30 × 50 mm. Afterwards, the paste-filled molds were placed in a standard cement curing chamber (with a temperature of 20 ± 3 °C, relative humidity of 95 ± 5% inside) for hardening. One day later, the samples were demolded for subsequent cure (air cure or carbon cure as listed in Table 2).



Immediately after demolding, the air-curing samples (U1, U4, and U7) were put back into the standard cement chamber to achieve further hydration and air curing. “U” means un-carbonated here. While the carbon-curing samples (C1–C9) were placed inside a carbonation chamber (with a temperature of 20 ± 3 °C, a relative humidity of 70 ± 2%, and a CO2 concentration of 20 ± 3 vol% inside). After curing durations of 1, 3, 7, 14, 28, and 60 days, the samples were brought out and subjected to mechanical and microstructural tests.




2.3. Testing


The compressive strength of the paste samples was measured based on the Chinese Standard GB/T17671-1999. A digital hydraulic pressure testing machine (YES-300, Changchun, China) was operated on the paste samples at a loading rate of 2.5 KN/s. Carbonation depth was determined by spraying a phenolphthalein indicator on the cross-section of the samples. The solution appears pink in fresh zones but shows as colorless in carbonated zones. The compressive strength and the carbonation depth at each curing age were determined by calculating the mean value of three tests. The paste was cut into smaller pieces and immersed in anhydrous alcohol to cease hydration for subsequent analysis.



For the carbon content test, XRD, TG-DTG, FTIR, and XPS test, dried powder was provided by crushing and grinding the paste and drying.



A carbon/sulfur combustion analyzer (EMIA-820 V, Horiba) was used for measuring the total carbon contents of the samples. CO2initial and CO2final are the CO2 contents of the samples calculated from the total carbon contents. CO2 uptake was calculated using Equation (1):


  C  O  2 u p t a k e   =  (    C  O  2 f i n a l   − C  O  2 i n i t i a l     100 − C  O  2 f i n a l      )  · 100  



(1)







XRD, SEM-EDS, TG-DTG, FTIR, MIP, and XPS were conducted to analyze the reaction mechanisms and microstructures of the samples. The XRD and QXRD analyses were conducted using the method described in Section 2.1. For SEM-EDS observation, paste pieces were cut into thin even samples and fixed to the objective holder using conductive tape, before gold powder was sprayed on them. SEM observation of samples was conducted using a SUPRA 55 Scanning Electron Microscope (University of Science and Technology, Beijing, China). TG-DTG was carried out using a NETZSCH STA 449F3 at a heating rate of 10 °C/min and at temperatures ranging from 50 to 1000 °C. Argon was used in the TG test. Additionally, a NEXUS670 FTIR infrared spectrometer was used for FTIR analysis with the wave number ranging from 400 to 4000 cm−1 and the resolution of 3 cm−1. The instrument used for XPS test was a Thermo Scientific Escalab 250Xi. In the test, a Shirley background was assumed in all cases. Spectra were calibrated using the adventitious hydrocarbon peak at 284.8 eV binding energy (BE). Paste pieces were cut into smaller samples with a size of less than 1 cm for the MIP test. The MIP analysis was conducted to determine the porosity and pore size distributions of the samples using an Autopore IV 9500 (micromeritics).





3. Results


3.1. Strength and CO2 Uptake


Figure 4 shows the compressive strength results for the samples. In general, the strength of almost all samples increased with the curing age. It is also obvious that the non-carbonated samples (U1, U4, and U7) tended to have much lower strengths than the corresponding hydration-carbonation-cured samples (C1, C4, and C7) at the same curing ages. The 60-days hydration curing contributed less to strength enhancement than did 28-days carbonation curing. These results indicate that carbonation curing significantly promoted the sample strength. The strengths of U4 and U7 tended to be greater than that of U1, especially in the later stages, indicating the positive effect of DG on the hydration-curing sample strength.



Moreover, the hydration–carbonation-cured samples with a DG addition of 6% (C4–C6) showed higher strengths than did samples with a DG addition of 10% (C7–C9) and samples without DG (C1–C3). With a curing time of less than 14 days, C1–C3 showed higher strengths than did C7–C9. This situation changed after 14-days curing, at which point the samples with 10% DG showed greater strengths than did those without DG.



Generally, carbonation-cured samples with high w/s ratios tended to have lower strengths. Among C1–C9, C4, whose DG addition was 6% and w/s ratio was 0.3, showed the highest strength, with unconfined compressive strength (UCS) values of 35.98 and 42.68 MPa for 14- and 28-days carbonation curing, respectively.



Additionally, the carbonation depth and CO2 uptake of the samples increased with the carbonation curing age (Figure 5). All of the samples reached a maximum carbonation depth of 15 mm at 14-days curing (Figure 5a), which is in line with the fact that the CO2 uptakes of the 14-days cured samples were close to those of the 28-days cured samples (Figure 5b), indicating that the carbonation reaction was nearly complete within 14 days. Similar to the strength results, samples with a DG addition of 6% (C4–C6) showed the highest CO2 uptake and greatest carbonation depths. However, a 10% DG addition had negative effects on strength, carbonation depth, and CO2 uptake. Furthermore, samples with a higher w/s ratio showed relatively high CO2 uptake and carbonation depths.




3.2. XRD Analysis


The XRD patterns in Figure 6 show the mineral components of U1, U4, U7, C1, C4, and C7 on Day 28. Since the main peaks of DG and monocarboaluminate overlap in the XRD pattern, retrieved QXRD was used to determine their amounts in the samples. QXRD analysis results for some of the samples can be seen in Figure S1 in Supplementary Material. Figure 7 shows the outcome of QXRD analysis using the Rietveld refinement method. Based on qualitative and quantitative XRD analysis results, it is evident that the amounts of some relatively stable minerals in the SS, such as srebrodolskite (C2F), magnetite (Fe3O4), and the RO phase, remained almost stable during hydration and carbonation curing. However, the percentages of larnite (C2S), hatrurite (C3S), portlandite (Ca(OH)2), tricalcium aluminate (C3A), and mayenite (C12A7) decreased over time, indicating the high reactivity of these minerals. The main hydration crystal products in the hydrated SS (U1) were C4AH13 and portlandite. It is commonly known in the cement field that C-(A-)S-H gel is a common hydration product. However, it is amorphous and cannot be determined via the XRD analysis. The main carbonation products of the samples without DG addition were calcite and aragonite (C1-28d). Based on a comparison of the U4 and U1 samples, the addition of DG clearly promoted the formation of ettringite (C3A·3CaSO4·32H2O) during the hydration reaction, whereas ettringite almost disappeared after 28 days of accelerated carbonation. Accordingly, calcite, aragonite, and monocarboaluminate (C3A·CaCO3·11H2O) became the main products after carbonation curing. DG may have stimulated the reactivity of C3A and mayenite. The aforementioned XRD results explain why the C4-28d sample exhibited more CO2 uptake than did the C1-28d sample (Figure 5).




3.3. SEM–EDS Analysis


Figure 8 shows the SEM-EDS results for the hydrated and carbonated samples. Large amounts of ettringite and C-(A-)S-H gel can be easily seen in the U4-28 d sample (Figure 8a). These two components are reported to be the main supports for cement strength gain via their intertwining within the material. SS has similar minerals to cement but has much lower strength owing to the lower reaction activation and lower content of active minerals in SS (resulting from differences in the resource and production processes vs. cement). Figure 8b reveals the main carbonation products, i.e., low-Ca/Si C-(A-)S-H gel and calcite. Calcite is the main carbonation product and was precipitated across all of the samples, which is in line with the XRD results. The carbonated C-(A-)S-H gel was looser than was observed prior to carbonation since the Ca in the gel became separated out and carbonated into calcite. The 28-days carbonation-cured C1 sample showed the formation of sheaf-like aragonite (Figure 8c,d) [25].




3.4. TG-DTG Analysis


Thermogravimetric analysis (TGA) is an important method for analyzing hydration and carbonation products. The TG-DTG results of the samples hydration- or carbonation-cured for 28 days are shown in Figure 9. The evaporation of interlayer water and hydroxyl groups in the products occurred at temperature ranges of <240 and 240–500 °C, respectively. Specifically, (i) C-(A)-S-H gel and ettringite lost interlayer water at around 100 °C; (ii) the dehydration of DG can be observed at around 140 °C; (iii) the interlayer H2O loss and dehydroxylation of AFm-phase C4AH13 and Mc occurred in the temperature ranges 60–200 and 200–400 °C [26], respectively; (iv) portlandite decomposed at around 450 °C; and (v) mass loss at 500–800 °C was mainly associated with the decarbonation of carbonates such as calcite, aragonite, and Mc [27].



Figure 9b shows DTG results that can be used to differentiate mass loss in the products. Combining the QXRD and DTG results, the amounts of C-S-H gel and ettringite (AFt) can be clearly seen to have increased, whereas the amount of C4AH13 decreased with the addition of DG. Therefore, DG may prevent the formation of C4AH13 from mayenite or C3A hydration. In the presence of DG, ettringite is more likely to be formed in a hydration environment. However, after accelerated carbonation-curing, the mass losses of ettringite, C-(A)-S-H gel, portlandite, and C4AH13 decreased significantly, whereas those of the carbonates (calcite, aragonite, and Mc) increased. CO2 losses from C4 and C7 were much higher than that of C1, indicating that the addition of DG can enhance the carbonation reactivity of SS. In addition, C4, with a lower addition of DG than C7, showed a higher CO2 mass loss than did C7 between 500 and 800 °C, which is in line with the CO2 uptake and QXRD results. DG reacted with mayenite and C3A to form ettringite in U4 and U7 via the hydration reaction, whereas it was formed during carbonation in C4 and C7. This explains why a small amount of DG was needed to promote hydration and carbonation in the carbonation-cured samples.



To distinguish aragonite from calcite, the FTIR analysis was applied as the results shown in Figure S2 and Table S1 in Supplementary File. In relation to the C−O characteristic absorption bands in CO32−, there were some differences observed between calcite (mainly at around 1478 and 857 cm−1) and aragonite (mainly at around 1418 and 873 cm−1) [28]. Based on the relatively high intensities at 1478 and 857 cm−1 in the C1 sample (Figure S2), it is readily apparent that C1-28d contained more aragonite than did the other samples.



Furthermore, the XPS analysis was conducted to further explore the mechanisms, as shown in Figure S3. Al 2p spectra for the specimens are shown in Figure S3b. In the SS, C12A7 and C3A were the most important sources of aluminum. From the work of Dubina [29,30], the binding energy of alumina (73.47 eV) is typical of AlO4 tetrahedra. The C-A-H phases and monocarboaluminate have Al 2p binding energies of around 74.30 eV. Comans reported that the Al 2p binding energy of ettringite is 73.9 eV [31]. Hydration curing helped significantly increase the Al 2p binding energy to around 74 eV (U1, U4, and U7) by forming the hydration products C4AH13 and ettringite. From Figure S3b, an increase in Al 2p binding energy was observed, resulting from carbonation exposure; the reasons for this may be (i) the higher Al 2p binding energy value of monocarboaluminate as compared with ettringite and (ii) carbonation-curing promotion of C3A and mayenite consumption. From the XRD patterns, the characteristic peaks of C4AH13 and ettringite almost disappeared after carbonation curing. Therefore, it is very likely that monocarboaluminate was formed during CO2 exposure, contributing to the high Al 2p binding energy.




3.5. Pore Structure Analysis


The influence of different parameters on the pore structures of the hydration- and carbonation-cured samples based on the MIP method is shown in Figure 10. From Figure 10a,b, the pore size generally decreased as hydration time increased, indicating that the microstructure became denser due to hydration. This is consistent with the increase in strength with hydration time (Figure 4). In particular, the interlayer distances of C-S-H gels are close to 1 nm [32,33,34] and could not be determined based on the MIP results, whereas the pore size of the C-S-H gels is between 2.5 and 10 nm. From Figure 10a, the pore size of the C-S-H gels was between 3.16 to 10 nm, gradually increasing from 1 to 60 days, indicating that the gels were generated with the increased curing time. Moreover, the micropores ranged in size from 10 to 100 nm, relating to the inter-granular pores of hydration products such as C-S-H and ettringite. From Figure 10a, this size range of inter-granular pores significantly increased as the curing time increased, with the larger pores (100–1000 nm) gradually disappearing. Figure 10b indicates that the cumulative pore volume declined with time (except for U4-1d, the strength of which was only 1.30 MPa (Figure 4). This extremely low strength may have been a result of operation errors in the MIP tests.



Samples U1, U4, and U7 contained DG in the proportions of 0, 6, and 10 wt.%, respectively. Compared with U4 and U7, Figure 10c indicates that U1 had more macropores (100–1000 nm) in the hydration pore distribution at 28 days. However, the U4 and U7 samples contained more micropores (10–100 nm) in their structure than did U1. This result shows that DG promoted the densification of the hydration system. Figure 10d shows that U1 and U4 exhibited similar cumulative pore volumes, both of which were greater than that of U7, indicating that a gypsum content of 10% had a positive effect in terms of minimizing the pore volume and thus enhancing the strength of the hydration samples.



From Figure 10c, the C1-28d and C4-28d samples contained fewer small pores (<100 nm) and more large pores (100–1000 nm) compared with U1-28d and U4-28d, respectively. Although the overall pore size increased after accelerated carbonation, it is evident from Figure 10d that the total pore volume significantly decreased. The formed carbonation products such as calcite, aragonite, and monocarboaluminate may have participated in large pores, decreasing the pore volume. This result indicates that carbonation-cured samples had a denser structure than did the hydration-cured samples.



Figure 10c also shows that the relative magnitude of small pores (<100 nm) follows the order C4 > C7 > C1, whereas the sequence for larger pores (100–1000 nm) follows the order C1 > C7 > C4. This result indicates that C4 had the tightest structure among the three samples, which is consistent with the highest strength of the C4 sample. Samples C4 and C7 had similar cumulative pore volumes (Figure 10d) that were much lower than that of the C1 sample.



Samples C4, C5, and C6 had w/s ratios of 0.3, 0.35, and 0.4, respectively. Figure 10e shows that the cumulative pore volume of the samples significantly decreased with an increase in w/s ratio, following the order C6 > C5 > C4. This indicates that more water resulted in more macropores.





4. Discussion


4.1. Impact of Curing Age on Hydration-Cured Pastes


Figure 4 shows that compressive strength of pastes U1, U4, and U7 increase with the curing duration. From MIP results of U4 (Figure 10a,b), hydration curing promoted the transition from large pores to micropores and reinforced the densification of the microstructure, mainly resulting from the intertwining of C-S-H gel and ettringite or C4AH13. DTG (Figure 9) results are in great line with the existence of these hydration products. Their increasing amount with hydration curing ages were also verified by the QXRD results (Figure 7). In a word, the intertwining of the increasing hydration products and decreasing pore volumes contributed to increases in density and strength.




4.2. Impact of DG on Hydration-Cured Pastes


The strengths of U4 and U7 tended to be greater than that of U1, especially in the later stages, indicating the positive effect of DG on the hydration-curing sample strength (Figure 4). Figure 10c,d indicatess that DG promoted the densification of the hydration system. In terms of the chemical reaction, gypsum may have reacted with C3A and mayenite (C12A7) in the SS to form ettringite (XRD results; Figure 6 and Figure 7), which intertwined with the C-S-H gels to produce a more stable structure and smaller pores (SEM image; Figure 8a). The TG results (Figure 9) also indicate many more hydration products (C-S-H gel and ettringite) in U4 and U7 than in U1. This is consistent with the 28-days UCS results in Figure 4, in which the UCS of U1-28d, U4-28d, and U7-28d were 3.38, 11.39, and 12.25 MPa, respectively.




4.3. Impact of Accelerated Carbonation Curing on Pastes


Figure 4 shows the significant influence of carbonation in promoting UCS. The reason for the increase in large pores after carbonation curing may be that the hydration products in U1 and U4 (mostly C-S-H gel, C4AH13, and/or ettringite) had high carbon reactivity and were readily consumed in the carbonation environment. The C-S-H gel is prone to reaction with CO2 to form calcite and low-Ca/Si C-S-H gel or silica gel. In this process, the C-S-H gel loses much water and its structure is broken up to some extent, producing large pores.



One reason for the increasing UCS is the low pore volume after carbonation (Figure 10d). Another reason might be the difference in nanoindentation modulus and hardness between the hydration products and carbonation products. The nanoindentation modulus and hardness of CaCO3 are 38.9 ± 12.1 GPa and 1.79 ± 0.63 GPa, respectively. They are both higher than the values for the hydration product C-S-H (18.2 ± 4.2 GPa and 0.45 ± 0.14 GPa, respectively, for low-density C-S-H; 29.1 ± 4.0 GPa and 0.83 ± 0.18 GPa, respectively, for high-density C-S-H) [35]. The two aforementioned reasons explain why the strength of the carbonated samples was much greater than that of the hydrated samples.




4.4. Impact of DG on the Carbonation-Cured Sample


Figure 10c shows that among C1, C4, and C7, C4 had the tightest structure among the three samples, which is consistent with the highest strength of the C4 sample in Figure 4.



Figure 11 shows the hydration and carbonation mechanisms of the SS in the presence and absence of DG. The reasons for increasing strength in the presence of DG are as follows:




	
The formation of ettringite during hydration helps considerably decrease the pore volume, providing a denser matrix for carbonation (Figure 10c,d).



	
Aragonite, which was formed abundantly in the C1 sample (Figure 6 and Figure 7, and Figure S2), has weaker physical characteristics when compared with calcite, making C1 relatively weak. The elastic modulus values of calcite and aragonite have been reported as 6–41 GPa and 2–34 GPa, respectively [36]. Calcite is also more stable than aragonite.



	
Monocarboaluminate (Mc), mainly forms in DG-containing carbonated samples, fills large pores, and might contribute to the increased strength.








Although C7 had a relatively high DG content, it had a relatively loose structure and relatively low strength, possibly since gypsum was re-released into the system during the ettringite carbonation process (Figure 6 and Figure 9). Therefore, less gypsum is needed in carbonation-cured SS blocks than in hydration-cured SS.



The appropriate addition of DG (6 wt% in this study) increased not only the strength of carbonation-cured samples but also the CO2 uptake of the samples. In other words, DG helped markedly in activating the carbon reactivity of SS. The main minerals that were activated are very likely to be C3A and mayenite, which readily react with gypsum to form ettringite with very low solubility (Ksp = 10−111.6). This result is in line with the QXRD results (Figure 7), SEM images (Figure 8), and TG results (Figure 9).




4.5. Impact of w/s Ratio on Carbonation Curing Blocks


The UCS values of C4-28d, C5-28d, and C6-28d were 42.68, 27.68, and 23.93 MPa, respectively. The strength results show a negative relationship with the w/s ratio, which is in agreement with the pore analysis results (Figure 10e,f). A high w/s ratio has a negative effect on the hydration strength of cement-based materials owing to a loosening of structure [37,38]. In this study, the low strength can be attributed to the loose structure of the samples resulting from their high water contents. When it comes to the CO2 uptake, it is clear from Figure 5 that a higher w/s ratio led to higher CO2 uptake in the samples. The reasons might be: (1) A looser structure led to a higher CO2 diffusion rate; (2) a higher amount of water promoted the diffusion of ions such as Ca2+, OH−, and CO32−, thus promoting the carbonation reactions.





5. Conclusions


The effects of carbonation curing, DG addition, and w/s ratio on UCS and CO2 uptake, as well as the chemical composition and microstructure, of hydration- or carbonation-cured SS blocks were investigated in this study. The following conclusions can be drawn:




	
Hydration curing promotes the transition of macropores into micropores and the densification of microstructure. The increasing amounts of hydration products, i.e., C-S-H gel, C4AH13, and ettringite, as well as their intertwining, are the main contributors. The addition of DG (within 10 wt%) helps increase the UCS of hydration-cured SS samples mainly through the formation of ettringite, resulting from hydration reactions between C3A, mayenite, and gypsum.



	
Carbonated samples tend to have denser structures and higher strengths than hydrated samples, although the proportion of small pores in the matrix decreased after carbonation.



	
Compared with hydration-cured samples, less DG is required in carbonation-cured SS blocks since gypsum is re-released into the system during the ettringite carbonation process. For carbonation-cured samples, 6 wt% DG yielded the tightest structure, highest strength, and highest CO2 uptake among the three DG contents tested.



	
For carbonated samples, a higher w/s ratio results in lower UCS but higher CO2 capture. When the w/s ratio was 0.3, the DG content was 6 wt%. A 28-days carbonation-cured SS reached a CO2 uptake of 19.12%, and a UCS value of 42.68 MPa, which meets the strength requirement for blocks.
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Figure 1. Hydration and in situ flue gas carbonation curing of SS for building materials, together with known reaction mechanisms. 
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Figure 2. Images of SS (a) and DG (b) used in the study, and X-ray diffraction patterns for the SS (c) and DG (d). 
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Figure 3. Particle size distributions of the SS and DG. 
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Figure 4. Compressive strength results. (a) Comparison between the air-cured and carbon-cured samples, (b) all of the carbon-cured samples. 






Figure 4. Compressive strength results. (a) Comparison between the air-cured and carbon-cured samples, (b) all of the carbon-cured samples.



[image: Energies 14 05174 g004]







[image: Energies 14 05174 g005 550] 





Figure 5. Carbonation depth (a) and CO2 uptake (b) results of samples. 






Figure 5. Carbonation depth (a) and CO2 uptake (b) results of samples.



[image: Energies 14 05174 g005]







[image: Energies 14 05174 g006 550] 





Figure 6. XRD patterns of the samples after 28 days of curing. 
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Figure 7. QXRD mineral analysis result for samples (Mc: Monocarboaluminate). 
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Figure 8. SEM images of the U4 (a), C4 (b), and C1 (c) samples at 28 days of curing. (d) EDS result for the point shown in (c). 
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Figure 9. TG–DTG analysis of samples: (a) TG, (b) DTG (Cc: Calcite; Arg: Aragonite; Gyp: Gypsum; AFt: Ettringite; CH: Portlandite; Mc: Monocarboaluminate). 
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Figure 10. PSD curves and cumulative pore volume curves of the hydration-cured and carbonation-cured samples; (a,b): U4 at different curing ages; (c,d): U1, U4, U7, C1, C4, and C7 at 28 days; (e,f): C4, C5, and C6 at 28 days. 
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Figure 11. Hydration and carbonation mechanisms of SS in the presence and absence of DG (H: Hydration; C: Carbonation). 
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Table 1. Chemical compositions of the SS and DG (wt%).
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	Chemical

Compositions
	SS
	Gypsum
	Mineral

Compositions
	Chemical

Formula
	SS





	CaO
	44.78
	48.06
	Larnite
	Ca2SiO4
	20.18



	Fe2O3
	22.43
	0.58
	RO phase
	(Fe, Mg, Mn)O
	18.13



	SiO2
	15.28
	2.95
	Srebrodolskite
	Ca2Fe2O5
	15.09



	MgO
	7.04
	1.48
	Portlandite
	Ca(OH)2
	14.31



	Al2O3
	5.70
	1.18
	Mayenite
	Ca12Al14O33
	10.31



	MnO
	1.93
	1.18
	Hatrurite
	Ca3SiO5
	10.27



	P2O5
	1.00
	0.03
	Magnesite
	MgCO3
	6.30



	TiO2
	0.86
	0.39
	C3A
	Ca3Al2O5
	3.00



	SO3
	0.30
	43.57
	Calcite
	CaCO3
	2.41



	V2O5
	0.20
	--
	
	
	



	Cr2O3
	0.17
	--
	
	
	



	Others
	0.28
	0.58
	
	
	



	Total C
	0.865
	0.737
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Table 2. Mix proportions and curing conditions of the samples.
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	Sample
	Curing Condition
	DG/s (wt%)
	SS/s (wt%)
	w/s Mass Ratio





	U1
	Air-curing
	0
	100
	0.30



	U4
	Air-curing
	6
	94
	0.30



	U7
	Air-curing
	10
	90
	0.30



	C1
	Carbon-curing
	0
	100
	0.30



	C2
	Carbon-curing
	0
	100
	0.35



	C3
	Carbon-curing
	0
	100
	0.40



	C4
	Carbon-curing
	6
	94
	0.30



	C5
	Carbon-curing
	6
	94
	0.35



	C6
	Carbon-curing
	6
	94
	0.40



	C7
	Carbon-curing
	10
	90
	0.30



	C8
	Carbon-curing
	10
	90
	0.35



	C9
	Carbon-curing
	10
	90
	0.40



	C9
	Carbon-curing
	10
	90
	0.40







Note: W/s mass ratio means water/solid mass ratio; s means solid (DG + SS).
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