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Abstract: In this work, the evolution of reacted phase assemblage and molecular structure of alkali-activated slag (AAS) exposed to atmospheric natural carbonation is studied. The hardened AAS pastes with various activator types (i.e., sodium hydroxide, sodium carbonate, sodium sulfate, potassium hydroxide, and potassium carbonate solutions) and cured under two temperature conditions (20 C and 80 C) are evaluated. The results show that natural carbonation leads to a strong decalcification and silicate polymerization of calcium-aluminosilicate-hydrate (C-A-S-H) and precipitation of various calcium carbonate polymorphs depending on activator composition. The sulfate-activated slag shows the poorest carbonation resistance likely due to its limited CO2 absorption capacity, manifested with the formation of calcium carbonate polymorphs, gypsum, gibbsite, and calcium-deficit aluminosilicate gels. While high-temperature curing tends to increase the crystallinity level of C-A-S-H, it has little effect on its carbonation resistance in terms of phase and molecular stability. 
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1. Introduction
Ground granulated blast-furnace slag (GGBS) can be alkaline activated to produce clinker-free binders that make sustainable and green concrete [1–6]. In comparison to ordinary Portland cement (OPC), alkali-activated slag (AAS) shows promising chemical durability (e.g., against chloride and sulfate attacks) and thermal resistance [7–12]. Although the complete substitution of OPC by AAS in concrete products is unlikely at a global scale [13], the superior properties of AAS make it attractive and occasionally preferred construction materials for application in corrosive and high-temperature environments [6,14,15]. However, one of the most serious concerns in regards to the field application of AAS concrete is its relatively poor carbonation resistance [16–19], which could potentially lead to strength loss, micro-cracking [20,21], and steel corrosion [22]. 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]One of the primary reasons for the low carbonation resistance of AAS is the absence of solid portlandite (CH) to serve as a pH buffer. As such, as the ambient CO2 penetrates in the dry pores and dissolves in the pore solution, the formed carbonic acid (H2CO3) directly attacks the solid phase of strength-giving calcium-aluminosilicate-hydrate (C-A-S-H). The decalcification and dealumination reactions of C-A-S-H occur, as illustrated in Eqs. (1) and (2), resulting in silicate polymerization and precipitation of alkali and calcium carbonates [17,23]. 

( Si  O  Ca  O  Si ) + (H2CO3)  2( Si  OH) + (CaCO3)                (1)
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The significant atomic and structural alteration of C-A-S-H leads to loss of cohesion, matrix softening, and disintegration of AAS [20]. 

Some studies suggested that another main reaction product, i.e., the hydrotalcite-type phase, plays a critical role in the carbonation resistance of AAS [19,24]. The hydrotalcite in AAS is a Mg-Al layered double hydroxide (LDH) with its intercalated anions exchangeable with the carbonates in surrounding pore solution, thus alleviating the carbonation of C-A-S-H [25–27]. The amount of Mg-Al LDH formation in AAS is considerably influenced by the MgO content of slag chemistry [2], although the external addition of reactive MgO may boost its formation [28–30]. However, it remains unknown how the composition (e.g., type of intercalated anions) and CO2 absorption capacity of Mg-Al LDH in AAS are affected by activator chemistry and curing temperature. 

Despite efforts towards understanding the carbonation mechanisms of AAS using either natural or accelerated carbonation testing methods have been attempted, most previous studies focused on the carbonation of AAS prepared with sodium hydroxide, sodium silicates, or a combination of these two with various alkali dosages and silica modulus [16,17,20,23,25,26,31]. Based on the reported results, a high alkali dosage tends to increase the carbonation resistance of AAS due to a higher level of alkalinity that can absorb more CO2. However, controversial results are documented in the literature regarding the effect of silica modulus [31]. The increase of silica modulus reduces the Ca/Si ratio of C-A-S-H and potentially enlarges carbonation susceptibility and strength loss [23]; while it may reduce carbonation depth through advancing slag reaction and refining the pore structure of AAS [32]. Nevertheless, little studies are available regarding the atmospheric carbonation resistance of AAS prepared with other activators. The near-neutral salt activators, including sodium carbonate and sodium sulfate, can produce AAS paste and concrete with better long-term strength, cost-effectiveness, and eco-friendliness [8,33–35]. Besides, little work is available regarding the influence of alkalis cation type (sodium and potassium) on the carbonation resistance of AAS. 

The effect of curing temperature on the phase assemblage of AAS has been studied before, showing that elevated temperature tends to increase the crystallinity level of C-A-S-H but destabilize the sulfate-bearing phases including AFt-type phases [36]. Nevertheless, little work is available regarding the effect of curing temperature on the carbonation resistance of hardened AAS, the outcome of which could be of great interest to the manufacture of precast concrete elements using alkali-activated binders. 

The main objective of this study is to investigate the mineralogical and molecular structural stability of the solid reacted phases formed in AAS prepared with a broad range of activators exposed to natural carbonation for 4 months. Moreover, the influence of curing temperature on the natural carbonation-induced phase and molecular instability of AAS is studied. The outcomes of this work contribute to a better understanding and design optimization of carbonation-resistant AAS mixtures. 

2. Experimental Program 
2.1 Sample preparation
A commercial GGBS supplied by K.Wah Construction Materials Limited was used. The oxide composition measured by X-ray fluorescence, specific gravity, and Blaine fineness of GGBS are listed in Table 1. The X-ray diffraction mineralogical analysis is shown in Figure 1, which suggests that the used slag is mostly glassy with trace crystalline phases (e.g., quartz and gypsum). As listed in Table 2, five AAS pastes of the same 1.3 volume-based liquid (activator)-to-solid (slag) ratio (L/S ratio) but with a broad range of activator types were prepared. The activators were prepared by dissolving solid NaOH, Na2CO3, Na2SO4, KOH, or K2CO3 salts in deionized water. Before use, the prepared solutions were capped to minimize carbonation. 

2.2 Natural carbonation tests
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]To investigate the effect of curing temperature on the phase assemblage and stability of AAS against natural carbonation, two curing temperatures were adopted, namely, 20 C and 80 C. The AAS pastes were cast in capped plastic vials and continuously cured under these temperature conditions for 56 days. It should be noted that the sealed curing was adopted to avoid the potential alkali leaching issue in AAS [37]. Then, the AAS samples were pulverized passing through 150 µm sieve and were further exposed to an indoor atmospheric condition for natural carbonation (temperature of ~20 ºC, relative humidity of ~60%). The purpose of using powder samples rather than bulk samples is to eliminate the potential difference in carbonation resistance of various mixtures caused by differences in pore structure and gas (CO2) diffusivity [10,32]. As such, the present study focuses specifically on the carbonation resistance of AAS in terms of phase and molecular stability. 

After about 4-month natural exposure, the carbonated powder samples were vacuum dried to remove loosely bound free water and then analyzed using X-ray diffraction (XRD), thermogravimetric analysis (TGA), and Fourier-transform infrared spectroscopy (FTIR). Also, the samples before the carbonation tests were characterized as the reference using the same techniques. The X-ray diffractometer (PANAlytical X'Pert PRO) in a conventional Bragg-Brentano θ-2θ configuration was used to obtain the XRD spectra, with CuKα X-ray (λ=1.5418 Å) generated at 40 mA and 40 kV. In parallel, about 50 mg pulverized samples were loaded in a thermogravimetric analyzer (PerkinElmer TGA 4000), heated from 30 ℃ to 900 ℃ in ceramic crucibles with a heating rate of 20 ℃/minute and N2 purged at 20 ml/minute. The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of samples were plotted. The Fourier-transform infrared spectroscopy (Thermo Nicolet 6700) equipped with  attenuated total reflectance from 4000 to 500 cm-1 at a resolution of 1 cm-1 was used. 

3. Thermodynamic Simulation
To examine the progressive evolution of phases in AAS due to carbonation at the room condition, thermodynamic simulation using the GEM software (GEMS) [38] was performed. The up-to-date databases cemdata18 was used [39], in which the dataset for alkali-activated binders that includes the CNASH model and Mg-Al LDH solid solution model [40] was selected. The physiochemical models and associated parameter settings for the aqueous and gaseous phases in the systems followed those in the previous works [9,41]. It should be noted that since the CNASH model was primarily derived for sodium-containing AAS systems, merely the sodium-activated slags (i.e., sodium hydroxide, sodium carbonate, and sodium sulfate solutions) were evaluated. 

In the thermodynamic modeling, it is assumed that chemical equilibrium is achieved among various phases in AAS. Also, the model assumes that the slag grains dissolve congruently at a constant 60% degree of reaction. Nevertheless, it should be noted that the actual reaction degree of AAS may vary with the activator composition and curing temperature. The slag composition and mixture parameters listed in Tables 1 and 2 were formulated into the GEMS frameworks. 

4. Results and Discussion
4.1 Prior to carbonation 
4.1.1 XRD
Figure 2 illustrates the XRD spectra of AAS samples with various activator composition cured at 20 ℃ and 80 ℃ for 56 days. Ettringite, as one of the main reacted products, extensively appears in the Ns-activated slag cured at 20 ℃, which is undoubtedly attributed to the adequate supply of sulfate ions. However, the diffraction peaks corresponding to ettringite diminish while monosulfate appears at the elevated curing temperature of 80 ℃ for Ns-activated slag. This may be associated with the instability of ettringite at high temperature [42,43], thus resulting in thenardite (Na2SO4) formation and phase transformation into monosulfate. The diffraction peaks located at around 7.5° 2θ corresponding to C-S-H (I) are quite distinct for hydroxide-activated slag at both curing temperature of 20 ℃ and 80 ℃, in comparison to other systems. The high level of alkalinity of NH or KH solution may effectively activate the slag, subsequently giving rise to the formation of more ordered C-A-S-H phases. Besides, the nanocrystalline C-S-H (I) tends to have stronger diffraction peaks cured at 80 ℃ than those at 20 ℃, which is in agreement with the previous finding that the crystallinity level of C-A-S-H is enhanced at a high-temperature condition [36]. Alternatively, it may suggest that elevated temperature curing promotes the slag reaction and C-A-S-H formation in AAS [44]. 

It should be noted that C-S-H (I) is also formed in the carbonate-activated AAS although its diffraction peaks are seemingly weak. This phenomenon suggests that carbonate solutions can provide a certain alkaline aqueous environment to activate slag. The Mg-Al LDH, as another significant reaction phase, is also detected in hydroxide- and carbonate-activated slags, but not present in the sulfate-activated counterparts [10]. The formation of calcite and paraalumohydrocalcite is closely related to the concentration of carbonate ions in aqueous solution; as such, the intensities of corresponding diffraction peaks are larger for carbonate-activated slag in comparison with other systems, regardless of curing temperature.

4.1.2 TGA
Figure 3 shows the TG/DTG curves of AAS with different activators and sealed curing at 20 ℃ and 80 ℃, and Figure 4 shows the corresponding distribution of mass loss percentages at various temperature ranges. Three temperature ranges are defined, i.e.,  30 - 250 ℃, 250 – 450 ℃, and 450 – 900 ℃, which are, respectively, assigned to the mass loss due to dehydration of C-A-S-H and ettringite [45], dehydroxylation of Mg-Al LDH, and decarbonization. It should be noted that the Mg-Al LDH loses its water at two steps, which are related to the water at two distinct structural sites: The water loss at around 200 ℃ is due to the removal of interlayer water, while the one at 400 ℃ corresponds to the removal of hydroxyl groups in main layers and final decomposition into MgO and spinel phases [18,45,46].

Regardless of the curing temperature, the mass losses corresponding to the dehydration and dehydroxylation of Mg-Al LDH in hydroxide- and carbonate-activated slag samples are larger than those for Ns-activated slag, which is consistent with the XRD findings that Mg-Al LDH is barely detected in Ns-activated systems. Also, under the curing condition of 20 ℃, the relatively narrow and sharp mass loss hump in Ns-activated slag at around 100 ℃ is related to the ettringite. On the other hand, due to the carbonate ions from activator, the decomposition peaks of carbonate phases, including calcite and paraalumohydrocalcite (as detected in the XRD spectra), appear strongly in the carbonate-activated slag systems.

As shown in Figure 4, the mass loss corresponding to the dehydration of C-A-S-H in AAS is remarkably increased as the curing temperature is increased to 80 ℃. This may be attributed to the alteration of surface properties of C-A-S-H (physically bound water) and/or enhancement of slag reaction due to heat curing. At 80 ℃, the mass loss percentages in carbonate-activated slag are generally stronger and higher than those of hydroxide-activated slag, which suggests that high-temperature curing promotes the slag reaction more effectively in the carbonate-activated slag system than in other AAS systems.  

4.1.3 FTIR
Figure 5 shows the FTIR spectra of AAS pastes with various types of activators before natural carbonation. All specimens show a major band around 970 cm-1 assigned to the Si-O in-plane stretching vibration of the Q2 tetrahedra in C-A-S-H products [47,48]. The wavenumber corresponding to the Si-O bonds varies with the Ca/Si and Al/Si ratios of C-A-S-H. It can be seen that little distinct shifts in the wavenumber of Si-O stretching bands for AAS with different curing temperatures, which indicates that high curing temperature has little significant effect on the degree of Si/Al polymerization. The bands located around 1417 cm-1 and 875 ~ 878 cm-1 are related to the vibration of C-O bonds [48], which tend to be more magnificent for Nc-activated slags. Also, the characteristic bond at 1100 ~ 1200 cm-1 assigned to the stretching vibration of SO42- [49,50], is more clearly seen in Ns-activated slag. Consistent with the XRD and TGA findings, it is attributed to the exclusive ettringite formation in Ns-activated system. 

For the carbonate-activated slag cured at 80 ℃, the humps corresponding to the bonds of Si-O and O-H are enhanced, in comparison to that at 20℃. As the hump intensity of those bonds may be approximately proportional to the percentage of C-A-S-H products in the AAS samples, this observation suggests that high-temperature curing promotes the slag reaction, particularly in carbonate-activated systems, in agreement with the TGA results.

4.2 Natural carbonation mechanisms
4.2.1 XRD
Figure 6 shows the XRD spectra of AAS samples after about 4-month natural carbonation, which shows that the peaks corresponding to C-S-H (I) are considerably lowered, while those of Mg-Al LDH preserve, accomplished with extensive calcium carbonates (CaCO3) formation. The dominant type of CaCO3 polymorphs (i.e., calcite, vaterite, or aragonite) in the carbonated AAS depends on the activator type. Calcite is extensively formed in all AAS mixes, while aragonite is preferably formed in Ns-activated slags and vaterite is favored in hydroxide-activated slags. The diffraction peaks of ettringite cannot be viewed in Ns-activated slag after natural carbonation, which indicates its decomposition upon carbonation. 

Thermodynamic simulation (see Figure 7) shows that the carbonation of AAS pastes with sealed curing at room temperature results in decomposition of all main reacted phases including C-A-S-H, Mg-Al LDH, straetlingite, and ettringite [9,10], resulting in the formation of calcite, silica gels, dolomite, and gibbsite as the end products. Also, intermediate phases including gypsum and magnesium-silicate-hydrates (M-S-H) can form depending on the activator type of AAS. Despite exposure to natural carbonation for 4 months, the Mg-Al LDH still prevails but probably presents in its carbonated forms. For Ns-activated slag, the formation of gypsum and gibbsite is exclusively observed in the XRD spectra, as also predicted in the thermodynamic modeling. It suggests that Ns-activated slag has a poorer carbonation resistance than NH- and Nc-activated slags probably due to its low CO2 absorption capacity.

4.2.2 TGA
Figure 8 shows the TG/DTG curves for various AAS systems after 4-month natural carbonation, and Figure 9 shows the corresponding distribution of mass loss percentages of carbonated AAS at various temperature ranges. In comparison to AAS without carbonation treatment, the mass losses from the dehydration of C-A-S-H in AAS pastes decrease, regardless of curing temperature. The ingress of CO2 into pores lowers the pH of pore solution in AAS due to its acidifying nature, which goes against the solubility stability of solid C-A-S-H phases. Neverthless, as a consequence of carbonation, the mass losses from decarbonization in the TG/DTG curves increase considerably for all AAS (450 - 900 ℃). As shown in Figure 9, the mass loss percentage corresponding to dehydroxylation of Mg-Al LDH (around 250-450 ℃) remains almost unchanged, suggesting its strong resistance against carbonation-induced decomposition. The Mg-Al LDH in its carbonate form can be stable even at a pH below about 8 [51].  

The decrement of mass loss in 30 - 250 ℃ in Ns-activated slag after natural carbonation may be correlated with the decomposition of ettringite into gypsum, calcium carbonate, and alumina gels [52]. In addition, the mass losses corresponding to the decomposition of carbonates (450 - 900 ℃) in Ns-activated slag is smaller than that in other AAS, which is closely related to the limited CO2 absorption capacity of Ns solutions and indicates that its carbonation resistance is weaker than those with other activator types. 

As shown in Figure 9, after natural carbonation, sodium-activated slag systems show a higher mass loss percentage related to C-A-S-H dehydration (30 - 250 ℃) but lower percentage related to decarbonization (450 - 900 ℃), in comparison to potassium-activated counterparts. This observation may imply that the carbonation resistance of sodium-activated slag is slightly stronger than that of potassium-counterparts. Nevertheless, the influence of curing temperature on the carbonation resistance of AAS is not significant, in terms of phase stability. 

4.2.3 FTIR
Figure 10 shows the FTIR spectra of AAS samples with various activator composition under 4-month natural carbonation tests. In comparison to the AAS before carbonation, the position of Si-O bonds shifts to a larger wavenumber, i.e., from about 970 cm-1 to 1000 cm-1, indicating that the degree of polymerization of C-A-S-H becomes larger after natural carbonation [23,53]. This phenomenon is primarily attributed to the decalcification and dealumination of C-A-S-H as described in Eqs (1) and (2). The characteristic bands of carbonates appear more obviously upon natural carbonation for all AAS samples due to precipitation of carbonate phases; nevertheless, this band is weaker for Ns-activated slag, which is supportive of the previous argument drawn from the TGA results: the carbonation resistance of the Ns-activated slag system is relatively poorer than other AAS counterparts. However, little significant difference is observed for AAS cured under different temperature conditions, in terms of its resistance against carbonation-induced molecular alteration. 

Conclusions
In this work, the carbonation-induced phase and molecular evolution of alkali-activated slag prepared with a broad range of activator composition and two curing temperature conditions are studied. Based on the experimental and modeling results, the following conclusions can be drawn: 

(1) The Ns-activated slag shows a relatively poor carbonation resistance than NH- and Nc-activated slags due to its limited CO2 absorption capacity of pore solution. The carbonation of reacted phases in Ns-activated slag results in precipitation of gypsum, calcium carbonate, gibbsite, and calcium-deficit aluminosilicate gels.

(2) The natural carbonation of AAS leads to decalcification and dealumination and thus silicate polymerization of C-A-S-H. The dominant type of CaCO3 polymorphs formed in carbonated AAS depends on the activator type. 

(3) High-temperature curing condition promotes the formation of various hydrated products, particularly in carbonate-activated slag systems. However, the effect of curing temperature on the improvement of carbonation resistance of AAS systems is highly limited, in terms of phase and molecular stability.

(4) Sodium-activated slag exhibits stronger carbonation resistance than the potassium-activated counterpart, regardless of the curing temperature.

Acknowledgments 
The work is funded by the Guangdong Natural Science Fund - General Programme (Grant No. 1146).

References
[1]	R.J. Thomas, H. Ye, A. Radlinska, S. Peethamparan, Alkali-Activated Slag Cement Concrete, Concrete International. (2016) 33–38.
[2]	M. Ben Haha, B. Lothenbach, G.L. Le Saout, F. Winnefeld, Influence of slag chemistry on the hydration of alkali-activated blast-furnace slag—Part I: Effect of MgO, Cement and Concrete Research. 41 (2011) 955–963.
[3]	C. Li, H. Sun, L. Li, A review: The comparison between alkali-activated slag (Si+ Ca) and metakaolin (Si+ Al) cements, Cement and Concrete Research. 40 (2010) 1341–1349.
[4]	S.-D. Wang, K.L. Scrivener, Hydration products of alkali activated slag cement, Cement and Concrete Research. 25 (1995) 561–571.
[5]	M. Jiang, X. Chen, F. Rajabipour, C.T. Hendrickson, Comparative life cycle assessment of conventional, glass powder, and alkali-activated slag concrete and mortar, Journal of Infrastructure Systems. 20 (2014) 4014020.
[6]	S.-D. Wang, X.-C. Pu, K.L. Scrivener, P.L. Pratt, Alkali-activated slag cement and concrete: a review of properties and problems, Advances in Cement Research. 7 (1995) 93–102.
[7]	M.C.G. Juenger, F. Winnefeld, J.L. Provis, J.H. Ideker, Advances in alternative cementitious binders, Cement and Concrete Research. 41 (2011) 1232–1243.
[8]	J.L. Provis, A. Palomo, C. Shi, Advances in understanding alkali-activated materials, Cement and Concrete Research. 78 (2015) 110–125.
[9]	H. Ye, L. Huang, Z. Chen, Influence of activator composition on the chloride binding capacity of alkali-activated slag, Cement and Concrete Composites. 104 (2019) 103368. doi:10.1016/J.CEMCONCOMP.2019.103368.
[10]	H. Ye, Z. Chen, L. Huang, Mechanism of sulfate attack on alkali-activated slag: The role of activator composition, Cement and Concrete Research. 125 (2019) 105868. doi:https://doi.org/10.1016/j.cemconres.2019.105868.
[11]	F. Pacheco-Torgal, Z. Abdollahnejad, A.F. Camões, M. Jamshidi, Y. Ding, Durability of alkali-activated binders: a clear advantage over Portland cement or an unproven issue?, Construction and Building Materials. 30 (2012) 400–405.
[12]	F. Pacheco-Torgal, J. Castro-Gomes, S. Jalali, Alkali-activated binders: A review: Part 1. Historical background, terminology, reaction mechanisms and hydration products, Construction and Building Materials. 22 (2008) 1305–1314.
[13]	K.L. Scrivener, V.M. John, E.M. Gartner, Eco-efficient cements: Potential economically viable solutions for a low-CO2 cement-based materials industry, Cement and Concrete Research. 114 (2018) 2–26.
[14]	C. Grengg, F. Mittermayr, N. Ukrainczyk, G. Koraimann, S. Kienesberger, M. Dietzel, Advances in concrete materials for sewer systems affected by microbial induced concrete corrosion: A review, Water Research. 134 (2018) 341–352. doi:10.1016/J.WATRES.2018.01.043.
[15]	J. Davidovits, Geopolymers: inorganic polymeric new materials, Journal of Thermal Analysis and Calorimetry. 37 (1991) 1633–1656.
[16]	S.A. Bernal, R. San Nicolas, J.L. Provis, R.M. De Gutiérrez, J.S.J. Van Deventer, Natural carbonation of aged alkali-activated slag concretes, Materials and Structures. 47 (2014) 693–707.
[17]	M. Nedeljković, Y. Zuo, K. Arbi, G. Ye, Carbonation resistance of alkali-activated slag under natural and accelerated conditions, Journal of Sustainable Metallurgy. 4 (2018) 33–49.
[18]	H. Ye, Z. Chen, Influence of Nitrate Corrosion Inhibitors on Phase Stability of Alkali-Activated Slag against Chloride Binding and Natural Carbonation, Journal of Materials in Civil Engineering. 31 (2019) 4019160.
[19]	S.M. Park, J.G. Jang, H.-K. Lee, Unlocking the role of MgO in the carbonation of alkali-activated slag cement, Inorganic Chemistry Frontiers. 5 (2018) 1661–1670.
[20]	H. Ye, A. Radlińska, Carbonation-induced volume change in alkali-activated slag, Construction and Building Materials. 144 (2017).
[21]	S. Ghahramani, Y. Guan, A. Radlińska, P. Shokouhi, Monitoring the Carbonation-Induced Microcracking in Alkali-Activated Slag (AAS) by Nonlinear Resonant Acoustic Spectroscopy (NRAS), Advances in Civil Engineering Materials. 7 (2018) 576–598.
[22]	W. Aperador, R.M. de Gutiérrez, D.M. Bastidas, Steel corrosion behaviour in carbonated alkali-activated slag concrete, Corrosion Science. 51 (2009) 2027–2033.
[23]	F. Puertas, M. Palacios, T. Vázquez, Carbonation process of alkali-activated slag mortars, Journal of Materials Science. 41 (2006) 3071–3082.
[24]	S.A. Bernal, R. San Nicolas, R.J. Myers, R.M. de Gutiérrez, F. Puertas, J.S.J. van Deventer, J.L. Provis, MgO content of slag controls phase evolution and structural changes induced by accelerated carbonation in alkali-activated binders, Cement and Concrete Research. 57 (2014) 33–43.
[25]	T. Bakharev, J.G. Sanjayan, Y.-B. Cheng, Resistance of alkali-activated slag concrete to carbonation, Cement and Concrete Research. 31 (2001) 1277–1283.
[26]	Y.-H. Bai, S. Yu, W. Chen, Experimental Study of Carbonation Resistance of Alkali-Activated Slag Concrete., ACI Materials Journal. 116 (2019).
[27]	H. Ye, Nanoscale attraction between calcium-aluminosilicate-hydrate and Mg-Al layered double hydroxides in alkali-activated slag, Materials Characterization. 140 (2018) 95–102. doi:10.1016/j.matchar.2018.03.049.
[28]	F. Jin, K. Gu, A. Al-Tabbaa, Strength and hydration properties of reactive MgO-activated ground granulated blastfurnace slag paste, Cement and Concrete Composites. 57 (2015) 8–16.
[29]	H. Ye, C. Fu, G. Yang, Influence of dolomite on the properties and microstructure of alkali-activated slag with and without pulverized fly ash, Cement and Concrete Composites. 103 (2019) 224–232. doi:https://doi.org/10.1016/j.cemconcomp.2019.05.011.
[30]	H. Ye, C. Fu, G. Yang, Alkali-activated slag substituted by metakaolin and dolomite at 20 and 50°C, Cement and Concrete Composites. 105 (2020) 103442. doi:https://doi.org/10.1016/j.cemconcomp.2019.103442.
[31]	M. Palacios, F. Puertas, Effect of carbonation on alkali‐activated slag paste, Journal of the American Ceramic Society. 89 (2006) 3211–3221.
[32]	Z. Shi, C. Shi, S. Wan, N. Li, Z. Zhang, Effect of alkali dosage and silicate modulus on carbonation of alkali-activated slag mortars, Cement and Concrete Research. 113 (2018) 55–64.
[33]	J.L. Provis, Alkali-activated materials, Cement and Concrete Research. 114 (2018) 40–48.
[34]	B. Yuan, Q.L. Yu, H.J.H. Brouwers, Evaluation of slag characteristics on the reaction kinetics and mechanical properties of Na2CO3 activated slag, Construction and Building Materials. 131 (2017) 334–346.
[35]	B. Yuan, Q.L. Yu, H.J.H. Brouwers, Time-dependent characterization of Na2CO3 activated slag, Cement and Concrete Composites. 84 (2017) 188–197.
[36]	H. Ye, A. Radlińska, Shrinkage mitigation strategies in alkali-activated slag, Cement and Concrete Research. (2017).
[37]	M. Nedeljković, B. Ghiassi, S. van der Laan, Z. Li, G. Ye, Effect of curing conditions on the pore solution and carbonation resistance of alkali-activated fly ash and slag pastes, Cement and Concrete Research. 116 (2019) 146–158.
[38]	D.A. Kulik, T. Wagner, S. V Dmytrieva, G. Kosakowski, F.F. Hingerl, K. V Chudnenko, U.R. Berner, GEM-Selektor geochemical modeling package: revised algorithm and GEMS3K numerical kernel for coupled simulation codes, Computational Geosciences. 17 (2013) 1–24.
[39]	B. Lothenbach, D.A. Kulik, T. Matschei, M. Balonis, L. Baquerizo, B. Dilnesa, G.D. Miron, R.J. Myers, Cemdata18: A chemical thermodynamic database for hydrated Portland cements and alkali-activated materials, Cement and Concrete Research. (2018).
[40]	R.J. Myers, S.A. Bernal, J.L. Provis, A thermodynamic model for C-(N-) ASH gel: CNASH_ss. Derivation and validation, Cement and Concrete Research. 66 (2014) 27–47.
[41]	R.J. Myers, S.A. Bernal, J.L. Provis, Phase diagrams for alkali-activated slag binders, Cement and Concrete Research. 95 (2017) 30–38.
[42]	P.W. Brown, J. V Bothe Jr, The stability of ettringite, Advances in Cement Research. 5 (1993) 47–63.
[43]	C. Hall, P. Barnes, A.D. Billimore, A.C. Jupe, X. Turrillas, Thermal decomposition of ettringite Ca 6 [Al (OH) 6] 2 (SO 4) 3· 26H 2 O, Journal of the Chemical Society, Faraday Transactions. 92 (1996) 2125–2129.
[44]	B.S. Gebregziabiher, R.J. Thomas, S. Peethamparan, Temperature and activator effect on early-age reaction kinetics of alkali-activated slag binders, Construction and Building Materials. 113 (2016) 783–793.
[45]	K. Scrivener, R. Snellings, B. Lothenbach, A practical guide to microstructural analysis of cementitious materials, Crc Press, 2018.
[46]	E. Kanezaki, Thermal behavior of the hydrotalcite-like layered structure of Mg and Al-layered double hydroxides with interlayer carbonate by means of in situ powder HTXRD and DTA/TG, Solid State Ionics. 106 (1998) 279–284.
[47]	I.G. Lodeiro, D.E. Macphee, A. Palomo, A. Fernández-Jiménez, Effect of alkalis on fresh C–S–H gels. FTIR analysis, Cement and Concrete Research. 39 (2009) 147–153.
[48]	P. Yu, R.J. Kirkpatrick, B. Poe, P.F. McMillan, X. Cong, Structure of calcium silicate hydrate (C‐S‐H): Near‐, Mid‐, and Far‐infrared spectroscopy, Journal of the American Ceramic Society. 82 (1999) 742–748.
[49]	S.N. Ghosh, S.K. Handoo, Infrared and Raman spectral studies in cement and concrete, Cement and Concrete Research. 10 (1980) 771–782.
[50]	T.L. Hughes, C.M. Methven, T.G.J. Jones, S.E. Pelham, P. Fletcher, C. Hall, Determining cement composition by Fourier transform infrared spectroscopy, Advanced Cement Based Materials. 2 (1995) 91–104.
[51]	Q. Wang, Z. Wu, H.H. Tay, L. Chen, Y. Liu, J. Chang, Z. Zhong, J. Luo, A. Borgna, High temperature adsorption of CO2 on Mg–Al hydrotalcite: effect of the charge compensating anions and the synthesis pH, Catalysis Today. 164 (2011) 198–203.
[52]	T. Nishikawa, K. Suzuki, S. Ito, K. Sato, T. Takebe, Decomposition of synthesized ettringite by carbonation, Cement and Concrete Research. 22 (1992) 6–14.
[53]	J. Zhang, C. Shi, Z. Zhang, Carbonation induced phase evolution in alkali-activated slag/fly ash cements: The effect of silicate modulus of activators, Construction and Building Materials. 223 (2019) 566–582.





6


Table 1 Chemical and physical properties of GGBS 
	Oxide composition (mass %)
	Specific gravity
	Blaine fineness (m2/kg)

	CaO
	SiO2
	Al2O3
	MgO
	SO3
	Fe2O3
	K2O
	MnO
	TiO2
	Total
	
	

	34.46
	38.9
	14.05
	7.37
	2.49
	0.65
	0.65
	0.29
	1.13
	99.99
	2.85
	501 




Table 2 Mixture parameters of AAS pastes 
	Mix IDa
	Activator composition
	(L/S) vol.
	(L/S) mass

	NH
	4.0 M NaOH
	1.3
	0.53

	Nc
	2.0 M Na2CO3
	1.3
	0.55

	Ns
	2.0 M Na2SO4
	1.3
	0.59

	KH
	4.0 M KOH
	1.3
	0.56

	Kc
	2.0 M K2CO3
	1.3
	0.58


Note: a: in the notation, N=Na2O, K=K2O, c=CO2, s=SO3, H=H2O
	


Figure 1 Mineralogical analysis of raw GGBS. It shows the presence of humps which represent amorphous phases; the crystalline phases calcium magnesium aluminum oxide silicate which may originate from the crystallization of glass in slag (The same GGBS was used in the previous studies [9,10]). 




Figure 2 The XRD spectra of AAS pastes cured at two temperature conditions for 56 days in a sealed condition (prior to carbonation tests). 




(a)


(b)
Figure 3 The TG/DTG curves of AAS pastes cured at two temperature conditions for 56 days in a sealed condition (prior to carbonation tests). (a) 20 ℃ [10]; (b) 80 ℃. 



Figure 4 Distribution of mass loss percentages of uncarbonated AAS pastes at various temperature ranges obtained from TGA analysis in Figure 3. 







Figure 5 The FTIR spectra of AAS pastes cured at two temperature conditions for 56 days in a sealed condition (prior to carbonation tests). 



Figure 6 XRD spectra of AAS pastes after 4-month natural carbonation in an indoor atmospheric air environment. 




(a) 


 (b)


(c)
Figure 7 Carbonation-induced phase alteration in (a) NH-activated slag, (b) Nc-activated slag, and (c) Ns-activated slag, simulated using thermodynamic calculation. The carbonation of AAS is simulated through progressive reaction with CO2 respect to the mass of slag. 



(a)


(b)
Figure 8 The TG/DTG curves of AAS pastes after 4-month natural carbonation in an indoor atmospheric air environment (a) 20 ℃; (b) 80 ℃.



Figure 9 Distribution of mass loss percentages of carbonated AAS pastes at various temperature ranges obtained from TGA analysis in Figure 8. 






Figure 10 The FTIR spectra of AAS pastes after 4-month natural carbonation in an indoor atmospheric air environment. 
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