
1 

 

Thermodynamic modeling and experimental study of carbonation 

of alkali activated slag cements 

 

Solmoi Parka,b,c,*, Barbara Lothenbachc,d, Jeong Gook Jange,*, Hyeong-Ki Kimf, Namkon 

Leeg 

 

a Department of Civil Engineering, Pukyong National University, 

45 Yongso-ro, Nam-gu, 48513 Busan, Republic of Korea 

 
b Department of Civil and Environmental Engineering, 

Korea Advanced Institute of Science and Technology (KAIST), 

291 Daehak-ro, Yuseong-gu, 34141 Daejeon, Republic of Korea 

 
c Laboratory for Concrete & Construction Chemistry, Swiss Federal Laboratories for 

Materials Science and Technology (Empa), 8600 Dübendorf, Switzerland 

Barbara.Lothenbach@empa.ch 

 
d Department of Structural Engineering, 

Norwegian University of Science and Technology (NTNU), 

7491 Trondheim, Norway 

 
e Division of Architecture and Urban Design, Institute of Urban Science, 

Incheon National University, 

119 Academy-ro, Yeonsu-gu, 22012 Incheon, Republic of Korea 

 
f School of Architecture, Chosun University, 

309 Pilmun-daero, Dong-gu, 61452 Gwangju, Republic of Korea 

hyeongki@chosun.ac.kr 

 
g Structural Engineering Research Division, 

Korea Institute of Civil Engineering and Building Technology, 

283 Goyangdae-ro, Ilsanseo-gu, Goyang-si, 10223 Gyeonggi-Do, Republic of Korea 

nklee@kict.re.kr 

 

 

 

Corresponding authors:  

solmoi.park@pknu.ac.kr (S.P.) 

jangjg@inu.ac.kr (J.G.J.) 

  



2 

 

Abstract 

The present study investigates the carbonation of slags activated by NaOH, Na2SiO3, 

Na2CO3 and Na2SO4. The main hydrates in those activated with NaOH or Na2SiO3 were C-

(N-)A-S-H, strätlingite and MgAl-layered double hydroxide phases as observed using different 

experimental characterizations techniques and thermodynamic modeling. The use of a Na2CO3 

activator led to the formation of calcium carbonate and monocarbonate instead of strätlingite, 

and Na2SO4 to ettringite formation. Carbonation of the alkali-activated slags in a powdered 

form at 1 vol.% concentration of CO2 environment proceeded rapidly, where little change was 

observed after 7 d. The main carbonation products commonly identified were calcium 

carbonate, carbonate containing-MgAl-layered double hydroxide, and N-A-S-H. In Na2SiO3- 

and Na2SO4-activated slags M-S-H formation was predicted, which destabilized the MgAl-

layered double hydroxide phases. Strätlingite and monocarbonate, which were initially present 

or formed as a transient phase, were transformed to N-A-S-H during carbonation, while C-

(N-)A-S-H was only partially decalcified and destabilized.   

 

Keywords: Alkali Activated Cement; Granulated Blast-Furnace Slag; Carbonation; 

Thermodynamic Modeling 
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Introduction 

In recent years use of cementitious binders alternative to Portland cement has become 

necessary to mitigate the environmental CO2 footprint associated with Portland cement 

production 1-3. Alkali-activated cements are one of alternative cementitious binders that are 

being extensively investigated due to its lower footprint compared to Portland cement 4-6. 

Among the binders that can be used in alkali-activated cements, granulated blast furnace slag 

(hereafter referred to as ‘slag’) has been a topic of many studies over the past decades. The 

annual global output of steel slag is reported to be ~1600 million tons 7, 8, and granulated blast 

furnace slag accounts for 300~360 million tons and is nearly fully used as a supplementary 

cementitious material in concrete production 9. NaOH and Na2SiO3 have been frequently used 

as an activator 10-12, and other alkali sources (e.g., Na2CO3 and Na2SO4) are also used to achieve 

the required functional properties. Slags activated with NaOH or Na2SiO3 have been broadly 

discussed in a vast number of studies, which revealed many important aspects of kinetics of 

alkali-activation and the reaction products formed from experimental and theoretical 

investigations 6, 13-17. Less is known about slag activated with Na2CO3 and Na2SO4; only a few 

experimental 18-22 and modeling studies 23 are available in the literature. In particular, their 

durability performance needs to be better understood. 

Carbonation is a degradation mechanism that leads to a structural alteration in the 

hydration products and to which alkali-activated slag is particularly susceptible 10. This is a 

major drawback of alkali-activated slag cements, which typically exhibit outstanding durability 

performance (i.e., against as sulfate and acid attack), in comparison with Portland cement-

based systems 24, 25. Carbonation neutralizes the pore solution and can lead to corrosion of 

embedded rebars for concrete; for alkali-activated slags it can cause a reduction in the 

compressive strength 10, 26. The weak resistance of alkali-activated slag against carbonation can 
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be attributed to the absence of portlandite in contrast to hydrated Portland cement 27, 28. A high 

alkali dosage may improve the carbonation resistance of alkali-activated slag by enhancing the 

slag reaction and reducing the porosity 29.  

Another issue of the carbonation of alkali-activated slag is related to the difference in 

carbonation behavior in a testing environment compared to natural carbonation. It has been 

observed that the carbonation performance of alkali-activated slag is notably underestimated 

when tested under accelerated high CO2 concentrations 24, 30. This phenomenon limits not only 

the use of experimental data obtained under accelerated conditions for understanding the 

carbonation of alkali-activated slag, but also does not allow quantitative comparison of its 

performance with the data for Portland cement-based systems widely available in literature.  

This study investigates the carbonation of alkali-activated slag activated with four 

different Na-based activators, including NaOH and Na2SiO3, Na2CO3 and Na2SO4. Samples 

were carbonated at a low CO2 concentration (i.e., 1%). The obtained experimental data were 

complemented with thermodynamic calculations to provide in-depth information regarding 

hydration and carbonation of alkali-activated slag samples that are produced from various 

activators.   
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Materials and methods 

Sample preparation 

 Alkali-activated slag samples were produced by mixing blast furnace slag with NaOH 

(supplied by Daejung, pellets, 98% purity), Na2SiO3·5.3H2O (supplied by Honam Chemical 

Inc.), Na2CO3 (supplied by Samchun, 99% purity), or Na2SO4 (supplied by Daejung, 99% 

purity). The chemical composition of the slag as determined by X-ray fluorescence is provided 

in Table 1. The Baline specific surface and the specific gravity of the slag were 4100 cm2/g and 

2.9, respectively. 

The activator dosage was 10 g per 100 g of slag, and water/binder (activator + slag) 

ratio was 0.495 in all samples, corresponding to water/slag = 0.45 (Table 2), for simplicity in 

practical uses. This resulted in Na2O dosages of 7.75, 5.08, 5.85 and 4.36 g per 100 g of slag 

for NaOH, Na2SiO3, Na2CO3 and Na2SO4, respectively. In the case where Na2SiO3·5.3H2O was 

used, the activator dosage and the total H2O were adjusted to incorporate 10 g Na2SiO3 and to 

consider the molecular water of this activator, respectively. The samples were prepared at room 

temperature and were cured at 25 °C and 100% relative humidity for 50 d prior to carbonation. 

 

Table 1. Chemical composition of blast furnace slag (mass-%) 

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2 P2O5 Mn2O3 SrO LOI* 

43.61 36.18 14.15 0.31 3.46 0.22 0.53 0.37 0.67 0.02 0.37 0.07 0.03 
* Loss on ignition, determined in accordance with ASTM C114. 

Table 2. Mixture proportions 

Activator used Slag (g) Activator (g) Water (g) Water/binder 

NaOH 100 10.0 45.0 0.450 

Na2SiO3·5.3H2O 100 10.0 40.6 0.406 

Na2CO3 100 10.0 45.0 0.450 

Na2SO4 100 10.0 45.0 0.450 

 

Carbonation of samples 
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After 50 d of curing, the samples were manually ground with a mortar and pestle to 

pass a 100 µm sieve, allowing carbonation to occur uniformly in the samples and reduce 

sampling errors. The powdered samples were uniformly dispersed in a tray and placed in a 

carbonation chamber. The carbonation conditions involved 1 vol.% concentration of CO2, 

25 °C and 60±5% relative humidity, which were maintained by using the chamber. 

 

Characterization 

Hydration stoppage by solvent exchange was applied to the samples prior to 

characterization. The obtained samples were characterized by X-ray diffraction (XRD), 

thermogravimetric analysis (TGA) and solid-state magic angle spinning nuclear magnetic 

resonance (MAS NMR) spectroscopy.  

XRD patterns for the samples were obtained across a 2θ range of 5-65 ° using an X’Pert 

Pro X-ray diffractometer (Malvern Panalytical) and a Pixel and X’Celator detector at 30 mA 

and 40 kV, with CuKα radiation and a step size of 0.026 o 2θ. Each sample was scanned for 30 

min. 

TGA was conducted using a TA Instruments Q600 at a heating rate of 10 °C/min from 

40 to 800 °C in N2 gas. The mass of CO2 gas released from the samples during TGA was 

calculated from derivative thermograms (DTG) by integrating the area of the corresponding 

mass loss hump under an appropriate baseline (i.e., tangential method). The start and end points 

of the mass loss hump due to decarbonation were manually selected for integration. The 

integrated areas were divided by the final residual mass to normalize the values to 100 g 

anhydrous slag. The amount of CO2 that was introduced by the use of activator (Na2CO3) was 

excluded from the CO2 uptake of the samples by subtracting the mass of CO2 supplied by 

Na2CO3 per 100 g slag, otherwise, the mass of CO2 obtained by the tangential method was used. 

Solid-state 27Al and 29Si MAS NMR spectra were obtained using an Avance III HD 
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instrument (9.4T, Bruker). 27Al MAS NMR spectra were acquired at a Lamor frequency of 

104.29 MHz, spinning rate of 14 kHz, relaxation delay of 2 s, and pulse length of 1.2 μs. 29Si 

MAS NMR spectra were acquired at a Lamor frequency of 79.51 MHz, spinning rate of 11 

kHz, relaxation delay of 20 s, and pulse length of 1.6 μs. The chemical shifts were referenced 

to AlCl3 at 0 ppm and TMS at 0 ppm for 27Al and 29Si MAS NMR spectroscopy, respectively. 

The obtained 29Si MAS NMR spectra were decomposed into simulated peaks using 

OriginPro by introducing a minimum number of Gaussian peaks at the chemical shifts at which 

the reaction and carbonation products are known to resonate 28, 31-33. The experimental spectra 

were simulated using a minimum number of peaks. The resonance of the anhydrous slag in the 

spectra of the raw slag and hydrated samples was simulated by a single peak using the Gaussian 

LorenCross function. The fitting parameters (center, width, peak shape and amplitude) were 

obtained from the raw slag spectrum. The values of the parameters were kept identical except 

for the amplitude for simulating the anhydrous slag resonance in the hydrated samples. The 

mean chain length (MCL) of calcium-(sodium-)aluminosilicate-hydrate (C-(N-)A-S-H) was 

calculated using the cross-linked substituted tobermorite model 34. 

 

Thermodynamic modeling 

Thermodynamic modeling was performed using the Gibbs free energy minimization 

software GEM-Selektor v.3.5 35, 36 and CEMDATA18 37, which contains a database for the 

thermodynamic properties of phases encountered in hydrated cementitious binders. Highly-

crosslinked alkali aluminosilicate (N-A-S-H) gels that substantially form upon carbonation of 

C-(N-)A-S-H were modeled using thermodynamic data for N-A-S-H 1 and N-A-S-H 2 reported 

in 38. The database was completed with additional data for magnesium-silicate-hydrate (M-S-

H) with aluminum using the thermodynamic data published by Bernard et al. 39, sodium 

carbonates, such as nahcolite (NaHCO3), natron (Na2CO3∙10H2O), thermonatrite 
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(Na2CO3∙H2O), trona (Na2CO3∙NaHCO3∙2H2O) 40 and gaylussite (Na2Ca(CO3)2∙5H2O) 41, and 

carbonate containing hydrotalcites 42.  

The activity coefficients for aqueous species were calculated using the Truesdell-Jones 

extension to the Debye–Hückel equation 43, given as follows: 

 

𝑙𝑜𝑔10γ
𝑖

=
−𝐴γ𝑧𝑖

2√𝐼

1 + 𝑎̇𝐵γ√𝐼
+ 𝑏γ𝐼 + 𝑙𝑜𝑔10

𝑋𝑗𝑤

𝑋𝑤
 

Equation 1 

 

where γ
𝑖
 and 𝑧𝑖 are the activity coefficient and charge of the 𝑖𝑡ℎ species, respectively. 𝐴γ and 

𝐵γ are temperature- and pressure-dependent coefficients, respectively. 𝐼 is the effective molal 

ionic strength. 𝑋𝑗𝑤  and 𝑋𝑤  are the molar quantity of water and total molar amount of the 

aqueous phase, respectively. 𝑎̇  and 𝑏γ  are a common ion size parameter and short-range 

interaction parameter, respectively, and were set to 3.31 Å and 0.098 kg/mol, using NaOH as 

the background electrolyte. 

 The thermodynamic calculations were carried out by assuming a congruent dissolution 

of the slag. The reaction degree of the slag obtained from the spectral deconvolution of the 29Si 

MAS NMR spectra and the CO2 uptake in the samples measured by TGA at the corresponding 

test days shown in Figure 1 were used to simulate the phase assemblage of the samples as a 

function of carbonation time. The atmospheric concentration of CO2 in the simulation was kept 

identical to the experimental condition (1%) by introducing O2 in the simulated atmosphere. 
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Figure 1. Experimental (dots) and simulated (lines) (a) CO2 uptake per 100g of slag and (b) a 

degree of reaction of slag as a function of carbonation time. Error bars indicate the 95% 

confidence interval of the simulated lines. The lines were fitted using y = a * exp(t/b) + c, 

where y is the degree of reaction of slag or CO2 uptake, t is the carbonation time in days, and 

a, b and c are constants.  
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Results 

The TGA data show that for all the samples, regardless of the activator used, a relatively 

fast uptake of CO2 is observed during the first days as the use of finely ground hydrated samples 

resulted in a relatively fast and uniform carbonation (Figure 1 (a)). The Na2SO4- and Na2CO3 

activated samples exhibit a total CO2 uptake of approximately 10 g/ 100 g unreacted slag, while 

the Na2SiO3– and the NaOH–activated slag show CO2 uptakes of 15 g/100 g and 19 g/100 g, 

respectively, which is related to both the different degrees of slag reaction and different 

chemistries depending on the activator used. These values are comparable or higher than that 

of hydrated neat and blended Portland cement carbonated in a natural condition for a few 

years44. It is possible that the high alkalinity of the NaOH activator as compared to the other 

activators may lead to higher reaction degree of slag. It is known that hydrotalcite-like LDH is 

less stable in the presence of sodium silicate 23, thus use of Na2SiO3 as an activator may lead 

to increasing the carbonation extent. 

The deconvolution of the NMR data of the hydrated samples illustrates after 50 d of 

hydration, a slag reaction of approximately 60% for the NaOH– and Na2SiO3–activated 

samples and between 30 and 40% for the Na2SO4 and Na2CO3 activators (Figure 1 (b)). The 

data summarized in Figure 1 (b) also show that the slag continues to react during carbonation. 

The slag reaction increases by at least 15% for all activators during carbonation, and the 

Na2CO3 activated samples experience more than a 20% increase after 90 d of carbonation. The 

progress of slag hydration as a function of carbonation time was described using the following 

empirical equation, which allows interpolation of the results.  

𝑦 = a 𝑒(𝑡/b) + c      Equation 2 

where, 𝑦 is either CO2 uptake or reaction degree of slag (g/100g slag), 𝑡 is carbonation time in 
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days, and a , b  and c  are constant. Despite that the overall fitting resulted in a minimum R2 

value of 0.96, the slag reaction for the Na2SO4 sample was particularly high after 1 d of 

carbonation, which resulted in a higher error margin up to 19%. 

Thermodynamic modeling was used to predict the composition of the hydrated slag and 

its expected changes during carbonation. The hydrated phase assemblage in Figure 2 was 

predicted based on the experimentally measured slag reaction degree and CO2 uptake after 1, 

7, 28, and 90 d of carbonation at 1% CO2 concentration (see Figure 1). It is predicted that C-

(N-)A-S-H, strätlingite, LDH, and katoite would be the stable phases in NaOH–activated slag 

before carbonation. The amount of strätlingite predicted using the modeling may have been 

overestimated, because it is not identified in XRD patterns of alkali–activated slags 4, 45. A 

thermodynamic modeling study by Myers et al. 13 suggests that the source of this error can be 

due to another phase (zeolites or geopolymer gels) missing in the database, which preferentially 

forms over strätlingite.  
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Figure 2. Simulated (a) phase assemblage and (b) chemical composition of C-(N-)A-S-H gel 

and LDH in the NaOH-activated slag sample as a function of carbonation time. 
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visualization of the decomposed sites, making the signal-to-noise ratio in the spectra of 

carbonated samples relatively larger than those with narrower peak shapes (uncarbonated 

sample). The MCL of C-(N-)A-S-H in the hydrated sample calculated using thermodynamic 

modeling and from the decomposed 29Si MAS NMR spectra are 8.6 and 8.5, respectively, 

showing excellent agreement (Figure 7). 

  

Figure 3. X-ray diffraction patterns for the NaOH-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The annotations indicate the following: CSH- C-

(N-)A-S-H, H- hydrotalcite, m- monocarbonate, a- aragonite, c- calcite and v- vaterite. 
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Figure 4. DTG of the NaOH-activated slag sample before carbonation, and after 1, 7, 28, and 

90 d of carbonation. 
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Figure 5. 27Al MAS NMR spectra of the NaOH-activated slag sample before carbonation, and 

after 1, 7, 28, and 90 d of carbonation. The asterisk corresponds to the center of the resonance 

due to anhydrous slag. 
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Figure 6. 29Si MAS NMR spectra of the NaOH-activated slag sample before carbonation, and 

after 1, 7, 28, and 90 d of carbonation. The gray band represents the contribution of the 

anhydrous slag.  
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Figure 7. Mean chain length of alkali–activated slags calculated from the deconvolution of 
29Si MAS NMR spectra (dots) and thermodynamic modeling (lines). 
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 In agreement with the calculations presented above it was found experimentally that 

carbonation reduces the intensity of the monocarbonate/LDH and the C-(N-)A-S-H phase as 

illustrated in XRD, which implies that these phases are carbonated. The carbonation products 

identified by the XRD shown in Figure 3 are calcium carbonate polymorphs, predominantly 

calcite (CaCO3, PDF 5-586) and vaterite (CaCO3, PDF 33-628), and a minor quantity of 

aragonite (CaCO3, PDF 01-073-3251). The obtained XRD patterns indicate no further changes 

in the hydrates after the 1st day of carbonation. The TGA results shown in Figure 4 support the 

XRD results, as the mass loss hump observed in the DTG curves upon decarbonation, which 

onsets at ~300 oC and offsets at 675 oC for a similar binder 10, notably increases during the 1st 

day of carbonation, and thereafter only a marginal increase is observed. The two mass loss 

humps observed between 300-700 oC after carbonation are both due to decarbonation, while 

the first hump is due to the presence of amorphous calcium carbonates and the second one is 

due to crystalline calcium carbonates 49, 50. 

 The 27Al NMR spectra shows that the intensity of the resonances at the q2 and Al(VI) 

sites decreases notably upon carbonation, and mostly converges to the new resonance being 

observed at 57–58 ppm, which is attributed to the presence of q4 sites in N-A-S-H 28, 51. 

Considering that the presence of LDH persists even after 90 d of carbonation as suggested by 

the XRD and the modeling results, the weak remaining resonance in the Al(VI) site, which is 

significantly lowered but is just above the background, can be assigned to LDH.  

 The presence of the q4 sites in the carbonated NaOH-slag is supported by the 29Si MAS 

NMR spectra shown in Figure 6, which show new resonances upon carbonation at -89, -93, -

100 and -107 ppm which are assigned to the Q4(4Al), Q4(3Al), Q4(2Al) and Q4(1Al) sites, 

respectively 28. The resonances at these sites reportedly arise from the presence of silica gels 

and/or N-A-S-H gels, as described in previous studies 28, 51, which form when C-(N-)A-S-H is 

carbonated. The dissolution of strätlingite and other AFm phases upon carbonation results in 
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the formation of N-A-S-H, which is already known to formed from the carbonation of C-(N-)A-

S-H. The spectral deconvolution in Table 3 also shows a decrease in Al bound in C-(N-)A-S-H 

(less Q2(1Al)) due to carbonation. The degree of reaction of the slag as quantified by the 

spectral deconvolution shown in Table 3 increases as the carbonation proceeds with a notable 

increase in the relative area of the sites assigned to N-A-S-H, in the Q3–Q4 but mainly the 

Q4(nAl) sites. In terms of Si and Al coordination, both the modeling and experimental results 

are in good agreement with each other.  

 

Table 3. The relative area (%) of the sites obtained from the deconvolution of the 29Si MAS 

NMR spectra of the NaOH-activated slag sample as a function of carbonation time.  

Time 

(d) 

Slag Q0 Q1 Q1 Q2(1Al) Q2 
Q3/ 

Q4(4Al) 
Q4(3Al) Q4(2Al) Q4 

- -74 ppm -79 ppm -81 ppm -82 ppm -85 ppm -91 ppm -93 ppm -100 ppm -107 ppm 

0* 39 0 19 10 23 9 1 0 0 0 

1 34 0 1 7 0 16 20 16 6 1 

7 28 0 1 3 0 4 12 23 24 5 

28 21 2 3 3 0 4 12 27 24 5 

90 23 0 0 7 0 5 9 29 21 5 
* Before carbonation 

 

 The thermodynamic modeling results shown in Figure 8 suggest that C-(N-)A-S-H, 

OH-LDH and strätlingite are initially present in the Na2SiO3-activated slag. The hydration and 

carbonation products of the Na2SiO3-activated slag share features that are similar to those 

observed in NaOH-activated slag. Specifically, C-(N-)A-S-H and hydrotalcite are identified as 

the reaction products in the XRD pattern (Figure 9), while strätlingite formation is not clearly 

observed in the Na2SiO3-activated slag, in contrast to the thermodynamic predictions. This 

could indicate that either the Al-uptake in C-(N-)A-S-H is underestimated in the model, and/or 

that the strätlingite present is poorly crystalline and thus not well visible by XRD. The 27Al 

MAS NMR spectra of the Na2SiO3-activated samples as shown in Figure 11, however, indicate 
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the presence of some strätlingite (or other AFm phases as indicated by the signal at 

approximately 10 ppm). A notable difference in the Al(VI) environment is the intensity of the 

resonance at 4.5 ppm assigned to the third aluminate hydrate (TAH) 52, 53, which is higher in 

the spectrum of the Na2SiO3-activated slag than for the NaOH-activated slag. The resonance 

due to the q2 aluminate species in C-(N-)A-S-H is observed at two different locations (74 and 

68 ppm). The signal at 74 ppm is mainly attributed to the lower electron density, arising from 

the neighboring Q1 Si sites connected to either H+ or Na+ in the bridging sites of C-(N-)A-S-H 

31, 54. The more notably intense resonance at 68 ppm in comparison to that in the NaOH-

activated slag before carbonation therefore indicates a higher population of the q2 aluminate 

species neighboring a Q1 Si connected to Ca2+ in the Na2SiO3-activated slag, which is due to 

the lower amount of Na+ ions added by the activator, and/or it may imply a higher amount of 

strätlingite 48. The presence of C-(N-)A-S-H is also clearly visible in the Si-NMR data shown 

in Figure 12. The MCL of C-(N-)A-S-H in the hydrated sample calculated using the spectral 

deconvolution and the modeling is similar, showing values of 13 and 11 (Figure 7); thus, it is 

slightly higher than that present in the NaOH-activated slag, which is attributed to the SiO2 

added to the system by the activator, increasing the chain length 4, 55.  
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Figure 8. Simulated (a) phase assemblage and (b) chemical composition of C-(N-)A-S-H gel 

and LDH in the Na2SiO3-activated slag sample as a function of carbonation time. 
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Figure 9. X-ray diffraction patterns for the Na2SiO3-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The annotations indicate the following: CSH- C-

(N-)A-S-H, H- hydrotalcite, m- monocarbonate, c- calcite and v- vaterite 

 

 

Figure 10. DTG of the Na2SiO3-activated slag sample before carbonation, and after 1, 7, 28, 

and 90 d of carbonation 
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Figure 11. 27Al MAS NMR spectra of the Na2SiO3-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The asterisk corresponds to the center of the 

resonance due to anhydrous slag. 
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Figure 12. 29Si MAS NMR spectra of the Na2SiO3-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The gray band represents the contribution of the 

anhydrous slag. 
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A-S-H is predicted stable after ~0.6 d of carbonation. The thermodynamic preference of M-A-

S-H over LDH in this system as compared to the NaOH-activated system can be attributed to 

the lower Na2O concentrations, thus lower pH values, and the higher availability of SiO2 

provided by the activator, which stabilizes M-A-S-H over LDH, at a relatively early stage of 

carbonation. Nevertheless, it is difficult to experimentally confirm its formation, due to its 

disordered nature and significant overlap with the resonance of C-(N-)A-S-H and highly 

crosslinked aluminosilicate gels in 29Si MAS NMR spectra. Formation of M-S-H (or M-A-S-

H) in alkali-activated slag is experimentally found only when Mg2+ is externally provided (i.e., 

as an activator 56, 57 or due to exposure to Mg-containing environments such as seawater 58). 

The simulated pH exhibits a notable drop, i.e., from 13.95 to 12.23 and to 11.69, respectively, 

after strätlingite and CO3-LDH are destabilized by carbonation.  

The XRD patterns of the Na2SiO3-activated slag samples after carbonation mainly show 

reflections due to calcite with minor reflections due to vaterite, implying that the 

thermodynamically more stable calcium carbonates are predominantly formed in the Na2SiO3-

activated slag by carbonation, thus showing less kinetic effects than the NaOH-activated slag 

system. Despite the mineralogical difference in the carbonation products formed in the 

Na2SiO3- and NaOH-activated slag samples, both samples exhibit a similar decarbonation 

behavior in the DTG curves, showing onset and offset temperatures at 310-350 oC and 660-

680 oC, respectively (Figure 4 and Figure 10). The 27Al NMR spectra of the carbonated 

Na2SiO3-activated slag can be resolved into two main sites, similar to the carbonated NaOH-

activated slag; a predominant q4 aluminate species after carbonation and a minor population of 

LDH, regardless of carbonation time. The formation of the q4 aluminate species observed in 

the 27Al MAS NMR spectra of the carbonated samples is associated with the formation of N-

A-S-H, which also gives rise to the resonances at the Q4(nAl) Si sites in the 29Si MAS NMR 

spectra (Figure 12). The reaction degree of the slag quantified in Table 4 sharply increases 
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during the first days of carbonation, after 7 d of carbonation little further difference is observed. 

In addition, the degree of carbonation quantified by the TGA is found to stop increasing after 

28 and 90 d of carbonation, showing a decreased rate of carbonation as a function of time and 

reaction degree. 

 

Table 4. The relative area (%) of the sites obtained from the deconvolution of the 29Si MAS 

NMR spectra of the Na2SiO3-activated slag sample as a function of carbonation time. 

Time 

(d) 

Slag Q0 Q1 Q1 Q2(1Al) Q2 
Q3/ 

Q4(4Al) 
Q4(3Al) Q4(2Al) Q4 

- -74 ppm -79 ppm -81 ppm -82 ppm -85 ppm -91 ppm -93 ppm -100 ppm -107 ppm 

0* 43 3 10 7 21 13 3 1 0 0 

1 36 1 0 2 0 9 5 25 19 3 

7 27 2 0 4 0 8 8 25 22 5 

28 27 3 3 2 0 6 7 21 26 5 

90 28 4 0 2 0 8 3 27 26 4 
* Before carbonation 

 

The predicted phase assemblage of the Na2CO3-activated slag in Figure 13 shows that 

C-(N-)A-S-H, calcite, CO3-LDH and monocarbonate are present before carbonation. The 

reflections due to calcite, hemicarbonate (Ca4Al2(OH)12(OH)(CO3)0.5·5H2O, PDF 41-0221), 

monocarbonate (Ca4Al2(OH)12(CO3)·5H2O, PDF 01-087-0493), hydrotalcite and gaylussite 

(Na2Ca(CO3)2·5H2O, PDF 01-074-1235) are observed in the XRD pattern for the Na2CO3-

activated slag (Figure 14). The DTG curve of the sample before carbonation in Figure 15 

confirms the presence of C-(N-)A-S-H by the broad mass loss at approximately 100 oC 47. The 

shoulder at 180°C and the broad mass loss hump at 300 oC in the sample before carbonation, 

is assigned to the dehydroxylation of the AFm and LDH phases 47. The two q2 aluminate species 

in the Al(IV) environment, as well as the TAH in the Al(VI) environments, observed in the 27Al 

MAS NMR spectrum of the sample before carbonation (Figure 16) are attributed to the Al in 

C-(N-)A-S-H. The presence of the q4 aluminate observed in the 27Al MAS NMR spectrum and 

the Q3/Q4(4Al) sites in the 29Si MAS NMR spectrum of the uncarbonated sample in Figure 17 
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and Table 5 suggests that a minor quantity of N-A-S-H is possibly present before this sample 

is subjected to an elevated CO2 condition. Specifically, this observation may be related to the 

presence of zeolite A (Na12Al12Si12O48·18H2O) and/or Ca-heulandite (CaAl2Si7O18·nH2O, n= 

3.5-6), although zeolites are transient phases only present in the early age of reaction, according 

to the previous study by Bernal et al. 18. The MCL of the C-(N-)A-S-H gel in this sample 

calculated from the modeling and spectral deconvolution is 15 and 19, respectively, showing 

similar values, which are much higher than that of the other two samples discussed above. 
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Figure 13. Simulated (a) phase assemblage and (b) chemical compositions of C-(N-)A-S-H 

gel and LDH in the Na2CO3-activated slag sample a function of carbonation time. The 

amount of CO2 introduced by the activator has been excluded from the CO2 uptake. 

 

 

Figure 14. X-ray diffraction patterns for the Na2CO3-activated slag sample before 

carbonation, and after 1, 7, 28, and 90 d of carbonation. The annotations indicate the 

following: H- hydrotalcite, h- hemicarbonate, m- monocarbonate, g- gaylussite and c- calcite. 
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Figure 15. DTG of the Na2CO3-activated slag sample before carbonation, and after 1, 7, 28, 

and 90 d of carbonation. 
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Figure 16. 27Al MAS NMR spectra of the Na2CO3-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The asterisk corresponds to the center of the 

resonance due to anhydrous slag. 
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Figure 17. 29Si MAS NMR spectra of the Na2CO3-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The gray band represents the contribution of the 

anhydrous slag. 
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of carbonation to have proceeded before the samples are actually exposed to CO2-rich 

atmosphere. 

The reflections due to hemicarbonate and monocarbonate are also detected in the XRD 

pattern for the sample up to 28 d of carbonation. Similarly, the reflection of gaylussite is 

observed in the sample up to 7 d of carbonation, implying that these phases are transient and 

only stable during the corresponding carbonation time. The XRD pattern for the sample after 

90 d of carbonation only presents the reflections due to calcite and LDH. Two humps are 

observed in the DTG curves of the carbonated samples at 540 and 650 oC, which are attributed 

to the decarbonation of calcite, as identified in the XRD pattern. The disappearance of the 

shoulder at 120°C during carbonation indicates the destabilization of strätlingite 47, which is in 

good agreement with the thermodynamic modeling result. Similar to the other activator systems, 

carbonation leads to a substantial increase in the intensity of the resonances due to the q4 

aluminate in the 27Al NMR spectra, while the intensity at other sites decrease because of the 

destabilization of C-(N-)A-S-H and other aluminate hydrates. Similarly, the intensity of the 

Q4(nAl) Si sites increases after carbonation (Table 5). 

 

Table 5. The relative area (%) of the sites obtained from the deconvolution of the 29Si MAS 

NMR spectra of the Na2CO3-activated slag sample as a function of carbonation time.  

Time 

(d) 

Slag Q0 Q1 Q1 Q2(1Al) Q2 
Q3/ 

Q4(4Al) 
Q4(3Al) Q4(2Al) Q4 

- -74 ppm -79 ppm -81 ppm -82 ppm -85 ppm -91 ppm -93 ppm -100 ppm -107 ppm 

0* 62 0 5 3 19 8 3 0 0 0 

1 44 3 0 2 0 9 9 18 14 2 

7 44 0 0 2 0 8 4 23 15 4 

28 42 0 0 2 0 5 5 22 16 6 

90 39 0 0 10 6 4 22 15 4 4 
* Before carbonation 

 

  



33 

 

 The predicted phase assemblage of the Na2SO4-activated slag in Figure 18 shows that 

C-(N-)A-S-H, N-A-S-H, ettringite, strätlingite and OH-LDH are present as reaction products. 

The main reaction products of the Na2SO4-activated slag identified in the XRD pattern in 

Figure 19 are ettringite (Ca6Al2(SO4)3(OH)12·26H2O, PDF 41-1451), and C-(N-)A-S-H, similar 

to the thermodynamic modeling result. The presence of ettringite as predicted by the modeling 

is supported by the DTG curve, which exhibits an intense mass loss at 100°C (Figure 20). Note 

that strätlingite was not experimentally observed in Na2CO3- 
59 and Na2SO4-activated slag 60, 

while thermodynamic modeling results indicate that it is a stable phase in both systems 23, 61. 

The 27Al MAS NMR spectrum of the Na2SO4-activated slag sample before carbonation 

presented in Figure 21 shows the resonance at 13.5 ppm attributed to the presence of ettringite 

(marked as AFt in the Figure) 62, 63, and at 9.5 ppm attributed to the presence of LDH. The 

intensity of the resonance of the sites in the Al(IV) environment in the same spectrum is 

relatively weak, compared to other activator systems, which can be attributed to the notable 

formation of ettringite in this system; thus, Al is mostly associated with calcium aluminate 

hydrates, as opposed to the high population of Al observed in C-(N-)A-S-H in other activator 

systems. 

The first carbonation product observed in the simulation is CO3-LDH. Strätlingite and 

CO3-LDH are expected to be destabilized to N-A-S-H and M-A-S-H, respectively, at a similar 

carbonation time. A minor quantity of sulfate-intercalated CO3-LDH is expected form at an 

early age of carbonation (Fig. S3 (d)). M-A-S-H is a carbonation product which is predicted 

stable in Na2SiO3- and Na2SO4-activated slag systems only. It can be attributed to the additional 

SiO2 provided by the activator in the former case, and stability of ettringite and zeolites is 

preferred over MgAl-LDH upon carbonation, resulting in stabilizing M-A-S-H in the latter 

case. Upon depletion of CO3-LDH, ettringite partially dissolves and destabilizes to gypsum. 



34 

 

The initial pH of the pore solution in the Na2SO4-activated slag is predicted to be 13.45, and 

decrease to 13.03 when strätlingite is fully dissolved by carbonation. The pH further drops to 

11.81 when CO3-LDH no longer buffers the carbonation, and reaches 10.94 at a later stage of 

carbonation. The Na/Si and Ca/Si ratios of C-(N-)A-S-H exhibit some changes over the course 

of carbonation, starting from 0.31 and 0.85 and reaching 0.21 and 0.79 at the end of the 

simulated carbonation time, respectively. 
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Figure 18. Simulated (a) phase assemblage and (b) chemical compositions of C-(N-)A-S-H 

gel and LDH in the Na2SO4-activated slag sample a function of carbonation time. 

 

The amount of ettringite notably decreases after 1 d of carbonation in the XRD pattern, 

which also shows the reflections of vaterite and calcite as carbonation products. After 7 d of 

carbonation, the reflections due to ettringite are no longer observed, instead, bassanite 

(CaSO4·0.5H2O, PDF 41-224) is found along with aragonite as a new carbonation product. The 

DTG curves of the carbonated samples exhibit two decarbonation humps centered at 510 oC 

and 635-660 oC with the latter one becoming stronger over carbonation time, and the curves 

show that carbonation progressively occurs in the samples over time.  

The most notable difference between the thermodynamic calculation and the obtained 

experimental results is that gypsum (CaSO4·2H2O) is predicted to form instead of bassanite 

(CaSO4·0.5H2O), and ettringite is predicted to be stable even after 90 d of carbonation, which 

did not occur in the experiment. Such discrepancies are likely due to that fully saturated 

condition is considered in the simulation, which is unlikely to be met in the experimental 

0.1 1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Carbonation time (days)

N
a

/S
i,
 C

a
/S

i 
a

n
d

 A
l/
S

i 
o

f 
C

-(
N

-)
A

-S
-H

Mg/Al

Al/Si

Na/Si

Ca/Si

Before

carbonation

(b)

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

M
g
/A

l 
o

f 
L
D

H



36 

 

condition (60% R.H.), therefore affecting the stability of phases that exhibit high sensitivity to 

humidity such as ettringite and gypsum 64. 

 

Figure 19. X-ray diffraction patterns for the Na2SO4-activated slag sample before 

carbonation, and after 1, 7, 28, and 90 d of carbonation. The annotations indicate the 

following: CSH- C-(N-)A-S-H, e- ettringite, b- bassanite, a- aragonite, v- vaterite and c- 

calcite. 
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 The disappearance of ettringite after 1 and 7 d of carbonation is also observed in the 

NMR spectra, in good agreement with the XRD and TGA results. The resonance at 9.5 ppm 

attributed to the presence of LDH is persistently observed in the spectrum of the sample after 

28 d of carbonation, suggesting that the stability of CO3-LDH may have been underestimated 

particularly for this activator system. The 29Si MAS NMR spectra of the carbonated samples 

given in Figure 22 and the deconvolution summarized in Table 6 illustrate a significant increase 

in the Q4(3Al) and Q4(2Al) sites after carbonation, similar to the other activator systems. The 

carbonated samples generally have lower amounts of the residual slag, but they show no 

definite decreasing trend as a function of carbonation time after the first day, which might be 

related with the measurement error associated with the NMR technique and the spectral 

deconvolution process. This observation, together with the deconvolution results of other 

activator systems, which in fact yielded a clear decrease in the residual slag as a function of 

carbonation time, suggests that the dissolution of slag continues to some extent during 

carbonation. 
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Figure 21. 27Al MAS NMR spectra of the Na2SO4-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The asterisk corresponds to the center of the 

resonance due to anhydrous slag. 
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Figure 22. 29Si MAS NMR spectra of the Na2SO4-activated slag sample before carbonation, 

and after 1, 7, 28, and 90 d of carbonation. The gray band represents the contribution of the 

anhydrous slag. 

 

Table 6. The relative area (%) of the sites obtained from the deconvolution of the 29Si MAS 

NMR spectra of the Na2SO4-activated slag sample as a function of carbonation time.  

Time 
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Q3/ 
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- -74 ppm -79 ppm -81 ppm -82 ppm -85 ppm -91 ppm -93 ppm -100 ppm -107 ppm 

0* 67 2 0 7 13 7 3 1 0 0 

1 48 2 2 7 0 10 1 18 7 4 

7 57 1 0 1 0 9 4 13 13 2 

28 52 0 7 1 0 7 3 14 13 3 

90 52 6 0 2 0 8 5 15 11 2 
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The MCL calculated from thermodynamic modeling and the deconvolution of the 29Si 

MAS NMR spectra are compared in Figure 7. The values for the hydrated samples before 

carbonation calculated from both techniques are in an excellent agreement. Both techniques 

indicate an increase of MCL due to the decalcification of C-(N-)A-S-H during carbonation, but 

a significant variation in the obtained values occurs. The errors associated with these results 

from NMR data are relatively high due to the overlap of the resonance of C-(N-)A-S-H with 

strätlingite present in the hydrated slags and with the N-A-S-H gel that formed during 

carbonation. This also affects the accuracy of the obtained slag reaction degree, and thus the 

simulation results. The occurrence of an aluminosilicate gel instead of the predicted zeolite X 

further lowers the accuracy of the modeling. Therefore, the results of both techniques are bound 

to have a larger error margin for the carbonated cases. This is particularly noticeable in the 

calculated hump in the MCL of C-(N-)A-S-H in the NaOH-activated slag during 1st-10th d of 

carbonation, which may be associated with either underestimated slag reaction degree or 

overestimated CO2 uptake at the corresponding carbonation time, making the model 

temporarily predict excessively decalcified C-(N-)A-S-H. Both techniques, however, clearly 

present that the MCL of C-(N-)A-S-H in alkali-activated slag tend to increase during 

carbonation in agreement with observations in previous studies 10, 51 where increases in Q2 and 

Q3, and Q3/Q4(2Al) Si, respectively, were shown in the 29Si MAS NMR spectra of alkali–

activated slag upon carbonation. 

The CO2 uptake of the samples per mass of hydrated slag in Figure 23 suggests that 

the NaOH-activated slag has the highest CO2 binding capacity of 23.3 g per 100 g of hydrated 

slag (1 to 91 d), followed by that activated with Na2SiO3 (20.0 g/100g), Na2SO4 (15.8 g/100g) 

and Na2CO3 (13.8 g/100g). If the uptake of CO2 added by the activator is also considered, the 

Na2CO3-activated slag takes up 21.0 g/100g, which is slightly higher than that of Na2SiO3, 

although the degree of slag reaction of the Na2CO3-activated slag is 55% lower than the 70% 
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reaction degree of the NaOH- and Na2SiO3-activated slags. If the CO2 binding capacity at equal 

degree of slag reaction is compared, then the Na2CO3-activated slag has the highest CO2 

binding capacity, as shown in 65. The higher standard error associated with the CO2 uptake by 

the Na2CO3- and Na2SO4-activated samples is due to the much lower values observed on the 

first day of carbonation.  

In addition to the CO2 binding capacity, the pH of the pore solution has significant 

effect on the performance of the binders against steel corrosion. The pH of the simulated pore 

solution in the NaOH and Na2CO3 activated samples is calculated to remain above 12 and 13, 

respectively, while the pH within the other two samples is predicted to drop to 10-11 during 

carbonation (Figure 24). The calculated pH values for the samples after 90 d of carbonation is 

12.3, 10.9, 13.1 and 10.9 for the NaOH-, Na2SiO3-, Na2CO3- and Na2SO4-activated samples, 

respectively. Note that a study by Ke et al. 65 showed that the pH is expected to drop to below 

9 in all the systems upon complete carbonation. In the present study, high pH values are 

calculated by the modeling for these activators, which also showed a high CO2 uptake per g of 

hydrated slag. As ground hydrated slag has been used in the experiments, the findings imply 

that the role of an alkali–activator in retaining the alkalinity in the pore solution during 

carbonation is not limited to affecting the matrix and CO2 permeability. The activator seems to 

play an important role by inducing the development of a hydration phase assemblage that is 

more resistant to neutralization. For instance, SiO2 added by the activator may stabilize M-A-

S-H and destabilize MgAl-LDH, which buffers the pH of the pore solution. On the other hand, 

the activator dosages were identically applied on a mass basis (10g of each); thus, the Na2O/slag 

mass ratios were different across the samples. The NaOH-activated system had the highest 

Na2O dosage, which may have affected its pH evolution, CO2 buffering capacity and overall 

carbonation behavior. It is however important to experimentally confirm whether these values 

are observed in the actual pore solution of the system and induce steel corrosion. 
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The thermodynamic modeling results predict that there is a volumetric increase for all 

activators during carbonation. This is in agreement with a study by Ke et al. 10, who reported a 

decrease in the mercury intrusion accessible porosity in Na2CO3 activated slag after 

carbonation. It is therefore possible that carbonation and CaCO3 precipitation together with the 

additional slag reaction during carbonation lead to a decrease in the pore volume of alkali-

activated slag and thus to an increase in solid volume. Although carbonation in alkali–activated 

slags is often observed to decrease their strength 29, 66, the opposite was observed in a previous 

study where Na2CO3 was used as an activator 10.  

  

 

Figure 23. CO2 uptake by alkali-activated slags per mass of hydrated slag between 1 to 90 d. 
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Figure 24. Simulated pH evolution in alkali–activated slags during carbonation. 
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Conclusions 

The present study investigates the effect of carbonation on alkali–activated slag 

cements produced using various alkali–activators such as NaOH, Na2SiO3, Na2CO3 and 

Na2SO4. The following conclusions can be drawn from the thermodynamic modeling and 

experimental results obtained from the samples carbonated at 1% CO2 concentration for up to 

90 d: 

(1) The main hydrates in NaOH- and Na2SiO3-activated slags were C-(N-)A-S-H, 

strätlingite and MgAl-layered double hydroxide phases. In the presence of Na2CO3 

calcite and monocarbonate instead of strätlingite were present, while ettringite was 

observed in the Na2SO4 activated slag. 

(2) In the NaOH- and Na2SiO3-activated slags a slag reaction of >70% was observed 

after carbonation, while a lower degree of slag reaction was observed for Na2CO3- 

(60%) and Na2SO4-activated (50%) slags. The carbonation of the pre-hydrated 

samples led to a renewed reaction of the slag, in particular in the case of the Na2SO4- 

and Na2CO3- activated slags, where the reaction degree was increased by ~1/3 

during carbonation. 

(3) The main carbonation products include calcium carbonate, CO3-MgAl-layered 

double hydroxide and an aluminosilicate gel. In Na2SiO3- and Na2SO4-activated 

slags the destabilization of the MgAl-layered double hydroxide phases to M-S-H 

occurred. Carbonation also destabilized AFm phases such as strätlingite, 

hemicarbonate, and monocarbonate to an aluminosilicate gel.  

(4) Although C-(N-)A-S-H was decalcified and its amount notably decreased after 

carbonation, C-(N-)A-S-H was not completely destabilized. 

(5) AFm phases (including strätlingite) were easily degraded to calcium carbonate and 
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other solids by carbonation, while MgAl-LDH phases converted to carbonate-

containing MgAl-LDH, which were more resistant to further carbonation 

degradation as experimentally observed and calculated using thermodynamic 

modeling. 

(6) The CO2 uptakes per mass of hydrated slag for the samples activated with NaOH, 

Na2CO3, Na2SiO3 and Na2SO4 were 23.3, 21.0, 20.0, and 15.8 g per 100 g, 

respectively, suggesting that the CO2 binding capacity can be activator-dependent. 
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Synopsis 

Carbonation of alkali-activated slag activated with four different Na-activators is investigated. 


