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 11 

The use of sodium carbonate as an activator to prepare alkali8activated cements from 12 

blast furnace slag and calcined hydrotalcite offers many attractive performance and 13 

environmental benefits. However, the understanding of the long8term performance of these 14 

cements is limited. In this study, the resistance of sodium carbonate8activated slag cements to 15 

carbonation attack was determined under natural (0.04%) and elevated (1.0%) CO2 16 

concentrations. Two calcium carbonate polymorphs, calcite and vaterite, were formed as 17 

carbonation products at a longer time of CO2 exposure. A cross8linked alkali aluminosilicate 18 

gel, and a Ca8deficient calcium (alumino)silicate hydrate gel were identified to form by 19 

decalcification of the main binding phases initially present in these cements. However, 20 

despite these carbonation8induced mineralogical changes, the mechanical strength after 21 

carbonation was comparable to that of non8carbonated specimens, which is contrary to 22 

previous observations of strength loss due to carbonation of slag8rich cements. The high 23 

carbonation resistance of sodium carbonate8activated slag cement indicates these materials 24 

have the potential to resist attack by atmospheric CO2 in service with sustained mechanical 25 

performance. 26 

 27 

�	����
��� Alkali8activated cements, carbonation, calcium carbonate, durability, layered 28 

double hydroxides. 29 
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The cement industry is facing the challenge of reducing its environmental footprint while 31 

dealing with a continuously increasing demand for this essential material. This has motivated 32 

the development of non8Portland cements, including alkali8activated cements (AACs), which 33 

are prepared using the powders that are normally blended with Portland cement (PC) as 34 

supplementary cementitious materials (e.g. blast furnace slags, fly ashes, calcined clays, and 35 

others) together with an alkali activator which enables them to generate cementing character 36 

and high mechanical performance without the addition of Portland clinker 182. In many 37 

aspects AACs develop performance which is comparable to that of blended Portland8based 38 

cements 283. 39 

 40 

The selection of the alkali source used as the activator strongly influences the 41 

microstructural features and the physico8mechanical performance of an AAC 486, as well as 42 

the environmental impacts associated with its production 789. The most commonly used 43 

activators include sodium hydroxide and sodium silicate. A recent life cycle analysis of 44 

AACs revealed that although these cements have much lower global warming potentials than 45 

PC, the use of sodium hydroxide and/or sodium silicate as activators brings a higher 46 

environmental impact in aspects including human toxicity, fresh water and marine ecotoxicity 47 

9. The industrial production of sodium silicate is also an energy intensive process, and the 48 

commonly used furnace process requires reacting sodium carbonate (Na2CO3) and sand (SiO2) 49 

at 110081200 °C 10. To replace sodium silicate with sodium carbonate, as an alternative 50 

alkali8activator, has the potential to greatly reduce the environmental impact of alkali851 

activated cements, especially in regions where there are abundant geological resources of 52 

sodium carbonate that can be mined from trona deposits 11. The sodium carbonate produced 53 

from natural deposits is now around a quarter of the global production,12 and this process 54 

leads to significantly lower greenhouse gas emissions than the industrial synthesis of sodium 55 

carbonate by the Solvay process 13. 56 

 57 

It is well known that alkali8activation of blast furnace slag to form cements is achievable 58 

using mild alkaline solutions based on sodium carbonate 2, 4, 14817. However, earlier attempts 59 

using sodium carbonate as the sole activator were barely satisfactory in terms of use in 60 

modern engineering and construction practice, as prolonged setting times (up to 185 days at 61 
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3 

ambient temperature) were observed, followed by slow development of strength 3, 18819. 62 

Recent studies have elucidated that the consumption of carbonate anions supplied by the 63 

activator dominates the early kinetics of reaction of these cements 17. In particular, the 64 

formation of a layered double hydroxide hydrotalcite8like phase ([Mg1–65 

�Al�(OH)2]
�+[OH,CO3]�/�·�H2O, 0.20<�<0.33, �: charge of anion and �: hydration number), 66 

in parallel with other carbonate8containing phases, plays a key role in chemically binding the 67 

carbonate present in the pore solution 20 and can be tailored to promote fast hardening. 68 

Incorporation of a small fraction of a calcined mineral addition designed to favor the 69 

formation of this phase (specifically, a calcined layered double hydroxide, CLDH) into these 70 

cements can greatly enhance this effect. The addition of this CLDH also promotes good 71 

mechanical performance, and reduces chloride permeability compared with sodium silicate872 

activated AAC, or with Portland cement 20821.  73 

 74 

The carbonation of cement hydrate products is one of the main degradation mechanisms of 75 

cements and concretes, and involves a chemical reaction between the alkaline binder and the 76 

CO2 present in the atmosphere. Thus, significant attention is paid to this process when 77 

assessing the durability performance of concrete structures in many exposure conditions, as it 78 

can induce a reduction of the pH within the concrete and consequently increase the 79 

probability of corrosion of steel reinforcement 22824. However, the carbonation of cements in 80 

service has also been identified as a large potential carbon sink 22, 25, before reaching the point 81 

that the carbonation8induced degradation would jeopardize the safety performance of the 82 

structure. In Portland cement, the presence of portlandite (Ca(OH)2) provides a buffer phase, 83 

consuming atmospheric CO2 as it is converted to calcium carbonate. This delays the 84 

decalcification process of the main strength8giving phase, a calcium silicate hydrate 26. 85 

However, in AACs, the absence of portlandite and the high alkalinity of the pore solution 86 

have made carbonation one of the main durability8related concerns 27828. For the specific case 87 

of sodium carbonate8activated slag cement, the information available from the literature 88 

regarding its resistance to carbonation is very limited. However, it has been observed that 89 

after exposure to atmosphere conditions for over 35 years, sodium carbonate8activated slag 90 

concrete presented an increased strength 29, suggesting that the carbonation process taking 91 

place in these cement most likely differs from that in sodium silicate8activated slag cements, 92 

which tends to lose strength as a result of carbonation 30831. Hence, the development of a new 93 

fundamental understanding of the structural changes induced by carbonation of sodium 94 
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carbonate8activated slag cement is crucial, not only for assessment of its durability 95 

performance, but also for evaluation of its whole8service8life carbon footprint.  96 

 97 

Therefore, in this study, the structural stability of sodium carbonate8activated slag cements 98 

upon exposure to natural and high CO2 concentrations was determined, as well as the effects 99 

of its chemical modification via the addition of a calcined layered double hydroxide, as a 100 

potential CO2 binding agent. 101 

 102 

���	���	������������103 

���	������104 

A commercial ground granulated blast furnace slag was used in this study, a glassy 105 

material mainly consisting of CaO (41.3 wt.%), SiO2 (36.0 wt.%), Al2O3 (11.3 wt.%), and 106 

MgO (6.5 wt.%). This slag had a Blaine fineness of 5056 ± 22 cm2/g (average value of four 107 

measurements), and an average particle size d50 of 11.2 ± 0.1 �m (determined using laser 108 

diffraction).  109 

 110 

The activator was prepared by pre8dissolving commercial sodium carbonate powder 111 

(Sigma Aldrich, Na2CO3 ≥ 99.5%) into distilled water. A calcined layered double hydroxide 112 

(CLDH) was produced by thermally treating synthetic hydrotalcite (Sigma Aldrich) at 500°C, 113 

following the procedure described in a previous study 20, where detailed characterization of 114 

the synthetic hydrotalcite, before and after treatment, was reported. 115 

 116 

�����	���	��������117 

Sodium carbonate8activated slag pastes were produced with an activator dose of 8 g 118 

Na2CO3 per 100 g slag, and a water/(slag+Na2CO3) mass ratio of 0.40. To some of the pastes, 119 

5 wt.% CLDH (by mass of anhydrous slag) was also added. Pastes were mixed using an 120 

overhead mixer with a high8shear blade, cast in centrifuge tubes, then sealed and stored at 121 

room temperature (20 ± 3 °C) until testing. Sodium carbonate8activated slag mortars were 122 

also prepared with a sand to slag mass ratio of 3:1, where BS EN 19681 standard sand 32 was 123 

used, and cured under the same conditions as the pastes. 124 
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 125 

�	����	���
��126 

Slag paste samples that had been cured for 28 and 180 days were crushed and sieved to a 127 

particle size of between 100 μm and 250 Mm, exposed to atmospheric carbonation (∼0.04% 128 

CO2, described as ��������	
 ���������), and elevated carbonation condition (1.0 ± 0.2% 129 

CO2, described as �����������
 ���������). Under both carbonation conditions, the 130 

temperature and relative humidity was controlled at 20 ± 2 ºC and 65 ± 5%, respectively. The 131 

accelerated carbonation conditions were selected based on a previous study 28 where it was 132 

demonstrated that alkali8activated samples carbonated under these conditions develop 133 

comparable carbonation reaction products to those forming after several years of atmospheric 134 

exposure. Pastes exposed to both CO2 conditions for up to 14 days were analyzed. Reference 135 

samples sealed in centrifuge tubes and kept under the same laboratory conditions (20 ± 2 ºC, 136 

described as ������������) were analyzed at similar times to those used for carbonation, to 137 

account for the structural evolution taking place in these cements as they continued to mature 138 

during the period of CO2 exposure. Specimens were analyzed through: 139 

 140 

•� X8ray diffraction (XRD), using a Bruker D2 Phaser instrument with Cu8Kα radiation and a 141 

nickel filter. The tests were conducted with a step size of 0.02° and a counting time of 1 142 

s/step, from 5° to 55° 2θ. 143 

•� Thermogravimetry8mass spectroscopy (TG8MS), in a Perkin Elmer TGA 4000 instrument 144 

coupled with a Hiden mass spectrometer. In each case, 30 mg of sample was tested from 145 

30°C to 1000°C at a heating rate of 3°C/min, under nitrogen flowing at 40 mL/min.  146 

•� Solid8state 29Si MAS NMR spectra were collected at 79.4 MHz on a Varian VNMRS 400 147 

(9.4 T) spectrometer, using a probe for 6.0 mm outer diameter zirconia rotors, and a 148 

spinning speed of 6 kHz. The 29Si MAS NMR spectra were collected with a 90° pulse 149 

duration of 4.6 µs, a recycle delay of 5 s, and between 6000 and 17000 repetitions. The 150 

solid state 27Al MAS NMR spectra were acquired on the same spectrometer at 104.20 151 

MHz, using a probe for 4 mm outer diameter zirconia rotors, a spinning speed of 14 kHz 152 

with a pulse duration of 1 µs (approximately 25°), a recycle delay of 0.2 s, and a minimum 153 

of 7000 repetitions. 29Si and 27Al chemical shifts are referenced to external samples of neat 154 

tetramethylsilane (TMS) and a 1.0 M aqueous solution of Al(NO3)3, respectively.  155 
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6 

Mortar cubes with dimensions of 50×50 mm were used for testing compressive strength, 156 

which was determined using an automatic testing machine (Controls Automax5) with a 157 

loading speed of 0.25 MPa/s. Triplicate samples were measured per curing condition at each 158 

time point. The carbonation penetration depth after exposure of mortar cubes to natural and 159 

accelerated carbonation was also determined, using a spray of 1 wt.% phenolphthalein 160 

indicator solution (dissolving 1.0 g of phenolphthalein in 50 mL of ethanol and then adding 161 

50 mL of water) onto a freshly split surface as an indicator. 162 

 163 

 	�������
�
���������164 

!���������"�#�#$%�������������165 

In accordance with previous evaluation of the phase evolution of sodium carbonate8166 

activated slag cement 20, the main reaction products identified by XRD analysis of the three 167 

non8carbonated samples assessed (0 wt.% CLDH after 28 and 180 days and 5 wt.% CLDH 168 

after 28 days, Figure 1) were semi8crystalline (Al, Na)8substituted calcium silicate hydrate 169 

(C8(N)8A8S8H) type gel (crystal structure close to PDF #00801980052), and layered double 170 

hydroxide phases including both hydrotalcite8structured and AFm8structured (hydrocalumite8171 

like) phases. Specifically, the AFm phases identified by XRD were hemicarboaluminate 172 

(PDF #00803680129) and monocarboaluminate (PDF #00803680377). Hemicarboaluminate is 173 

often observed in low MgO8content samples (< 5 wt.% within the slag) at lower degree of 174 

reaction (i.e. early age), while monocarboaluminate is often observed in samples with 175 

moderate MgO content at later age 20. Gaylussite (PDF #00802180343) is normally identified 176 

in sodium carbonate8activated slag pastes at early age as a transient phase 20, consistent with 177 

its identification here only in the 288day samples without CLDH addition in Figure 1. The 178 

1808day samples, and the 288day samples with 5% CLDH addition, have higher content of 179 

hydrotalcite8like phases (PDF #00801480525) than the 288day sample without CLDH addition.  180 

 181 
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7 


182 

!����	�&. X8ray diffraction patterns of the sodium carbonate8activated slag pastes, after being 183 

exposed to 0% (non8carbonated), 0.04% (naturally carbonated) and 1.0% CO2 (accelerated 184 

carbonated) for 24 hours. Phases marked are: Cs 8 calcium (sodium) aluminate silicate 185 

hydrate; C 8 calcite, V 8 vaterite; HT 8 hydrotalcite8like phase; Ga 8 gaylussite; Hc 8 186 

hemicarboaluminate, Mc – monocarboaluminate. The inset on the left enlarges the low8angle 187 

region. 188 

 189 

When the pastes were exposed to CO2, there was a significant increase in the content of 190 

two polymorphs of CaCO3: calcite (PDF# 00800580586) and vaterite (PDF# 00803380268), as 191 

a result of the decalcification of the C8(N)8A8S8H type gel 28  (Figure 1). The gaylussite 192 

present in the 288day sample without CLDH did not seem to be influenced by carbonation, 193 

while the small fraction of hemicarboaluminate in the same sample seemed to have been 194 

carbonated to monocarboaluminate. A higher amount of both CaCO3 polymorphs was formed 195 

under exposure to more aggressive carbonation concentrations, indicating a higher content of 196 

decalcification of the main reaction product, as observed in sodium silicate8activated slag 197 

cements 28, 33. The same trend has been observed in samples exposed to a more extended time 198 

of carbonation (see Supporting Information). At a higher extent of carbonation, whether 199 

achieved by increasing the CO2 concentration and/or by extending the exposure time, the 200 

formation of vaterite seems to be favored over calcite. The precipitation of CaCO3 201 

polymorphs is known to be closely related to the activities of Ca2+ and CO3
28, as well as pH 202 

and concentrations of other dissolved ions in the aqueous phase 34836. The pH values at which 203 

different CaCO3 polymorphs precipitate are different, and the addition of alkali (e.g. NaOH) 204 

could inhibit the precipitation of well8crystallized calcite 36. When the carbonation process in 205 

an alkali8activated cement starts, the atmospheric CO2 gradually dissolves in the alkaline pore 206 

solution (pH>13), consumes OH8, and leads to an increased concentration of CO3
28 in the 207 
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8 

pore solution 37. The decreased alkalinity of the pore solution destabilizes the C8(N)8A8S8H 208 

type gel, and results in increased Ca2+ concentration in the carbonated pore solution 37838. The 209 

increased concentration of both Ca2+ and CO3
28 in the pore solution, together with decreased 210 

pH, favors the formation of vaterite over calcite 35.  211 

 212 

The samples cured for 180 days without CLDH addition appear to have the lowest amount 213 

of calcium carbonate forming, suggesting the highest carbonation resistance under natural 214 

carbonation conditions, likely due to the presence of higher amount of dense, space8filling 215 

hydrous reaction product phases at extended times of curing 20. Samples modified with 5 wt.% 216 

CLDH have higher hydrotalcite8group phase content, which enables them to absorb 217 

additional CO2 by its incorporation via substitution of hydroxide in these phases 39840. Figure 218 

2 demonstrates this additional CO2 binding in the CLDH8containing sample by TG8MS: 219 

compared with the paste without CLDH modification (blue line, Figure 2), the CLDH8220 

modified sample (orange line, Figure 2) showed a significantly higher mass loss centered at 221 

around 373 °C caused by the release of CO2, consistent with that which is observed from 222 

carbonated hydrotalcite8like phases 41. Additionally, the mass loss from these two samples 223 

(blue and orange lines, Figure 2) below 200 °C, associated with the water loss from the main 224 

reaction product C8(N)8A8S8H type gel, appeared to be similar. These observations may 225 

indicate that the addition of CLDH enables the binder to take up a higher content of CO2 226 

without damaging the main strength8giving reaction product phases.  227 
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9 

 228 

!����	�'. TG8MS data for sodium carbonate8activated slag paste (28d, 0 wt.% CLDH) 229 

exposed to 0% (black line), 0.04% (green line) and 1.0% CO2 (blue line) for 24 hours, and a 230 

CLDH modified sample (28d, 5 wt.% CLDH) exposed to 1.0% CO2 for 24 hours (orange line)
231 

 232 

As calcium carbonate salts form upon carbonation in sodium carbonate8activated slags, 233 

their formation requires the release of calcium from the C8(N)8A8S8H type gels. So, the long 234 

term stability of these materials will depend on the structural changes that take place in these 235 

strength8giving phases 28, and the changes in microstructure that may alter the pore volume 236 

and connectivity 31. These factors therefore need further investigation, as discussed in the 237 

following sections.  238 

 239 

 240 

 241 

 242 
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���������������	�������������������������	���
���	����	��	���243 

 244 

The main reaction product in these cements is a sodium8rich calcium aluminosilicate 245 

hydrate (C8(N)8A8S8H) type gel, which has a disordered tobermorite8like structure consisting 246 

of dreierketten silicate chain units, and with some of the Si sites substituted by Al 42843. Solid8247 

state 29Si and 27Al magic angle spinning nuclear magnetic resonance (MAS NMR) 248 

spectroscopy provides valuable information to identify changes in the coordination 249 

environments of Si and Al atoms within this gel, as a consequence of carbonation.  250 

 251 

In the 29Si MAS NMR spectra (Figure 3), three distinct resonance at 879 ppm, 882 ppm 252 

and 885 ppm were identified in non8carbonated slag pastes with or without CLDH after 28 253 

and 180 days of curing; these are assigned to Q1, Q2(1Al) and Q2 sites within the C8(N)8A8S8254 

H type gel 44. The broad resonance centered at 874 ppm is attributed to the fraction of 255 

unreacted slag, mainly consisting of Q0 and some Q1 and Q2 sites (Figure 3D). The 256 

assignments of these silica sites were chosen in accordance with the previous study of Ke et 257 

al. 20, where samples of corresponding composition were prepared and characterized. After 258 

24 hours of exposure to natural carbonation (green lines in Figure 3), decreased intensity of 259 

the Q1 and Q2(1Al) sites, along with an increase in the intensity of the Q2 resonance, were 260 

observed. Samples exposed to 1.0% CO2 for 24 hours underwent much more significant 261 

structural changes as a result of exposure to this higher CO2 concentration (blue lines). A 262 

significant decrease in all chain8type silicate environments was observed, while an intense 263 

but broad band centered at around 895 ppm appeared. The chemical shift of this site correlates 264 

with crosslink8type silica sites (Q3) or tetrahedral silica coordinated in part by Al (most likely 265 

Q4(2Al)) 45.  266 

 267 

Comparing the 29Si MAS NMR spectra of the various samples exposed to 0.04% CO2 for 268 

24 hours (Figure 3), it appears that the decalcification process starts with the loss of interlayer 269 

Ca, that was initially charge balancing either end8chain Q1 site or Q2(1Al) sites. This enables 270 

the un8balanced silica sites to bridge with the neighboring un8balanced silica sites, thus 271 

increasing the content of crosslinked or network silica sites (i.e. Q3 or Q4). These mechanisms 272 

are consistent with the observed increase in connectivity of the C8(N)8A8S8H type gel after 273 
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carbonation, similar to that which is identified in C8S8H type gels 46, which decompose to a 274 

crosslinked silica gel plus calcium carbonate under similar exposure conditions.  275 

 276 

The loss of the chain8like structure of the C8(N)8A8S8H gel upon carbonation, particularly 277 

at high CO2 concentrations (1.0% CO2), is also similar to the behavior observed in carbonated 278 

sodium silicate 28, 38, 40 and sodium hydroxide8activated slag pastes 38, where the continuous 279 

loss of Q1 and Q2 silica sites is associated with a higher extent of carbonation. It appears that 280 

the C8(N)8A8S8H type gel in the sodium carbonate activated slag paste cured for 180 days 281 

prior to carbonation was more stable than the gels which formed in either of the 288day cured 282 

samples (Figure 3, with or without CLDH), consistent with observations from XRD (Figure 1, 283 

and Supporting Information). However, the addition of CLDH did not seem to have 284 

significantly altered the residual C8(N)8A8S8H structure formed upon carbonation (comparing 285 

Figure 3A and C), although there was more CO2 absorbed in the binder (Figure 2). 286 

 287 
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 288 

!����	�%( 29Si MAS NMR spectra of sodium carbonate8activated slag pastes exposed to 0% 289 

(black line), 0.04% (green line) and 1.0% CO2 (blue line) for 24 hours. Results for non8290 

carbonated samples are from 20.�291 

 292 

Two distinct Al environments were identified from the 27Al MAS NMR results in Figure 4. 293 

The resonance at around 60880 ppm corresponds to Al[IV] and is assigned to the tetrahedral Al 294 

environments in C8(N)8A8S8H type gel (also partially contributed by unreacted slag), and the 295 

Al[VI] resonances at chemical shift values below 20 ppm are assigned to the Al sites in the 296 

two types of LDH structures present (Mg8Al and AFm) 44845. The chemical shift of 297 

tetrahedrally8coordinated Al decreases at a higher degree of crosslinking. The 27Al MAS 298 

NMR resonance of Al[IV] in chain8type aluminosilicates normally appears at between 70 ppm 299 

to 80 ppm, while in tetrahedral framework aluminosilicates this peak appears at between 55 300 

to 68 ppm 45. The shift of the Al[IV] peak in Figure 4 therefore suggests the release of Al[IV] 
301 

from C8(N)8A8S8H type gel, and formation of a more highly cross8linked aluminosilicate type 302 

gel. Correlating this result with the observation of the 29Si MAS NMR spectra in Figure 3, the 303 
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broad chemical shift of Al[IV] centered at around 60 ppm in samples exposed to 0.04% CO2 is 304 

likely to be contributed mainly by Al in cross8linked C8(N)8A8S8H type gel, as only a small 305 

fraction of highly crosslinked Si sites were formed. However, for samples exposed to 1.0% 306 

CO2, where a large fraction of cross8linked Si sites was identified, the intense and narrow 307 

band centered at 56 ppm (Figure 4) identified in all samples indicates the presence of Al[IV] in 308 

Q4 sites with largely similar coordination environments, similar to that identified in sodium8309 

aluminosilicate geopolymers 47848.  310 

 311 

 312 

!����	�)( 27Al MAS NMR spectra of sodium carbonate8activated slag pastes (curing 313 

conditions as marked), exposed to 0% (black line), 0.04% (green line) and 1.0% CO2 (blue 314 

line) for 24 hours, and the spectrum of the unreacted slag. Results for non8carbonated 315 

samples are from 20.�316 

 317 
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The decrease in the relative intensities of the Al[VI] band at 9 ppm in Figure 4 as a result of 318 

carbonation is caused by the decomposition of AFm phases at the lower pH induced by 319 

carbonation 49850, in agreement with the disappearance of AFm phases from the XRD data in 320 

Figure 1 after carbonation. The alumina released from the decomposed AFm phase might 321 

also become incorporated into the highly cross8linked aluminosilicate gel. In comparison, the 322 

hydrotalcite8like Mg8Al LDH is much more stable when exposed to carbonation, and so 323 

samples with 5% CLDH showed the least decrease in the Al[VI] band. 324 

 325 

Some fraction of the unreacted slag may also react with CO2 during the carbonation 326 

process. However, this process has been observed to take place very slowly unless under high 327 

temperature and high CO2 pressure 51, or in an aqueous solution preferably with higher 328 

alkalinity 52853. In AACs, the carbonation reaction would be expected to start from the gel 329 

binder phases between the slag grains first, and it would require a long time of exposure 330 

before having a significant influence on the unreacted slag grains 33. Therefore, the main 331 

structural changes should be considered to take place in the gel binder phases. 332 

 333 

A proposed scheme of structural changes in sodium carbonate activated slag paste during 334 

the carbonation process is illustrated in Figure 5. 335 

 336 
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�337 

!����	�*( Structural changes in sodium carbonate activated slag paste during carbonation, 338 

where the blue balls represent Si, the pink balls represent Al, the red balls represent O, and 339 

the green balls represent Na. 340 

�341 

��	����	�����"���	""	���+	��������	,�	��������342 

If carbonation of these cements is to be considered as a useful carbon sink, an essential 343 

prerequisite is that there is not a loss of performance (strength or durability8related 344 

characteristics) as a result of this process. Figure 6 shows the changes in compressive 345 

strength of mortar cubes cured for 28 days and exposed to different carbonation conditions. 346 

The increase in the strength of non8carbonated (0% CO2) samples was contributed by the 347 

increased degree of slag reaction over time 21. In comparison, samples exposed to natural 348 

carbonation conditions (0.04% CO2) exhibited essentially the same strength evolution, at the 349 

low extent of carbonation reached. For samples exposed to accelerated carbonation 350 

conditions (1% CO2), the compressive strength remained relatively constant at the level 351 

reached after 28 days of sealed curing, and the greater carbonation depth indicated a much 352 

higher extent of carbonation. Samples with 5% CLDH showed very similar strength 353 

performance to these 0% CLDH samples at the longest carbonation exposure time measured 354 

(see Supporting Information, Figure S4). The higher compressive strengths of 5% CLDH 355 
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samples at early age were induced by the influence of CLDH 21, which does not seem to 356 

influence long8term strength performance under carbonation. 357 

 358 

As explained previously, the adoption of accelerated testing conditions was intended to 359 

simulate years of CO2 exposure under a natural atmosphere; therefore the lower compressive 360 

strength obtained from the samples after accelerated carbonation might not occur even after 361 

years of ambient exposure. The continuing development of strength as a result of the 362 

ongoingly increasing degree of reaction of the cement under natural carbonation conditions 363 

would also be expected to densify the cementitious matrix over the years, making it less 364 

permeable to the carbon dioxide. 365 

 366 

The strength evolution of sodium carbonate activated slag mortar upon carbonation is 367 

opposite to that observed in sodium silicate8activated slag mortars, where the compressive 368 

strength has been observed to decrease significantly with increased carbonation depth as the 369 

result of increased pore volumes 54. However in the sodium carbonate8activated system, the 370 

overall intrudable porosity decreased after carbonation (see Supporting Information for MIP 371 

results), suggesting that the precipitation of calcium carbonates might have blocked the 372 

connected pores, similar to carbonation behaviors that have been reported for PC 55. 373 

 374 
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 375 

!����	�-( Changes in compressive strength of sodium carbonate activated slag mortar and 376 

corresponding carbonation depths, after exposure to different carbonation conditions. All 377 

samples were cured for 28 days in sealed plastic bags before carbonation exposure. 378 

 379 

It has previously been shown that alkali8activated binders subjected to natural carbonation 380 

are able to retain sufficient alkalinity that steel corrosion is not necessarily going to be 381 

initiated, even once the carbonation front has passed the steel8concrete interface 56858. The 382 

total carbon uptake of a cementitious material during its life cycle accumulates with time, 383 

where a longer service life is normally associated with higher CO2 uptake 25. The degradation 384 

in mechanical strength that normally takes place in in sodium silicate8activated slag cement 385 

upon carbonation 30831 was not observed in sodium carbonate8activated slag cements, 386 

suggesting that the sodium carbonate8activated slag cement could have a longer service life 387 

under atmospheric carbonation conditions without degradation in its performance, while 388 

taking up a modest quantity of CO2 (Figure 3) into its structure and giving some degree of 389 

carbon sequestration. 390 

 391 
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#���������392 

 393 

Carbonation of sodium carbonate8activated slag cements under natural and accelerated 394 

conditions results in both the formation of calcium carbonate (as both vaterite and calcite 395 

polymorphs), and structural changes in the strength8giving cement hydrate phases. An 396 

assemblage of decalcified C8S8H type gel and cross8linked alkali aluminosilicate gel were 397 

formed as a result of decalcification of the C8(N)8A8S8H type gel which is the main binding 398 

phase in these cements. The incorporation of a calcined hydrotalcite8like layered double 399 

hydroxide (CLDH) increases the capacity for uptake of CO2 into these binders in service, 400 

without bringing changes to the structures of the main reaction products. Unlike some other 401 

alkali8activated slag cements, which have been described in the literature, the sodium 402 

carbonate8activated slag cements investigated here maintain their mechanical strength upon 403 

carbonation.  404 

 405 
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8� Compressive strength of sodium carbonate activated slag mortars (with 5% CLDH, 418 
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8� Differential pore volume distributions in carbonated mortar fractions measured using 420 
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