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ABSTRACT 21 
 22 

The hydration mechanism and strength development of sodium carbonate-activated slag-based 23 

systems mainly depend on the additives used. Although the effects of mineral additives in such 24 

systems have been extensively investigated, the effects of Mg2+, Al3+, and Si4+ ions increasing 25 

with the addition of reactive MgO (Mg) and metakaolin (Mk) on the hydration mechanism of 26 

such systems have not been established yet. This study investigated the hydration kinetics and 27 

performance of sodium carbonate-activated ternary blended slag-based binder systems. The 28 

hydration mechanism was revealed by isothermal calorimetry and mechanical performance was 29 

evaluated with the measurement of compressive strength at different ages up to 56 days. The 30 

reaction mechanisms were investigated through X-ray diffraction, Fourier transform infrared 31 

spectroscopy, thermogravimetric analysis and 29Si and 27Al solid-state nuclear magnetic 32 

resonance (NMR). C-(A)-S-H, Na and Al-enriched C-(N,A)-S-H and hydrotalcite were the 33 

main reaction products responsible for the strength development of the samples, accompanied 34 

by the minor contribution of other carbonate-containing phases. Partial replacement of slag with 35 

Mg and Mk led to high early-age strengths compared to plain samples when Mk was used at 36 

5%. Samples incorporating Mg and Mk achieved similar or higher strengths than ordinary 37 

Portland cement-based samples. However, an increase in replacement ratio of Mk beyond 5% 38 

led to a significant decrease in compressive strength. Furthermore, the performance of samples 39 

under accelerated carbonation was studied. The use of Mg and Mk enhanced carbonation 40 

resistance due to enhanced hydrotalcite and C-(N,A)-S-H gel formation, highlighting the 41 

potential of using slag-Mg-Mk blends as an alternative binder system. 42 

 43 
Keywords: Sodium carbonate activation; reactive MgO; metakaolin; slag; microstructure; 44 
accelerated carbonation.45 
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1. Introduction 46 

 47 
Portland cement (PC) production causes a high amount of CO2 emissions and increases energy 48 

demand. The output of PC obtained from the calcination of limestone and clay minerals at high 49 
temperatures (~1400°C in a kiln) emits approximately one tonne of CO2 per tonne of produced 50 
PC, making it is responsible for 7-9% of global CO2 emissions [1]. Efforts have been made to 51 
reduce CO2 emissions through the development of new concrete technologies with cement-free 52 
solutions. Currently, there are two options that are being investigated. One is the partial 53 

replacement of PC used in concrete production with pozzolanic by-products such as ground 54 
granulated blast furnace slag and fly ash. The other is the preparation of an aqueous solution to 55 
be constituted by an alkali silicate, hydroxide, sulphate, carbonate, or mixture. A mixture of 56 
any raw material containing reactive aluminosilicate within these solutions provides alkali-57 
activated materials (AAM) and geopolymers [2]. AAM can be a promising alternative eco-58 

friendly material since they contain industrial wastes and/or natural pozzolans, such as fly ash, 59 
blast furnace slag, metakaolin, and pumice powder as a binder. 60 

 61 
Most previous studies focused on using alkali silicates and alkali hydroxides as activators [3–62 
8]. However, these activators cause considerable energy consumption during the manufacturing 63 
processes, limiting sustainability. Additionally, the produced materials may face some 64 

unwanted issues such as high drying shrinkage, rapid setting, and micro-cracking [9,10]. As an 65 
alternative to these systems, the use of sodium carbonate (Na2CO3) as an activator may be a 66 

more cost-effective, environmentally friendly and less caustic with a lower drying shrinkage. 67 
Despite the advantages that sodium carbonate (NC)-activation offers, a limited number of 68 
studies were reported in alkali-activated systems, mainly due to drawbacks such as prolonged 69 

setting time and low compressive strength at early ages [11,12]. It was reported that alkaline 70 
hydroxides/silicates-activated slag hardened within three hours and gained a 7-day compressive 71 

strength higher than 40 MPa. Whereas, NC-activated slag systems have required an extended 72 
setting of up to three days, with a lower compressive strength of about 15 MPa [13,14]. 73 
However, NC-activated systems have shown higher strength at longer ages than sodium 74 

hydroxide-activated systems due to the contributing effect of carbonate compounds [15,16]. 75 
 76 

In NC-activated systems, the reaction occurs when the pH value exceeds the lower limit level 77 

(>12), initiating slag dissolution. As a result of the preferential reaction between Ca2+ from slag 78 
and CO3

2- from NC, carbonate compounds such as calcite and gaylussite form. Unfortunately, 79 
calcite and gaylussite do not provide a high degree of cohesion to develop high early strength. 80 
Because of the slow dissolution mechanism of slag under the lower pH induced by NC, the 81 
reaction proceeds gradually. Once the CO3

2- is exhausted, hydroxide ions are released, which 82 

increase the pH, leading to the dissolution of silicate species and formation of the strength-83 
giving C-(A)-S-H phase, thus, expediting the reaction [17–20]. 84 
 85 
Several studies have focused on accelerating the setting time and improving the early age 86 
strength of NC-activated slag systems with several additives like PC, CaO, and reactive MgO 87 

or secondary activators such as sodium hydroxide (NH) and sodium silicate, giving higher pH 88 
values [14,21–25]. One of these attempts reported by Akturk et al. [20], replaced NC with NH 89 

at different ratios (20% and 40% by weight) and incorporated calcium hydroxide to reduce the 90 
setting time and enhance the compressive strength to desirable levels. These mixes hardened 91 
within approximately 6 hours and had higher early-age strengths (i.e. 20 MPa at day 3) when 92 
compared with the other AAM systems. Ke et al. [18] used layered double hydroxide (CLDH) 93 
since CLDH removes carbonate anion from the medium, yielding a significant increase in the 94 
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pH and enhancing dissolution of slag. However, the use of CLDH may not be a sustainable 95 

approach since the production of CLDH requires a significant amount of energy [18,26,27]. 96 
 97 

Several studies reported that reactive MgO could be regarded as an alternative activator for the 98 
activation of slag [28]. Reactive MgO is produced at low calcination temperatures at about 99 
700°C [29,30], which also results in CO2 emissions, unless obtained from alternative sources 100 
such as desalination reject brine [31,32]. Incorporating reactive MgO creates hydrotalcite-like 101 
phases as a result of its hydration, contributing to higher strength and lower shrinkage in alkali-102 

activated slag systems [28,33,34]. At the beginning of the reaction, reactive MgO dissolves in 103 
water and provides an alkaline environment, which causes the breaking of Si-O-Si and Al-O-104 
Si bonds. The broken Si-O and Al-O bonds react with the Mg2+ ion to form magnesium silicate 105 
hydrate (M-S-H) and hydrotalcite (Mg6Al2(CO3)(OH)16.4(H2O)) [34]. MgO increases the pH 106 
level of the medium, which can expedite the dissolution of slag, thus accelerating the reaction 107 

[35–37]. It was indicated that the CaO content and degree of reactivity of the reactive MgO are 108 
the two main factors in the dissolution of slag [34,38]. It was also revealed that the MgO plays 109 

a role in slag dissolution since it controls the secondary products such as hydrotalcite depending 110 
on the amount of available Al3+ ion in the systems [39]. 111 
 112 
Metakaolin (Mk) is one of the most studied raw materials as an aluminosilicate source in AAM 113 

production. The main hydration products of metakaolin-based systems are three-dimensional 114 
zeolite-like polymers and aluminosilicate oligomers, and sodium aluminium silicate hydrate 115 

gels, which transform into zeolite at later ages in NH-activated systems [40]. Many studies have 116 
been carried out on NH or sodium silicate-activated metakaolin and metakaolin/slag blend 117 
systems [41–44]; however, no research has been found on the activation of NC. Previous studies 118 

of systems using metakaolin as the raw material, showed that Al or Na-enriched phases and C-119 
S-H gel were formed by the additional dissolved Al3+ and Na+ ions. The incorporation of a low 120 

amount of metakaolin into the slag systems enhances the early-age strength and promotes 121 
workability. However, after a specific ratio, the increased metakaolin content reduces 122 
compressive strength at later ages due to the incomplete reaction of incorporated metakaolin 123 

[41–44]. 124 
 125 

The studies mentioned above mainly focused on accelerating the hydration mechanism of NC-126 

activated slag by incorporating different reactive additives. Several studies investigated and 127 
compared the effect of reactive MgO on the strength development and microstructure of NC-128 
activated slag. Only a few studies have reported the effect of metakaolin incorporation on alkali-129 
activated slag-based systems [42,45–49]. Furthermore, the effects of both reactive MgO and 130 
metakaolin in NC-activated systems have not been studied until now. This gap in the literature 131 

could be critical as with the incorporation of MgO and metakaolin, additional Mg2+, Al3+, and 132 
Si4+ ions can accelerate the reaction mechanisms, improve workability and enhance the early 133 
age strength. 134 
 135 
AAMs are known to have superior durability against chloride penetration, chemicals, and 136 

freezing/thawing cycles [50–56]. However, they are vulnerable to carbonation, during which 137 
the diffused CO2 results in the reduction of the pH in the pore solution, causing decalcification 138 

of C-(A)-S-H. While previous studies generally focused on the carbonation behaviour of slag 139 
or fly ash-based systems, only few have revealed the effect of Mg incorporation in the system. 140 
However, the effect of both Mg and Mk, as an aluminosilicate source, on slag-based systems 141 
under accelerated carbonation is yet to be investigated systematically. 142 
 143 
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Considering this gap in the literature, this paper presents a comprehensive analysis of the 144 

combined use of reactive MgO (Mg) and metakaolin (Mk) to improve the reaction kinetics, 145 
performance, and carbonation resistance of NC-activated slag-based systems. The influence of 146 

these two additives (Mg and Mk) on the hydration kinetics and microstructure were analysed 147 
on paste samples by isothermal calorimetry, X-ray diffraction analysis (XRD), Fourier 148 
transform infrared spectrometry (FTIR), 29Si and 27Al solid-state nuclear magnetic resonance 149 
(NMR), and thermogravimetry-differential thermogravimetry (TG-DTG). The mechanical 150 
performance of NC-activated slag-based mortar samples was analysed by compressive strength 151 

measurements at different ages. Furthermore, the carbonation resistance of these mortar mixes 152 
was evaluated under an accelerated carbonation environment. SEM-EDS analysis was also 153 
performed to investigate the morphology and examine the formation of hydration products of 154 
the paste samples. 155 
 156 

 157 
2. Materials and Methodology 158 

 159 
2.1 Materials and mix proportions 160 
 161 
Ground granulated blast furnace slag, obtained from Eregli Iron and Steel Factory, Turkey, was 162 

used as a main binder in this study. Reactive MgO, supplied by KUMAS Magnesia Company, 163 
Turkey, which was produced by lightly calcining MgCO3 at approximately 750°C, was used as 164 

one of the secondary binders. Metakaolin, obtained from Kaolin EAD Company, Bulgaria, was 165 
used as the aluminosilicate precursor. CEM I 42.5 R type ordinary Portland cement was used 166 
in the series produced for comparison purposes. Table 1 presents the chemical compositions 167 

and the physical properties of the raw materials that were determined by X-ray fluorescence. 168 
 169 

Table 1. Chemical composition and physical properties of slag, reactive MgO, metakaolin, 170 
and cement. 171 

Chemical composition 
Slag  MgO Metakaolin PC 

(%) by wt. 

SiO2 36.6 6.0 56.1 18.9 

Al2O3 14.2 0.7 40.3 4.8 

Fe2O3 1.0 0.3 0.9 3.3 

CaO 34.8 3.3 0.2 63.7 

MgO 8.3 83.6 0.2 1.5 

SO3 0.9 0.2 – 3.3 

Cl- <0.1 – – <0.1 

Na2O 0.4 0.4 0.2 0.4 

K2O  0.7 – 0.6 0.7 

TiO2 1.0 – 0.6 – 

LOI (%) –   1.1 2.9 

Specific surface area (m2/g) 0.27 0.19 0.32 0.39 

Specific gravity 2.88 3.55 2.30 3.10 

 172 

To produce mortar samples, siliceous-based sand with a specific gravity of 2.67 was used as a 173 
fine aggregate and its ratio was kept constant at 50% by volume. The particle size distributions 174 
of sand, slag, Mg, and Mk, which were obtained by Mastersizer analysis, are shown in Fig. 1. 175 
The particle size range of slag, Mk, and Mg were 0.4–30 μm, 0.4–30 μm, and 0.4–200 μm; with 176 
a mean (d50) of about 9 μm, 3 μm, and 23 μm, respectively. 177 
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 178 

 179 
Fig. 1. Particle size distribution of slag, reactive MgO, metakaolin and sand. 180 

 181 
The mineralogical phases of slag, Mg, and Mk, expressed by X-ray diffractometer patterns, are 182 

shown in Fig. 2. Slag revealed an amorphous hump over a 2θ range of 23° and 35°, and no 183 
pronounced peaks were observed in the related pattern. This hump represented the crystalline 184 

and glassy portion of the sample, which indicated a gehlenite-like mineral. The prominent peaks 185 
of Mg were observed at 42.9° 2θ and 62.3° 2θ which were identified as periclase, along with 186 
brucite at 38° 2θ. One primary and one small quartz peaks were observed in Mk (Fig. 2).  187 

 188 

 189 
Fig. 2. XRD patterns of slag, reactive MgO, and metakaolin (Ge: Gehlenite; Q: Quartz; B: 190 

Brucite; P: Periclase). 191 
 192 

Four different paste and mortar mixes containing different amounts of Mg and Mk were 193 
prepared to determine the compressive strength and microstructural properties. Mixes were 194 
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MgO
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P

P

Q

Ge

Ge
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coded as shown in Table 2, where the 100S refers to reference mix containing 100% of the main 195 

binder, slag. For other combinations, the denotation of the blends comprises Mg and Mk; the 196 
first number refers to Mg and the second one refers to Mk percentages in the total binder, 197 

respectively. For example, 5Mg10Mk means the mix was prepared by substituting slag with 198 
5% of Mg and 10% of Mk. 199 
 200 
The water to binder ratio was set at 0.35 for paste samples and 0.45 for mortar samples. 201 
Analytical grades of NC was used as an activator, and concentration was kept constant at 10% 202 

by mass of the total binder, which corresponded to approximately 6% of Na2O. Although one-203 
part alkali-activated slag-based binders have preferable characteristics in terms of safety and 204 
ease of handling, the ordinary (two-part) mixing procedure was adopted due to several 205 
drawbacks of the former such as prolonged setting time, higher porosity and reduction in 206 
ultimate strength [57]. Therefore, before proceeding to the mixing step, NC was dissolved in 207 

water to prepare an activator solution. Raw materials were mixed in a benchtop mixer to achieve 208 
homogeneity and then cast into conical falcon tubes with a volume of 50 ml for paste samples. 209 

Mortar specimens were produced to determine the compressive strength of mixes, and the 210 
prepared mixture was cast into 50 × 50 × 50 mm cubic molds for the mortars. Immediately after 211 
the casting, the cubic molds were covered with a plastic sheet to prevent moisture exchange 212 
during the curing period. 213 

 214 
Table 2. Compositions of mortar samples. 215 

Mixes 

Binder types and 

percentages by weight 
Water/ 

Binder 

Amount of constituents 

(kg/m3) 
      

Slag MgO Metakaolin Slag MgO Metakaolin Na2CO3 Sand Water 

100S 100  - -  

0.45 

 600 -  -  

60  1335  270  
5Mg10Mk 85 5 10 510 30 60 

10Mg 90 10 - 540 60 - 

10Mg5Mk 85 10 5  510 60 30 

 216 

Once the samples were produced, they were separated into two groups as non-carbonated and 217 
accelerated carbonated. The first group of samples was kept under laboratory conditions at 23 218 

± 2°C, with a relative humidity of 65 ± 5% for the first 24 hours. Then, all samples were exposed 219 
to high temperature curing at 60°C in a drying oven for additional 24 hours, followed by the 220 

same laboratory conditions until the testing day. For the sample group to be exposed to 221 
accelerated carbonation, after the high-temperature curing, they were placed in a carbonation 222 
chamber having 10% of CO2 concentration and 65 ± 5% relative humidity and kept until the 223 

testing day, i.e., 56 days. Both paste and mortar samples were cured under the same conditions 224 
as described above. 225 

 226 
 227 
2.2 Methodology 228 

 229 
2.2.1 Isothermal calorimetry 230 

 231 
The heat flow and cumulative heat evolved corresponding to the hydration of Mg and Mk 232 

incorporated NC-activated slag-based paste mixes were studied at 30°C by an I-Cal 2000 High 233 
Precision Calorimeter, as per ASTM C1702 [58]. To prepare the paste samples, all materials 234 
were heated to 30°C to produce mixes at the same temperature as the measurement temperature. 235 
The ready-mix was instantaneously placed into the isothermal calorimeter channel to measure 236 
the heat of hydration. The heat flow was recorded for the first 72 hours of reaction. 237 
 238 
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2.2.3 pH 239 

 240 
The pH values of the paste samples were determined on crushed and ground samples, passing 241 

through a 75 µm sieve size. The ground paste samples were dispersed in distilled water at a 242 
ratio of 1:5 and mixed for 15 min at 1000 rpm by a magnetic stirrer. The obtained solution was 243 
filtered and the pH measurement was recorded by a Hanna pH meter with an accuracy of ±0.01. 244 
The pH values of each paste sample were taken at definite times (e.g. 1, 3, 6, 12 and 24 hours), 245 
up to 72 hours of reaction. 246 

 247 
 248 
2.2.3 Compressive strength 249 
 250 
The compressive strength of mortar mixes was determined by following ASTM C109 [59]. The 251 

measurements were performed at 3, 7, 28, and 56 days for the first group samples exposed to 252 
the laboratory conditions. The compressive strength of the second group of samples stored in a 253 

carbonation chamber was also measured on 56th day. A loading rate of 1.5 kN/s was applied in 254 
the compression tests and an average of three test results was reported for each mix. 255 
 256 
 257 

2.2.4 X-ray diffraction 258 
 259 

The X-ray diffraction (XRD) analysis was used for the identification of the hydration products 260 
of two groups of samples; cured in the laboratory environment (non-carbonated group) and 261 
exposed to accelerated carbonation (carbonated group). The analysis was performed at 56 days 262 

for both environment condition and accelerated carbonated group samples. The paste samples 263 
were crushed and dried at 60°C for 24 h, followed by passing a sieve with a size of 75 μm. The 264 

fine powders were analysed using an XPERT-PRO X-ray diffractometer analyzer with CuKα 265 
radiation. The samples were step-scanned from 5° 2θ to 65° 2θ at a step size of 0.02° 2θ and a 266 
measuring time of 1 s/step. 267 

 268 
 269 

2.2.5 Fourier transform infrared spectroscopy 270 

 271 
Fourier transformed infrared spectroscopy (FTIR) data recorded using a Perkin Elmer Spectrum 272 
100 Spectrometer. The spectra was acquired with 32 scans from 4000 to 400 cm-1 per spectrum. 273 
The band between 600 cm-1 and 2100 cm-1 was only considered for analyzing the results since 274 
the reaction products were appeared at this range. FTIR analysis was used to identify and 275 

interpret the hydration products for 56 days of curing under environment conditions and after 276 
exposure to accelerated carbonation. 277 
 278 
 279 
2.2.6 Thermogravimetric analysis 280 

 281 
Thermogravimetric and derived thermogravimetric analyses (TG-DTG) were performed using 282 

EXSTAR 6000 thermal analyzer. The temperature scanning range was set from 25°C to 900°C 283 
and increased with the heating rate of 15°C/min under nitrogen flow. About 20-25 mg powder 284 
of the paste samples were used and TG-DTG analysis were conducted at the curing age of 56 285 
days for both two non-carbonated and carbonated paste samples. The mass loss at different 286 
temperature ranges was used to quantify the amounts of reaction products. 287 
 288 
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2.2.7 Solid-state NMR 289 

 290 
Solid-state NMR experiments were performed on non-carbonated and carbonated paste powder 291 

samples, which had undergone 56 days of curing. All solid-state NMR experiments were 292 
completed on a 14.1 T Bruker Advance III HD 600 MHz spectrometer. All spectra were 293 
processed using the Topspin software package and referenced to the unified scale using IUPAC 294 
recommended frequency ratios relative to the 13C  adamantane(s) methylene resonance 295 
(δ = 37.77 ppm) [60,61]. Spectral deconvolution was performed with dmfit [62]. The 27Al 296 

(𝜐0(
27Al) = 156.35 MHz) and 29Si (𝜐0(

29Si) = 119.23 MHz) NMR experiments were acquired 297 

using a 4 mm Bruker HXY probe at an MAS frequency of 14 kHz. The 27Al NMR one-pulse 298 

sequence utilised a selective 𝜋 6⁄  pulse of 1 μs (determined on yttrium aluminium garnet(s)) and 299 

a 0.1 s recycle delay. The 29Si NMR one-pulse sequence utilised a non-selective 𝜋 2⁄  pulse of 300 

5.3 μs (determined on kaolinite(s)) and a 300 s recycle delay.  301 
 302 

 303 

2.2.8 SEM-EDS 304 

 305 
Scanning electron microscope (SEM) combined with Energy dispersive X-ray spectroscopy 306 
(EDS) was performed on the ZEISS EVO LS10 machine at an accelerating voltage of 15 kV. 307 
All samples are tested at the 56th days of the reaction. Secondary and backscattered electron 308 

images were taken to determine the hydration products and display the area fraction of the 309 
hydrated phase and unhydrated slag particles, representing the influence of secondary binders 310 

on the hydration degree both under environmental and carbonated conditions. Secondary 311 
electron imaging was used to determine the morphology and hydration products in non-312 
carbonated and carbonated mixes. Several points on the paste samples were picked for the 313 

determination of its elemental composition. The backscattered images (BSE) were used to 314 
determine the unhydrated slag particles and gel structure of mixes and were collected at 315 

different magnifications such as 1000×, 2500×, and 5000×. 316 

 317 
 318 
3. Results and Discussion 319 
 320 

3.1 Isothermal calorimetry 321 
 322 
The heat flow associated with the hydration of the Mg and Mk containing NC-activated slag-323 
based pastes over 60 h are shown in Fig. 3. It can be seen from Fig. 3(a) that the dissolution of 324 
the precursor was detected shortly after mixing in all the samples. The heat flow curves during 325 

the first few hours indicated that the hydration of 10Mg and 10Mg5Mk samples was faster than 326 
100S sample, whereas the hydration of 5Mg10Mk sample was slower than 100S sample. This 327 
observation confirmed the beneficial role of Mg played in the dissolution of slag [36], whereas 328 
the addition of high amount of Mk potentially slowed down the initial hydration. The second 329 
exothermic peaks were observed after around 5 h in all samples due to the hydration of slag 330 

[20]. After around 8 h of hydration, the heat flow of 100S, 10Mg, and 10Mg5Mk samples 331 
gradually reduced, whereas the heat flow of 5Mg10Mk sample increased slightly with a third 332 

exothermic peak after around 20 h of hydration. This observation indicated that the initial 333 
hydration of 5Mg10Mk sample was delayed, potentially due to the high amount of Mk. 334 
 335 
It can be seen from the cumulative heat curves in Fig. 3(b) that the highest hydration degree 336 
was revealed by 10Mg sample, followed by 10Mg5Mk sample. Both of the 10Mg and 337 
10Mg5Mk samples showed higher cumulative heat flow than 100S sample, indicating that the 338 
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introduction of 10% MgO in the binder significantly increased the overall hydration process. 339 

5Mg10Mk sample showed the lowest cumulative heat flow, revealing the adverse effect of 10% 340 
Mk use on the overall hydration process. However, in spite of the delayed hydration observed 341 

in 5Mg10Mk in Fig. 3(a), its cumulative heat flow gradually approached 100S sample after 60 342 
h of hydration. 343 
 344 

 345 
(a) 346 

 347 
(b) 348 

Fig. 3. Isothermal calorimetry results of pastes showing the (a) heat flow and (b) cumulative 349 
heat. 350 

 351 
 352 

3.2 pH 353 
 354 
The pH values of all paste samples are shown in Fig. 4. The initial pH values obtained during 355 

the first hour ranged between 12.20 and 12.39, which then increased over time and reached the 356 

maximum values at 24 hours, subsequently decreasing at 48 and 72 hours. The pH values of 357 
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10Mg and 10Mg5Mk mixes were higher than that of the control sample, 100S, at all 358 

measurement times. The presence of Mg ions resulted in higher values in the pH of the fresh 359 

pastes, which was attributed to the increased dissolution of MgO, led to the formation of 360 

hydrotalcite. Removing a higher amount of carbonates from the medium caused higher 361 

dissolution of slag, continuing with further Ca2+ release. On the other hand, 5Mg10Mk 362 

represented lower values than other Mg and Mg+Mk containing mixes, especially for the first 363 

hours of the reaction. The lower pH values of 5Mg10Mk mixes corroborated with the 364 

isothermal calorimetry results, which could explain their delayed hydration mechanism. 365 

 366 

 367 
Fig. 4. pH values during the first 72 hours of reaction. 368 

 369 

 370 
3.3 Compressive strength 371 

 372 
3.3.1 Effect of secondary binders on compressive strength 373 
 374 

Fig. 5 exhibits the compressive strength development of NC-activated ternary blend slag-based 375 
mortar mixes up to 56 days of curing. It can be observed that all NC-activated mixes, except 376 

5Mg10Mk, reached at least 47 MPa for the 3-days strength, which was higher than the cement-377 
based mix. In line with the reaction kinetics, the substitution of Mg and Mk in the prepared 378 
mixes led to a slight improvement in the early age compressive strength compared with the 379 

cement-free control sample 100S. 10Mg5Mk mortar reached approximately 52 MPa at 3 days, 380 
exceeding the strength of cement-based mixes, e.g., 40.7 MPa. The higher early strength in 381 
10Mg and 10Mg5Mk mixes are associated with the formation of hydrotalcite by the additional 382 
amount of Mg2+ and Al3+ ions in the system by incorporating Mg and Mk. On the other hand, 383 

Mg and Mk substitution did not enhance the final strength, i.e., at 56 days. 384 
 385 
Except for the 5Mg10Mk mix, all NC-activated mixes presented similar strength values ranging 386 

between 50-55 MPa and 60–63 MPa at 28 and 56 days, respectively. The maximum strength 387 
value obtained in Mg-substituted 10Mg mixes, which can be attributed to the formation of 388 
hydrotalcite demonstrated by XRD analysis (Fig. 7). Several studies investigated the 389 
compressive strength of alkali-activated blend systems and found that the blends present higher 390 
compressive strength than the mixes containing only one precursor. Bignozzi et al. [63] reported 391 
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that with the incorporation of metakaolin into the alkali-activated electric arc furnace and ladle 392 

slag, the compressive strength increased. Yang et al. [64] reported that substitution of fly ash 393 
with metakaolin leads to higher compressive strength since metakaolin decreases the average 394 

reactivity of the solid precursors, which results in prolongation of the polymerization stage and 395 
this promotes densification of binding gels prior to hardening and then a more compact N-(A)-396 
S-H gel is formed with lower Al/Si ratio. Fernandez-Jimenez et al. [65] revealed that blend of 397 
fly ash and metakaolin presents higher strength than the mix containing only metakaolin. The 398 
reason for this increase was attributed to the increase in the gel/zeolite ratio and the higher Si/Al 399 

ratio in the gel structure. 400 
 401 
Contrary to the enhanced compressive strength in 10 Mg and 10Mg5Mk mixes, with the higher 402 
portion of the 15% total replacement ratio being made with metakaolin, that is, an increase in 403 
the Mk content to 10% caused a tremendous decrease in the compressive strength for all test 404 

days (Fig. 5). 5Mg10Mk mix reached only 1.2 MPa after 56 days of curing, which can be 405 
inferred that this type of mortar is not appropriate to be used for structural purposes. The reason 406 

for this abruptly low strength value is explained in the microstructure analysis. Bernal et al. [66]  407 
studied the effects of incorporation of Mk on alkali silicate-activated slags. The authors reported 408 
that up to 20% substitution of Mk with slag caused significant reductions in the compressive 409 
strength, suggesting that the alkalinity of the system may not be high enough for dissolution of 410 

metakaolin. Another study [67] stated that the compressive strength of alkali silicate-activated 411 
slag/metakaolin blends show differences in compressive strength performance depending on 412 

the amount of Mk and activator modulus. Stevenson and Sagoe-Crastil [68] studied the 413 
activation of metakaolin-based alkali silicates and hydroxides-activated systems. They revealed 414 
that compressive strength depends on the Si/Al ratio in the mix and higher ratios give higher 415 

strength values. In contrast to previously mentioned studies, Bernal et al. [44] found that the 416 
reactivity of metakaolin depends on the activator concentration used and thus the alkalinity of 417 

the system. They reported that an increase in the activator concentration as the metakaolin 418 
increase favoured the reaction of Mk without hindering the dissolution of Ca2+. The higher 419 
alkalinity promotes the dissolution of the Si and Al species from the Mk at high activator 420 

concentrations; the alkalinity is reduced by the deprotonation of hydrated silica molecules and 421 
the consumption of Na by the formation of aluminosilicate hydration products. So, the release 422 

of Ca2+ from the slag becomes less restricted. 423 

 424 
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 425 
Fig. 5. Compressive strength values of all mixes at 3, 7, 28 and 56 days. 426 

 427 
It was observed that there is a gradual increase for the control mix (100S) and cement-based 428 
mix over time. On the other hand, when the time-dependent compressive strength developments 429 

of Mg and Mk incorporated mixes are analyzed, it is seen that there are no significant changes 430 
in strength values until the 28 days for each blend. However, this trend disappears from 28-day 431 

to 56-day and there is a considerable increase in the 56-day strengths compared to the 28-day 432 
strengths. This increase was particularly prominent for the 10Mg mix (Fig. 5). 433 
 434 

 435 

3.3.2 Effect of carbonation on compressive strength 436 

 437 
All mixes presented strength loss after the carbonation process, except 5Mg10Mk and cement-438 

based mixes. The greatest decrease of 65% was observed in the 100S mix. It is a well-known 439 
phenomenon that the main reason for this decline is the decalcification of C-(A)-S-H gel. 440 
Carbonation of pore solution reduces its alkalinity and this causes decalcification of the C-(A)-441 
S-H phase, leading to the degradation of the chain structure and the consequent formation of an 442 

aluminosilicate type gel product [39]. Bernal et al. [66] stated that the compressive strength of 443 
sodium silicate activated-slag decreased by approximately 60% after 540 h of CO2 exposure. 444 
They also stated that under lower Ms ratios (SiO2/Na2O ratio), samples are susceptible to 445 
carbonation at a higher amount in metakaolin-free samples; however, in case of metakaolin is 446 
added into the system, this trend is reversed due to the formation of secondary aluminosilicate 447 

phases. Similarly, in this study, Mg and Mk incorporation reduced the strength loss on NC-448 
activated slag-based mixes compared to the 100S. Strength losses were 24% and 37% for 10Mg 449 

and 10Mg5Mk mixes, respectively. One of the reasons for lower strength loss is due to the 450 
presence of Al ions from Mk and Mg ions from MgO that leads to the formation of hydrotalcite, 451 
which is resistant and stable under the carbonation effect. 452 
 453 
The strength loss for the control mix 100S and also for Mg- and Mk-substituted mixes were 454 

approved with the microstructural analysis of XRD and SEM (Figs. 7-8 and 17-18). An increase 455 
in the strength of 5Mg10Mk mixes was observed after the accelerated carbonation effect and 456 
reached two times higher strength values (2.5 MPa). Even the strength value increased to two 457 

100S 10Mg 10Mg5Mk OPC5Mg10Mk
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times higher values; however, it was still relatively low to be used as a structural material. The 458 

strength increment was attributed to the additional calcite formation, which was displayed in 459 
the XRD, TG, and SEM analysis (Figs. 8 and 18). Moreover, the cement-based mix represented 460 

an increase in the compressive strength after the carbonation effect. It was attributed to the 461 
deposition of the carbonation reaction products, which cause pore size refinement [69]. 462 
 463 

 464 
Fig. 6. Compressive strength values of non-carbonated and carbonated mixes at 56 days. 465 

 466 
 467 

3.4 X-ray diffraction analysis 468 

 469 
Fig. 7 shows XRD patterns of non-carbonated NC-activated mixes. Unlike the XRD pattern of 470 
raw slag (Fig. 2), which shows a broad hump at around 25-35° 2θ, prominent peaks were 471 

observed in all alkaline activated mixes. The formation of tobermorite like C-(A)-S-H phase 472 
was identified at around 29° 2θ, which is sharper and more pronounced in the 100S, 10 Mg, 473 

and 10Mg5Mk mixes when compared to the 5Mg10Mk mix with a broader hump between 25° 474 
2θ and 35° 2θ suggesting an amorphous binder structure. Furthermore, hydrotalcite-like phase 475 

(Mg6Al2(CO3)(OH)16·4(H2O)) has also been identified in all mixes at 22.9° 2θ and 39.4° 2θ 476 
angles. Periclase (MgO) is identified, which diffracts at 37° 2θ and 62.3° 2θ in mixes with Mg 477 
substitution (i.e., 5Mg10M, 10Mg and 10Mg5Mk). Moreover, a minor quartz peak is observed 478 
at 26.7° 2θ in the 5Mg10Mk and 10Mg mixes. In addition, zeolite is found around 12° 2θ 479 
diffraction angle with a broader hump in the 10Mg and 10Mg5Mk mixes. 480 

 481 

100S 10Mg 10Mg5Mk OPC5Mg10Mk
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 482 
Fig. 7. XRD patterns of non-carbonated mixes at 56 days. 483 

 484 
Fig. 8 shows XRD patterns of carbonated NC-activated mixes. The general trend shows that 485 
the sharp calcite, hydrotalcite, and C-(A)-S-H peaks in the mixes become broader after the 486 

accelerated carbonation. This is attributed to decalcification which leads to strength loss of 487 

carbonated 100S, 10Mg, and 10Mg5Mk specimens. For the carbonated 100S sample, quartz 488 
peak diffracts at about 31° 2θ is formed, indicating decalcification of C-(A)-S-H gel. For the 489 
10Mg sample, dolomite (CaMg(CO3)2) is identified at several diffraction angles, 31° 2θ in 490 

particular. Thus, strength loss of the 10Mg mix may be attributed to the decomposition and 491 
conversion of C-(A)-S-H into dolomite. Furthermore, diopside (CaMgSi2O6) is also formed, 492 
which does not contribute to the strength of the carbonated specimens. The zeolite peak in the 493 

carbonated sample is more distinct compared to the non-carbonated sample. Moreover, 494 
hydrotalcite and C-(A)-S-H peaks are broader in the 10Mg mix. Similar to the 10Mg mix, 495 
diopside is also observed in the 10Mg5Mk mix. The hydrotalcite and calcite peaks remain sharp 496 
in the 10Mg5Mk mix. However, the C-(A)-S-H peak is also broader than the non-carbonated 497 
case, resulting from decalcification. For the 5Mg10Mk mixes, quartz is formed after accelerated 498 

carbonation. Similar to the non-carbonated 5Mg10Mk sample, a broad C-(A)-S-H gel peak is 499 
observed in the carbonated 5Mg10Mk sample. 500 

 501 
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 502 
Fig. 8. XRD patterns of carbonated mixes at 56 days. 503 

 504 
 505 
3.5 FTIR analysis  506 

 507 

Fig. 9 shows FTIR patterns of non-carbonated NC-activated mixes. The bonds located around 508 
870 cm-1 and 1412 cm-1 were observed due to the stretching vibration of O-C-O bonds of 509 
carbonate groups υ3-CO3

2- and υ2-CO3
2-, respectively [70–72], which suggest the formation of 510 

carbonate-containing phases such as calcite, dolomite, and magnesite. The shoulder at 870 cm−1 511 
also accounts for the asymmetric stretch of AlO4

− groups [70,71]. The broad and weak band at 512 
around 713 cm-1 is related to the bending of Al–O–Si bonds [73,74], due to C-(A)-S-H gel 513 

formation. 514 
 515 
Bending vibration of H-O-H bonds at about 1645-1650 cm−1 is found, which is attributed to 516 
chemically bound water [70,71,75]. The wavenumber of this bond did not change either with 517 
the Mg and Mk substitution or carbonation effect. The main peak at 956 cm−1 is attributed to 518 

the formation of C-(A)-S-H, which is asymmetric stretching vibration of Si–O–T bonds 519 
generated by Q2 units, where T is referred to silicon or aluminium [71,75,76]. It can be seen 520 

that for all mixes, the Si–O–T band was around 956 cm-1, while for the 5Mg10Mk mix this 521 
value was higher (964 cm-1). This relatively higher wavenumber is due to the lower Ca/Si ratio 522 

formed in 5Mg10Mk mixes. This reveals that the substitution of a high amount of M increases 523 
the polymerization degree of Si-O in C-(A)-S-H by providing more silicate [77]. Bernal et al. 524 
[66] stated that incorporation of 10% of Mk into the alkali silicate-activated slag led to a shift 525 
in the asymmetric stretching vibration of the Si–O–T bonds to higher wavenumbers, suggesting 526 
that the samples are more highly polymerize as a consequence of the higher Al content leading 527 
to condensation of tetrahedral species [70,78]. For other NC-activated mixes, no considerable 528 
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shift of wavenumber was found with the substitution of Mg or Mk. In addition, higher 529 

intensities for this band were observed for all NC-activated mixes except 5Mg10Mk. The higher 530 
intensity shows a high quantity of formation of reaction products, contributing positively to the 531 

higher mechanical strength (Fig. 5). 532 
 533 

  534 
Fig. 9. FTIR spectra of non-carbonated mixes at 56 days. 535 

 536 
Fig. 10 shows FTIR patterns of carbonated NC-activated mixes, revealing similar vibration 537 
modes. The Si–O peak in all samples shift to the higher wavenumber, from 956 cm-1 to 992 cm-538 
1, demonstrating a higher degree of polymerization of silicates and the formation of a silicate 539 

with a very low concentration of calcium [79–81]. This indicates decalcification of the C-(A)-540 
S-H phase followed by the formation of amorphous silica gel as identified at 784 cm−1 [82,83], 541 
which their intensities of characteristic bands increase for carbonated mixes. Higher intensities 542 
for bending vibration at 874 cm-1 and stretching vibration at 1412 cm-1 of O–C–O bonds found 543 

in the carbonated groups associated with the formation of higher calcium carbonate. 544 
 545 
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Figure. FTIR spectra of non-carbonated mixes at 56 days
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  546 
Fig. 10. FTIR spectra of carbonated mixes at 56 days. 547 

 548 
 549 

3.6 Thermogravimetric analysis of reaction products  550 

 551 
Thermogravimetric tests were performed to examine the phase transition of non-carbonated and 552 

carbonated groups at 56 days for each mix and the test results are given in Figs. 11-14. Several 553 
typical decomposition peaks were detected for all mixes. The first and major mass loss between 554 
50°C and 250°C is associated with evaporation of the free water and/or bound water from the 555 

C-(A)-S-H phase [84,85]. A hump peak positioned at about 120°C is related with the 556 
dehydration of the C-(A)-S-H gel [86]. For 5Mg10Mk, the low peak temperature indicates a 557 

weak phase. Higher mass losses were observed with the Mg and Mk substitution for both non-558 

carbonated and carbonated samples. The higher water content is related to C-(A)-S-H phase 559 
may be associated with high alkali activation of the binders or adsorption of more water in the 560 
C-(A)-S-H phase due to the presence of a higher amount of alkalis in the interlayer of the C-561 
(A)-S-H phase [87]. The second peak from 250°C to 450°C is due to the dehydroxylation of 562 
hydrotalcite [88,89], conforms to the XRD results (Fig. 7). The third small broad peak, around 563 

700°C, is formed by the decomposition of carbonates such as calcite [90] and gaylussite. The 564 
mass losses of samples incorporating Mg and Mk were higher than that of the control mix 100S, 565 
complying with the compressive strength results. 566 
 567 
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  568 
Fig. 11. TG curves of non-carbonated mixes at 56 days. 569 

 570 

  571 
Fig. 12. TG curves of carbonated mixes at 56 days. 572 

 573 
DTG curves changed significantly for carbonated mixes. Firstly, the peaks related to C-(A)-S-574 
H decomposition decreased in all carbonated mixes. The reduced intensity of the first peak is 575 
associated with the decalcification of C-(A)-S-H (and/or silica gel formation). Only 5Mg10Mk 576 

presented an increase consistent with the strength increase. 10Mg mixes exhibited a minor 577 
change, which indicates that the substitution of Mg results in more residual molecular water in 578 
C-(A)-S-H gel for carbonated mixes. This also may explain the highest strength for 10Mg mixes 579 
among the other carbonated mixes (Fig. 6). The increased intensity of the peak around 700°C 580 

is associated with the decomposition of a higher amount of carbonate-containing phases. 581 
5Mg10Mk presented a considerable increase in the intensity for this peak, which is consistent 582 
with the SEM results (Fig. 19). Decomposition of carbonate-containing phases has started at 583 

the earliest for 5Mg10Mk mixes compared to others. 584 
 585 
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 586 
Fig. 13. DTG curves of non-carbonated mixes at 56 days. 587 

 588 
For carbonated situation, the 10Mg mix formed a broad DTG peak between 250°C and 600°C 589 
associated with the mass losses of dehydroxylation of hydrotalcite, decarbonation of poorly 590 

crystalline calcite and decarbonation of hydrotalcite. The distinct peak appearing at around 591 
700°C is associated with calcite and other carbonate-containing phases such as dolomite and 592 

magnesite, which is approved in the XRD patterns (Fig. 8). The broad DTG peak related to the 593 
decomposition of carbonate-containing phases at a relatively lower temperature range suggests 594 
the amorphous form of carbonate-containing phases. These amorphous phases tend to form in 595 

the samples incorporating metakaolin as the decomposition temperature of carbonate-596 
containing phases is relatively lower for 5Mg10Mk and 10Mg5Mk mixes. This conclusion 597 

agrees with the XRD analysis results (Fig. 8) since carbonate containing phases such as calcite, 598 
magnesite and dolomite shows amorphous peaks. 599 

 600 

 601 
Fig. 14. DTG curves of carbonated mixes at 56 days. 602 
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 603 

The weight loss was divided into three groups based on the temperature ranges of 25°C-250°C 604 
(Δm1), 250°C-500°C (Δm2), 500°C-900°C (Δm3) (Table 3). The first temperature interval is 605 

associated with the dehydration of the reaction products such as C-(A)-S-H. The second one is 606 
due to dehydroxylation of hydrotalcite and decomposition of hydrotalcite, and the third one 607 
designates decarbonation of carbonate-containing phases. The maximum mass loss was 608 
obtained in the first range, between 25°C -250°C (Δm1) for all mixes and both cases. The mass 609 
loss of C-(A)-S-H was 9% for 100S and 7.9% and 9.5% for 10Mg and 10Mg5Mk mixes, 610 

respectively (Table 3). 5Mg10Mk had the lowest value as 3.9%. The value of Δm1 increased 611 
with the Mg and Mk substitution, which indicates a higher degree of reaction. 612 
 613 
The mass loss between 250°C and 500°C (Δm2) increased with the Mg and Mk substitution 614 
(Table 3). 5Mg10Mk mixes presented the lowest value among the carbonated mixes. On the 615 

other hand, except 5Mg10Mk, Δm3 was similar for all mixes ranged between 3.8% and 4.1% 616 
for non-carbonated mixes. The Δm1 value decreased or remained similar for 100S and 617 

10Mg5Mk carbonated mixes, while a considerable increase was seen on 5Mg10Mk. The 618 
obtained increase in 5Mg10Mk was from 3.9% to 7.4% due to the carbonation. An increase in 619 
Δm2 and Δm3 shows a greater formation of carbonate-containing phases in all mixes (Table 3). 620 
 621 

Table 3. Mass loss values of non-carbonated and carbonated mixes 622 

Mixes 

Mass loss (wt. %) 

Non-carbonated mixes Carbonated mixes 

Δm1 Δm2 Δm3 Total  Δm1 Δm2 Δm3 Total  

100S 9.0 2.8 3.8 15.7 8.6 4.2 6.3 19.2 

5Mg10Mk 3.9 3.0 2.8 9.7 7.4 2.0 3.2 12.6 

10Mg 7.9 4.2 4.1 16.3 9.5 7.6 6.2 23.9 

10Mg5Mk 9.5 3.9 3.8 17.1 9.6 6.5 4.6 20.7 

 623 

 624 

3.7 Solid-state NMR 625 
 626 
Solid-state NMR was utilised to further investigate the chemical structure of the NC-activated 627 
mixes. Fig. 15 shows the 27Al MAS NMR spectra of the non-carbonated and carbonated mixes 628 

after 56 days of curing, alongside the precursor mixes of 100S and 5Mg10Mk for comparison. 629 
As demonstrated in the spectra of the precursors, slag consists of Al in an amorphous AlO4 630 
environment (80-50 ppm) [13,91–94] while metakaolin contains amorphous AlO4, AlO5 (50-631 
30 ppm) and AlO6 (15-0 ppm) environments [42,95]. Upon curing, all mixes show narrowing 632 
of the AlO4 resonance and the appearance of a crystalline AlO6 resonance at 11 ppm, suggesting 633 

that the majority of the Al in the mixes is involved in the reaction. The crystalline AlO6 634 
resonance can be assigned to the formation of hydrotalcite [13,94,96]. The AlO4:AlO6 ratio for 635 
each mix can be seen in Table 4, which shows that 10 Mg has the highest hydrotalcite formation 636 
corroborating its highest compressive strength. Mixes 10Mg5Mk and 100S also demonstrate 637 

hydrotalcite formation, whereas the AlO6 ratio of 5Mg10Mk does not increase from its 638 
precursor value suggesting that negligible hydrotalcite formation occurs. The AlO4 resonance 639 
of 5Mg10Mk also appears different from the other mixes with a centre of gravity of 62 ppm, 640 

compared to 65-66 ppm. This shift to higher frequencies is likely due to the influence of Ca in 641 
the C-(A)-S-H gel formed in 100S, 10Mg, and 10Mg5Mk, while the finer structure evident in 642 
the line shapes of the AlO4 resonances suggests a crystalline environment [92,94,96]. 643 
Upon carbonation, the 27Al spectra can be seen to change for 100S, 10Mg and 10Mg5Mk, 644 
whereas 5Mg10Mk remains mostly unchanged. The AlO6 ratios fall in the former samples 645 
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corroborating the loss of hydrotalcite seen in the XRD results. In addition, the AlO4 resonances 646 

shift to 59-62 ppm for all samples, confirming the decalcification of the C-(A)-S-H gel upon 647 
carbonation. 648 

 649 

 650 
Fig. 15. The 27Al MAS NMR spectra of powdered (a) precursor, (b) non-carbonated and (c) 651 

carbonated mixes. Asterisks mark MAS sidebands. 652 

 

Table 4. Relative integrals of the 27Al NMR resonances of 

the mixes. 

Treatment Mixes Relative integral (%) 

  AlO4 AlO6 

Precursors 
100S 100 0 

5Mg10Mk 88 12 

Non-carbonated 

100S 91 9 

5Mg10Mk 91 9 

10Mg 79 21 

10Mg5Mk 83 17 

Carbonated 

100S 97 3 

5Mg10Mk 90 11 

10Mg 87 13 

10Mg5Mk 88 12 

 653 

Fig. 16 shows the 29Si MAS NMR spectra of the non-carbonated and carbonated mixes after 56 654 
days of curing, alongside the spectra of the precursor mixes of 100S and 5Mg10Mk for 655 
comparison. The differing connectivity of Si(IV) moieties in aluminosilicate compounds results 656 
in characteristic 29Si NMR chemical shifts between -60 and -120 ppm. These distinct moieties 657 
are commonly labelled as Qn(mAl), where n is the number of O mediated bonds to adjacent 658 

SiO4/AlO4 units and m is the amount of Al units involved.  As demonstrated by the spectra of 659 
the 100S precursor, slag contains two broad resonances at -79 and -111 ppm, corresponding to 660 

amorphous Q1 moieties and amorphous Q4 moieties, respectively, with the latter corresponding 661 
to the presence of amorphous silica (SiO2) [13] [91,92,94,97]. The spectra of the 5Mg10Mk 662 
precursor demonstrates the introduction of Mk with a third broad resonance around -105 ppm 663 
[42,95]. Table 5, 6 and 7 detail the relative integrals of the 29Si resonances and their 664 
assignments. 665 
 666 
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The spectra of the non-carbonated mixes (Fig. 16 (b)) demonstrate the changes to the Si 667 

environments during curing. Narrow resonances have appeared in mixes 100S, 10Mg and 668 
10Mg5Mk at -79, -82 and -85 ppm. These resonances are well known, and correspond to 669 

crystalline Q1(0Al), Q2(1Al) and Q2(0Al) moieties which make up the C-(A)-S-H structure 670 
[13,18,91,92,94]. 10Mg can be seen to have the highest crystalline C-(A)-S-H content, 671 
corroborating its high compressive strength, whereas 5Mg10Mk forms none. A broader 672 
resonance around -86 ppm can be seen in each of the spectra, which can be assigned as 673 
amorphous Q2 product. The fits did not require a resonance at -105 ppm, which would have 674 

been assigned as remaining Mk. The lack of any Mk remaining in 5Mg10Mk is likely unrealistic 675 
due to the supposed increase in the silica Q4 environment, which should not be involved in the 676 
reaction. Instead, the Mk environment is likely to make up part of the overlapping shoulders of 677 
the broad resonances at -86 and -111 ppm. 678 
 679 

Upon carbonation (see Fig. 16 (c)), the crystalline C-(A)-S-H resonances are all lost, confirming 680 
the degradation of the C-(A)-S-H gel. A broad resonance around -98 ppm replaces these 681 

resonances, which is assigned as amorphous Q4 moieties in a highly-linked aluminosilicate 682 
network (ASN) [42,98]. A small narrow resonance at -93 ppm can be observed in mixes 100S, 683 
10Mg and 10Mg5Mk, which has previously been assigned as a small amount of crystalline 684 
Q4(3Al) in the ASN formed via decalcification [38,42,98]. 5Mg10Mk remains unchanged, 685 

much like the 27Al data, due to the lack of crystalline C-(A)-S-H prior to carbonation. 686 
 687 
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 688 
Fig. 16. The 29Si MAS NMR spectra of powdered (a) precursor, (b) non-carbonated and (c) 689 

carbonated mixes. Experimental spectra, simulated line shapes and deconvoluted resonances 690 
are in black, red and multi-coloured respectively. Asterisks mark MAS sidebands. 691 

 

 

Table 5. Relative integrals of the 29Si NMR resonances 

of the precursor mixes, with environment assignments 

and mean chemical shifts. 

Mixes Relative integrals (%) 

 slag Q1 silica Q4 Mk 

 -78.9 ppm -110.8 ppm 

-104.8 

ppm 

pre 100S 63 37  
pre 5Mg10Mk 47 28 25 

 692 
 693 
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Table 6. Relative integrals of the 29Si NMR resonances of the non-carbonated mixes, with environment 

assignments and mean chemical shifts. 

Mixes Relative integrals (%) 

 slag Q1 silica Q4 amorph. Q2 

C-(A)-S-H 

Q1(0Al) 

C-(A)-S-H 

Q2(1Al) 

C-(A)-S-H 

Q2(0Al) 

 

-78.9 

ppm 

-110.8 

ppm -86.1 ppm -78.9 ppm -82.0 ppm -84.9 ppm 

100S 27 42 14 2 7 8 

5Mg10Mk 30 44 26    
10Mg 33 39 6 6 7 9 

10Mg5Mk 31 38 15 2 7 7 

 694 
Table 7. Relative integrals of the 29Si NMR resonances of the carbonated mixes, with environment 

assignments and mean chemical shifts. 

Mixes Relative integrals (%) 

 slag Q1 silica Q4 amorph. Q2 amorph. ASN ASN Q4(3Al) 

 

-78.9 

ppm 

-110.8 

ppm -86.1 ppm -98.4 ppm -92.6 ppm 

100S  27 39 11 22 1 

5Mg10Mk  29 43 28   
10Mg  34 39 4 22 1 

10Mg5Mk  31 38 11 19 1 

 695 

 696 
3.8 Microstructural characterization by SEM-EDS 697 
 698 

The morphologies of non-carbonated and carbonated paste samples at 56 days were determined 699 
using SEM. The microstructure images of non-carbonated samples are shown in Fig. 17 ((a)-700 

(d)), while carbonated samples are shown in Fig. 17 ((a)-(d)). In the control mix, 100S, the 701 
formation of a solid and dense matrix was visible, without loosely packed particles. 10Mg and 702 

10Mg5Mk mixes also showed a homogeneous and dense structure. However, 5Mg10Mk 703 
showed a high amount of unreacted slag particles and a loose structure compared with other 704 
mixes, consistent with low compressive strength and less extent of reaction. 705 

 706 

 707 
(a)                                                                               (b) 708 
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 709 
(c)                                                                              (d) 710 

Fig. 17. Secondary electron images of non-carbonated mixes at 56 days at 1,000× 711 
magnification (a) 100S, (b) 5Mg10Mk, (c) 10Mg and (d) 10Mg5Mk. 712 

 713 

Relatively porous structure was observed for 100S mixes and calcite formation on the surface 714 

of the paste samples were identified (Fig. 18 (a)) under the carbonation effect. This relatively 715 
loose structure of 100S could be caused by the decalcification of the C-(A)-S-H gel, which is a 716 
reason for strength reduction observed in compressive strength for carbonated mixes. On 717 
5Mg10Mk mixes (Fig. 18 (b)), a higher amount of calcite was seen due to the carbonation 718 

effect, which was also observed in XRD and TG analysis. It was assumed that this additionally 719 
formed calcite may be slightly contributed to the compressive strength of 5Mg10Mk, which 720 

reached higher values compared to non-carbonated situation. 721 
 722 

 723 
(a)                                                                              (b) 724 

 725 
(c)                                                                            (d) 726 
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Fig. 18. Secondary electron images of carbonated mixes at 56 days at 1,000× magnification 727 

(a) 100S, (b) 5Mg10Mk, (c) 10Mg and (d) 10Mg5Mk. 728 

 729 
 730 

It can be seen that under high magnifications, e.g., 10,000 ×, micro-cracks were observed in 731 
100S (Fig. 19 (a)), which is consistent with the lower compressive strength of carbonated mixes. 732 

On the other hand, new phases are identified, wrapping the C-(A)-S-H gel or unhydrated slag 733 
particles in Mg-substituted mixes, 10Mg and 10Mg5Mk (Fig. 19 (b) and (c)). According to the 734 
SEM-EDS point analysis (Fig. 20), this new phase is Na, Si, Ca-enriched and contains Mg2+ 735 
and Al3+ ions. For 5Mg10Mk, a porous structure and calcite formation can be seen more easily 736 
from Fig. 19 (d). 737 

 738 

 739 
(a)                                                                       (b) 740 

 741 
 742 

 743 
(b)                                                              (d) 744 

Fig. 19. Secondary electron images of carbonated mixes at 56 days at 10,000× magnification 745 
(a) 100S, (b) 10Mg, (c) 10Mg5Mk and (d) 5Mg10Mk. 746 

 747 
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 748 
Fig. 20. Secondary electron image of carbonated 10Mg5Mk, showing gel formation under 749 

carbonation. 750 
 751 

BSE images of the mixes at 1,000× magnification reveals the effects of Mg and Mk-substitution 752 

on the microstructure of the NC-activated slag-based mixes after 56 days of curing (Fig. 21 753 
((a)-(d)). The dark grey tone recognizes in the images attributed to the unreacted slag particles, 754 
while the lighter grey part surrounding the particles shows one of the main hydration products; 755 
C-(A)-S-H or C-(N,A)-S-H. Also, carbonate-containing products such as calcite was observed 756 

with white colour. It can be seen from these images that while 5Mg10Mk mixes presented a 757 
very high amount of unreacted slag or metakaolin particles and very low binder phases, the 758 

other mixes, especially Mg- and Mk-substituted 10Mg5Mk mixes, presented very low amount 759 
and smaller size of unreacted precursor particles. The smaller size of unhydrated precursor 760 
particles in 10Mg5Mk demonstrates a denser and strong matrix, indicating the contribution of 761 

Mg and Mk to the hydration and thus improving the performance of NC-activated slag-based 762 
systems. 763 
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 764 

Fig. 21. Backscattered electron images of mixes at 1,000× magnification. 765 

 766 

The EDS results show that the hydration products primarily consist of Na, Al, Ca, Si, Mg, and 767 

O elements. It can be figured out that the main gel product of the mixes is C-(N,A)-S-H gel, 768 
since a large number of Na, Si, Al, Ca elements are seen (Figure 22, point 3 and Fig. 23, point 769 
2). The atomic ratios of Ca/Si are 0.64 and 0.54 for 10Mg and 10Mg5Mk mixes, while Si/Al 770 

ratios are 3.00 and 2.49, respectively. On the other hand, the atomic ratio of Na/Al is about 771 
1.55, and the atomic ratios of Si/Al are 2.49 and 3.00, which conforms to the theoretical molar 772 

ratio of Na/Al ≈ 1 and Si/Al ≈ 1–3 [99]. On the other hand, unhydrated slag particles (Fig. 22, 773 
point 2 and Fig. 23, point 1) and calcite formation (Fig. 22, point 1) are also determined.  774 
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 775 
 776 

Fig. 22. EDS spectrum and elemental analysis at different points of 10Mg. 777 
 778 

 779 
 780 

Fig. 23. EDS spectrum and elemental analysis at different points of 10Mg5Mk. 781 

 782 
 783 
3.9 Reaction Mechanism 784 

In this study, slag-based sodium carbonate-activated mixes were produced by activating 10% 785 

of NC by weight. Even though low pH values were obtained at early stages (i.e. 12.3) in 100S, 786 
high strength values could be achieved due to the acceleration effect provided the moderately 787 
high-temperature curing at 60°C. Slag dissolution commenced when the pH value exceeded 788 
~12 [18]. In 100S mixes, the reaction proceeded as a typical NC-activated system, in which a 789 

3

2

1

1

2

3

Element Weight% Atomic%

O K 55.22 65.29

Na/Al 2.55 2.1

Mg K 0.67 0.52

Al K 1.43 1

Si K 2.43 1.64

Ca K 27.13 12.81

Element Weight% Atomic%

O K 48.36 65.1

Na K 0.32 0.3

Mg K 3.41 3.02

Al K 5.24 4.18

Si K 19.21 14.73

Ca K 19.46 10.46

Element Weight% Atomic%

O K 51.24 65.43

Na K 6.47 5.75

Mg K 3.31 2.78

Al K 4.89 3.7

Si K 15.26 11.1

Ca K 14.01 7.14

2

1

3

1

2

3

Element Weight% Atomic%

O K 48.05 64.03

Na K 0.55 0.51

Mg K 4.2 3.68

Al K 5.96 4.71

Si K 19.1 14.49

Ca K 16.24 8.64

Element Weight% Atomic%

O K 51.78 64.63

Na K 7.62 6.62

Mg K 3.22 2.64

Al K 5.72 4.23

Si K 14.84 10.55

Ca K 11.45 5.7

Element Weight% Atomic%

O K 33.33 45.58

Na K 3.44 3.28

Mg K 5.86 5.27

Al K 17.84 14.46

Si K 11.75 9.16

Ca K 18.79 10.25
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preferential reaction occurred between Ca2+ from slag and CO3
2− from NC, eventually forming 790 

calcite and gaylussite [17]. The reaction proceeded gradually due to the slow dissolution of slag 791 
under the lower pH induced by NC. Once the CO3

2− was exhausted, the reaction rate expedited 792 

and phases such as hydrotalcite, Al incorporated C-(A)-S-H, and calcite formed as the main 793 
hydration products. With the incorporation of Mg2+ ions into the systems by reactive MgO 794 
substitution (10Mg mixes), the reaction was accelerated, and was associated with the increased 795 
formation of strength-providing hydrotalcite. While the hydration products were the same with 796 
100S, higher hydrotalcite and periclase contents were observed due to the increased amount of 797 

available Mg ions in the system. 798 

Alkali activation of metakaolin occurs in a different way than slag. The Glukhovsky model 799 
explained the mechanism of conjoined destruction reactions–coagulation–condensation–800 
crystallization [100]. In the model, the first step consists of a breakdown of the covalent Si–O–801 
Si and Al–O–Si bonds, which occurs when the pH of the alkaline solution rises. Then, an 802 

accumulation of the destroyed products occurs, which interacts among them to form a 803 
coagulated structure, leading to the generation of a condensed structure and crystallization [40]. 804 

An alkaline attack on the metakaolin results in silicate and aluminate species being released 805 
into the solution, with 5- and 6-coordinated Al being converted to 4-coordination upon 806 
dissolution [101]. It has been proposed that the initial release of Al may be more rapid than that 807 
of Si [102]. The dissolved Al may react with silicate, initially supplied by the activating 808 

solution, leading to the formation of aluminosilicate oligomers, which is why sodium silicate 809 
solutions are preferred as activators. Later on, the N–(A)–S–H gel develops and eventually 810 

begins to crystallize to form zeolites [103]. In this study, only sodium carbonate was used as an 811 
alkaline activator, which does not supply silicate. 812 

The incorporation of a low amount of metakaolin into the system (10Mg5Mk mixes) made 813 

higher levels of aluminate and silicate species available. In this case, both types of reaction 814 
products, C-S-H or C-(A)-S-H from slag, hydrotalcite (Mg6Al2(CO3)(OH)16.4(H2O)) with the 815 

Mg and Al substitution and aluminosilicate network, Na and Al-enriched C-(N,A)-S-H gel from 816 
metakaolin, could coexist, which resulted in slightly higher strength and better carbonation 817 

performance. The interaction of the precursors was also evident from the calorimetric 818 
measurements (Fig. 3), indicating the acceleration of the condensation reaction and the higher 819 
heat flow values obtained by blending slag, reactive MgO and metakaolin, which was 820 
associated with the increased dissolution of the precursors. 821 

In the presence of higher amounts of metakaolin (5Mg10Mk mixes), the reaction was affected 822 
inversely. These samples revealed very low strength values (about 1 MPa) at all ages despite 823 
applying a moderately high curing temperature. It is well known that the availability of 824 
aluminum plays a key role in determining the properties of geopolymers [4,104]. Bernal et al. 825 
[41] investigated the structural evolution of alkali silicate-activated slag/metakaolin pastes and 826 

showed that the addition of metakaolin led to an increase in the total setting time, reduced the 827 
heat release and inversely affected the reaction mechanism by introducing a large quantity of 828 
additional Al [105]. De Silva et al. [106] studied the early-age reaction kinetics of 829 
metakaolin/sodium silicate/NaOH system and found that increasing Al led to lower strengths 830 

with increasing Na–Al–Si grained rather than amorphous Na–Al–Si phases in the mixes. In this 831 
study, 5Mg10Mk mix revealed the highest Al value due to the presence of metakaolin. 832 
Buchwald et al. [42] investigated the NH-activated metakaolin/slag blends, where higher 833 

activator concentrations were used for higher metakaolin-containing mixes to reach a constant 834 
Na/Al value of 0.4. In this study, the same NC concentration was used for all mixes. In addition, 835 
lower alkalinity (Fig. 4) might have inversely affected the reaction. Due to the different ratios 836 
of precursors and constant activator concentration, the Na2O% of 5Mg10Mk was slightly lower, 837 
which could cause a reduction in the activation rate. Moreover, a very slow reaction mechanism 838 
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can be seen from isothermal calorimetry results (Fig 3). While other mixes reached their 839 

maximum heat flow at about 5 hours, for 5Mg10Mk, heat release started at 10 hours and 840 
achieved the maximum at about 20 hours. XRD results also corroborated the amorphous 841 

structure of 5Mg10Mk. 842 

Considering the low alkalinity, higher Al concentrations and absence of additional silicate 843 
sources in 5Mg10Mk, any strength-providing phase could not be formed at early or later ages. 844 
Due to the low alkalinity, slag could not be dissolved enough initially, Ca2+ and Si4+ ions could 845 
not be released into the medium, and the high amount of free Al from metakaolin could not be 846 

involved in the formation of any hydration product. Therefore, even the use of higher 847 
temperatures during the curing process did not enhance the reaction mechanisms, resulting in 848 
the formation of only carbonate-containing phases such as calcite, periclase, and magnesite 849 
(Fig. 7). 850 

 851 

4. Conclusions 852 

 853 

This study investigated the performance and carbonation resistance of sodium carbonate-854 
activated slag-based systems incorporating reactive MgO and metakaolin. The possible use of 855 
reactive MgO and metakaolin to enhance compressive strength and carbonation resistance was 856 
examined and their roles on the hydration mechanisms, compressive strength, microstructure 857 

and carbonation resistance were explored. A comprehensive analysis involving X-ray 858 
diffraction analysis (XRD), Fourier transform infrared spectrometry (FTIR), 29Si and 27Al solid-859 

state nuclear magnetic resonance (NMR), and thermogravimetry-differential thermogravimetry 860 
(TG-DTG) was performed to clarify the hydration mechanism under environmental and 861 
accelerated carbonation conditions. Microstructural investigations were performed on paste 862 

samples, while compressive strength and carbonation resistance was investigated on mortar 863 
samples. Based on the results obtained, the following conclusions were drawn: 864 

 865 

• Substitution of slag with Mg and Mk at 10% and 5% by weight slightly enhanced early age 866 

compressive strength development, revealing strengths higher than NC-activated mixes and 867 
PC-based mixes. The higher strength was attributed to the formation of hydrotalcite, C-(A)-S-868 

H and C-(N,A)-S-H due to Mg, Al and Si provided by Mg and Mk. 869 
 870 

• Mixes containing 5% Mg and 10% Mk, 5Mg10Mk mixes presented the lowest compressive 871 
strengths amongst all mixes, which was associated with the lack of any reaction between the 872 
precursors due to the lower initial pH and high amount of Al ions present in the medium. 873 
 874 

• The use of Mg and Mk enhanced the carbonation resistance. 10Mg and 10Mg5Mk mixes 875 

presented the highest compressive strength values amongst the carbonated mixes. This 876 
enhancement was associated with the increased presence of Mg, Si, Al ions from the secondary 877 

binders, resulting in the formation of hydrotalcite and Na- and Al-enriched binder phase C-878 
(N,A)-S-H. 879 

 880 

• Decalcification of C-(A)-S-H was prevented in mixes containing Mg and Mk, while this 881 
phenomenon caused a significant reduction in compressive strength in control mixes 100S. 882 
 883 
Overall, the findings of this study demonstrated that the incorporation of small amounts of Mg 884 
and Mk with slag had a considerable influence on the early age strength and carbonation 885 
resistance of NC-activated slag-based systems. The use of Mg and Mk provided additional Mg, 886 
Al, and Si ions in the system, enabling the formation of strength-providing phases such as 887 
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hydrotalcite, C-(A)-S-H and C-(N,A)-S-H gel. The amount of Mk used in these mixes should 888 

be controlled to avoid any undesirable strength loss. The data presented in this study can play 889 
a key role in the design of sustainable and durable NC-activated slag-based systems and provide 890 

a roadmap for the development of alternative binder systems with improved mechanical 891 
performance and carbonation resistance. 892 
 893 
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