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Abstract 12 

 13 

 14 

The use of magnesium oxide (MgO) as the key reactive component within hydraulic 15 

binder systems has been reported in many studies. This study investigated the 16 

strength and microstructural development of MgO and MgO-SiO2 binder systems 17 

under different curing conditions. Concrete samples, whose binder component 18 

consisted of only MgO or MgO-SiO2 were subjected to ambient and carbonation 19 

curing conditions for 56 days. The compressive strength results were supported with 20 

microstructural analysis performed via XRD, TG/DTG and FESEM. While the 21 

formation of brucite within MgO samples led to limited strength under ambient 22 

conditions, MgO-SiO2 samples demonstrated a steady strength development due to 23 

the formation of M-S-H. Incorporation of carbonation curing enhanced the 24 

mechanical performance of both systems, enabling rapid strength development that 25 

reached up to 77 MPa at 7 days. This increase in strength was associated with the 26 

densification of microstructure via the formation of Mg-carbonates, which were 27 

assessed via thermal analysis. 28 

 29 
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1  Introduction 33 

 34 

The high energy consumption and CO2 emissions associated with Portland cement 35 

(PC) production [1] have driven the need for alternative building materials. Reactive 36 

magnesium oxide (MgO)-based cementitious materials are a group of materials that 37 

have lower calcination temperatures than PC (i.e. 700 vs. 1450 °C) and ability to 38 

gain strength via various routes, some of which involve the sequestration of CO2 in 39 

the form of stable carbonates [2, 3] or the formation of magnesium silicate hydrate 40 

(M-S-H) within MgO-SiO2-H2O systems [4-6]. 41 

 42 

Recent research on MgO-SiO2-H2O systems have shown that the formation of M-S-43 

H via a reaction between a Mg-based source (e.g. MgO, Mg(OH)2) and a silica 44 

source (e.g. microsilica) results in a binder that can be used in certain applications 45 

such as waste encapsulation [7-9], refractory castables [10] and building materials 46 

[4]. The mix designs introduced in these studies usually involve the use of a 47 

dispersant, sodium hexametaphosphate ((NaPO3)6, SHMP), to reduce the water 48 

demand and improve the rheological properties of the fresh mix. The reduction of 49 

water content through the use of SHMP in MgO-silica fume mixes was reported to 50 

enable 28-day strengths as high as 70 MPa [4]. 51 

 52 

Within MgO-SiO2 formulations, the formation of M-S-H can take place via the 53 

reaction between Mg2+ and dissolved silica complexes [5, 11]. The main factors 54 

influencing M-S-H formation are the chemical and physical properties of the 55 

precursors, mix composition, curing conditions and pH of the pore solution. A recent 56 

study has shown that M-S-H can form directly from the reaction of MgO with SiO2 or 57 

from the consumption of the previously formed Mg(OH)2 (brucite), depending on the 58 

SHMP content within the initial mix design [12]. The formation of M-S-H ceases 59 

when either the magnesia or silica source is fully consumed in the reaction [13]. 60 

Therefore, within mixes containing relatively high initial MgO contents, M-S-H can be 61 

accompanied with unreacted MgO and the hydrate phase of MgO, Mg(OH)2. 62 

Previous studies [14] reported the presence of brucite in reactive MgO-SiO2 samples 63 

even after 90 days of curing. 64 

 65 



Differing from MgO-SiO2-H2O systems, carbonated MgO systems rely on the 66 

formation of hydrated magnesium carbonates (HMCs) for strength gain. This usually 67 

initiates with the hydration reaction of MgO into brucite, followed by the carbonation 68 

reaction to form a range of HMCs, as shown in Equations 1-5. The extent of the 69 

carbonation reaction, along with the morphology of these carbonate phases control 70 

the mechanical performance of carbonated MgO systems. Strength development of 71 

these binders is associated with the increase in sample density as carbonation is an 72 

expansive process that reduces the overall pore volume (i.e. the formation of HMCs 73 

causes a significant expansion and increases the solid volume by a factor of 1.8-3.1) 74 

and evolution of microstructure as the morphology and binding strength of the 75 

carbonate crystals contribute to the network structure. 76 

 77 

MgO + H2O → Mg(OH)2 (Brucite)                                                                              (1) 78 

 79 

Mg(OH)2 + CO2 + 2H2O → MgCO3·3H2O (Nesquehonite)                                                                   (2) 80 

 81 

2Mg(OH)2 + CO2 + 2H2O →Mg2CO3(OH)2∙3H2O (Artinite)                                                                                                (3) 82 

 83 

5Mg(OH)2 + 4CO2 → Mg5(CO3)4(OH)2·4H2O (Hydromagnesite)                                 (4) 84 

 85 

5Mg(OH)2 + 4CO2 + H2O → Mg5(CO3)4(OH)2·5H2O (Dypingite)                               (5) 86 

 87 

As carbonation is the main mechanism for strength gain within these systems, the 88 

diffusion of CO2 into the sample matrix plays a key role in the final performance. This 89 

necessitates the provision of the necessary porosity to enable CO2 ingress, which 90 

can be achieved via a carefully planned mix design. Studies focusing on carbonated 91 

systems have generally proposed the use of 4-40% MgO as the main binder, 92 

accompanied with fine and/or coarse aggregates, along with fly ash or slag in some 93 

formulations [15-21]. Although higher cement contents generally lead to higher 94 

strengths, this is associated with increased cost and environmental impacts. 95 

Therefore, achieving a balance amongst the mechanical, economical and 96 

sustainability aspects of the proposed mix designs is important. Independent of the 97 

cement content, these studies have shown that subjecting MgO samples to natural 98 

atmospheric exposure conditions containing ambient CO2 levels (0.04%) are not 99 



sufficient for the carbonation reaction to take place and provide high strengths even 100 

after several months [20, 22], therefore highlighting the need for accelerated 101 

carbonation conditions involving the use of elevated CO2 concentrations (i.e. 5-20% 102 

in most cases). The use of these accelerated CO2 concentrations was shown to 103 

enable compressive strengths as high as ~60 MPa after curing MgO-based concrete 104 

samples under 10% CO2 for 28 days [15].  105 

 106 

While the use of elevated CO2 concentrations increases the rate and degree of 107 

carbonation to some extent, the presence of uncarbonated brucite is a common 108 

occurrence in carbonated MgO systems as the penetration depth of CO2 is limited 109 

towards the sample core [16]. One of the main reasons for this is the precipitation of 110 

carbonation products on the outer surface, which prevents further carbonation of 111 

Mg(OH)2, thereby limiting carbonation and associated strength development, and 112 

resulting in an inefficient use of MgO as a binder. Since uncarbonated brucite does 113 

not significantly contribute to strength development by itself due to its poor binding 114 

capacity, the conversion of brucite or unhydrated MgO into strength providing 115 

phases such as HMCs or M-S-H can be enabled via the development of a combined 116 

system involving the presence of M-S-H as well as a carbonate network. 117 

 118 

Although the reaction mechanisms, properties and performance of both MgO-SiO2-119 

H2O and carbonated MgO systems have been individually investigated to some 120 

extent, there are not any studies focusing on the combination of these two systems 121 

in the form of a multi-component binder. Since both systems rely on the dissolution 122 

of MgO and the subsequent hydration reaction as the initial step in their strength 123 

development, the use of carbonation to enhance the performance of this combined 124 

binder system is yet to be explored. This study aims to investigate the properties of 125 

binders involving the combination of MgO-SiO2-H2O and carbonated MgO systems 126 

and their capacity to increase the utilization of MgO and Mg(OH)2 via the formation 127 

of an extensive network composed of Mg-carbonates and M-S-H. The influence of 128 

carbonation on the MgO-SiO2-H2O system was evaluated via a detailed comparison 129 

of MgO-SiO2 and MgO-based concrete samples with the same binder content. The 130 

prepared samples were subjected to sealed and carbonation conditions to assess 131 

their performance with and without the introduction of CO2 curing. The mechanical 132 

performance of the MgO-SiO2 (MS) and MgO (M) systems was studied with 133 



compressive strength testing at different durations up to 56 days. The strength 134 

results of each system were supported with an analysis of their microstructural 135 

development along different stages of curing. The formation of hydrate and 136 

carbonate phases were investigated via X-ray diffraction (XRD) and 137 

thermogravimetric/derivative thermogravimetric analysis (TG/DTG), while the 138 

microstructural development of the prepared formulations was observed by field 139 

emission scanning electron microscopy (FESEM). 140 

 141 

 142 

2  Materials and Methodology 143 

 144 

2.1  Materials  145 

 146 

Reactive MgO (commercial name ―calcined magnesite 92/200‖) and microsilica 147 

(commercial name ―940U‖) were obtained from Richard Baker Harrison (UK) and 148 

Elkem Materials (Singapore), respectively. The properties of MgO and microsilica 149 

are listed in Table 1. SHMP, used as a superplasticizer, was obtained from VWR 150 

(Singapore). Saturated surface dry (SSD) gravel provided by Buildmate (Singapore) 151 

with a particle size of 4.7–9.5 mm and a density of 2.61 kg/m3 was used to form the 152 

aggregate profile in the concrete samples prepared. 153 

 154 

 155 

2.2  Mix composition and curing conditions 156 

 157 

Table 2 shows the mix compositions prepared under this study and the 158 

corresponding curing conditions each mix was subjected to. Two different binder 159 

systems composed of MgO (M) and MgO-SiO2 (MS), in which MgO and microsilica 160 

were introduced at a ratio of 1:1, were prepared. These binders were used in the 161 

preparation of concrete samples that were composed of 40% binder (i.e. to provide 162 

binding in the absence of fine aggregates, which were omitted from the mix design to 163 

avoid contamination with quartz and provide an accurate quantification of hydrate 164 

and carbonate phases during microstructural analysis) and 60% coarse aggregates, 165 

by mass. All formulations were prepared with a constant water/binder (w/b) ratio of 166 

0.45 and included 1% (i.e. of the total binder content) of SHMP to improve fluidity, 167 



which led to fully compacted samples for both systems. The prepared samples were 168 

subjected to two different curing conditions: (i) Sealed (S) under 95% relative 169 

humidity (RH), ambient temperature and ambient CO2 concentration; and (ii) 170 

carbonated (C) under 95% RH, ambient temperature and 10% CO2 concentration. 171 

 172 

 173 

2.3  Sample preparation 174 

 175 

Sample preparation started via the addition of SHMP into a predetermined amount of 176 

water, followed by its mixing for about 20 minutes to ensure it was fully dissolved. 177 

MgO was then slowly added into the water while mixing. For the preparation of MS 178 

samples only, microsilica was also gradually added into the mixing bowl during 179 

mixing. The mixing procedure continued for 10 minutes after all the powders were 180 

added to prepare a truly homogenized and thoroughly mixed paste, after which the 181 

coarse aggregates were introduced into the mix. The prepared concrete mix was 182 

poured into 50x50x50 mm cubic molds, which were consolidated by a vibrating table 183 

for 5 minutes and trowel finished to achieve full compaction. The prepared samples 184 

were kept under sealed conditions for 24 hours until demolding and were then 185 

placed into corresponding curing conditions. The masses of all samples were 186 

recorded before and after each curing duration to assess the changes in their 187 

densities under different conditions. 188 

 189 

 190 

2.4  Methodology 191 

 192 

2.4.1  Compressive strength 193 

 194 

The compressive strength of the prepared concrete samples was measured by uni-195 

axial loading in triplicates at 3, 7, 28 and 56 days. The equipment used for this 196 

purpose was a Toni Technik Baustoffprüfsysteme machine, operated at a loading 197 

rate of 55 kN/min. 198 

 199 

 200 



2.4.2  XRD, TG/DTG and FESEM analyses 201 

 202 

Samples extracted from the cubes crushed during compressive strength testing were 203 

stored in acetone for at least 3 days to stop hydration, followed by vacuum drying for 204 

another 7 days in preparation for XRD, TG/DTG and FESEM analyses. The vacuum 205 

dried samples were ground down to pass through a 75 μm sieve in preparation for 206 

XRD and TG/DTG. 207 

 208 

XRD data was collected via a Bruker D8 advance instrument using Cu Kα radiation 209 

(40 kV, 30 mA) with a scanning rate of 0.02° 2θ/step from 10 to 80° 2θ. TG/DTG was 210 

conducted on a Perkin Elmer TGA 4000 equipment from 30 to 900 °C with a heating 211 

rate of 10 °C/min under nitrogen flow. The quantification of the formed phases within 212 

each sample was performed via the deconvolution of the DTG curves and the 213 

calculation of the area corresponding to different decomposition reactions under 214 

each deconvoluted curve. For the observation of the sample microstructures via 215 

FESEM analysis, the vacuum dried samples were coated with platinum. The 216 

morphologies of the hydration and carbonation products within the prepared samples 217 

were investigated via FESEM images obtained by a JEOL JSM-7600F equipment.  218 

 219 

 220 

3  Results and Discussion 221 

 222 

3.1  Density 223 

 224 

The wet density values of all samples over the 56 days of curing are shown in Figure 225 

1. The initial densities of M samples before the start of the curing process were ~8% 226 

higher than those of MS samples (2.33 vs. 2.16 g/cm3). This was associated with the 227 

differences in the compositions of the binder components of each system. For both 228 

systems, samples cured under sealed conditions (M-S and MS-S) revealed relatively 229 

constant densities throughout the curing process. Any increase in density due to the 230 

progress of the hydration reaction that resulted in the expansive formation of hydrate 231 

phases within these samples could have been partially overshadowed with the loss 232 

of unbound water from the pore system during curing. Alternatively, the introduction 233 

of carbonation led to a noticeable increase in the densities of both systems. The 234 



densification process was more visible within M-C samples, which demonstrated 235 

~5% increase in their densities over 56 days, revealing a final density of 2.44 g/cm3. 236 

Corresponding MS-C samples revealed an increase of ~1.5% over 56 days. The final 237 

density of MS-C samples was recorded as 2.19 g/cm3, which was lower than that of 238 

M samples, similar to the trend observed before curing initiated. Apart from the initial 239 

and final densities, the change in the sample density over time during the curing 240 

process could be an indication of the performance of each formulation under 241 

different curing conditions. 242 

 243 

 244 

3.2  Compressive strength 245 

 246 

Compressive strengths of samples cured for up to 56 days are shown in Figure 2. 247 

Carbonated MgO (M-C) samples achieved the highest strengths amongst all 248 

samples throughout the entire curing duration. The corresponding MgO samples that 249 

were subjected to sealed conditions (M-S) revealed the lowest strengths of around 250 

18 MPa, which remained relatively stable throughout 56 days due to the low ambient 251 

CO2 concentrations that slowed down the carbonation process. Alternatively, the 252 

rapid strength gain exhibited by M-C samples was associated with the elevation of 253 

the CO2 concentration to 10% during the curing process, which was in line with the 254 

findings of previous studies [20, 23]. The presence of CO2 enabled the carbonation 255 

reaction within M-C samples, which reached early-age strengths as high as 56 and 256 

77 MPa at 3 and 7 days, respectively. The difference in the CO2 concentration used 257 

in the curing of M-S and M-C samples led to an up to ~330% difference in their 258 

performance. This significant transformation in strength is a clear indication of the 259 

critical role that carbonation plays in the mechanical performance of MgO-based 260 

formulations, whose strength gain dominantly relies on the formation of carbonate 261 

phases, as reported in the literature [3, 17, 20, 24]. This increase in strength within 262 

the carbonated samples was in line with the increase in the density of samples 263 

reported earlier in Figure 1, where M-C samples revealed a noticeable increase in 264 

their density due to the formation of carbonates. 265 

 266 

Samples, whose binder component consisted of MgO-SiO2 (MS-S and MS-C), 267 

demonstrated a consistent strength development over 56 days. The use of 268 



carbonation curing in MS-C samples enabled 56-day strengths as high as 73 MPa, 269 

while the corresponding MS-S samples cured under sealed conditions revealed a 270 

strength of 56 MPa. The difference in strength was more pronounced at early ages 271 

(3 days), during which MS-C samples achieved up to ~60% higher strengths than 272 

MS-S samples. This difference gradually reduced and stabilized at ~20% for the 273 

remaining curing durations. The high difference at earlier ages was mainly due to the 274 

different curing conditions these two sets of samples were subjected to. While the 275 

formation of M-S-H was the main source of strength in MS-S samples, the higher 276 

strengths obtained by MS-C samples were attributed to the formation of carbonate 277 

phases. As the carbonation process takes place more rapidly at early stages of 278 

curing and gradually slows down with the densification of the microstructure, the 279 

trends observed in the strength difference of MS-S and MS-C samples were in line 280 

with the expected progress of carbonation. 281 

 282 

Amongst the four sets of samples prepared under this study, those subjected to 283 

carbonation curing (M-C and MS-C) demonstrated the best performance for each 284 

binder composition (MgO and MgO-SiO2). Although the highest strengths were 285 

achieved by M-C samples at early ages (≤ 7 days), the consistent strength 286 

development of MS-C samples led to similar results at longer durations (≥ 28 days). 287 

In addition to the binding strength associated with the carbonate network that formed 288 

during the curing process, the higher densities revealed by M-C samples in 289 

comparison to MS-C samples may have contributed to their strength development. 290 

Alternatively, while the formation of M-S-H within MS-S samples resulted in a 291 

considerable performance without carbonation, the incorporation of carbonation in 292 

the curing process significantly enhanced the strength development of these 293 

samples. However, when compared to MgO-SiO2 (MS) samples, which also gained 294 

strength via the hydration process that led to the formation of M-S-H; the progress of 295 

carbonation was much more critical for purely MgO-based (M) samples, whose 296 

strength development mainly depended on the conversion of Mg-phases (MgO and 297 

Mg(OH)2) into carbonates. 298 

 299 

 300 

3.3  Microstructure 301 

 302 



Figure 3  shows the FESEM images of all samples after 3 days of curing. M-S 303 

sample (Figure 3  (a)) indicated a loose formation of brucite around MgO particles, 304 

whereas an extensive formation of various HMCs, namely needle-like nesquehonite 305 

and rosette-like hydromagnesite/dypingite, were observed in the M-C sample (Figure 306 

3  (b)). The dense formation of these HMCs could explain the high strength gain (56 307 

MPa) achieved by M-C samples at as early as 3 days. Similar to M-S, MS-S sample 308 

(Figure 3 (c)) mainly displayed the formation of brucite (i.e. lamellar aggregates of 309 

platelets [25]) along with M-S-H (i.e. continuous layer covering other particles [14, 310 

26]), which slightly led to the densification of the microstructure. The resemblance in 311 

the microstructures of M-S and MS-S samples corresponded well with their identical 312 

3-day strengths. The use of carbonation curing in MS-C sample (Figure 3 (d)) clearly 313 

revealed the formation of rosette-like hydromagnesite/dypingite with large flakes, 314 

along with M-S-H, which could explain the higher strengths obtained by this sample 315 

in comparison to MS-S. The morphology of hydromagnesite/dypingite observed 316 

within MS-C sample differed from those seen in M-C, where the agglomeration of 317 

smaller crystals produced a denser microstructure. Coupled with the dense formation 318 

of nesquehonite needles, the densification of the sample microstructure can explain 319 

the carbonation-related rapid strength gain of M-C at 3 days. 320 

 321 

Figure 4 shows the FESEM images of all samples after 28 days of curing. Although it 322 

was cured for a longer duration, M-S sample (Figure 4 (a)) mainly indicated the 323 

formation of brucite along with unreacted MgO. The limited formation of carbonates 324 

was as expected since the ambient concentration of CO2 used during the curing of 325 

M-S samples was not sufficient for a noticeable formation of carbonates, thereby 326 

limiting strength development. Differing from M-S, M-C sample (Figure 4 (b)) 327 

revealed the dense formation of interlocked nesquehonite and artinite, along with 328 

hydromagnesite/dypingite. The simultaneous formation of various carbonate phases 329 

corresponded well with the highest strengths obtained by M-C samples, which 330 

outperformed all others during the entire curing period. Formation of a continuous 331 

gel-like M-S-H layer, similar to those reported in earlier studies [14, 26], was 332 

observed in the microstructure of MS-S sample (Figure 4 (c)), which could explain its 333 

steady strength development with time. The spherical SiO2 particles were less 334 

abundant when compared to the microstructure of MS-S sample cured for 3 days. 335 

The reduction in the amount of SiO2 was in line with the increase in M-S-H formation 336 



as silica was consumed in the hydration reaction over time. When subjected to 337 

carbonation, MS-C sample (Figure 4 (d)) exhibited the presence of a dense 338 

nesquehonite cluster, which formed a wall-like structure via the combination of 339 

individual needles. Along with nesquehonite, rosette-like hydromagnesite/dypingite 340 

agglomerates contributed to the densification of the microstructure. Amongst the 341 

HMCs, the loose presence of spherical SiO2 particles was observed, whereas the 342 

gel-like M-S-H largely disappeared from the microstructure. The lack of M-S-H, 343 

accompanied with the abundant presence of SiO2 particles, where MS-C sample 344 

differed from the corresponding MS-S sample that was cured under ambient 345 

conditions, could be an indication of the conversion of Mg-based initial phases to 346 

Mg-carbonates under the presence of CO2 curing. 347 

 348 

 349 

3.4  XRD 350 

 351 

The XRD diffractograms of all samples cured for 3 days are shown in Figure 5. The 352 

brucite peaks were accompanied with unreacted MgO (periclase) peaks in all 353 

samples, whose presence was an indication of the limited progress of hydration 354 

during the first 3 days of curing. The M samples, whose binder component was 355 

composed of MgO only, demonstrated brucite peaks with noticeably higher 356 

intensities than those of MS (MgO-SiO2) samples. This difference in the brucite 357 

peaks could be attributed to the higher initial MgO content of the M samples when 358 

compared to MS samples (40 vs. 20 wt% of the total mix composition) and the 359 

potentially higher consumption degree of the brucite that may have initially formed 360 

within the MS system, via its reaction with the dissolved silica to form M-S-H and 361 

carbonation (in the MS-C sample). 362 

 363 

Apart from MgO and brucite, the presence of small amounts of silica and magnesite 364 

(the latter from the incomplete decomposition of the parent material during the 365 

production of MgO) was observed as impurities in all samples. While the XRD 366 

patterns of MS-S and MS-C were similar, a small presence of 367 

hydromagnesite/dypingite was observed in MS-C samples, which was in line with the 368 

microstructural observations reported earlier in Section 3.3. These were 369 

accompanied with unreacted amorphous silica peaks centered around 21° 2θ. The 370 



slight formation of amorphous M-S-H was observed at around 35° and 60° 2θ [4, 7] 371 

in both MS samples, albeit more visibly within the MS-S sample. This difference was 372 

associated with the variations in the environments used for the curing of these 373 

samples, during which MS-C was subjected to carbonation. The use of carbonation 374 

curing limited the formation of M-S-H and resulted in the slight presence of 375 

carbonates instead, similar to M-C samples. Although the formation of carbonate 376 

phases within M-C and MS-C samples was clearly observed in their microstructures 377 

reported in Section 3.3, these phases did not reveal high intensities in the XRD 378 

patterns obtained at 3 days. This could be due to the relatively lower intensities of 379 

these phases in comparison to major phases such as MgO and brucite and the 380 

variations in the carbonation degree, which reduced with sample depth. These 381 

results can be an indication that although the progress of carbonation was limited in 382 

M-C and MS-C samples, it still significantly enhanced the mechanical performance of 383 

these samples in comparison to the corresponding uncarbonated samples at as 384 

early as 3 days. 385 

 386 

Figure 6 shows the XRD diffractograms of all samples cured for 28 days. Although 387 

the presence of MgO could still be observed in all samples, a reduction in its 388 

intensity was anticipated in comparison to those observed at 3 days to demonstrate 389 

the progress of hydration and carbonation between these periods. While the brucite 390 

peaks were present in all samples, they were less prominent within samples 391 

subjected to carbonation for each composition. The brucite peaks were accompanied 392 

with various HMCs such as hydromagnesite, dypingite, artinite and nesquehonite 393 

within M-C samples, which corresponded well with microstructural observations. 394 

Alternatively, the amorphous bands of M-S-H located at around 25°, 35° and 60° 2θ 395 

[13] were clearly revealed in the XRD pattern of MS-S samples. In addition to M-S-H, 396 

small peaks of MgO and brucite were also present within MS-S, indicating that there 397 

was still room for improvement for the complete utilization of MgO. Subjecting the 398 

same composition to carbonation led to the disappearance of brucite and the 399 

reduction in the amount of residual MgO in MS-C samples. The simultaneous 400 

appearance of various HMCs was a clear demonstration of the carbonation reaction 401 

within the MgO-SiO2 system. The lack of M-S-H peaks, accompanied with the 402 

presence of unreacted silica at around 21° 2θ within MS-C samples indicated the 403 

conversion of Mg-phases into carbonates under carbonation curing, which confirmed 404 



the microstructural observations (Section 3.3) and strength results (Section 3.2) 405 

reported earlier. 406 

 407 

 408 

3.5  TG/DTG 409 

 410 

Figure 7 shows the TG and DTG plots of all samples cured for 28 days. Since all 411 

samples were subjected to vacuum drying before testing, the total mass loss 412 

observed during this process mainly corresponded to the decomposition of hydrate 413 

and carbonate phases. When the total mass loss values revealed by each sample 414 

were compared, it could be seen that MS-S sample revealed lower values than 415 

others. This difference could be partially attributed to the higher initial MgO contents 416 

of M samples in comparison to MS samples, which could have led to the formation of 417 

a larger amount of hydrate and/or carbonate phases. Furthermore, the formation of 418 

carbonate phases within sample MS-C led to a higher mass loss than those of MS-S. 419 

Regardless of the initial composition, amongst each binder composition (MgO and 420 

MgO-SiO2), those subjected to carbonation led to higher mass losses due to the 421 

decomposition of HMCs. In carbonated MgO systems, the dehydration, 422 

dehydroxylation and decarbonation of common HMCs (e.g. nesquehonite, artinite, 423 

hydromagnesite and dypingite) were reported to take place at < 250, 250-500, and > 424 

350 °C, respectively [27-30]. In MgO-SiO2-H2O systems, the main steps involved 425 

during the thermal decomposition of M-S-H and other phases can be summarized as 426 

below [31, 32]: 427 

 428 

1. 30-300 °C: Loss of interlayer water of M-S-H 429 

 430 

2. 300-750 °C: Decomposition of uncarbonated brucite and separation of hydroxyl 431 

groups in M-S-H 432 

 433 

3. 750-900 °C: Dehydroxylation of silanol groups 434 

 435 

Amongst the samples cured under sealed conditions, the much lower mass loss of 436 

MS-S than that of M-S was accompanied with its higher strengths than sample M-S. 437 

This difference in the strengths of these two uncarbonated samples could be linked 438 



with the variations in the hydrate phases that formed within the MgO (brucite) and 439 

MgO-SiO2 (M-S-H with a minor formation of brucite) formulations. This variation was 440 

also demonstrated by the DTG plots in Figure 7(b), where the two peaks at 95 and 441 

405 °C within MS-S sample referred to the loss of interlayer water and separation of 442 

hydroxyl groups of M-S-H along with the decomposition of a small amount of brucite, 443 

respectively. Alternatively, the thermal decomposition of M-S sample revealed a 444 

large endothermic peak at ~425 °C corresponding to the decomposition of brucite, 445 

which was in line with the XRD patterns shown in Figure 6. When the 28-day 446 

strength results of these two samples were compared, the larger contribution of M-S-447 

H to the strength development of MS-S sample than that of brucite, whose extensive 448 

formation was clearly observed in M-S sample, could be confirmed. 449 

 450 

The introduction of carbonation at a CO2 concentration of 10% during the curing of 451 

M-C and MS-C samples led to the appearance of additional peaks associated with 452 

the formation of carbonate phases. The DTG plots of these samples revealed two 453 

additional endothermic peaks centered at around 224-263 and 491-507 °C, 454 

corresponding to the dehydroxylation and decarbonation of HMCs, respectively. 455 

Furthermore, when compared to the DTG plots of uncarbonated M-S and MS-S 456 

samples, a slight shift in the main decomposition peak from 405-425 to 434-438 °C 457 

was observed in the carbonated samples, which included the decomposition of 458 

carbonate phases. These decomposition patterns corresponded well with the 459 

temperature ranges stated in the literature [28, 30]. The decomposition temperatures 460 

and corresponding mass loss values revealed by the TG/DTG analysis were used to 461 

quantify the hydrate and carbonate phases within each sample, whose details are 462 

provided in Section 3.6. 463 

 464 

 465 

3.6  Phase quantifications 466 

 467 

Figures 8(a)-(d) show the deconvoluted DTG curves for all samples cured for 28 468 

days. The original data (represented by the black dots) was included as well as the 469 

cumulative fit (represented by the solid line) for each sample, showing that a good fit 470 

was obtained in all cases. These two sets were accompanied with the deconvoluted 471 

curves, whose combination formed the cumulative fit. For each sample, the number 472 



of deconvoluted curves varied, depending on the different types of hydrate and 473 

carbonate phases that decomposed during thermal analysis. For instance, for M-S 474 

sample, two main curves were used to represent the dehydration of adsorbed water 475 

(centered at ~128 °C) and dehydroxylation of brucite (centered at ~425 °C), along 476 

with the loss on ignition associated with impurities (e.g. undecomposed phases 477 

within MgO). In addition to these curves, two more curves (centered at ~263 and 478 

~491 °C) were added to represent the mass loss associated with the decomposition 479 

of HMCs within M-C sample. Furthermore, the main curve (centered at ~430 °C) was 480 

deconvoluted into two curves that corresponded with the decompositions of brucite 481 

(centered at ~407 °C) and HMCs (centered at ~437 °C). 482 

 483 

Differing from the M samples, MS samples included the decomposition of M-S-H in 484 

addition to other hydrate and carbonate phases. For MS-S sample, the three main 485 

phases referred to the dehydration of adsorbed water from M-S-H, dehydroxylation 486 

of brucite and dehydroxylation of M-S-H. While each of these 3 events was indicated 487 

by separate curves, the dehydration of M-S-H was represented by two individual 488 

curves referring to the water adsorbed on M-S-H surface and water confined in M-S-489 

H pores [33]. For MS-C sample subjected to carbonation, 2 more curves were used 490 

to represent the dehydroxylation and decarbonation of HMCs (at ~224 and ~507 °C), 491 

in addition to the 3 decomposition reactions listed earlier for MS-S sample. Similar to 492 

M-C sample, the main curve (centered at ~434 °C) was divided into two to represent 493 

the decompositions of brucite and HMCs, in line with the findings of the previous 494 

literature on the thermal decomposition of HMCs [29, 34]. The area under each 495 

deconvoluted curve was calculated to find the mass loss corresponding to the 496 

relevant decomposition processes. During these calculations, the mass loss 497 

associated with the loss of ignition was also taken into account with respect to the 498 

binder component within each sample. 499 

 500 

The mass loss values obtained from the deconvoluted DTG curves of all samples 501 

cured for 28 days are listed in Table 3. Similar to the phase formations shown by the 502 

XRD patterns in Figure 6, M-S sample revealed the formation of brucite as the main 503 

hydrate phase, which corresponded to ~20% of the total mass loss. The high brucite 504 

content within this sample was an indication of the lack of carbonation, whose 505 

progress was limited under the ambient CO2 concentration used during the curing of 506 



M-S. The introduction of carbonation in M-C sample led to the formation of HMCs 507 

(mass loss of ~14%), in addition to brucite (mass loss of ~5%). The smaller brucite 508 

content of M-C when compared to M-S revealed the progress of carbonation under 509 

the elevated (10%) CO2 concentration used during the curing of M-C. Differing from 510 

sample M-S, a majority of brucite that formed as a result of the hydration reaction 511 

reacted with the CO2 that diffused through the pore system, resulting in a notable 512 

formation of HMCs. 513 

 514 

Similar to M samples, MS samples indicated different mass allocations with respect 515 

to their curing environments. MS-S sample indicated a high mass loss associated 516 

with the dehydroxylation of M-S-H (~6%), along with smaller amounts due to the 517 

dehydroxylation brucite (~3%). Out of all samples, MS-S revealed the highest mass 518 

loss due to adsorbed water, which was an indication of M-S-H formation. This was 519 

because dehydration of water absorbed on the surface of M-S-H as well as the water 520 

confined in M-S-H pores are known to contribute to the mass loss observed in this 521 

temperature range [33]. The use of carbonation in MS-C sample enabled a reduction 522 

of the amount of residual brucite (mass loss of ~0.5%), which almost disappeared at 523 

28 days. This decline in the amount of brucite was related with its consumption in the 524 

formation of carbonate phases, along with M-S-H. Accordingly, the main mass loss 525 

observed in MS-C was linked with a significant formation of HMCs (mass loss of 526 

~19%), accompanied with some M-S-H (mass loss of ~2%). The smaller amount of 527 

M-S-H formation within sample MS-C in comparison to MS-S, which corresponded 528 

well with the XRD patterns, could be associated with the utilization of Mg2+ in the 529 

carbonation reaction rather than its reaction with SiO2 complexes to form M-S-H.  530 

 531 

The reactions involving the formation of various hydrate and carbonate phases are 532 

dependent on several factors, one of them being the pH of the system, which can 533 

determine the dissolution of MgO and SiO2, as well CO2 into the pore solution. 534 

Therefore, the direction of the reactions that determine the M-S-H and HMC contents 535 

within carbonated MS systems are controlled by the concentration of the dissolved 536 

SiO2 and CO2, during which the dissolved element with the higher concentration 537 

preferentially reacts with Mg2+. In this respect, the rate and degree of the reactions 538 

depend on the concentration of the dissolved element and the solubility product of 539 

M-S-H and HMCs. In this study, the overwhelming formation of HMCs when 540 



compared to M-S-H in MS-C samples could be attributed to the higher dissolution of 541 

CO2 gas (i.e. at a concentration of 10%) than that of solid SiO2. Furthermore, the 542 

lower pH values induced with carbonation could have also enhanced the formation of 543 

HMCs [35, 36] rather than M-S-H, whose formation was shown to be favored at a 544 

higher pH of ≥ 10.5 [13, 37]. 545 

 546 

A comparison of the two carbonated samples, M-C and MS-C, revealed lower mass 547 

loss values corresponding to the formation of HMCs within the former (~14% vs. 548 

19%). This difference in the amount of carbonate phases could be related to the 549 

variations in the type of carbonates, as well as the higher initial densities of M 550 

samples in comparison to MS samples, which could limit the amount of CO2 diffusing 551 

through the sample pore network and thereby the overall amount of carbonates 552 

precipitating within the system. However, although M-C samples revealed a lower 553 

degree of carbonate formation, their higher densities enabled them to achieve 554 

generally higher strengths than MS-C samples during the earlier stages (≤ 28 days) 555 

of carbonation. The increased degree of carbonate formation within MS-C samples, 556 

coupled with the binding strength provided by M-S-H, led to almost equivalent 557 

strengths to those of M-C samples at 56 days (73 vs. 79 MPa). These results 558 

indicate that while sample density plays a key role in the reaction mechanisms and 559 

final performance, the progress of the carbonation reaction also contributes to 560 

strength development via the formation of an extensive carbonate network.  561 

 562 

In addition to their physical properties, other factors such as the initial pH (i.e. 563 

controlled by the mix design and properties of the binder component), determine the 564 

extent of carbonation and hence the final performance of M and MS systems. The 565 

presence of SiO2 has led to a lower initial pH of MS when compared to M samples, 566 

which may have provided a more favorable environment for HMC formation under 567 

carbonation [35, 36]. Furthermore, in purely MgO-based systems (M-C samples), the 568 

hydration and carbonation of MgO grains can lead to the formation of a solid 569 

hydrate/carbonate layer around the unreacted particles, thereby limiting further 570 

access to the unhydrated MgO particles. However, in MgO-SiO2 systems (MS-C 571 

samples), since the dissolution of SiO2 is lower than that of CO2 under the given 572 

conditions, the presence of SiO2 particles can provide nucleation seeding. This can 573 

enable the increased precipitation of Mg(OH)2 available for carbonation, thereby 574 



facilitating further carbonation and the associated formation of HMCs when 575 

compared to M samples. 576 

 577 

 578 

4  Conclusions 579 

 580 

This study investigated the performance and microstructural development of MgO 581 

and MgO-SiO2 based concrete samples subjected to ambient and carbonation curing 582 

over a 56-day period. The density and strength results of the prepared samples were 583 

supported with a detailed microstructural study involving the use of XRD, TG/DTG 584 

and FESEM analyses. In addition to the evolution of sample microstructure, the data 585 

corresponding to the quantification of hydrate and carbonate phases within each 586 

formulation, obtained via thermal analysis, was used to explain the variations in 587 

sample performance. 588 

 589 

MgO samples subjected to ambient curing revealed minimal strengths due to the 590 

inability of brucite to provide any binding strength between the cement paste and 591 

aggregates. A different scenario was observed in MgO-SiO2 samples, which 592 

demonstrated a steady strength development due to the formation of M-S-H over the 593 

56 days of curing. When compared to those cured under ambient conditions, the 594 

incorporation of carbonation curing led to an up to 412% and 57% increase in the 595 

strength of MgO and MgO-SiO2 samples, respectively. Unlike the outcome of 596 

ambient curing, MgO samples subjected to CO2 curing exhibited a rapid early 597 

strength development revealing strengths as high as 77 MPa at 7 days. This 598 

enhancement of performance was associated with the formation of carbonate 599 

phases in both MgO and MgO-SiO2 samples, which led to the densification of 600 

sample microstructures. The formation of carbonates was accompanied with a 601 

reduction in the amount of hydrate phases in both formulations. The simultaneous 602 

formation of different carbonate phases such as nesquehonite, artinite, dypingite and 603 

hydromagnesite enabled the development of a dense and interconnected carbonate 604 

network within the carbonated samples. 605 

 606 

The results of this study clearly demonstrated the critical role carbonation curing 607 

plays in the strength and microstructural development of MgO and MgO-SiO2 608 



formulations. A complete utilization of brucite, the intermediate hydrate phase, was 609 

observed in MgO-SiO2 samples subjected to carbonation, which revealed an 610 

extensive formation of Mg-carbonates as well as M-S-H. Further studies on the 611 

optimization of the initial mix design and curing conditions can lead to even higher 612 

strengths by enabling the complete consumption of MgO in the hydration and 613 

subsequent carbonation reactions. This should be accompanied with an investigation 614 

of the effect of these parameters on the properties, stability and transformation of the 615 

final phases that form under different environments. 616 
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Table 1 Chemical composition and physical properties of MgO and microsilica 

(provided by suppliers). 

 

 

 MgO Microsilica 

Chemical composition   

MgO >91.5% - 

CaO 1.6% - 

SiO2 

Al2O3 

2.0% >90% 

- <0.7% 

LOI 4% <3% 

Physical properties   

Particle size (%) 

Bulk density (kg/dm3) 

<74 µm 95% min 

- 

>45 µm 1.5% max 

0.20-0.35 

 



Table 2 Mix compositions and corresponding curing conditions. 

 

 

Sample 
Composition (wt.%) Curing 

condition MgO  Microsilica Coarse aggregates 

M-S 40 0 60 Sealed 

M-C 40 0 60 Carbonated 

MS-S 20 20 60 Sealed 

MS-C 20 20 60 Carbonated 

  



Table 3 Allocation of mass loss revealed during the thermal decomposition of 

samples cured for 28 days, based on the deconvoluted DTG curves. 

 

 

  Mass loss (% of original mass) 

Sample 

Adsorbed 

water 

(dehydration)  

Brucite 

(dehydroxylation) 

M-S-H 

(dehydroxylation) 

HMCs 

(dehydroxylation/ 

decarbonation) 

M-S 2.2 19.9 - - 

M-C 2.4 5.1 - 14.2 

MS-S 7.3 2.8 6.4 - 

MS-C 4.2 0.5 2.2 19.0 
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Figure 1 Density of all samples during 56 days of curing 



 

 

 

Figure 2 Compressive strength of all samples subjected to 56 days of curing  



   

(a)                                                                                                                                                                                                                                                                                                                                        (b) 
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Figure 3 FESEM images of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C samples at 3 

days  



   

(a)                                                                                                                                                                                                                                                                                                                                  (b) 
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Figure 4 FESEM images of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C samples at 28 

days



 

 

 

 

Figure 5 XRD diffractograms of all samples at 3 days



 

 

 

 

Figure 6 XRD diffractograms of all samples at 28 days
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Figure 7 Thermogravimetric analysis results of all samples at 28 days, showing the 

(a) TG and (b) DTG plots
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(c)                                                                                                                                                                                                                                                                                                                            (d) 

 

 

Figure 8 Deconvolution of DTG curves of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C 

samples at 28 days 


