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Abstract: This study investigated the feasibility of producing reactive MgO 14 

cement from reject brine obtained from a desalination plant and evaluated its 15 

use as a binder in comparison to a commercial MgO. The mechanical 16 

performance of the samples cured under carbonation conditions for up to 28 17 

days were further supported by x-ray diffraction (XRD), thermogravimetric 18 

analysis/differential scanning calorimetry (TGA/DSC) and field emission 19 

scanning electron microscopy (FESEM) analyses. Samples involving synthetic 20 

MgO revealed higher strengths than those with commercial MgO, in line with 21 

the higher reactivity of the former. The increased dissolution of synthetic MgO 22 

led to its enhanced hydration and carbonation, resulting in samples with denser 23 

structures and improved performances. The findings highlighted issues 24 

regarding the large-scale production of MgO from reject brine and CO2 25 

emissions of this process. The major environmental impact was associated with 26 

the production of the alkali base (NaOH), which could be improved via the 27 

identification of sustainable alkali sources used during production. Overall, the 28 

production of MgO from reject brine can save natural resources and pave the 29 

way for the sequestration of CO2 as stable carbonates in cement-based mixes. 30 

 31 
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1. Introduction 34 

 35 

Reactive magnesia (MgO) can be obtained from the calcination of magnesite 36 

(MgCO3) at a temperature of 800-1000°C (i.e. dry route) [1, 2], magnesium 37 

silicates (e.g. serpentine) [3] or extracted from seawater or brine (i.e. wet route) 38 

[4]. While the majority of MgO production is currently through the processing of 39 

naturally occurring minerals such as magnesite, around 14% of MgO is 40 

synthesized via the calcination of Mg-bearing phases, which are precipitated 41 

from seawater or brine sources that contain high concentrations of Mg2+ [5]. The 42 

extraction of MgO through the wet route involves the use of an alkali base that 43 

enables the precipitation of Mg-bearing products such as magnesium hydroxide 44 

and magnesium oxalate in the first stage. The obtained precipitates are then 45 

separated, washed and heated to produce MgO at a low calcination 46 

temperature [4, 6-10]. 47 

 48 

Synthetic MgO obtained from seawater/brine via the wet route usually 49 

demonstrates a higher purity, reactivity and specific surface area (SSA) in 50 

comparison to MgO obtained from the calcination of magnesite via the dry route 51 

[11]. Due to these advantages, the chemically synthesized MgO finds uses in 52 

high-end applications in pharmaceutical, semiconductor and refractory 53 

industries, where it can be used as an additive or a catalyst [5, 12]. Another 54 

increasingly popular use of MgO is as a cementitious binder [5, 13-27] or an 55 

expansive additive [13, 28] in concrete formulations. Relying on its ability to 56 

gain strength via carbonation [14, 29-34], reactive MgO cement-based concrete 57 

samples have revealed significant strength gains, meanwhile enabling the long-58 

term sequestration of CO2 in the form of stable carbonates, as shown in 59 

Equations 1-4. 60 

 61 

MgO + H2O → Mg(OH)2 (brucite)           (1) 62 

 63 

Mg(OH)2 + CO2 + 2H2O → MgCO3·3H2O (nesquehonite)     (2) 64 

 65 

5Mg(OH)2 + 4CO2 → 4MgCO3·Mg(OH)2·4H2O (hydromagnesite)     (3) 66 

 67 



5Mg(OH)2 + 4CO2 + H2O → 4MgCO3·Mg(OH)2·5H2O (dypingite)     (4) 68 

 69 

A large number of magnesite deposits are mainly located in China and North 70 

Korea, which limits global access to this raw material [5]. While the production 71 

of MgO via the dry route and its use as a binder has been investigated in terms 72 

of its environmental impacts [35, 36] and performance in comparison to PC [2, 73 

37], the shortage of magnesite and CO2 emissions associated with the dry route 74 

led to an increase in interest towards chemically synthesized MgO. Alternatively, 75 

the production of MgO from the wet route presents several advantages in terms 76 

of the abundance of resources (e.g. seawater, brines etc.) and production of 77 

MgO with a high purity and reactivity. The relatively higher energy consumption 78 

of this production route (i.e. 17 vs. 5.9 GJ per tonne of MgO [38]) is the largest 79 

drawback in its large-scale adaptation. However, this energy demand can be 80 

reduced when reject brine is used as the main raw material [4]. Further 81 

improvements in the production process and implementation of cleaner 82 

production methods that increase the utilization rate of resources and reduce 83 

CO2 emissions can promote the sustainability of MgO production [39, 40] and 84 

result in economic gains [41]. 85 

 86 

Desalination is regarded as an important alternative approach to satisfy the 87 

increasing residential and industrial water demands in water-stressed countries 88 

such as Singapore [42]. Current global brine production by ~16,000 89 

desalination plants worldwide stands at 141.5 million m3/day, totaling 51.7 90 

billion m3/year [43]. Assuming a MgCl2 content of 122 g/L in brine [5], this 91 

corresponds to a yearly MgO production of around 2659 million tonnes. This 92 

amount is expected to increase with the increasing demand on the use of 93 

desalination plants on a global level. Similarly, three desalination plants in 94 

Singapore provide 130 million gallons of drinking water per day. With two 95 

additional desalination plants being built (i.e. Marina East and Jurong Island 96 

desalination plants), the five desalination plants will provide a total of ~190 97 

million gallons of water per day by 2020 [44]. The production of desalination 98 

water generates an equivalent amount of reject brine, a concentrated by-99 

product produced at the end of the desalination process [45, 46]. Reject brine 100 

is often discharged directly back into the sea, which threatens marine life and 101 



ecosystem because of its high salinity and increased temperatures [47]. 102 

Therefore, the disposal and management of reject brine is considered as a 103 

major challenge as well as an environmental threat [46, 48]. 104 

 105 

Reject brine has a great potential to be used as a sustainable source for cement 106 

production due to its high magnesium (Mg2+) content (i.e. 30% more than 107 

seawater) and abundance on both local and global levels. Although a number 108 

of studies [6, 7, 49-52] reported the synthesis of MgO or its derivatives from 109 

seawater, natural brine or synthetic solutions; the use of reject brine presents 110 

a different scenario in terms of its chemical composition. Accordingly, reject 111 

brine contains high concentrations of different dissolved salts and suspended 112 

constituents incorporated during the desalination process, which involves the 113 

use of various chemicals to enable the precipitation of colloidal particles before 114 

the filtration process [53]. 115 

 116 

Several studies [9, 10, 47, 49, 54-56] suggested the use of alkali sources such 117 

as sodium carbonate (Na2CO3), ammonium hydroxide (NH4OH) and sodium 118 

hydroxide (NaOH) to enable the precipitation of Mg-bearing phases from 119 

seawater/brine. The efficiency of the synthesis was determined by the type and 120 

amount of the alkali base introduced into the reject brine, during which strong 121 

bases were favored in the precipitation of brucite from the seawater or brine [9, 122 

49]. Accordingly, a recovery rate of 97-99% for magnesium was achieved via 123 

the use of NaOH (pH > 11) [57, 58]. NaOH was also used with oxalic acid 124 

(C2H2O4), facilitating the precipitation of magnesium oxalate (MgC2O4) from 125 

brine, which was then heated to obtain MgO with a high purity and reactivity [9]. 126 

The characteristics of intermediate phases (e.g. Mg(OH)2) and the final product, 127 

MgO, significantly varied with the introduction of different alkali bases, 128 

especially in terms of reactivity, purity and other key chemical and physical 129 

aspects controlling the performance of MgO as a cementitious binder [47, 49]. 130 

 131 

Reactive MgO cement has several advantages when compared to Portland 132 

cement (PC), including its ability to gain high strengths by absorbing and storing 133 

atmospheric CO2 permanently in the form of stable carbonates and its 134 

recyclability at the end of its lifetime [14, 34, 59-64]. In line with these 135 



advantages, the main objective of this study is to develop reactive MgO from 136 

locally available reject brine and evaluate its feasibility to be used as a binder 137 

in terms of mechanical performance and microstructural development, which 138 

has not been reported until now. Although reactive MgO synthesized from reject 139 

brine is known to have a higher reactivity and SSA compared with other 140 

commercial sources of MgO produced through the dry route, its incorporation 141 

into cement-based mixes has not been performed before, possibly due to its 142 

relatively low yield in a small laboratory setup [4, 9]. Therefore, this study also 143 

addressed the key aspects of scaling up the production of MgO from reject brine, 144 

which was then used in the preparation of cement-based mixes and their 145 

subsequent analyses. 146 

 147 

The work presented in this study followed 5 mains stages: (i) synthesis of MgO 148 

from reject brine obtained from a local desalination plant, (ii) characterization of 149 

the synthesized MgO and its comparison to a commercial product, (iii) 150 

measurement of mechanical properties, (iv) evaluation of phase formations and 151 

microstructural development and (v) assessment of environmental impacts. 152 

During the initial stage, MgO synthesized from reject brine was characterized 153 

and compared to a commercial MgO (i.e. produced via the dry route) by acid 154 

reactivity test. This was followed by the use of these 2 MgO powders (i.e. one 155 

synthesized from reject brine in the lab and the other provided by a commercial 156 

source for comparison purposes) as the main binder in the preparation of 157 

mortar samples, which were cured under a CO2 concentration of 10% for up to 158 

28 days. 159 

 160 

The mechanical performance of the prepared samples was assessed via the 161 

measurement of compressive strength. To obtain the extent of hydration and 162 

carbonation and to evaluate the microstructural development of each sample, 163 

x-ray diffraction (XRD), thermogravimetric analysis (TGA) / differential scanning 164 

calorimetry (DSC) and field emission scanning electron microscopy (FESEM) 165 

were used. In the final stage, the IPCC 2007 method, based on the Fourth 166 

Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), 167 

was used to obtain the carbon footprint of the production of MgO through the 168 

wet route and its use as a binder to indicate its feasibility from an environmental 169 



standpoint. 170 

 171 

 172 

2. Materials and Methodology 173 

 174 

2.1 Materials 175 

 176 

The raw material used in the production of MgO, reject brine, was obtained from 177 

a local seawater desalination plant, which adopts a reverse osmosis (RO) 178 

membrane system to purify saline water and produce drinkable water. These 179 

membranes reject more than 99.5% of the dissolved salts and the suspended 180 

materials in the feedwater, resulting in a highly concentrated reject waste 181 

stream. This waste contains a large number of suspended constituents and a 182 

2-7 fold increased concentration of dissolved salts [42]. Prior to analysis, the 183 

suspended particles were removed by an injector filter (45 μm), revealing a pH 184 

of 8 for the reject brine. ICP-OES (PerkinElmer Optima DV2000) was used to 185 

analyze the chemical composition of the reject brine, which is shown in Table 186 

1. The concentration of Mg2+ was measured as 1603 PPM, along with other 187 

elements such as Na+, K+ and Ca2+. To enable the precipitation of Mg(OH)2 in 188 

the reject brine solution, the alkali base used was sodium hydroxide (NaOH, 189 

reagent grade, pellets), obtained from VWR Pte Ltd (Singapore). 190 

 191 

A commercial reactive MgO, produced via the calcination of magnesite (dry 192 

route) and provided by International Scientific Ltd (Singapore), was also used 193 

for comparison purposes. The chemical composition of this commercial reactive 194 

MgO, provided by the supplier, is presented in Table 2. Natural sand (0-4 mm, 195 

median particle diameter (D50) = 0.7 mm, coefficient of uniformity (CU) = 3.6), 196 

obtained from Buildmate Pte Ltd (Singapore), was also used as fine aggregates 197 

in the prepared mortar samples. 198 

 199 

 200 

2.2 Sample preparation 201 

 202 



2.2.1 Production of MgO from reject brine 203 

 204 

2.2.1.1 Production of MgO on a small scale 205 

 206 

The first step involved in the synthesis of MgO from reject brine was the addition 207 

of NaOH solution to the brine in a beaker, at a NaOH/Mg2+ molar ratio of 2, 208 

which was determined in line with the findings of previous studies [9, 47]. The 209 

solution was mixed by a magnetic stirrer at a speed of 300 RPM under room 210 

temperature (i.e. 25°C). A pH/thermometer probe was used to continuously 211 

monitor the reaction degrees. The reaction was completed when the pH of the 212 

system stabilized. The separation of the newly-formed precipitates and liquid 213 

was conducted via a centrifuge, followed by the washing of the solid phases 214 

three times with ultra-pure water to remove any surface-attached ions. The 215 

solid-liquid separation was also repeated for three times. The washed solids 216 

were placed in an oven at 105°C for 1 day to enable the removal of the free 217 

water. Afterwards, they were then ground into powder form to pass through a 218 

125 μm sieve, followed by calcination in an electric furnace at a temperature of 219 

500°C for 2 hours to convert Mg(OH)2 into MgO (particle size: D10 = 4.9 µm; D50 220 

= 30.5 µm; D90 = 71.4 µm), in line with the findings of a previous study [9]. While 221 

straightforward, this lab-scale setup led to the precipitation of only ~2 grams of 222 

Mg(OH)2 from 1 L of reject brine. 223 

 224 

 225 

2.2.1.2 Production of MgO on a large scale 226 

 227 

The limited MgO output obtained in the lab-scale setup (i.e. 2 grams MgO per 228 

L of reject brine), highlighted the need to scale up the production of MgO to 229 

produce a sufficient amount for the preparation and analysis of cement-based 230 

samples (e.g. mortar). To enable this, a larger reaction tank with a volume of 231 

20 L, resulting in a higher MgO yield of 40 grams for every batch, was adopted 232 

instead of a 1 L beaker used previously. Considering the Mg concentration in 233 

the reject brine (i.e. ~8%) and the density of reject brine (1200 kg/m3), the actual 234 

yield was lower than the theoretical one. The following procedure was followed 235 

to scale up the production of MgO: 236 



 237 

(i) The NaOH solution was added into the 20 L reaction tank at a NaOH/Mg2+ 238 

molar ratio of 2, during which the pH was recorded continuously. 239 

 240 

(ii) Due to the large size of the reaction tank, the solution was shaken manually 241 

(i.e. for 5 minutes every hour) instead of using a magnetic stirrer. The pH of the 242 

solution was measured until it reached a stable value, indicating the completion 243 

of the reaction. 244 

 245 

(iii) After 24 hours of natural separation, the solid precipitates, which naturally 246 

accumulated at the bottom of the tank, were separated from the solution by 247 

pouring out the liquid. 248 

 249 

(iv) The separation, drying and calcination of the precipitates were performed 250 

as mentioned in Section 2.2.1.1. 251 

 252 

Fig. 1 presents the microstructural images of MgO obtained from the reject 253 

brine via the calcination of the precipitated Mg(OH)2 at a temperature of 500°C 254 

for 2 hours. The figure revealed the porous structures of both powders and the 255 

more pronounced roughness of the surface of synthetic MgO than commercial 256 

MgO, which could be related to its lower crystallinity and higher reactivity. The 257 

XRD patterns of the synthesized and commercial MgO are shown in Fig. 2. As 258 

can be seen from these patterns, CaCO3 was the major impurity in synthetic 259 

MgO sample, whereas other impurities such as magnesite and brucite were 260 

found in commercial MgO. The presence of these impurities was associated 261 

with the incomplete decomposition of the raw material (i.e. magnesite) and the 262 

partial hydration of MgO during storage. The particle size distribution (PSD) of 263 

synthetic and commercial MgO powders is shown in Fig. 3, indicating the 264 

smaller particle size of the synthetic MgO than the commercial MgO. 265 

 266 

 267 

2.2.2 Preparation of mortar samples 268 

 269 

Two sets of mortar samples, one incorporating the MgO synthesized from reject 270 



brine (Syn-M), the other using the commercial MgO (Com-M), were prepared 271 

in line with the mix designs shown in Table 3. The sand-to-binder (s/b) ratios of 272 

both sets of samples were kept constant at 1. The water-to-binder (w/b) ratios 273 

were determined as 0.83 and 0.53 to produce Syn-M and Com-M samples with 274 

similar workabilities, respectively. The higher water demand of synthetic MgO 275 

was in line with its smaller particle size (Fig. 3), which required larger amounts 276 

of water to reach the same consistency as commercial MgO. In terms of Com-277 

M, previous studies [16] indicated that a w/b ratio of 0.55-0.6 revealed the best 278 

performance within these samples. Considering that the theoretical water/MgO 279 

ratio needed according to the chemical formula corresponding to the hydration 280 

of MgO is 0.45, the slightly higher w/b ratio used in the preparation of samples, 281 

which took into account other factors such as the agglomeration of MgO 282 

particles and potential evaporation during sample preparation, was sufficient to 283 

reflect the potential of Com-M samples in practice [65]. 284 

 285 

To prepare the mortar mixtures, the dry ingredients were mixed first in a bench 286 

scale mixer, followed by the gradual addition of water. Mixing continued until a 287 

homogenous mixture was obtained. The prepared mixture was then cast into 288 

20×20×20 mm3 cubic molds, consolidated by a vibrating table and trowel 289 

finished. All samples were demolded after 1 day and were cured under 290 

carbonation conditions (28±2°C, 80±5% RH, 10% CO2) for up to 28 days. 291 

 292 

Fig. 4 shows a summary of the procedure followed during this process, starting 293 

from the acquirement of the reject brine from a reverse osmosis desalination 294 

plant in Singapore [66], to the synthesis and use of MgO in the preparation and 295 

analysis of mortar samples. 296 

 297 

 298 

2.3 Methodology 299 

 300 

2.3.1 Reactivity 301 

 302 

The reactivities of both sources of MgO were measured by an acid 303 

neutralization test. To initiate the analysis, 0.28 g of synthetic MgO was added 304 



into 50 ml of citric acid solution (i.e. concentration of 0.07 mol/l). The time taken 305 

for the neutralization of the acid solution was reported as an indication of 306 

reactivity [5, 11, 13]. 307 

 308 

 309 

2.3.2 Compressive strength 310 

 311 

The compressive strengths of the prepared samples were measured at 3, 7 and 312 

28 days by uni-axial loading in triplicates, in line with ASTM C109/C109M-16a 313 

[67]. The equipment used was a universal testing machine (INSTRON 5900R) 314 

operated under a displacement control mode at 0.5 mm/min. 315 

 316 

 317 

2.3.3 Microstructural analyses 318 

 319 

Samples extracted from the cubes crushed during the strength testing were 320 

stored in acetone for 3 days to stop hydration, followed by vacuum drying for 3 321 

days, prior to x-ray diffraction (XRD), thermogravimetric analysis / differential 322 

scanning calorimetry (TGA/DSC) and field emission scanning electron 323 

microscopy (FESEM) analyses. The dried samples were ground down to pass 324 

through a 125 μm sieve before they were analysed under XRD and TGA/DSC. 325 

The results of these analyses depend on the location of the selected sample as 326 

the intensities of carbonates peaks (i.e. indicating the contents of carbonate 327 

phases) reduce as the sample depth increases due to the inhibited diffusion of 328 

CO2 at greater sample depths [68]. Therefore, to avoid any inconsistencies in 329 

the final results due to the sample depth, the powders used in all the 330 

microstructural analyses were all derived from the surfaces of the crushed 331 

samples. 332 

 333 

XRD data was recorded on a Philips PW 1800 spectrometer by using Cu Kα 334 

radiation (40 kV, 40 mA), with a scanning rate of 2° 2θ/step, from 5° to 80° 2θ. 335 

Quantification of all major phases was performed via the Rietveld refinement 336 

software TOPAS 5.0, with a fundamental parameter approach [69]. TGA/DSC 337 

was conducted on a Perkin Elmer TGA 4000 equipment, operated from 40°C 338 



to 900°C, at a heating rate of 10°C/min, under a nitrogen flow. For the 339 

investigation of the morphologies of reaction phases, the dried samples were 340 

mounted onto aluminium stubs using double-sided adhesive carbon disks and 341 

sputter-coated with gold prior to their analysis via a JOEL JSM-7600F FESEM. 342 

 343 

 344 

2.3.4 CO2 emissions 345 

 346 

The environmental impacts of the production and use of MgO via the wet route 347 

were assessed via the calculation of CO2 emissions associated with these 348 

processes. The functional unit used for this purpose was 1 kg MgO, analyzed 349 

via IPCC 2007 approach with a timeframe of 100 years [70]. Considering its 350 

waste nature, the inputs and outputs due to the acquirement of reject brine were 351 

supposed to be zero. The inventory for the alkali source (NaOH) was obtained 352 

from the ETH-ESU database, provided by Eidgenössische Technische 353 

Hochschule [71]. To produce 1 kg of MgO, 1.45 kg of Mg(OH)2 was precipitated, 354 

requiring 2 kg of NaOH and generating 0.45 kg of water. 355 

 356 

Since there was no inventory on the energy required for the calcination of 357 

brucite at 500°C, the environmental impacts associated with this step were 358 

obtained from theoretical calculations, for which the individual heat capacity and 359 

enthalpy of each material were obtained from [72]. The details of these 360 

calculations are included in the Appendix. Accordingly, for the production of 1 361 

kg of MgO, 0.687 kWh of electricity was used during the calcination of brucite 362 

at 500°C. Considering 95% of Singapore's electricity is produced using natural 363 

gas [73], this was taken into account in the calculation. Furthermore, a 364 

sensitivity analysis was performed to take into account various energy sources 365 

including coal (i.e. the most widely used energy source in some developing 366 

countries such as China) and nuclear power (i.e. more common in some 367 

European countries). The carbon footprint of synthetic MgO was also compared 368 

with that of commercial MgO produced via the calcination of magnesite, whose 369 

details were reported in a previous study [1]. 370 

 371 

 372 



3. Results and Discussion 373 

 374 

3.1 Reactivity 375 

 376 

The reactivities of Syn-M (i.e. produced on small and large scales) and Com-377 

M, measured via the time it took for the neutralization of citric acid, are shown 378 

in Fig. 5. Syn-M samples, produced on small and large scales, revealed 379 

comparable reactivities. These results indicated that the scaling up of MgO 380 

production to the level presented in this study would not compromise the 381 

reactivity of the final product, meanwhile resulting in a much higher yield of MgO. 382 

The reactivity of synthetic MgO could be further improved via the optimization 383 

of the calcination temperature and the residence time, enabling the complete 384 

decomposition of brucite (Mg(OH)2) and a higher reactivity of MgO. 385 

 386 

In line with the findings of previous studies [11], synthetic MgO revealed a 387 

greater reactivity when compared to commercial MgO obtained from the 388 

calcination of magnesite. The improved reactivity of synthetic MgO could be 389 

due to its smaller particle size (i.e. higher specific surface area), higher purity 390 

and lower crystallinity, indicating higher structural defects on its surface. The 391 

influence of other key factors, such as the alkali source, on the properties of the 392 

final product, also need to be considered. Accordingly, the use of NH4OH was 393 

reported to generate MgO samples with porous structures, which led to higher 394 

SSA and reactivity than MgO that was synthesized via the use of NaOH under 395 

the same calcination conditions [74]. Another factor that is important in the 396 

determination of SSA during the manufacturing of MgO is grinding. In practice, 397 

different mills can be used to reduce the particle size of MgO, which has a fine 398 

nature due to the precipitation process [5]. To reduce the size further, the 399 

powders could undergo milling, involving the use of ball mills or ring roller mills. 400 

Finally, increases in the calcination temperature and time lead to a reduction in 401 

the SSA and an increase in the crystallinity of MgO, along with the 402 

agglomeration of particles, thereby reducing its reactivity [5, 74, 75]. Therefore, 403 

the smaller particle size and higher SSA of synthetic MgO than commercial 404 

MgO were associated with the differences in the parent materials (i.e. reject 405 

brine/brucite vs. magnesite), manufacturing route (i.e. wet vs. dry) and 406 



calcination temperatures (i.e. 500°C vs. ~800°C). 407 

 408 

The calcination of brucite (i.e. precursor of synthetic MgO) at a lower 409 

temperature (500°C) than the calcination temperature (~800°C) used during the 410 

production of commercial MgO from magnesite was associated with the 411 

difference in the temperatures required for the complete decomposition of 412 

brucite and magnesite. Accordingly, the higher calcination temperature used in 413 

the decomposition of magnesite led to a final product (i.e. commercial MgO) 414 

with a smaller specific surface area, increased crystallinity and therefore, lower 415 

reactivity than its synthetic counterpart [5]. Similarly, the differences in parent 416 

materials and production routes led to different purity levels. Amongst these two 417 

MgO samples, the quarrying and incomplete decomposition of magnesite 418 

involved higher impurities than the chemical synthesis of MgO from reject brine. 419 

Alternatively, the presence of calcite in synthetic MgO could be attributed to the 420 

reaction between Ca2+ and CO2 during the synthesis. 421 

 422 

It must also be noted that the large-scale commercial production of MgO in 423 

practice involves the acceleration of the decomposition of magnesite by using 424 

higher calcination temperatures than 800°C to achieve a high production rate. 425 

The maintenance of these high temperatures until the discharge of CO2 is 426 

completed further reduces the reactivity of commercial MgO obtained from the 427 

calcination of magnesite [5]. On the other hand, the comparable reactivities of 428 

synthetic MgO samples produced on small and large scales were an indication 429 

of the feasibility of the large-scale production of MgO without significantly 430 

changing its final properties. Therefore, this route was chosen for the production 431 

of MgO used in the subsequent analyses in this study. It should be noted that, 432 

as this study demonstrated a small-scale production of MgO from reject brine, 433 

the degree of grinding was not precisely controlled as it would be on a large-434 

scale production plant. This is an important parameter as it would influence the 435 

final particle size distribution of the synthetic MgO and associated properties 436 

when produced on a large-scale. 437 

 438 

 439 



3.2 Compressive strength 440 

 441 

The compressive strengths of Syn-M and Com-M samples cured for up to 28 442 

days are shown in Fig. 6. Both samples revealed a steady increase in strength 443 

over time, which was associated with the continuation of the hydration and 444 

carbonation processes. Amongst the two samples, Syn-M revealed higher 445 

strengths than Com-M samples at all durations, resulting in ~62% higher 446 

strengths at 28 days. This difference in strength was in line with the higher 447 

reactivity of Syn-M (Fig. 5). As the reaction rate of MgO is greatly determined 448 

by its reactivity [76], the higher reactivities of Syn-M samples could have 449 

enhanced the hydration and carbonation processes within these samples, 450 

possibly leading to the formation of a larger amount of hydration and 451 

carbonation phases (Equations 1-4). 452 

 453 

Another factor that played a key role in the strength results was the different 454 

w/b ratios of the two binders, which were adjusted according to their standard 455 

consistencies. While water can provide a medium for the occurrence of 456 

hydration and carbonation reactions and enable increased diffusion of CO2 via 457 

the provision of a larger capillary porosity; it can also hinder the rate of CO2 458 

diffusion due to the saturated nature of the pores and lower the overall 459 

performance via the higher porosity [16, 34, 60]. Although Syn-M samples 460 

outperformed Com-M samples at all durations, a further adjustment of the w/b 461 

ratio that would enable the reduction of the water content could lead to even 462 

higher strengths. 463 

 464 

 465 

3.3 XRD 466 

 467 

The XRD patterns of Syn-M and Com-M samples after 7 days of curing are 468 

shown in Fig. 7. The major hydrated magnesium carbonate (HMC) detected in 469 

the XRD patterns of both samples was hydromagnesite (Mg5(CO3)4(OH)2·4H2O; 470 

PDF #025-0513), with highest intensity peaks located at 13.7°, 15.3° and 30.8° 471 

2θ. In addition to hydromagnesite, the presence of un-hydrated MgO and un-472 

carbonated brucite was also observed in both samples, indicating the 473 



incomplete hydration and carbonation reactions, respectively. Quartz peaks 474 

were also present due to the use of sand in sample preparation. 475 

 476 

Table 4 shows the contents of major phases within both samples after 7 days 477 

of curing. When compared with previous studies [16, 17, 60, 77], the total 478 

amount of carbonate phases observed in Syn-M and Com-M samples were not 479 

as high due to the use of mortar samples, as well as the short curing age 480 

investigated. Nevertheless, samples containing synthetic MgO still presented a 481 

much higher amount of hydromagnesite in comparison to those with 482 

commercial MgO (5.8% vs. 1.9%). Furthermore, a small amount of 483 

nesquehonite (1.1%) was observed in Syn-M, although its peaks could not be 484 

clearly detected in the XRD patterns due to their relatively low intensities. 485 

Overall, the higher amount of total HMCs (6.9%) present in Syn-M samples as 486 

opposed to Com-M samples (2.2%) could explain the higher strengths of the 487 

former. 488 

 489 

The increased formation of HMCs was facilitated by the higher reactivity of the 490 

synthetic MgO (Fig. 5), which was also reflected by the increased utilization of 491 

MgO. Accordingly, Syn-M samples revealed a low residual MgO content of 492 

5.4%, whereas this value was as high as 76.5% in Com-M samples, highlighting 493 

the presence of unreacted MgO. The higher utilization of MgO translated into 494 

its increased dissolution and higher amounts of brucite precipitation in Syn-M 495 

samples (79.5%) when compared to Com-M samples (13.7%). Therefore, the 496 

use of synthetic MgO promoted both the hydration and subsequent carbonation 497 

reactions by enabling the increased dissolution of MgO, which led to an 498 

abundant formation of hydrate/carbonate phases. The low hydration rate of 499 

Com-M samples could be related to their lower w/b ratio, as water provides the 500 

medium for the hydration and carbonation of MgO grains. However, the 501 

presence of water also reduces the diffusion of CO2 within MgO-based concrete, 502 

which may reduce the extent of carbonation [16, 34]. 503 

 504 

These differences in the reaction mechanisms of Syn-M and Com-M samples 505 

reflected the potential of synthetic MgO in the development of MgO-based 506 

samples with improved performance. Alternatively, the relatively high contents 507 



of unhydrated MgO suggested a low hydration and carbonation rate in samples 508 

involving the use of commercial MgO, which was associated with the low 509 

reactivity of this binder, albeit being produced within a temperature range that 510 

led to its classification as “reactive MgO”. These results highlight the potential 511 

of these samples to gain even higher strengths via the optimization of the 512 

production conditions of the initial binder component. The increased reactivity 513 

of MgO not only enables its dissolution but also facilities the higher formation 514 

of hydrate/carbonate phases that lead to the densification of the microstructure 515 

and increased strength gain [16, 60, 78]. 516 

 517 

 518 

3.4 TGA/DSC 519 

 520 

The TGA/DSC results of Syn-M and Com-M samples after 7 days of curing are 521 

displayed in Fig. 8. Three major decomposition stages, in line with the trends 522 

reported in previous studies [79-85], were identified: 523 

 524 

1. 50-320°C: Dehydration of water bonded to HMCs (4MgCO3·Mg(OH)2·4H2O 525 

→ 4MgCO3·Mg(OH)2 + 4H2O). 526 

 527 

2. 320-480°C: Dehydroxylation of HMCs (4MgCO3·Mg(OH)2 → 4MgCO3 + MgO 528 

+ H2O) and decomposition of uncarbonated brucite (Mg(OH)2 → MgO + H2O). 529 

 530 

3. 480-900°C: Decarbonation of HMCs (MgCO3 → MgO + CO2). 531 

 532 

All the mass loss values associated with each of these stages is listed in Table 533 

5. The decomposition trends revealed by the TGA/DSC results were in line with 534 

the XRD quantification results (Table 4). Accordingly, the higher mass loss 535 

revealed by Syn-M samples within all temperature ranges indicated the 536 

increased reaction degrees within these samples in comparison to Com-M 537 

samples. More specifically, the mass loss observed in Syn-M samples in the 538 

320-480°C range (19.1%) in comparison to that of Com-M samples (7.4%) 539 

revealed the higher hydration and carbonation of the former. The increased 540 

hydration of Syn-M samples was also clearly revealed by the sharp peak at 541 



~380°C in the DSC curve, which had a much higher intensity than the 542 

corresponding peak observed in Com-M samples. Similarly, the higher mass 543 

loss in the 480-900°C range (2.9% vs. 1.7%) also reflected the enhanced 544 

carbonation of Syn-M samples. Higher mass loss values could be expected if 545 

samples were tested after longer (i.e. > 7 days) curing durations. Nevertheless, 546 

the increased mass loss due to the enhanced hydration and carbonation of Syn-547 

M samples, associated with the higher reactivity of synthetic MgO as opposed 548 

to commercial MgO, was in line with the XRD and strength results. 549 

 550 

 551 

3.5 Microstructure 552 

 553 

Fig. 9 shows the microstructural images of Syn-M and Com-M samples after 7 554 

days of curing. The dominant phases observed in Com-M samples were 555 

unreacted MgO and brucite, accompanied by the scarce formation of HMCs 556 

(Figs. 10(a) and (b)). Alternatively, rosette-like hydromagnesite and needle-like 557 

nesquehonite crystals were revealed in Syn-M samples (Figs. 9(d) and (e)) [86], 558 

which were consistent with the XRD and TGA/DSC results. The formation of 559 

HMCs contributes to mechanical performance by not only filling in the available 560 

pores and thereby densifying the microstructure [16], but also forming a 561 

compact and interlocked 3D network [87]. Accordingly, the denser 562 

microstructures dominated by the widespread formation of carbonate crystals 563 

within Syn-M samples could explain their higher mechanical performance than 564 

Com-M samples, which revealed a more porous structure. 565 

 566 

Another aspect that differentiated the two samples from each other was the 567 

interface between the sand particles and cement paste. Considering that the 568 

bonding between sand and cement paste within the transition zone is critical in 569 

the determination of strength [88], the properties of this interface could also play 570 

a key role in the performance of both samples. Accordingly, a very porous 571 

interface dominated by unreacted MgO and brucite particles was observed in 572 

Com-M samples (Fig. 9(c)), which was different from the surrounding bulk paste. 573 

On the other hand, the interface observed in Syn-M samples (Figs. 9(e) and (f)) 574 

had a more compact structure incorporating various carbonate crystals. The 575 



higher density of this interface was associated with the expansive formation of 576 

HMCs [5], which filled the gap between the sand particles and surrounding 577 

paste. Furthermore, the binding strength provided by the carbonate crystals 578 

could have also contributed to the strength of the bond and adhesion between 579 

the hydrated/carbonated paste and sand particles [89], explaining the improved 580 

performance of Syn-M samples over Com-M samples. 581 

 582 

 583 

3.6 Carbon footprint 584 

 585 

Fig. 10 shows the total CO2 emissions associated with the production of 586 

synthetic MgO and commercial MgO [1]. These results clearly indicate the 587 

higher amount of CO2 emitted during the production of synthetic MgO, which 588 

was ~62% higher than that of commercial MgO. The higher emissions were 589 

mainly attributed to the production of the alkali source, NaOH, which was used 590 

to enable the precipitation of Mg(OH)2 from the brine solution. The production 591 

of NaOH involves the use of electrolysis, which is an energy-intensive process, 592 

resulting in a large carbon footprint that is ~3.5 times higher than the CO2 593 

emissions due to the calcination of brucite. Fig. 11 shows the outcome of the 594 

sensitivity analysis in terms of the influence of energy type on CO2 emissions 595 

associated with the production of 1 kg of synthetic MgO, demonstrating the 596 

importance of energy sources in determining the final outcome. Accordingly, 597 

the use of nuclear power resulted in the lowest carbon emissions associated 598 

with synthetic MgO production. Alternatively, the adoption of coal, which led to 599 

1.6 times higher emissions than those observed under nuclear power, was not 600 

favored in terms of the carbon footprint. 601 

 602 

The overall CO2 emissions of MgO production could be further reduced via the 603 

identification of alternative alkali sources (e.g. CaO from the decomposition of 604 

oyster shells [90]) with potentially lower environmental impacts that could be 605 

used instead of NaOH during this process, which could also present a more 606 

economical route. Alternative production routes for NaOH, which can be 607 

manufactured on-site by the electrolysis of NaCl brine, as well as its recycling 608 

would also reduce the total emissions of synthetic MgO [91]. Alternatively, the 609 



production of NaOH from other sources such as solar salt could significantly 610 

enable the reduction of environmental impacts associated with the production 611 

of MgO via the wet route [92]. Another aspect to be considered when evaluating 612 

the net CO2 emissions of MgO-based binders is the amount of CO2 that could 613 

be absorbed during their use in concrete products. Theoretically, the complete 614 

carbonation of 1 kg of MgO can enable the sequestration of ~1.1 kg CO2 (based 615 

on theoretical calculations), which could be feasible considering the high 616 

reactivity of the MgO produced through the wet route (i.e. from reject brine) [1]. 617 

This could be further supported with the use of renewable energy sources that 618 

would enable the reduction of overall CO2 emissions associated with the 619 

production of the synthetic MgO. 620 

 621 

 622 

4. Conclusions 623 

 624 

Reject brine, obtained as a by-product at the end of the desalination process, 625 

presents a great potential for the production of MgO. This study investigated 626 

the production, use and environmental impacts of MgO extracted from a locally-627 

obtained reject brine (via the wet route), and provided a comparison with a 628 

commercial MgO produced via the calcination of magnesite (via the dry route). 629 

As a cementitious binder, synthetic MgO extracted from reject brine 630 

outperformed its commercial counterpart in terms of mechanical performance, 631 

which was attributed to its higher reactivity. The high reactivity of synthetic MgO 632 

led to enhanced hydration and carbonation reactions, resulting in the increased 633 

formation of hydrate and carbonate phases such as hydromagnesite and 634 

nesquehonite. In addition to the binding network established via the formation 635 

of these carbonate phases, the dense sand-cement paste interface composed 636 

of large carbonate crystals contributed to the improved performance of 637 

synthetic MgO-based samples. Alternatively, the highly porous interfacial zone 638 

observed in samples containing commercial MgO, which was attributed to the 639 

low dissolution and utilization of MgO in hydration and carbonation reactions 640 

due to its low reactivity, could explain its inferior performance. 641 

 642 

The use of reject brine in the production of MgO has a high significance as the 643 



local production of cement from locally available waste materials and by-644 

products can save natural resources and mitigate the current threat of 645 

desalination to marine organisms. Furthermore, the use of the proposed 646 

binders will pave the way for the sequestration of atmospheric CO2 as stable 647 

carbonates in cement-based mixes. One aspect that could be improved 648 

regarding the production of MgO is the scaling up of the process to enable its 649 

synthesis in an effective manner, which would lead to the reduction of the 650 

environmental implications. During this process, the alkali source used to 651 

enable the precipitation of the precursor, Mg(OH)2, determines the overall 652 

environmental impact of the production process. This is because the production 653 

of the alkali base is often an energy-intensive process, making the largest 654 

contribution to the environmental score. Identification of alkali sources that can 655 

be produced through energy-efficient routes and are recyclable at the end of 656 

this process, as well as the incorporation of alternative energy sources that rely 657 

on renewable resources in the manufacturing process, will increase the 658 

sustainability of the final product, resulting in high purity products with an 659 

enhanced performance and low environmental impact. 660 

 661 
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Appendix 

 

1. The heat absorption with respect to the decomposition of 1.45 kg of 

brucite at 500°C (773 K) (T=Temperature (k)/1000): 

 

△Hbrucite=84.90T+74.4T2/2-68.92*T3/3+26.63*T4/4+2.17/T-960.04+924.66 

=4.70*10^4 J/mol=810.3J/g=1175 kJ 

△HMgO=47.25T+5.68T2/2-0.872*T3/3+0.1*T4/4+1.05/T-691.1+601.24 

=2.15*10^4 J/mol=537J/g=537.5 kJ 

△HH₂O=-203.6T+1523.29T2/2-3193.41*T3/3+2474.45*T4/4-3.85/T-

256.54+285.83=5.12*10^4 J/mol=2844.4J/g=1280 kJ 

Q1=1280 kJ+537.5 kJ-1175 KJ=642.5 kJ 

 

2. The amount of heat needed to heat 0.45 kg of H2O from 25°C (298 K) to 

500°C (773 K) (T=Temperature (k)/1000) 

 

Q2= ∫ cp
773

298
Dt =∫ (-203.6+1523.29

773

298
T-3193.41T

2
+2474.45T

3
+3.855/T

2
)dT     

= 5.18*10^4 J/mo𝑙 = 2877.7J/g=1295.0 kJ 

 

3. The amount of heat needed to heat 1 kg of MgO from 25°C (298 K) to 

500°C (773 K) (T=Temperature (k)/1000) 

 

Q3 =∫ cp
773

298
dT=∫ (47.25+5.68

773

298
T-0.87T

2
+0.104T

3
-1.05/T

2
)dT 

=2.15*10^4 J/mol=537.5 J/g=537.5 kJ 

 

Qtotal = Q1+Q2+Q3 = 2475 kJ = 0.687 kWh electricity 
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Table 1 Composition of the reject brine used in this study, obtained by ICP-OES. 

 

 

Element Na Mg Ca K Si B Sr Li P and Al 

Concentration 

(PPM) 
16580 1603 484 998 0.15 4.31 19.6 0.92 < 0.2 



 
 

Table 2 Chemical composition of commercial reactive MgO. 

 

 

Constituent MgO SiO2 CaO K2O Na2O Al2O3 Fe2O3 

Chemical 

composition (%) 
97 1.3 1.3 - - 0.2 0.2 

 



 
 

Table 3 Mix compositions prepared with different MgO sources. 

 

 

Mix 
Synthetic 

MgO 

Commercial 

MgO 

   s/b 

ratio 
w/b ratio 

Syn-M 100% 0 1 0.83 

Com-M 0 100% 1 0.53 

 



 
 

Table 4 Quantification of major phases within samples after 7 days of curing, 

calculated by XRD Rietveld analysis. 

 

 

Mix 
MgO 

(%) 

Brucite 

(%) 

Quartz 

(%) 

Hydromagnesite 

(%) 

Nesquehonite 

(%) 

Total HMCs 

(%) 

Syn-M 5.4 79.5 8.2 5.8 1.1 6.9 

Com-M 76.5 13.7 7.6 1.9 0.3 2.2 

  



 
 

Table 5 Mass loss of samples after 7 days of curing, obtained by TGA. 

 

 

Mix 
Mass loss (%) 

50-320°C 320-480°C 480-900°C Total 

Syn-M 5.8 19.1 2.9 27.8 

Com-M 3.3 7.4 1.7 12.4 
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Fig. 1 Microstructural images of (a) MgO synthesized from reject brine and (b) 

commercially obtained MgO 



 
 

 

C: Calcite; P: Periclase; B: Brucite; M: Magnesite 

 

 

Fig. 2 XRD patterns of synthetic MgO and commercial MgO 



 
 

 

 

 

Fig. 3 Particle size distribution (PSD) of synthetic MgO and commercial MgO

0

1

2

3

4

5

6

7

8

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140 160 180

V
o
lu

m
e
 (

%
)

C
u
m

u
la

ti
v
e
 v

o
lu

m
e
 (

%
)

Particle size (μm)

Synthetic MgO Commercial MgO

Synthetic MgO Commercial MgO



 
 

 

 

Fig. 4 Summary of the procedure starting with the acquirement of reject brine from a 

desalination plant to the synthesis and use of MgO in the preparation and analysis of 

samples
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Fig. 5 Reactivity of synthetic MgO (i.e. produced from small- and large-scale lab trials) 

and commercial MgO
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Fig. 6 Compressive strength of the synthetic and commercial MgO-based samples 

cured for up to 28 days 

0

10

20

30

40

0 7 14 21 28

C
o

m
p

re
s
s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
)

Curing age (days)

Syn-M Com-M



 
 

 

 

 

Fig. 7 XRD patterns of synthetic and commercial MgO-based samples after 7 days 

of curing (P: Periclase; B: Brucite; H: Hydromagnesite Q: Quartz)



 
 

 

 

 

Fig. 8 TGA/DSC curves of synthetic and commercial MgO-based samples after 7 days of 

curing  



 
 

 

 

 

Fig. 9 Microstructural images of (a)-(c) Com-M and (d)-(f) Syn-M samples after 7 

days of curing 
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Fig. 10 CO2 emissions associated with the production of 1kg of synthetic MgO and 

commercial MgO 



 
 

 

 

 

Fig. 11 Results of the sensitivity analysis showing the influence of the energy type 

on the CO2 emissions associated with the production of 1kg of synthetic MgO 
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