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A B S T R A C T

Sludge obtained from reject brine via a novel two-step approach involving precipitation and filtration was used 
as a supplementary material in reactive magnesia cement (RMC) and Portland cement (PC) mixes. Detailed 
evaluation of the performance and microstructure of the resultant cement pastes revealed the underlying 
mechanism. Incorporating 25 % (of the binder content) sludge in RMC mixes significantly increased the 
compressive strength under ambient and carbonation-based curing, which was more than doubled under the 
latter condition. While the strength of PC mixes decreased with the use of sludge, it still exceeded 30 MPa under 
carbonation. Increase in hydration heat observed in sludge-containing mixes was attributed to the presence of 
brucite acting as nucleation sites. ~30 % reduction in CO2 emissions and ~25 % reduction in energy con
sumption was achieved by simply incorporating sludge in the designed mixes. Furthermore, sludge enhanced 
carbonation in RMC and PC mixes by increasing the amount of CO2 sequestered at 28 days by 25.9 % and 41.1 %, 
respectively. Overall, the feasibility of re-purposing reject brine by directly using the produced sludge was 
demonstrated, offering a sustainable alternative for concrete production with a significantly reduced environ
mental impact.

1. Introduction

Reactive magnesia cement (RMC) is attracting increasing attention 
as an alternative cementitious material to Portland cement (PC) in an 
attempt to reduce the overall CO2 emissions associated with cement 
production and use [1]. RMC can be produced via 2 main methods, 
namely the dry route and the wet route [2]. In dry route, RMC is derived 
through the calcination of magnesite within the temperature range of 
700–1000 ◦C. Notably, the calcination temperature in this process is 
significantly lower than that employed in PC production (~1450 ◦C) 
[3]. Alternatively, the wet route involves the extraction of RMC from 
seawater or reject brine that contains elevated concentrations of mag
nesium (Mg) [4]. Within this approach, the Mg-bearing product is 
initially precipitated via the use of an alkali base to produce magnesium 
hydroxide (Mg(OH)2), which then undergoes washing and calcination at 
a comparatively low temperature to yield the final product, RMC [5,6].

While both the dry and wet routes have demonstrated feasibility and 
potential for commercialization, certain limitations persist. In the dry 

route, the calcination process can lead to around 1 ton of CO2 emissions 
to produce 1 ton of RMC [7]. The overall CO2 emissions from the dry 
route are therefore comparable to those of PC production [7], though 
RMC is capable of sequestering some of this CO2 during curing, resulting 
in strength development [8]. In the wet route, benefiting from the 
absence of magnesite calcination, CO2 emissions are significantly 
reduced. Moreover, RMC produced through the wet route typically ex
hibits higher purity and reactivity [2]. One of the main materials used 
during this process for the source of Mg, reject brine, is a by-product of 
desalination process, and is commonly disposed of by being poured back 
into the seawater in marine areas or over the land surface in inland 
areas, posing a threat to local ecosystems [9]. With increasing global 
demand for clean water and the critical role that desalination water 
plays as a water supply, the production of reject brine has reached 
~141.5 million cubic meters per day [10]. Consequently, the utilization 
of reject brine for RMC production through the wet route emerges as a 
promising practice. This approach not only addresses the challenges 
associated with the disposal and management of reject brine, but also 
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contributes to meeting the demand for alternative cementitious 
materials.

The production of RMC via the wet route is a multi-step process 
associated with CO2 emissions originating primarily from the use of 
alkaline agents for precipitating magnesium ions as brucite, as well as 
from mechanical operations such as stirring, centrifugation, grinding, 
and calcination. Among these, the choice of alkali plays a critical role in 
determining the overall carbon footprint. Common alkaline agents 
include CaO [11], NaOH [2] and NH4OH [12], each resulting in varying 
levels of CO2 emissions throughout the process. One recent study 
explored the environmental implications of different alkali types in RMC 
production [13]. Their findings suggested that CaO was the most envi
ronmentally favourable option when compared to NaOH, NH4OH, and 
C2H7NO. Under optimal conditions, the use of CaO for producing 1 kg of 
RMC resulted in 1.94 kg of CO2 emissions. In particular, the production 
process of RMC from reject brine normally involves a 5-step procedure, 
as illustrated in Fig. 1. Within this process, the primary contributors of 
CO2 emissions are the embodied CO2 in the alkali base. The second 
major source of CO2 emissions are the energy-intensive steps 4 and 5, 
which account for approximately 87.81 % of the total CO2 emissions of 
the entire procedure (excluding the embodied CO2 in alkali) [13]. 
Therefore, further optimization of this production procedure is needed 
to improve its sustainability and enable its large-scale implementation in 
locations where desalination in highly adopted for clean water 
production.

Past efforts to improve the sustainability and efficiency of RMC 
production from reject brine include the optimization of the alkali type, 
encompassing both Ca- and Na-bearing compounds [11,14–17]. How
ever, the utilization of Ca-bearing compounds has the drawback of 
Ca-based impurity precipitation in the produced RMC [6,11], whilst 
Na-bearing compounds are constrained by their relatively high cost, 
embodied energy and CO2 emissions associated with their production. 
Consequently, the search for alternative and more sustainable alkali 
sources remains ongoing. Concurrently, advancements in the production 
procedure depicted in Fig. 1 have also focused on tailoring the calci
nation conditions, revealing that a minimal calcination energy of ~2.08 
GJ can be achieved with a 2-h calcination at 500 ◦C [18].

Given the potential in minimizing the energy consumption during 
calcination, the feasibility of utilizing brucite directly without calcina
tion was also explored [11]. Successful utilization of brucite was 
demonstrated by the attainment of a paste with a strength of around 30 
MPa under carbonation curing, which was limited at 10 MPa under 
ambient curing [11]. By eliminating Step 5 from the production process, 
a substantial improvement in the overall sustainability and efficiency of 
production was realized. However, despite employing a water-to-brucite 
ratio of 0.6, the resulting paste exhibited limited moldability and 
workability in previous work [11]. To address this, additional 
compaction (i.e. with a pressure of 2.5 MPa at a rate of 0.5 mm/min for 
1 min) was employed to cast the brucite into compacted pellets, 

potentially limiting its practical application on a large scale.
Concrete sludge, a prevalent waste generated by ready-mix concrete 

plants, has conventionally been repurposed as fine or coarse aggregates 
[19,20] or a cementitious material through energy-intensive and 
time-consuming drying and grinding processes [21,22]. In response to 
the resource-intensive nature of these methods, an innovative approach 
has been proposed for the recycling and reuse of concrete sludge [23]. 
Particularly, considering the residual cementitious content of concrete 
sludge, a novel concrete mix was fabricated by directly blending PC with 
concrete sludge. Similar to concrete sludge, the sludge precipitated at 
Step 3 in Fig. 1 has a high water-to-solid ratio, which would normally 
require drying and grinding for reuse. The direct reuse of this precipi
tated sludge can be facilitated via its incorporation in RMC/PC mixes. 
The benefits of using precipitated sludge include: (i) elimination of en
ergy consumption during Steps 4 and 5, (ii) reduction in the overall 
production duration, and (iii) conservation of water required for the 
preparation of new paste/concrete mixes.

Based on these advantages, coupled with the benefits of recycling 
and reuse of reject brine, this study explored the feasibility of a two-step 
method (i.e. involving precipitation and filtration), to enable the direct 
utilization of precipitated sludge as a cement replacement. PC- and 
RMC-based mixes involving the sludge were prepared and analyzed for 
their reaction mechanisms, mechanical performance and microstruc
tural development. Furthermore, the carbonation of the resulting mixes 
was assessed through thermogravimetric analysis, x-ray diffraction and 
Raman spectroscopy. Finally, a sustainability analysis was undertaken 
to reveal the environmental impact of the developed mixes. The results 
of this work are aimed to contribute to the development of a sustainable 
methodology for the recycling and reuse of reject brine and other by- 
products (sludge) emerging during the production of cement through 
the wet route.

2. Materials and methodology

2.1. Materials

RMC was purchased from Lingshou Minerals Processing Plant in 
China, and PC was sourced from Lafarge Cement Pte. Ltd. The sludge 
was initially prepared from reject brine by adhering to the Step 1 to Step 
3 as depicted in Fig. 1. Through preliminary tests, the water-to-brucite 
ratio was determined to be 2.03 ± 0.07. Given the constrained quan
tity of sludge and the slight variation in the water-to-solid ratio across 
different batches, the sludge utilized in this study was prepared via a 
standardized procedure. Specifically, brucite and water were combined 
at a mass ratio of 2:1 in a plastic container, which was then subjected to 
continuous homogenization for 24 h using an orbital shaker to ensure 
the complete blending of the components.

Fig. 1. Procedure of the synthesis of RMC from reject brine [2,13].
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2.2. Sample preparation

Four mixes were designed, labelled as RMC + S, RMC, PC + S, and 
PC, each with specific mix proportions as detailed in Table 1. For each 
mix design, all materials were thoroughly mixed and cast into 10 mm 
cube moulds. The moulds were tamped to eliminate most voids within 
the mixture. After curing for 24 h, the cube samples were demoulded 
and subsequently subjected to carbonation (30 ◦C, 80 % relative hu
midity (RH) and 20 % CO2 concentration) and ambient curing (30 ◦C, 
80 % RH and 0.04 % CO2 concentration). These samples were prepared 
to facilitate the assessment of compressive strength and pore size dis
tribution. Following each compressive strength test, the specimens were 
collected and subsequently ground into fine powders for additional 
microscale measurements.

2.3. Compressive strength

The compression tests were conducted at 3d, 7d and 28d utilizing a 
Toni Technik Baustoffprüfsysteme machine operating under load con
trol mode, with a testing rate set at 1 kN/min. Each test involved the 
preparation of three samples, and the reported values represent the 
average, accompanied by the standard deviation.

2.4. Isothermal calorimetry

Isothermal calorimetry was performed by using an I-Cal 8000 high 
precision calorimeter. The hydration heat of the four mixes was 
assessed, with a total of 24 g of material employed in each mix. The 
sludge, PC, RMC and water underwent a preheating process at 30 ◦C for 
24 h to ensure uniform initial temperatures across all materials. Sub
sequently, the mixes were cast for approximately 15 s and immediately 
placed into the calorimeter channel for analysis.

2.5. Pore size distribution

Pore size distribution was evaluated by Low-Field Nuclear Magnetic 
Resonance (LF-NMR), a technique known for its exceptionally broad 
measurable ranges compared to other methods [24]. LF-NMR T2 relax
ation curves were acquired using a low-field NMR instrument (Meso-
MR12-060H-I, Niumag, Suzhou, China) with specific parameters: input 
voltage of 220 V, 50/60 Hz, magnetic field strength of 0.3 ± 0.05 T, and 
power of 1000 W. The cubic samples, after 28 days of curing, were 
immersed in deionized water in a vacuum saturation device for one day 
to achieve a fully saturated condition. The detailed test parameters were 
outlined in Table 2, and the obtained results were all normalized per 
gram of the sample for comparison. Additionally, the transverse relax
ation time (T2) of porous media can be considered proportional to the 
surface-to-volume ratio (S/V) of the pores, as expressed in Equation (1)
[25,26]: 

1
T2i

= ρ2
Si

Vi
=

λ
T2s

Si

Vi
(1) 

where λ represents the thickness of the water layer (m); T2s and T2i 
denote the transverse relaxation time of the porous medium surface and 
the fluid, respectively (s); ρ2 is the transverse relaxation rate; Si is the 
pore surface area (μm2), and Vi is the volume of the sample (μm3).

2.6. Thermogravimetric analysis (TGA)

The CO2 sequestration capability of different mixes was evaluated by 
TGA. A PerkinElmer TGA 4000 was employed in present work. The 
measurement was conducted within a temperature range between 30 ◦C 

Table 1 
Mix proportion of the paste samples prepared in this study.

Mixes Sludge RMC PC Water

RMC + S 12 12 0 0
RMC 0 16 0 8
PC + S 12 0 12 0
PC 0 0 16 8

Table 2 
LF-NMR test parameters.

Pulse 
sequence

Spectrometer 
frequency 
(MHz)

Sampling 
bandwidth 
(kHz)

180◦

Pulse 
Width 
(μs)

Waiting 
time 
(ms)

Number 
of scans

CPMG 12 200 10.8 1500 16

Fig. 2. Compressive strength of RMC and PC mixes at 3, 7 and 28 days.
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and 900 ◦C, employing a heating rate of 10 ◦C/min and a flow rate of 20 
mL/min under a nitrogen (N2) atmosphere. Additionally, Differential 
Thermogravimetry (DTG) curves were also obtained to determine the 
temperature range corresponding to the decomposition of different 
phases.

2.7. X-ray diffraction (XRD) analysis

XRD was performed with a Bruker D8 Advance spectrometer to 
characterise the chemical composition of the carbonated mixes. XRD 
patterns were acquired using Cu Kα radiation (40 kV, 40 mA) at a 
scanning rate of 0.04◦ 2θ/step, over a range from 10 to 50◦ 2θ.

2.8. Raman spectroscopy

Raman spectroscopy was performed employing a Renishaw inVia 
Raman spectrometer equipped with a 785 nm laser. A New-Port M-5 ×
microscope objective lens was employed for the laser focusing, with a 
spot size of ~4 μm and a laser power of ~6 mW. To evaluate the 
carbonation products, Raman mapping measurements were performed 
on the samples subjected to carbonation curing after 3 d, 7 d and 28 d. 
For each sample, measurements were conducted in three random square 
areas with a matrix of 5 × 5, covering a range of 800 × 800 μm. 
Consequently, 75 spectra were collected from each sample, and each 
spectrum was recorded with an exposure time of 5 s and 2 accumulation 
times. However, the Raman spectra obtained from the paste consistently 
exhibited a noisy background, which could affect the accuracy of 
quantitative analysis. To address this, the background of each spectrum 
was removed using the baseline correction function in OriginPro.

3. Results and discussion

3.1. Compressive strength

The compressive strength results of RMC and PC mixes were depicted 
in Fig. 2, elucidating the impact of incorporating sludge into RMC and 
PC on their corresponding strength development. Under carbonation 
curing, RMC + S exhibited higher strength than RMC across all dura
tions, surpassing RMC by over twofold at 28 days. Alternatively, the 
introduction of sludge into PC exhibited an adverse effect on strength 
development. Despite an observed reduction rate of approximately 39.0 
%, the strength of PC + S remained relatively high at 30.3 MPa, meeting 
relevant requirements for non-structural applications. In terms of the 

strength results under ambient curing conditions, RMC exhibited 
notably low strength which was consistent with that reported in litera
ture [27]. Such reduced strength could be attributed to the straightfor
ward transformation from MgO to Mg(OH)2, without forming a product 
with a densely packed structure like calcium silicates hydrates (CSH) gel 
[28]. Intriguingly, the inclusion of sludge in RMC led to a moderate 
increase in strength under ambient curing, comparable to that of RMC 
under carbonation curing, reaching approximately 11.0 MPa after 28 
days. Regarding PC under ambient curing, a decline of 38.0 % in 
strength was noted in PC + S compared to PC. This diminished strength 
could be associated with the substitution of PC with sludge. Overall, the 
incorporation of sludge resulted in increased strength for RMC and 
decreased strength for PC under both carbonation and ambient curing 
conditions.

3.2. Hydration heat

The isothermal calorimetry results, presented in Fig. 3, provided 
insights into the hydration heat of different mixes. The heat generated 
during the hydration of RMC and PC manifested in distinct peaks in 
hydration as depicted in Fig. 3 (a).

In the case of RMC and RMC + S, a prominent peak emerged at ~10 
h, attributed to the hydration of MgO to form Mg(OH)2 [29]. Remark
ably, the inclusion of sludge enhanced the slope of the heat flow curves 
and, notably, intensified the major peak. Specifically, the intensity of the 
major peak in RMC + S was approximately twice that of RMC. It was 
thus inferred that the brucite in the sludge acted as seeds, significantly 
increasing the initial hydration rate [30]. However, owing to the higher 
MgO content in the RMC mix, the total released heat of RMC + S 
gradually aligns with that of RMC at 5 days, as depicted in Fig. 3 (b).

The hydration flow for PC and PC + S exhibited an initial distinct 
endothermic peak shortly after mixing, indicative of the rapid initial 
hydration of C3S and C3A during the pre-induction period, followed by a 
dormant period [31]. After a few hours of dormancy, a major peak 
became apparent, associated with the primary hydration of C3S to form 
CSH gel and portlandite [32]. Similar to the phenomenon in RMC, the 
incorporation of sludge led to a more intense major peak which shifted 
to left, indicating a higher hydration rate at early stage. Accordingly, the 
total released heat of PC + S was higher than that of PC mix initially, 
which can be linked to the higher early strength of PC + S mix than that 
of PC mix before 3d under ambient curing as illustrated in Fig. 3 (b). 
However, due to the higher PC content in the PC mix, the total hydration 
heat of PC exceeded that of PC + S as the incorporation of sludge 

Fig. 3. Isothermal calorimetry results, showing: (a) heat flow and (b) total released heat.
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replaced 25 % of PC in the mix, a phenomenon potentially linked to the 
higher strength observed under ambient curing conditions [33].

Overall, the incorporation of sludge increased the hydration rate of 
both RMC and PC at the initial stage, which can be attributed to the 
existence of brucite in sludge acting as nucleation site in the mixes [34].

3.3. Pore size distribution

The pore size distributions of different mixes were measured using 
LF-NMR. Fig. 4 (a) depicted the pore size distribution of RMC and PC 
mixes, with the peaks indicating the most probable pore diameters [35]. 
Notably, the major peaks in PC + S, RMC and RMC + S mixes all shifted 
towards lower diameters in carbonated mixes when compared to those 
under ambient conditions. This observation revealed reductions in the 
major pore diameter of the cement pastes, consequently leading to 
densified microstructures. In PC mixes undergoing ambient curing, a 
major peak at around 60 nm and a minor peak at approximately 2 nm 
were observed, which transformed into two equally minor peaks after 
carbonation curing, indicating a reduction in macro pores.

Fig. 4 (b) presented the cumulative percentages of different mixes. 
Evidently, the mixes after ambient curing exhibited higher porosity than 
those after carbonation curing, which should be attributed to the for
mation of carbonated products that densify the microstructures of ma
trixes. Additionally, incorporating sludge in RMC and PC resulted in an 
increase and decrease in matrix porosity, respectively. This contrasting 

effect could be linked to the observed enhancement and reduction in the 
strength of RMC and PC mixes, respectively, as observed in present 
work. Notably, the highest porosity was observed in RMC after ambient 
curing, aligning with its lowest strength as illustrated in Fig. 2.

To further quantify the pore structures of the mixes, Fig. 5 presented 
the contents of different pore sizes for various mixes. The pores were 
categorized into gel pores (<10 nm), transition pores (10–100 nm), and 
large pores (>100 nm, including capillary and macro pores) [26,36,37]. 
Considering the impact of carbonation, a reduction in transition and 
large pores and an increase in gel pores were evident by comparing the 
carbonated mixes with the uncarbonated ones. This observation could 
be attributed to the formation of carbonation products that densify the 
pore structures of PC [38] and RMC matrixes [39], resulting in a 
transformation of large and transition pores into gel pores. Alterna
tively, the incorporation of sludge demonstrated inverse effects on RMC 
and PC. For RMC, the incorporation of sludge decreased the overall 
porosity of the matrixes under both ambient and carbonation curing, 
resulting in a higher compressive strength. On the other hand, the 
incorporation of sludge increased the overall porosity of the PC, espe
cially for the content of capillary pores, which was corresponding to the 
lower compressive strength of PC + S mix than that of PC mix.

Overall, the outcomes derived from LF-NMR revealed a strong cor
relation between strength development and pore size distribution in 
different mixes.

Fig. 4. Pore size distribution of RMC and PC mixes after 28 days of curing.

Fig. 5. Different pore size contents of RMC and PC mixes.
Fig. 6. TGA and DTG curves of carbonated RMC and PC mixes after 28 days.
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3.4. Thermogravimetric analysis (TGA)

Fig. 6 showed the TGA and DTG curves of the mixes after carbonation 
curing for 28d. Multiple peaks were discernible in the DTG curve, cor
responding to temperature ranges for different phase decompositions. 
Specifically, the weight loss in the range of 1) 50–300 ◦C was linked to 
the dehydration of water bonded to hydrated magnesium carbonates 
(HMCs) [40] or CSH and AFt [41], 2) 300–450 ◦C corresponded to the 
dehydration of Mg(OH)2 [30,42,43] or Ca(OH)2 [44], and 3) 
450–900 ◦C was associated with the decarbonation of HMCs [40,45,46] 
or CaCO3 [41]. The peaks over 500 ◦C were labelled as depicted in Fig. 6. 
Notably, a major peak at around 680 ◦C was observable in the DTG 
curves of both RMC + S and RMC mixes, with an additional peak at 
around 520 ◦C in the former mix, which were both linked to the 
decarbonation of HMCs [40,45,46]. Alternatively, only one peak at 
around 800 ◦C, associated with the decarbonation of CaCO3 [41], was 
observed in the DTG curve of the PC mix, while an extra peak at around 
520 ◦C, corresponding to the decarbonation of HMCs, was evident in the 
PC + S mix. As the weight loss in these ranges was caused by decar
bonation, the CO2 sequestration of each mix could be calculated 
accordingly.

Fig. 7 summarised the weight loss at different decomposition stages. 

Evidently, due to the incorporation of sludge, the weight loss during the 
dehydration process was 3.5 % and 2.5 % higher in RMC + S and PC + S 
mixes, respectively. On the other hand, the incorporation of sludge also 
increased the CO2 sequestration of both RMC and PC. Specifically, the 
sequestrated CO2 was increased by ~25.9 % and ~41.1 % in RMC and 
PC mixes, respectively, after 28d of carbonation curing. These sub
stantial increases should be attributed to the ease of the carbonation of 
main component of sludge, i.e., brucite. As reported in the literature, the 
carbonation of brucite would directly form different types of hydrated 
magnesium carbonates (HMCs), such as nesquehonite and hydro
magnesite via Equations (2) and (3), respectively [34,47]. Alternatively, 
the carbonation of RMC and PC could only occur after the formation of 
hydration products, whilst the hydration of RMC and PC took time, and 
complete hydration of the binder was barely achievable. Consequently, 
the incorporation of sludge increased the CO2 sequestration capability in 
both PC and RMC systems. 

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

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

3.5. Chemical composition

The XRD results, presented in Fig. 8, were analyzed to assess the 
chemical compositions of the carbonated mixes after 28d of curing. 
Fig. 8 (a) presented the XRD patterns of RMC + S and RMC mixes, 
revealing MgO as the major compound, as evidenced by the most 
prominent peak at 42.9◦ 2θ [48,49]. Furthermore, the intensity of the 
peak corresponding to brucite at 38.1◦ 2θ [50] was more pronounced in 
the RMC + S mix as highlighted in Fig. 8 (a), indicating a higher brucite 
content. Concerning the carbonation products, hydromagnesite and 
nesquehonite were identified in the RMC mix, while nesquehonite was 
absent in the RMC + S mix, though nesquehonite formation was 
extensively reported in RMC under carbonation curing [3,51,52].

In the PC and PC + S mixes, the predominant chemical composition 
was C3S/CaCO3, evident from the most intense peak at around 29.5◦ 2θ 
[53]. Other compounds detected by XRD included C2S, Aft, and Ca 
(OH)2, aligning with the findings in the literature [54,55]. Notably, 
brucite was found in the PC + S mix, absent in the PC mix. However, 
HMCs were not detected in the XRD pattern of PC + S mix. The absence 
of nesquehonite in the RMC + S mix and HMCs in PC + S mix may be 
attributed to their minor quantities. Moreover, the newly formed HMCs 
were reported to show low degree of crystallization at early stage [11,
56,57], while the peak intensity in XRD pattern was related to the 

Fig. 7. Mass loss attributed to different decomposition stages in RMC and 
PC mixes.

Fig. 8. XRD patterns of RMC and PC mixes after 28 days of carbonation curing.
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crystallization degree. Therefore, complementary technique, Raman 
spectroscopy, was employed in present work to further evaluate the 
carbonated products in these four mixes.

Raman spectroscopy results were presented in Fig. 9. Different col
ours were associated with the Raman peak intensities at 1085, 1100, and 
1125 cm− 1, which were corresponding to calcite [58], nesquehonite 
[59], and hydromagnesite [60], respectively. Fig. 9 (a) showed assess
ment of carbonation products in RMC + S during carbonation curing, 
revealing the presence of both nesquehonite and hydromagnesite. An 
increasing trend for both components was evident by comparing the 
darkness of the colour. Similar components and trends were observed in 
the RMC mix, as depicted in Fig. 9 (b). However, it is noteworthy that 
more nesquehonite was formed in the RMC mix, while more hydro
magnesite was found in the RMC + S mix. Therefore, the dominant 
HMCs formed in RMC + S was hydromagnesite, whilst the major HMCs 
in RMC was nesquehonite. This observation aligns with the findings 
reported in the literature [61]. Specifically, the variation in dominant 
carbonation products can be attributed to the concentration of hydroxyl 

ions, which have been shown to facilitate the transformation of nes
quehonite into hydromagnesite [62,63]. In this work, the incorporation 
of sludge, consisting primarily of brucite, naturally elevated the hy
droxyl ion concentration, thereby promoting the formation of 
hydromagnesite.

In addition to nesquehonite and hydromagnesite, calcite was found 
as one of the carbonation products in PC + S mix as shown in Fig. 9 (c). 
Notably, due to the formation of calcite (i.e., consumption of CO2 by Ca 
(OH)2), the amount of nesquehonite and hydromagnesite was reduced 
by comparing with that in RMC + S mix. Alternatively, only one 
carbonation product, calcite, was found in the PC mix (Fig. 9 (d)). 
Considering the linear correlation between the Raman peak intensity 
and the amount of the carbonated components [58,64], three line plots 
were presented in Fig. 10 based on the Raman peak intensity to further 
compare the carbonation products quantitatively. Among all mixes, the 
highest amount of nesquehonite was formed in RMC mix, while the 
highest amount of hydromagnesite was found in RMC + S mix. Alter
natively, the amount of calcite formed in PC is over two times that in the 

Fig. 9. Raman mapping results of RMC and PC mixes under carbonation curing, showing: (a) RMC + S mix, (b) RMC mix, (c) PC + S mix, and (d) PC mix.
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PC + S mix. The Raman spectroscopy results clearly revealed the 
coexistence of nesquehonite and hydromagnesite in RMC, RMC + S, and 
PC + S mixes, with nesquehonite predominant in the RMC mix and 
hydromagnesite dominant in the RMC + S mix.

3.6. CO2 emissions and energy consumption

The current investigation aimed to mitigate overall CO2 emissions 
and energy consumption associated with the repurposing of reject brine, 
thereby contributing to the development of a more sustainable concrete 
mix. Therefore, a comprehensive sustainability analysis was undertaken 
in this section. Notably, in consideration of the paste nature of the mixes 
employed in this study, the inclusion of aggregate into the analysis was 
deemed essential for a more pragmatic assessment. Mass proportions for 
one cubic meter of concrete were detailed in Table 3, while material 
sustainability indices for each element were outlined in Table 4 ac
cording to the literature [13,65–69]. The resultant CO2 emissions and 
energy consumption were depicted in Fig. 11. Apparently, the CO2 
emissions of RMC + S and PC + S were found to be lower than those of 
RMC and PC, respectively, underscoring the efficacy of sludge incor
poration in significantly reducing the CO2 emissions of both RMC- and 
PC-based concrete, with reduction rates of ~30 % for both mixes. 
Furthermore, the inclusion of sludge contributed to a notable reduction 
in energy consumption by ~25 % for both RMC- and PC-based concrete, 
as illustrated in Fig. 11 (b). Therefore, the outcomes of the sustainability 
analysis highlighted the substantial reduction in both CO2 emissions and 
energy consumption achieved through the integration of sludge.

Fig. 10. Line plots of Raman intensity according to the Raman mapping results, showing: Raman peak intensity for (a) nesquehonite, (b) hydromagnesite and 
(c) calcite.

Table 3 
Mass proportions for one cubic meter of the concrete mix used for sustainability 
analysis.

Mixes (kg/m3) Sludge RMC PC Water Aggregate

RMC + S 542.2 542.2 0.0 0.0 1084.5
RMC 0.0 742.1 0.0 371.1 1113.2
PC + S 531.3 0.0 531.3 0.0 1062.5
PC 0.0 0.0 721.7 360.8 1082.5

Table 4 
Inventory data of raw materials used for sustainability analysis [13,65–69].

Sludge RMC PC Water Aggregate

CO2 (kg/kg) 0.04 0.32 0.87 0.19 0.025
Energy (MJ/kg) 0.67 2.96 3.4–5.3a 1.2 0.067

a The average value was used for calculation.

Fig. 11. Sustainability analysis of RMC and PC mixes, indicating: (a) CO2 emissions and (b) energy consumption.
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4. Discussion

The incorporation of sludge in RMC and PC systems could impact 
both hydration and carbonation reactions, thereby resulting in diverse 
performance outcomes. In the RMC system, the effect of sludge on the 
hydration processes was illustrated in Fig. 12. Upon mixing, MgO 
reacted with H2O to form Mg(OH)2 via Equation (4) [70]. Without any 
alterations, the slow dissolution of MgO and the overall low conversion 
degree to Mg(OH)2 were attributed to the precipitation of newly formed 
Mg(OH)2 on the surface of MgO, as depicted in Fig. 12 (a) [71]. Alter
natively, in the RMC + S mix, the sludge contained water and brucite at 
a ratio of 2:1, as depicted in Fig. 12 (b). The existing brucite in the sludge 
served as a nucleation site for the precipitation of newly formed brucite, 
leading to a higher hydration rate and degree [34]. Consequently, the 
amount of newly formed brucite was comparable in RMC and RMC + S 
mixes, as evidenced by the almost equal hydration heat values reported 
in Section 3.4. Considering the presence of brucite in sludge, the RMC +
S mix thus had a higher total amount of brucite after hydration. This 
higher brucite content likely contributed to a reduced matrix porosity, 
aligning with the observed higher strength of RMC + S under ambient 
conditions in the present work, which was also consistent with similar 
observations reported in the literature [72]. Additionally, the higher 
brucite content benefited the formation of HMCs under carbonation 
curing. Particularly, the formation of hydromagnesite, which is ther
modynamically more stable than nesquehonite, was promoted [73]. 
Given that strength development mainly relies on the changes in the 
microstructure associated with the formation of HMCs, the RMC + S mix 
could thereby demonstrate higher strength than the RMC mix. 

MgO+H2O→Mg(OH)2 (4) 

In the PC system, incorporating sludge also initially enhanced the hy
dration of PC, as evidenced by the heat release results in Section 3.4. 
This enhancement could be attributed to the presence of brucite, serving 
as nucleation sites for the precipitation of CSH gel and portlandite [74]. 
Consequently, PC and PC + S developed comparable strength in the 
early stages, as revealed by the 3-day strength results of these two mixes 
under ambient curing (Fig. 2). However, in the longer term, the PC mix 
achieved higher strength under ambient conditions due to its higher PC 

content, and thereby increased hydrate phase formation [75], than that 
of the PC + S mix. Under carbonation curing, the strength of both PC and 
PC + S increased due to the formation of carbonation products that 
densified the microstructures of each matrix [76–78].

According to the sustainability analysis in Section 3.6, the integra
tion of sludge in RMC and PC mixes led to a substantial reduction in both 
CO2 emissions and energy consumption. This reduction primarily 
resulted from the substitution of the original binder with the sludge. 
Notably, an additional decrease in net CO2 emissions could be realized 
by accounting for the CO2 sequestration capability inherent in all mixes, 
which is an integral factor often considered in life cycle assessments [7]. 
According to the TGA results, the CO2 sequestration capability of mixes 
containing sludge, namely RMC + S and PC + S, surpassed that of RMC 
and PC mixes, respectively. The enhanced CO2 sequestration observed in 
the RMC mix was attributed to its higher brucite content, a crucial 
reactant in carbonation reactions [11,47]. It is important to note that the 
reported CO2 sequestration of the four mixes pertained to a 28-day 
carbonation curing period under the conditions used in this study, and 
this capability may increase with prolonged carbonation duration or 
adjustment of carbonation conditions. Existing literature indicated that 
the CO2 sequestration capability of PC can range between 25 % and 32.5 
% by weight, depending on the environmental conditions [79,80]. 
Alternatively, the CO2 sequestration capability of brucite was reported 
to range between 37 wt% and 75 wt% [81,82]. Consequently, a sub
stantial reduction in net CO2 emissions could be achieved by deducting 
the sequestered CO2, especially for the RMC + S and PC + S mixes.

5. Conclusion

This work assessed the viability of a two-step method to reuse reject 
brine to enhance the sustainability of PC- and RMC-based mixes. Spe
cifically, the sludge generated through the precipitation and filtration 
steps involved during the synthesis of RMC from reject brine was 
directly used as a supplementary cementitious material in RMC and PC 
mixes. The resulting reaction mechanisms, mechanical performance and 
microstructural development were thoroughly evaluated to obtain the 
following key findings. 

Fig. 12. Schematic representation of the hydration processes in RMC and RMC + S mixes.
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• The inclusion of sludge led to an increase in the strength of RMC 
under both ambient and carbonation curing conditions, surpassing a 
two-fold increase under the latter condition. Conversely, a reduction 
in strength was observed in PC mixes containing sludge. However, 
the strength still exceeded 30 MPa under carbonation curing. The 
observed variations in the mechanical performance of RMC and PC 
mixes with the use of sludge were strongly correlated with the pore 
size distribution of each mix.

• The hydration heat of PC and RMC mixes exhibited accelerated rates 
at early stages in the presence of sludge, owing to the nucleation sites 
provided by the brucite in the sludge. Nevertheless, the ultimate heat 
release was comparable in RMC and lower in PC mixes.

• The predominant carbonation product in the RMC mix was nesque
honite, which transformed into hydromagnesite with the incorpo
ration of sludge. In the PC mix, the inclusion of sludge resulted in the 
formation of both nesquehonite and hydromagnesite, while the main 
carbonation product remained calcite.

• The inclusion of sludge exhibited a marked enhancement in the CO2 
sequestration capacity for both RMC and PC mixes, demonstrating 
increases in the amount of CO2 sequestered at 28 days by ~25.9 % 
and ~41.1 %, respectively. The integration of sludge itself (i.e. 
without relying on carbonation) also resulted in a notable ~30 % 
reduction in CO2 emissions and a ~25 % decrease in energy con
sumption for both RMC and PC mixes.

Overall, the outcomes of this work validate the feasibility of utilizing 
sludge in RMC and PC mixes, presenting an innovative method for 
reusing reject brine with a significantly reduced environmental impact. 
As future perspectives, further research could explore optimization 
strategies and large-scale applications to facilitate the seamless inte
gration of this innovative method into sustainable construction 
practices.
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