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HIGHLIGHTS

o Reactive MgO can be synthesized from desalination reject brine, which is rich in Mg>".

o Presence of other components (calcium) in reject brine leads to precipitation of other phases with Mg(OH)s.

o This study improved purity and yield of MgO synthesized by selective precipitation under controlled pH.

o Synthesis of magnesium oxalate dihydrate with a high purity (99.6 %) and a magnesium recovery rate (94.1 %) was achieved.
o Reactive MgO with a specific surface area of 30.2 m?/g was obtained after calcination at 700 °C for 2 h.
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CO, emissions and energy consumption associated with ordinary Portland cement production have increased the
urgency for the development of alternative construction materials. Reactive magnesia cement (RMC) has been
widely studied in the recent years due to the lower calcination temperature used during its production and its
ability to permanently sequester CO,. In addition to the calcination of magnesite, reactive MgO, the main
component of RMC, can also be synthesized from reject brine, which is rich in Mg?*. However, the presence of
other components such as calcium in reject brine leads to the precipitation of other mineral phases together with
Mg(OH),, thereby reducing the purity of the final product. With the goal of improving the purity and yield of
MgO synthesized at the end of this process, this study proposed a selective precipitation approach under a
controlled pH. An optimum condition was determined for the synthesis of magnesium oxalate dihydrate with an
ultra-high purity of 99.6 % and a high magnesium recovery rate of 94.1 %. Reactive MgO with a specific surface
area of 30.2 m?/g was obtained after the calcination of the synthesized magnesium oxalate dihydrate at 700 °C
for 2 h, which was higher than some of the commercially available MgO powders.

and releases an 0.8 tons of CO [5]. To mitigate the energy consumption
and carbon footprint of the cement industry, recent research initiatives

The increased concentration of carbon dioxide (CO3) in the atmo- have been directed towards identifying alternative binders for ordinary
sphere is a major contributor to climate change. Every year, the pro- PC.

1. Introduction

duction of cement is estimated to account for 7 % global anthropogenic
CO4 emissions [1]. As the most extensively used man-made material in
the world, the annual production of Portland cement (PC) exceeds 4
billion tons [2]. The production of cement is an energy intensive process
accompanied with a significant CO2 release, which involves burning
fossil fuels to achieve ultra-high temperatures of up to 1450-1550 °C for
the calcination of limestone (CaCOs) [3]. It is reported that the pro-
duction of 1 ton of cement consumes an average of 4 GJ of energy [4]
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One potential binder system involves the use of reactive magnesia
cement (RMC), whose main component is reactive magnesia (MgO)
[6,7]. The main MgO production is through the calcination of magnesite
(MgCOs, Eq. (1), dry route). Compared to PC, the production of MgO via
the decomposition of magnesite takes place at lower temperatures of
700-900 °C [8,9]. Besides the dry route, reactive MgO can also be
synthesized via the wet route, which relies on the extraction of MgO
from Mg-rich sources such as seawater or brine [10], as shown in Egs.
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(2) and (3). As a part of this approach, Mg?" is first precipitated from
these Mg-rich sources in the form of Mg(OH), through the addition of a
base such as lime (CaO), dolime (CaO-MgO), ammonia solution
(NH4OH) and sodium hydroxide (NaOH) [10-12]. This is then followed
by the calcination of Mg(OH) to produce MgO. The chemical reactions
involved in the synthesis of MgO from the wet route do not release extra
CO;. When compared to the dry route, reactive MgO synthesized via the
wet route often possesses higher purity and reactivity [13], which could
enable its use as an additive or catalyst in high value added applications
within the pharmaceutical and semiconductor industries [14,15]. In
addition to this alternative production routes, another advantage of the
RMC system is the strength gain mechanism, which mainly relies on
carbonation, therefore enabling the permanent sequestration of CO; in
the form of stable carbonates [16].

MgCO, ““E" MO + CO, 1
Ca0/Ca0-MgO + H,0 + MgCl,—~Mg(OH), + CaCl, 2
Mg(OH)2 Ca]ci_n)mion MgO + HZO (3)

Singapore is considered to be one of the most water-stressed coun-
tries in the world due to the lack of natural water resources and limited
land space for water storage. In line with its geographical location,
Singapore is surrounded by seawater, which provides this island country
a solution to freshwater shortage by seawater desalination. With five
desalination plants, 30 % of drinking water in Singapore (i.e. 190
million gallons or 852,150 m® per day) is provided via desalination. It is
reported that the production of 1 m® of desalinated water generates an
equal amount of reject brine [17]. Typically, reject brine, which has a
high salinity and large amounts of dissolved chemicals, is discharged
directly back to the sea, posing a harm for the local marine life and water
quality [18,19].

Previous studies reported that valuable resources such as salts,
metals and chemicals could be recovered from seawater or reject brine.
Compared with seawater, desalination brine has a 1.5-2 times higher
salinity after the widely adopted reverse osmosis (SWRO) treatment
applied to seawater [20]. Researchers are therefore looking into
extracting critical and strategic materials from reject brine, one of the
key ones being magnesium. In recent years, significant resources and
funding have been allocated both in Europe and North America to
extract minerals directly from seawater or brine. Some of these initia-
tives include the EU-funded ZERO BRINE (€1.1 billion) and SEArcu-
larMINE (€5.8 million) projects focusing on extracting minerals from
brine (e.g. magnesium, lithium, and other trace elements) [21,22].
Recently, the U.S. Department of Energy has added magnesium to its list
of critical materials for domestic production. In response to this, the
Pacific Northwest National Laboratory (PNNL) and the University of
Washington (UW) collaborated to develop a cutting-edge laminar
coflow method to isolate pure magnesium salt from seawater [23].

Magnesium has a variety of potential uses in clean energy technol-
ogies, including carbon capture, low-carbon cements and next-
generation batteries. In the context of significant global sustainability
efforts, the concentrated presence of Mg?™" in reject brine is an appealing
source for MgO recovery. While the recovery of magnesium from brine
has been widely studied, recent initiatives involving magnesium
extraction focus on the further improvement of extraction efficiency and
precise control by exploiting laminar coflow method (LCM) and some
selective precipitation technologies (e.g. selective membranes, pH con-
trol, selective adsorbents) [21,24-26]. In summary, the recovery of
reactive MgO from reject brine presents a promising route for the pro-
duction of an alternative cementitious binder from waste materials.

In line with the chemical composition of reject brine, in addition to
the precipitation of Mg(OH),, the presence of Ca®" and HCOg3 in the
brine can lead to the co-precipitation of calcium-based compounds (e.g.
CaCO3 and Ca(OH)z), which reduces the purity and reactivity of the
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resulting reactive MgO. The solubility product constant (Ksp) for the Mg
and Ca-based precipitates at 25 °C are listed in the following Table 1,
along with the pH when the crystals start to precipitate, calculated ac-
cording to the K. Earlier studies involving the use of NH4OH and NaOH
for the precipitation of Mg(OH); showed that the use of NaOH can result
in 6.3-10.8 % calcite co-precipitation at Mg2+:NaOH ratios varying
between 1:2 and 1:4 [10]. Another study reported that the use of NH,OH
led to 2-24.4 % calcite co-precipitation when the NH4OH:reject brine
ratio varied between 2.24:200 and 19.08:200 [27].

To avoid the co-precipitation of calcium, Tran et al. [28] proposed
the synthesis of magnesium oxalate (MgC204-2H20) precursor from
Salar de Uyuni brine via the addition of oxalic acid. Selective precipi-
tation of calcium oxalate (CaCy04-H20) and MgCy04-2H0 can be
achieved via a proper control of pH. Accordingly, CaC204-H20 first
precipitated at pH < 1 and removed from the brine (Eq. (4)) and fol-
lowed by Mg?* precipitation in the form of MgCy04-2H,0 at pH > 1 (Eq.
(5)). The yielded MgCy04-2H50 had an ultra-high purity of up to 99.5 %.
Afterwards, a further calcination step was applied to thermally decom-
pose MgC204-2H0 and produce reactive MgO, as shown in Eq. (6).
Although the study has demonstrated the feasibility of the selective
precipitation, the optimal calcination temperature and duration were
not investigated, and the properties of the obtained MgO products were
not characterized. Therefore, in this study, various calcination temper-
atures (700-900 °C) and calcination durations (2—12h) were incorpo-
rated in the production of reactive MgO, whose properties were further
investigated to analyze its suitability for different applications.

Ca* 4+ H,C,0,-2H,0—~CaC,04-H,0 (pH < 1) (€]
Mg** +H,C,0,-2H,0-MgC,0,-2H,0 (pH > 1) (5)
MgC,0,-2H,0 ““B" MgO + 2H,0 + CO + CO, )

To achieve these goals, the selective precipitation of Ca?* and Mg2*
from Singapore local reject brine via the addition of oxalic acid
(H2C204-2H20), followed by the production of ultra-high purity reactive
MgO, were demonstrated. A systematic investigation was carried out to
reveal key factors governing the yield and properties of magnesium
oxalate precipitates and determined the optimum conditions for the
synthesis of MgC204-2H0 with a high purity and yield from reject
brine. The resulting MgC,04-2H50 was then calcined to produce high-
purity reactive MgO. The influence of calcination temperature and
duration on the specific surface area (SSA), crystallite size, primary
particle size and pore volume of the obtained MgO was presented after a
comprehensive investigation. Finally, a comparison of the reactive MgO
produced via this route with commercial counterparts was provided.

2. Materials and methodology
2.1. Chemical composition of reject brine

Differing from seawater and natural brine, a large number of sus-
pended solids was presented in reject brine, which had to be first
removed and filtered through a 45 pm membrane before any further
experiments and analysis. The chemical composition of reject brine used
in the current study was analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima DV2000) and ion
chromatography (IC). Before the test, the equipment was calibrated to
ensure accuracy. As shown in Table 2, CI~, Nat, S03~, Mg, K™ and

Table 1
K, and precipitation pH of Mg and Ca-based phases in the reject brine.

Chemical phase Ky Precipitation pH
Mg(OH), 1.5 x 1071 10.38
Ca(OH), 7.9 x 107 12.12
CaCO3 3.8 x107° 10.59
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Table 2
Chemical composition of reject brine used in the current study.
Component cl- Na* Nera Mg** K" Ca%* sr2t B3 sitt Li*
ppm 84,615 + 87.2 20,800 + 42.5 5576 + 9.6 2166 + 4.9 1043 + 4.8 727 + 4.2 6.8 +£0.1 5.8+ 0.1 0.6 £ 0.1 0.5+0.1

Ca?" were the most abundant components in reject brine.
2.2. Selective precipitation of MgC,04-2H,0 from reject brine

Reject brine was obtained from Tuaspring desalination plant, which
is a local desalination plant in Singapore. The plant is the largest desa-
lination plant in South East Asia, producing 318,500 m® of desalinated
water per day via reverse osmosis technology. Analytical grade oxalic
acid (H2C204-2H20) and sodium hydroxide (NaOH) were sourced from
Sigma-Aldrich and VWR Singapore Pte. Ltd., respectively.

Previous studies [28,29] show that CaC204-H,0 precipitates through
the reaction of Ca®* and HyCy04-2H,0 at pH < 1 (Eq. (4)) while the
reaction of Mg?t and HyCy04-2H,0 prevails at pH > 1 to form
MgC204-2H20 precipitates (Eq. (5)) [29,30]. Accordingly, a two-step
selective precipitation was adopted in this study. Firstly, crystalline
H2C204-2H20 was added into 600 ml reject brine under a constant pH of
1 to encourage the precipitation of CaC304-H20. Two different Ca%t:
H2C204-2H20 molar ratios of 1:1 and 1:2 were used to study the effects
of the Ca?":HyCy042H,0 ratio on the yield and properties of
CaCy04-HoO precipitates. The lower bound of the molar ratio was
determined based on Eq. (4). Theoretically, the synthesis of 1 mol
CaCy04-H50 requires the reaction of 1 mol Ca?* with 1 mol oxalic acid.
Thus, a molar ratio of 1:1 was used as the lower bound. An upper bound
of molar ratio of 1:2 was selected to ensure high removal rate of Ca>* in
the reject brine. During the reaction, NaOH was continuously added to
control and maintain the pH of the solution at the designed value of 1. In
addition, the solution was stirred constantly at 200 rpm with a magnetic
stirrer in a controlled laboratory environment (1 atm, 25 °C). The pH
and the temperature of the solution were continuously monitored by a
Mettler Toledo pH/Ion meter S220 pH/thermometer. Before each
experiment, the pH meter was calibrated with three standard reference
solutions with pH of 4, 7 and 10, respectively. After the reaction,
centrifugation was adopted to separate the precipitates from the solu-
tion. In order to remove the surface-attached ions, the collected solid
precipitates were washed three times with ultra-pure water. Then the
washed solids were oven-dried for 24 h at 105 °C before grinding into
powder form for further analysis.

Following the first step after the removal of the solid precipitates,
additional HyC204-2H20 was added into the residue reject brine. Three
molar ratios of Mg2+:chZO4-2H20 (i.e. 1:1, 1:1.25 and 1:1.5) and two
pH values (i.e. 2 and 3) were studied to reveal the effects of Mg?':
HyC204-2H,0 ratio and pH on the yield and properties of MgC204-2H20
precipitates. The lower bound of the molar ratio was determined based
on Eq. (5). Theoretically, the synthesis of 1 mol MgC,04-2H,0 requires
the reaction of 1 mol Mg?" with 1 mol oxalic acid. Thus, a molar ratio of
1:1 was used as the lower bound. An upper bound of molar ratio of 1:1.5
was determined after initial trials as Mg?* can be recovered 100 % at
this ratio. The reaction conditions, monitoring scheme and collection of
precipitates were similar to those used in step 1. To maintain a pre-
determined pH value in the solution, NaOH was used as a pH
controller, as the addition of oxalic acid significantly lowered the pH of
the solution to below 1. Moreover, the reaction between Mg+ and oxalic
acid caused constant fluctuations of the solution pH. As the yield and
chemical reaction can be affected by the pH level, in order to investigate
the influence of the solution pH on the yield and purity of the pre-
cipitates, it is essential to maintain a constant pH during the reaction.
Therefore, NaOH was employed as a pH adjuster to regulate and
maintain the solution pH.

2.3. Production and characterization of reactive MgO from
MgC204-2H20

To investigate the Ca®" and Mg?* recovery efficiency after each step
of precipitation, the Ca>* and Mg?* ion concentration in the reject brine
was measured after each precipitation step was completed through
inductively coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer Optima DV2000). To study the crystal structures of solid
precipitates collected from both step 1 and step 2, x-ray powder
diffraction (XRD) was run on a Bruker D8 Advance with a Cu Ka source
operated at 40 kV and 40 mA. The wavelength of the emitting radiation
was 1.5405 A and the scan rate was controlled at 0.02°/step with a 20
range of 5-70°. The thermal property of the precipitates was examined
through the thermogravimetric and differential thermal analysis (TG/
DTA Pyris Diamond TGA 4000). The operation condition was controlled
with a heating rate of 10 °C/min under N flow.

Afterwards, the MgCy04-2H20 precipitates collected at the end of
selective precipitation step 2 were further grounded and then calcined at
various temperatures (i.e. 700, 800, 900 °C) and for different residence
durations (i.e. 2, 6, 12 h) to produce reactive MgO (Eq. (6)). The
objective was to investigate the effects of calcination temperature and
duration on the properties of reactive MgO.

To study the crystal structures of the obtained MgO, XRD was run
with the same configurations as described above. The SSA of the ob-
tained MgO was calculated via the Brunauer-Emmett-Teller (BET)
method. The pore volume was tested through the Barrett-Joynet-
Halenda (BJH) method, which was captured via the nitrogen
adsorption-desorption isotherms. The crystallite size of MgO can be
calculated in accordance with the Debye-Scherrer formula (Eq. (7)).

Gxrp = K-A/(B-cos(0) ) %)

where 1 is the wavelength of the Cu Ka source (1 = 1.5405 A), B is the
line broadening at half the maximum intensity (FWHM) after subtract-
ing the instrumental line broadening, 6 is the Bragg angle, and K is the
dimensionless shape factor with a typical value of 0.9 [31]. Accordingly,
the agglomeration ratio (AR) can be calculated according to Egs. (8) and
9.

Agglomeration ratio (AR) = Gggr/Gxrp ®
Geer = F/pS ©)

where Gpgr is the primary particle size, Gxrp is the crystallite size, F is
particle-shape factor (6), S is SSA (m2/g), and p is the theoretical density
of MgO (3.595 g/cm?) [32].

3. Results and discussion
3.1. Characterization of MgC204-2H50

3.1.1. Inductively coupled plasma optical emission spectrometry

Tables 3 and 4 summarize the concentrations of Ca? and Mg?* in
the residual brine and respective recovery efficiency in percentage after
the sequential precipitation of CaC204-H20 and MgCy04-2H50 in steps 1
and 2. In the first step, the recovery percentage was calculated based on
the original ion concentration in the brine, as shown in Eq. (10). In the
second step, since Ca/Mg ions were partially extracted in step 1, the
recovery percentage was calculated based on the residue ion concen-
tration after step 1, as shown in Eq. (11).
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Table 3
Concentrations of Ca?* and Mg?* in the residual brine when the initial Ca
H2C204'2H20 =1:1.

2+

Ca®* Recovery Mgt Recovery
(ppm) (%) (ppm) (%)
Step 1 30.6 95.8 1900.7 12.2
Ca?t:HyCy04-2H,0 = 1:1 (pH ~ + 2.9 +21.7
=1)
Step  Mg**: pH 13.1 57.2 829.9 56.3
2 HyC204-2H,0 =2  +11 +41.3
=11 pH 0 100 452.4 76.2
= +21.7
Mg>*: pH 10.1 67.0 655.0 65.5
H,C504-2H,0 =2 +07 +24.5
=1:1.25 pH 0 100 3345 82.4
= +10.4
Mgt pH 131 57.2 605.2 68.2
H,C504-2H,0 =2 +0.5 +15.7
=1:15 pH 0 100 152.1 92.0
=3 +9.7
Table 4

Concentrations of Ca?>* and Mg?* in the residual brine when the initial Ca®*/

H2C204-2H20 =1:2.

MgZ* Recovery
(ppm) (%)

Ca®* Recovery
(ppm) (%)

Step 1

6.3+ 1893.3
Sai;’:HZCZO‘yZHZO ~120H ) 99.1 oA 12,6
Mg+ PH 122 o 704.1 628
= 05 +304
HC042H:0 e
=11 P 0 100 . 92.1
Mg?*: PHO 100 666.2 64.8
Step =2 + 25.7
2 H2C204:2H20 pH 125.3
=1:1.25 P 0 100 S iaa 934
Mg2": PH 100 234; 67.0
?219210; 0 pHo 100 110.9 94.1
S =3 +4.9 .

Residue ion concentration after step 1
Original ion concentration in reject brine

Recovery of step 1 = 100% — x 100%

10
Residue i trati fter step 2
Recovery of step 2 = 100% — es? ue ?On concentra ?on AT 5P = 100%
Residue ion concentration after step 1
an

As can be seen from Table 3, 96 % of Ca?" was recovered while 12 %
of Mg2+ was co-precipitated in the first step precipitation at a molar
ratio of Ca2":HyC004-2H20 = 1:1 (pH = 1). When Ca®":HyC004-2H,0
molar ratio increased to 1:2 (pH = 1), higher Ca?* and Mg?" recovery
was obtained (Table 3). In the second step precipitation, pH was the
dominant factor to control the Mg?* recovery. According to Table 3, by
increasing Mg?*:HC204-2H,0 ratio from 1:1 to 1:1.5 while fixing pH =
2 or pH = 3, the Mg?" recovery increased around 20 %. Differently, by
increasing the pH from 2 to 3 while fixing other parameters, the re-
covery of Mg?" can increase >46 %. For example, in Table 4, while
fixing Mg2+:H2C204-2H20 = 1:1.5, the increase of pH from 2 to 3 has led
to the increase of Mg?" recovery efficiency from 67 % to 94.1 %. Ac-
cording to the two tables, the highest Mg?* recovery was 94.1 %, which
was obtained under a Ca2+:H2C204~2H20 molar ratio of 1:2 at pH of 1
for the first step precipitation to remove Ca’t, and a Mg2+:H2C204~2H20
molar ratio of 1:1.5 at pH of 3 for the second step precipitation. After-
wards, the high yield and high purity magnesium oxalate obtained from
this optimum condition was used for further thermal analysis and
calcination to produce reactive MgO under different conditions.
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3.1.2. XRD of solid precipitates obtained in selective precipitate process

The XRD diffractograms of solids precipitated under different ca®t:
H5C204-2H,0 and Mg2+:H2C204-2H20 molar ratios and pH are illus-
trated in Fig. 1. In the first step, when Ca®" was recovered through
precipitation at pH = 1, Fig. 1(a)-(f) all showed similar patterns, where
CaCy04-H20 dominated, along with minor MgCy04-2H20 peaks. The
major peaks of CaC204-H20 were in line with the findings of a previous
study [33], where CaCy04-H20 was studied (ICSD 30-782). Comparing
Fig. 1(a) with Fig. 1(d), Fig. 1(b) with Fig. 1(d), and Fig. 1(c) with Fig. 1
(), it was observed that, when the ratio of Mg2+:H2C204-2H20 was
fixed, the intensity of the MgCy04-2H20 peaks increased when Ca®*:
HC204-2H20 ratio changed from 1:1 to 1:2, possibly indicating an
increased amount of MgCy04-2H>0 in the precipitates. Afterwards, in
the second step where Mg?" recovered through precipitation as
MgC204-2H50, only MgCy04-2H,0 without any CaCe04-H20 or other
phases were observed in the XRD diffractograms of precipitates,
regardless of the pH and Mg®":H,Cy04-2H,0 ratio. The peaks of
MgC204-2H20 were in line with earlier study [28], where MgC204-2H50
was synthesized. Overall, the results indicated the effective removal of
Ca?" in the first step.

3.1.3. Thermogravimetric and differential thermal analysis

MgC204-2H0 precipitates obtained from the optimum condition (i.
e., first step Ca®":HyCy04-2H,0 = 1:2 at pH =1, second step Mg?':
H3C204-2H50 = 1:1.5 at pH = 3) were characterized by means of the
TG/DTA (Fig. 2). As can be seen, two strong peaks associated with two
decomposition steps were observed in the DTA curve. The first peak
occurred at around 200 °C, which corresponded to the dehydration of
MgC204-2H50, resulting in a mass loss of 24.2 % from 30 °C to 350 °C.
The decomposition is shown in Eq. (12), and the mass loss due to water
loss is indicated on Fig. 2.

MgC,0,-2H,0-MgC,0; +2H,0 12)

The second mass loss occurred between 382.3 °C and 552.1 °C as
MgC204 decomposed to MgO due to the liberation of CO and COs. From
350 °C to 900 °C, the mass loss due to the decomposition of MgC204 was
accumulated to 48.6 %. The decomposition of MgCy0y4 is presented in
Egs. (13)-(15), and the resulted mass loss is indicated on Fig. 2.

MgC,0,~MgCO; +CO 13
CO+1/20,—CO, a4
MgCO,—MgO + CO, (15)

The mass losses in the two steps measured from the TGA were in
good agreement with the theoretical mass loss values due to the dehy-
dration (24.2 %) and decarbonation (48.6 %) of MgCy04-2H50. The
residues after TGA (i.e. MgO) had a mass of 27.5 % of the initial sample.
Based on Eq. (12), the purity of the synthesized MgC204-2H20 can be
calculated according to Eq. (16), where Myc204.2020 Was the molecular
weight of MgCy04-2H50 (148.4) and My, was the molecular weight of
Hy0 (18.0). According to the results, the purity of the synthesized
MgC204-2H,0 was estimated to be 99.6 %, which was comparable to the
findings of previous studies [28].

M .
Purity = 24.20% x —£C2042120

16
2 x Mmo (16)

3.2. Characterization of MgO

3.2.1. Microstructure

MgO was obtained from the calcination of MgCy04-2H50 (i.e., syn-
thesized under the optimum condition), at different calcination tem-
peratures and durations. Fig. 3 shows a representative micrograph
revealing the morphology of the resulting MgO obtained under different
calcination conditions. A profound change in the morphology of MgO
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Fig. 1. XRD diffractograms of precipitates synthesized from reject brine with the addition of H,C204-2H,0 in a two-step reaction process: (a) Ca®":HyC,04-2H; =
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Fig. 3. FESEM images of MgO obtained from calcination of synthesized MgC204-2H,0 (from reject brine) under different calcination temperature and duration.

particles under different calcination conditions was observed. As can be
seen, MgO particles generally had round shapes, with a strong tendency
to form flocculates. The particle size of MgO increased with increasing
calcination temperature and/or duration. The MgO particles tended to
form agglomerates (i.e., particles were loosely attached to each other at
their edges or corners) at lower calcination temperatures and durations,
while they inclined to form aggregates (i.e., particles were rigidly joined
together by partial fusion, sintering or growing together) at higher
calcination temperatures and durations. This was because dehydration
and decarbonation of magnesium oxalate released H,O, and CO and
COo, respectively, thereby producing MgO with a loose microstructure.
Increased calcination temperature and prolonged calcination duration
led to the sintering of MgO, and thus the formation of larger aggregates
[34]. To further investigate the relationship between the particle size of
MgO and the calcination temperature/duration, a particle size distri-
bution analysis could be implemented.

3.2.2. Textural properties

Fig. 4 presents the SSA of the resulting MgO obtained from calcina-
tion of synthesized MgC204-2H20 (from reject brine) under different
calcination temperature and duration. In the current study, the highest
SSA of 30.2 m?/g was obtained when MgCy04-2H,0 was calcined at
700 °C for 2 h. Further increases of calcination temperature and/or
duration resulted in reduced SSA of MgO due to increased particle size as
shown in Fig. 4 above. These findings were in line with those reported in
the previous studies [34-39], where MgO properties were directly
influenced by the calcination conditions.

3.2.3. Crystallite size, primary particle size and pore volume

Fig. 5 shows XRD patterns of the resulting MgO obtained from the
calcination of synthesized MgCy04-2H20 (from reject brine) at different
temperatures and durations. The XRD curves exhibited a high degree of
similarity. The three distinct peaks observed at 37.0°, 43.0°, and 62.5°
(20) in the XRD patterns corresponded to the characteristic peaks of
MgO as per JCPDS card no. 89-7746. The absence of any other peaks in
the XRD diffractograms indicated that the MgO synthesized in the cur-
rent study had a high purity.

Among the three peaks, the major characteristic peak of MgO at
43.0° (20) in the XRD diffractograms (Fig. 5) was used to calculate the
crystallite size of MgO (i.e. Gxrp). Along with Gxgrp, the SSA, Gggr,
agglomeration ratio (AR) and pore volume of MgO were measured and
calculated. As can be seen in Table 5, crystallite sizes of MgO increased
from 14 to 28 nm when the calcination temperature and duration
increased from 700 °C/2 h to 900 °C/12 h. The primary particle size
(Gggr) of MgO was in the range of 52-170 nm and increased with
increasing calcination temperature and duration. The agglomeration
ratio (Gpgr/Gxrp) of the resulting MgO increased while the corre-
sponding pore volume decreased with increasing calcination tempera-
ture and duration. This may be attributed to the expansion of MgO
grains and the primary particles' spontaneous coagulation at higher
calcination temperature and duration [40], resulting in higher
agglomeration ratios and lower pore volumes which led to lower SSA
values as shown in Fig. 4. Furthermore, calcination temperature
appeared to have more profound effects on the change of these char-
acteristics than calcination duration.

3.3. Comparison of synthesized MgO with commercial MgO

The characterization results outlined in Table 4 revealed that the
optimal calcination conditions for the production of MgO involved
heating at 700 °C for 2 h, which yielded the most reactive MgO with a
SSA of up to 30.2 m?/g. These results were then compared to 21
commercially available reactive MgO products, as presented in the
literature [39,41]. Together with the reactive MgO obtained in the
study, these commercial MgO products were ranked according to their
SSA data, as shown in Table 6. Further information on the primary
particle size Gpgr, crystallite size Gxgp and agglomeration ratio (AR) of
each MgO product were also listed in Table 6.

1

The ranking clearly shows that the MgO obtained in this study

1 SSA = specific surface area; Gggy = primary particle size; Gxrp = crystallite
size; AR = agglomeration ratio
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Fig. 5. XRD diffractograms of MgO obtained from calcination of synthesized
and durations.

exhibited a higher SSA than 13 (out of the 21) commercial products.
Extensive studies have revealed the positive correlation between SSA
and reactivity, which indicated the higher reactivity of the synthesized

MgC304-2H,0 (from reject brine) under different calcination temperatures

MgO comparing to the 13 commercial MgO products [10,42,43]. With
different values of SSA, the application scenarios of MgO can vary.
Generally, the SSA of MgO used as a cementitious binder reported in
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Table 5
Crystallite size, primary particle size and pore volume of MgO samples.

Calcination temperature 700 800 900

(9]

Calcination duration (h) 2 6 12 2 6 12 2 6 12

Gxgp (nm) 14.3 15.6 17.8 18.1 18.1 20.2 21.7 26.3 28.1

SSA (mz/g) 30.2 +£27 29.6 +£ 2.3 194+1.4 131 +1.1 7.3+ 0.5 7.1+0.7 6.6 + 0.4 6.1 +£0.7 4.4+0.3

Ggpgr (nm) 52.3 62.3 115.1 115.1 146.4 173.9 123.6 137.9 157.5

Gger/Gxrp 3.9 3.6 4.8 7.0 12.6 11.6 11.6 10.4 13.5

Pore volume 0.175 + 0.145 + 0.109 + 0.086 + 0.029 + 0.028 + 0.024 + 0.023 + 0.023 +

(cms/g) 0.016 0.012 0.007 0.005 0.002 0.002 0.003 0.002 0.003

bl between AR and strength of RMC-based concrete was also revealed. The

Table 6

Comparison of SSA, Gper, Gxrp and AR of the obtained MgO with commercial
reactive MgO.

Rank  Symbol Source SSA Gger Gxrp AR =
(m%g)  (am) (m)  Geer/
Gxrp
1 DSP Dead Sea 144.93 11.52 111 1
Periclase, Israel
2 ™M Intermag Ltd., 118.26 14.11 12.3 1.2
UK
3 N50 Richard Baker 110.82 15.06 14.7 1
Harrison Ltd.,
China
4 CNSH- SYCC,CN 86.945 19.2 11.8 1.6
99
5 Unimag Premier 79.9 20.89 - -
Chemicals, USA
6 XLM Causmag, 75.2 22.19 16.4 1.4
Australia
7 - 83CR (Richard 47.8 34.92 22.7 1.5
Baker Harrison
Ltd., Greece)
8 CNSH- SYCC,CN 33.451 49.9 25.3 2
85
9 Reactive MgO obtained in 30.2 52.3 14.3 3.9
this study
10 K10 Styromag, 29.13 57.29 22.6 2.5
Australia
11 NOR Richard Baker 24.3 68.68 36.8 1.9
Harrison Ltd.,
Greece
12 83CGb Richard Baker 20.3 82.22 30.9 2.7
Harrison Ltd.,
Greece
13 UKNK- RBH,UK 19.776 84.4 27.4 3.1
92
14 AU-97 1S,SG 17.098 97.6 33.7 2.9
15 94/325 Richard Baker 16.31 102.33 43 2.4
Harrison Ltd.,
China
16 83CS Richard Baker 15 82.22 30.9 2.7
Harrison Ltd.,
Greece
17 UKCN- RBH,UK 13.437 124.2 37.2 3.3
90
18 AU-90 1SS,SG 11.311 147.6 323 4.6
19 CNSD- LCTM,CN 11.058 150.9 34.4 4.4
92
20 CNLN- LCTM,CN 5.754 290.1 40.4 7.2
92
21 CNSD- SYCC,CN 4.404 379 29.7 12.7
99
22 94/200 Richard Baker 4.37 381.92 53 7.2

Harrison Ltd.,
China

literature covered a wide range from 0.6 to 75.2 m?/g, including the use
of MgO as a sole binder, a partial replacement of PC, or as a stabilizer of
wastes and soils [44-49] Earlier studies [41] reported that higher
reactivity led to improved hydration, which could facilitate the strength
development of the matrix. Furthermore, the positive correlation

AR of MgO obtained in this study was higher than 15 of the commercial
counterparts, demonstrating its potential use as a low-carbon binder
system. Apart from its use in construction, the high SSA of MgO obtained
in this study allows its potential use for adsorption applications, such as
removing impurities and pollutants from liquids and gases due to the
high surface absorbent performance [50]. Previous research on the use
of MgO in wastewater treatment demonstrated that higher SSA led to
increased removal of boron and fluorine [51]. Overall, this comparison
with commercial MgO products indicated the compatibility of the ob-
tained MgO with those available on the market.

To enable to the wider application of MgO synthesized in this study,
including high-end use in the pharmaceutical, agricultural, chemical
and refractory industries, where the SSA requirement is usually >100
mz/g [14,52-56], the SSA and other characteristics (e.g. reactivity and
purity) of the MgO produced through this route could be further
enhanced through (1) adjusting some key parameters such as the pre-
cipitation reaction temperature, pH, and suspension aging time of Mg
(OH),; (2) optimizing calcination conditions such as temperature and
duration; and (3) further milling the obtained MgO particles [57-59].

4. Conclusions

This study demonstrated the successful synthesis of high-purity
reactive MgO from reject brine through a controlled pH selective pre-
cipitation process. By introducing oxalic acid (HyC204-2H20) into the
reject brine, the precise separation of Ca?* and Mg>* ions was achieved,
leading to the formation of CaC204-H20 and MgCy04-2H>0. Subsequent
calcination of the optimized MgCy04-2H20 yielded reactive MgO with
an enhanced purity and yield. The investigation included the evaluation
of the key parameters that influenced the synthesis. This involved a
comparison of the yield and purity of MgCy04-2H50 and reactive MgO,
and a comprehensive characterization of the chemical and physical
properties of the resulting MgO. A correlation between the calcination
conditions such as temperature and duration, and the properties of
resulting MgO was established.

In the first step, the results revealed that a Ca2+:H2C204-2H20 ratio
of 1:2, Mg2+:H2C204-2H20 ratio of 1:1.5 and a pH of 3 was the optimum
condition, resulting in the synthesis of MgC204-2H50 with an ultra-high
purity of 99.6 % and a high Mg2" recovery of 94.1 %. This was followed
by the second step, during which the synthesized MgCy04-2H0 was
then calcined at specific temperatures and durations. The influence of
the calcination conditions on the reactivity of the resulting MgO was
studied and the key parameters were revealed. A reduction in the SSA of
MgO with an increase in the calcination temperature and duration was
observed. Among the conditions investigated, the calcination of
MgC204-2H50 at 700 °C for 2 h generated the most reactive MgO with a
SSA of 30.2 m?/g, which was higher than 13 (out of 21) commercial
reactive MgO powders available in the market. The results indicated that
the quality of MgO obtained in this study could meet the standards of
commercial counterparts and be potentially used in high-end applica-
tions other than the cement industry. In future studies, the potential use
of other organic acids for the precipitation of Ca and Mg components
and recovery of other metals from different brine sources can be further
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investigated.
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