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Summary

Portland cement (PC) is the most common binder used in concrete and construction materials.
The production of PC is estimated to be at 3 billion tonnes yearly at a global scale, being
responsible for 5-7% of anthropogenic CO, emissions worldwide. Reactive magnesia (MgO)
cement has received attention as an alternative binder due to the lower calcination temperatures
(~700 <C) used during its production, its ability to store CO, permanently while gaining strength,
and complete recyclability at the end of use. However, the sustainable production of reactive
MgO remains a challenge. Reject brine, which is a concentrated by-product with a high salt
concentration obtained from treating brackish water or seawater in desalination plants, provides
an ideal alternative to recover reactive MgO due to the high concentrations of Mg. This research
focuses on identifying different routes to synthesize and characterize the precursors, i.e.
Mg(OH),, hydrated magnesium carbonates (HMCs) and MgC,04+2H,0 from reject brine, and to
investigate the potential of the production of reactive MgO with high purity and reactivity. The
relationships between the calcination conditions, e.g. calcination temperatures and durations, and
reactivities of MgO have been explored. The phase change of HMCs and the carbon storage
efficiency via the injection of CO, into Mg(OH), slurries generated from reject brine are
comprehensively studied. Finally the economic feasibility, energy consumption and carbon
footprint of the production of reactive MgO from reject brine via different routes have been

calculated and presented by means of life cycle assessment (LCA)

Vi
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Chapter 1 Introduction

1.1. Background

The concentration of carbon dioxide (CO,) in the atmosphere has increseard from 325 parts per
million (ppm) at the beginning of the industrial era in 1870 to 405 ppm in August 2017, ~25%
higher than before (Dlugokencky and Tans 2017). CO; has been identified as one of the main
causes of global warming and negative impacts from global warming are now becoming more
significant (Zachos, Pagani et al. 2001, Root, Price et al. 2003). Due to the wide availability of
its raw materials and easy manufacture, concrete made from Portland cement (PC) is the most
used manmade material of the the world, with a consumption rate of nearly 4 billion tonnes per
year (Oss; 2015). Cement production contributes to around 5-7% of anthropogenic CO;
emissions worldwide (Olivier and Marilena Muntean 2014). The high carbon footprint in cement
industry is mainly due to the high calcination temperature (~1450 <C) and burning fossil fuels for
high energy consumption (Olivier and Marilena Muntean 2014). As the environmental impact of
construction materials is becoming a serious concern, the development of novel alternatives with
lower energy requirements and associated CO, emissions is more crucial than ever. Even though
significant improvements have been made towards reducing the impacts of the cement industry
through the introduction of various kinds of industrial by-products such as pulverized fly ash
(PFA) and ground granulated blast-furnace slag (GGBS) (Palomo, Grutzeck et al. 1999, Luo, Cai
et al. 2003, Oner and Akyuz 2007, Ahmaruzzaman 2010), the environmental impacts associated

with the energy intensive production process of cement are still a major concern.

Several sustainable improvements ranging from the use of sustainable energy sources to partial
replacement of cement with low-carbon materials have been suggested by the cement industry
(Hasanbeigi, Price et al. 2012). The utilization of sustainable energy sources such as wind and
solar power has firstly been mentioned in the context of switching from traditional fossil fuels to
renewable energy sources (Jones and Bouamane 2012). Replacement of PC with industrial by-
products such as PFA and GGBS has been suggested and implemented in many projects (Palomo,
Grutzeck et al. 1999, Luo, Cai et al. 2003, Oner and Akyuz 2007, Ahmaruzzaman 2010).
Another approach of the sustainable initiatives in the cement industry involves the development
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of alternative cement binders such as geopolymers and reactive magnesium oxide (MgO)
cements (Harrison 2008, Liska, Al-Tabbaa et al. 2012a, Liska, Al-Tabbaa et al. 2012b, Al-
Tabbaa 2013, Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014).

Reactive MgO cements are typically included in mixtures of PC at different proportions,
depending on the actual applications, ranging from structural concrete and porous masonry units
(Unluer and Al-Tabbaa 2014). Reactive MgO cements present several advantages in terms of
sustainability and performance under accelerated carbonation conditions, including (i) Reactive
MgO cements are manufactured at much lower temperatures than PC (700 vs. 1450 <C); (ii)
Reactive MgO cements present a high capability of combining massive industry by-products like
GGBS (Yi, Liska et al. 2012) and PFA (Unluer and Al-Tabbaa 2014); (iii) Reactive MgO
cements enhance durability due to the low solubility and reactivity of Mg(OH), (Li 2012); (iv)
Reactive MgO cements sequester significant amounts of CO, through carbonation, resulting in
low or even negative CO, emissions (Liska, Vandeperre et al. 2008, Unluer and Al-Tabbaa 2013,
Unluer and Al-Tabbaa 2014); and (v) Reactive MgO cements can be 100% recycled in
applications where MgO is used as the sole binder as the carbonation of MgO produces

magnesium carbonates, which are the main sources of MgO.

According to the calcination temperature during the production process, MgO can be classified
into three grades. Dead-burned MgO is calcined above 1400 <C, leading to the lowest specific
surface area (SSA) and reactivity. Dead-burned MgO is mainly used in the refractory industries
as an excellent fire-resistant and thermal insulation material. Hard-burned MgO is usually
calcined between 1000 and 1400 <C, with a comparatively lower reactivity and SSA. Hard-
burned MgO has been successfully used in China as an expansive additive in concrete for the
shrinkage compensation. Light-burned (reactive or caustic-calcined) MgO is calcined between
700 and 1000 <C, resulting in the highest reactivity and largest SSA amongst all grades. Due to
lower calcination temperatures (~700 <C) and the ability to absorb CO; in the form of stable
carbonates while gaining strength (Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014),

reactive MgO can be considered as an alternative green cement.



Production of MgO is mainly via the calcination of natural carbonates such as dolomite
(CaMg(CO3),) or magnesite (MgCQO3), as shown in Equation 1-1 to 1-2.

MgCO; — MgO + CO, (1-1)
CaMg(CO3)3 — CaO + MgO + 2CO, (1-2)

In addition to the calcination of MgCO3, MgO can also be synthesized from other magnesium-
rich sources such as seawater or brine (a high saline water), as shown in Equations 1-3 to 1-4
(Bhatti, Dollimore et al. 1984). This contributes to ~14% of the global MgO production

(Kramer).
Ca0 + H,0 + MgCl, — Mg(OH); + CaCl, (1-3)
Mg(OH), — MgO +H,0 (via calcination) (1-4)

This is realized by adding an alkali source such as, lime milk (CaO solution) (Friedrich,
Robinson et al. 1946), sodium hydroxide (NaOH) (Turek and Gnot 1995), or ammonia (NH;,OH)
(Henrist, Mathieu et al. 2003) to seawater/brine, thereby precipitating Mg®* in the form of
Mg(OH),. The precipitated Mg(OH), can be used as a flame retardant (Fellner, Hives et al. 2011),
heavy matter leaching precipitant with several industry applications (Mironyuk, Gun’ko et al.
2006, Guo, Pei et al. 2015) or can be further calcined to produce MgO (Kotsupalo, Ryabtsev et al.
2010). Friedrich et al. patented a simple process to obtain MgO calcined from Mg(OH),
precipitated from seawater at a pH of 10.5 by using a lime solution (Friedrich, Robinson et al.
1946). Petric et al. utilized dolomite composed of 57.6% CaO and 42.3% MgO to precipitate
Mg(OH), from seawater, which was then calcined at 950 <C to produce MgO (Petric, Martinac et
al. 1997). Dave et al. used hydrated lime (Ca(OH),-2H,0) to precipitate Mg(OH), from seawater
at a pH ranging between 7.0 and 7.5 (Dave and Ghosh 2005). All these studies introduced Ca**
into the seawater/brine solution, which resulted in the formation of gypsum (CaSQO4-2H,0) along
with other precipitates due to the presence of sulphate (SO4%) in the solution. The contamination
of the final product due to the formation of gypsum necessitates the pre-treatment of seawater for
desulfation via the addition of CaCl, into the seawater/brine. Turecket al. utilized sodium
hydroxide (NaOH) to precipitate Mg(OH), from brine and reported an improved precipitation at
lower temperatures and higher NaOH concentrations (Turek and Gnot 1995). This improved

sedimentation was attributed to the high viscosity of NaOH solution, which impeded the contact
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between the precipitating agent and the brine. Henrist et al. studied several parameters such as
the utilized base type, type of counter-ions and temperature on the morphological characteristics
of Mg(OH), (Henrist, Mathieu et al. 2003). Addition of NaOH to MgCl, solution led to a
globular cauliflower-like morphology, while the use of aqueous NH,OH resulted in plate-like
shapes due to the structural difference of cations present in the solution. Single and circular
plate-like particles were observed at lower temperatures while particles had a tendency to inter-
grow at 60 <T (Henrist, Mathieu et al. 2003). Most of these methods that focused on precipitating
Mg(OH), from saline water suffered from low reaction kinetics and poor dewatering and

filtration properties, which limited their use on an industrial scale.

Alternatively, Mg?* from seawater can be precipitated in the form of carbonates, which then
undergoes calcination to produce MgO. The possibility of storing CO, in the form of stable
carbonates through the interaction of ions in aqueous solution with CO, has been studied by
several researchers (Soong, Goodman et al. 2004, Soong, Fauth et al. 2006, Ferrini, De Vito et al.
2009, Tran, Van Luong et al. 2013). Soong et al. studied the reaction of CO, with natural brine
and the influence of pH, temperature and CO, pressure on the precipitates (Soong, Goodman et
al. 2004, Soong, Fauth et al. 2006). It was reported that pH values greater than 9 favoured the
formation of carbonates through the addition of potassium hydroxide (KOH) and fly ash into
natural brine. While changes in temperature and CO, pressure were less influential on the
precipitates. Ferrini et al. developed a new method to synthesize nesquehonite by reacting CO,
gas with MgCl, solution, which was further calcined to produce MgO (Ferrini, De Vito et al.
2009). The reaction kinetics was greatly improved, which led to the rapid precipitation of stable

nesquehonite.

Other synthesized MgO precursors are also reported by several researchers (Simons and
Vlasopoulos 2012, Tran, Van Luong et al. 2013, Baglioni, Ferraro et al. 2014). Tran et al.
synthesized magnesium oxalate (MgC,04+2H,0) from brine and reported that while calcium
oxalate (CaC,04°H,0) precipitated at a pH less than 1, MgC,04+2H,0 did not (Tran, Van Luong
et al. 2013). This highlighted the pH gap that enabled a selective precipitation of Mg®* and Ca*",
leading to the synthesis of a high purity of MgC,0,42H,0 (99.5% grade), which could be further

calcined to produce MgO. Another production route of MgO is from magnesium silicates, which
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has received great attention due to the CO; capture and storage potential during the production
(Simons and Vlasopoulos 2012, Baglioni, Ferraro et al. 2014). This process involves: (i)
production of magnesium silicate slurry, (ii) precipitation of MgCOj3 by the introduction of CO,
(iii) calcination of MgCO3 to produce MgO and (iv) recycling of CO, to be used in step (ii).
Although these methods present a great potential for the production of MgO on a larger scale,
there is still some concern regarding the high energy requirements and high amounts of raw
materials needed, regardless of the low calcination temperatures. A potentially more sustainable
alternative production route for MgO can incorporate the use of industry waste and by-products,
especially those with high magnesium contents such as reject brine from desalination plants or
produced water from the oil and gas industry (Almutaz and Wagialia 1990, Ahmed, Arakel et al.
2003).

In coastal regions with limited amounts of fresh water resources such as Singapore, desalination
is considered as a feasible alternative for the production of fresh water to meet residential and
industrial demands. Desalination involves the removal of salts from saline water to produce fresh
water. Different from natural brine which is mainly referred to as high saline water, reject brine
is a concentrated by-product obtained from treating brackish water or seawater in desalination
plants. At the end of this process, the most common way of disposing the reject brine is to
discharge it back into the sea. However, the high concentration of salt within the brine, which is
much denser than the feedstock supply, can accumulate at the bottom of the sea and create a
severe impact on the environment (Ahmed, Arakel et al. 2003). Several strategies such as deep
well injection and mechanical or thermal evaporation have been proposed to manage reject brine
(El-Naas 2011). However, deep well injection suffers from the drawbacks of the difficulty of
selecting a suitable well site and corrosion and potential leakage in the well casting; evaporation
rate greatly limits the usage of thermal evaporation. The current methods to treat reject brine are
rather limited and have not achieved a satisfactory result. Therefore, a feasible and practical way
to treat and utilize reject brine would be very welcome. Reject brine has a much higher Mg**
concentration (1700ppm) than seawater (1300ppm) (Ahmed, Arakel et al. 2003). The abundant
concentration of Mg?* in reject brine serves as an excellent source for the recovery of MgO. The
chemical reaction between reject brine and certain additives (e.g. lime solution) for the recovery

of salts provides a feasible and environmental friendly use for this waste material. Therefore
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reject brine can be converted into valuable and useful solids, while the remaining brackish water
can be used for irrigation (EI-Naas 2011). Although there are numerous studies on the reaction of
MgClI; solution or natural seawater/brine with different additives, limited research has been
reported on the recovery of valuable metals from actual reject brine. This research focuses on the
treatment of reject brine collected from a local desalination plant and explores the potential of

recovery of MgO from reject brine.

1.2. Research objective

This research aims to investigate the potential of the production of reactive MgO with high
purity and reactivity. Specifically, this study focuses on using different routes for synthesizing
reactive MgO from locally sources reject brine collected from a desalination plant and

identifying the key synthesis parameters. Specific objectives of this research include:

Q) To identify different routes to synthesize and characterize the precursors, i.e.
Mg(OH),, hydrated magnesium carbonates (HMCs) and MgC,04+2H,0 from reject
brine;

(i) To study the phase change of HMCs and optimize the carbon storage efficiency via
the injection of CO; into reject brine;

(i) To study the separation method to synthesize MgC,04¢2H,0 with ultra-high purity
from reject brine;

(iv) To produce and characterize the reactive MgO calcined from the synthesized
precursors in (i) and (iii); and

(v) To assess the energy consumption and carbon footprint of the production of reactive
MgO from reject brine via different routes by means of life cycle assessment (LCA)

1.3. Methodology

The methodology of this research is shown in Figure 1-1. The synthesis of reactive MgO lies at
the centre of this proposed research. Feeding into this goal are three interconnected research
initiatives. Investigation on chemical synthesis of the precursors, e.g. Mg(OH),, HMC and

MgC,04+2H,0, will be carried out. The resulting precursors will then be calcined to produce



reactive MgO and effects of calcination conditions, e.g. temperature and duration, on the

properties of reactive MgO will be studied.

Secondly, comprehensive characterization techniques will be engaged to study microstructure,
crystallinity, morphology and reactivity of the synthesized precursors and reactive MgO. X-ray
powder diffraction (XRD) will be used to qualitatively study the compositions and crystal
structures. Field emission scanning electron microscopy (FESEM) will be engaged to analyse the
microstructure and morphology, whereas thermogravimetric and differential thermal analysis
(TG/DTA) will be used to quantitatively analyse the compositions. Brunauer-Emmett-Teller

(BET) analysis will be incorporated to quantitatively evaluate the reactivity of MgO.

Thirdly, the influence of critical synthesis parameters on the precursors will be evaluated and
optimized to recover Mg from reject brine with high yield and purity. The correlation between
the calcination condition (i.e. temperature and duration) and the reactivity of MgO will be
established to provide the guidance on the reactivity of MgO to meet different market demands.
A comprehensive assessment of economic feasibility, energy consumption and carbon footprint
of the synthesized reactive MgO from locally sourced reject brine will be carried out by means of

life cycle assessment (LCA).

Reactive

N
D=0

N

Optimization Characterizatio

i

Figure 1.1 Methodology of the proposed research



1.4. Roadmap

The roadmap of research is shown in Figure 1-2 which illustrates the main research tasks of the
PhD work.

Task 1: To synthesize the precursor, Mg(OH),, from reject brine. Influence of the critical
synthesis parameters, such as the base type, molar ratio and reaction temperature, on the
properties of Mg(OH), precipitates will be investigated. Two types of alkalis, namely NH,OH
and NaOH, will be used to react with reject brine to precipitate Mg(OH),. Microstructure,
crystallinity, and morphology of Mg(OH), synthesized via the two different reaction routes will
be characterized by means of XRD, FESEM and TGA.

Task 2: To synthesize the precursor, HMCs, from reject brine through sparging CO; into
Mg(OH); slurries and reject brine. Influence of critical synthesis parameters, such as the Mg :
CO; molar ratio and pH, on the phase of HMCs will be investigated. CO, capture and
sequestration capacity of the resulting HMCs will be evaluated. Microstructure, crystallinity, and
morphology of HMCs will be characterized by means of XRD, FESEM, and TGA.

Task 3: To selectively precipitate Ca** and Mg”* as CaC,04+H,0 and MgC,04+2H,0 from reject
brine via the addition of oxalic acid (H,C,04°2H,0) under the controlled pH. Influence of the
synthesis parameters, such as the molar ratio of Ca:H,C,042H,0 and Mg:H,C,042H,0 and pH,
on the yield and purity of MgC,0,42H,0 will be explored.

Task 4: To produce reactive MgO by calcining synthesized Mg(OH), and MgC,0,4+2H,0 in Task
1 and 3, respectively. Influence of the critical factors, such as the base type, calcination
temperature and duration, on the properties of MgO will be investigated. Reactivity,
microstructure, crystallinity, morphology, SSA of reactive MgO will be characterized by means
of XRD, FESEM, TGA, BET and acid test.

Task 5: To establish a local life cycle inventory (LCI) and to carry out the life cycle assessment
(LCA) to evaluate the economic feasibility, energy consumption and carbon footprint of the
production of reactive MgO from reject brine via different routes.
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Figure 1.2 Roadmap of the proposed research

1.5. Structures of the thesis

The thesis summarizes the work that has been done over the last four years and highlights the
major conclusions obtained. The thesis is divided into following chapters:

Chapter 1: Provides an introduction and overview of the issues of the research behind and
addresses the aims and objectives.

Chapter 2: Presents a comprehensive study on the relevant literature focusing on the cement
sustainability, reactive MgO, reject brine management, MgO production from magnesite,
seawater/brine and reject brine.

Chapter 3: Reports the investigation into the feasibility of producing Mg(OH), from reject brine
by adding NH;OH. Study the influence of the molar ratios of Mg:NH,OH on the physical and
chemical properties of Mg(OH), and characterize the Mg(OH), in terms of crystal structures and
morphologies by using XRD, FESEM and TGA. Present a case study of producing MgO

calcined from Mg(OH), synthesized from reject brine.



Chapter 4: Reports the investigation into the feasibility of producing Mg(OH), from reject brine
by adding NaOH. Study the influence of the molar ratios of Mg:NaOH on the physical and
chemical properties of Mg(OH), and characterize the calcined MgO under different conditions
(i.e. temperature and duration) in terms of SSA, reactivity and morphology by using BET, acid
test and FESEM.

Chapter 5: Gives a comprehensive characterization and comparison study on the influence of the
synthesis environment-base type and calcination conditions (i.e. temperature and duration) on the
properties of MgO calcined from the obtained Mg(OH), via the addition of NH,OH and NaOH
into reject brine. A correlation between the calcination conditions and the reactivity, SSA of
MgO is established.

Chapter 6: Studies the production of Mg-carbonates via the sequestration of CO; in reject brine
through sparging CO, gas directly into reject brine. Study the synthesis parameters, such as the
molar ratio of Mg:CO, and pH, on the change in microstructures and morphologies of HMCs. A
comprehensive characterization of HMCs by means of XRD, FESEM, and TGA on the
microstructure, crystallinity and morphology is discussed and CO, capture and sequestration
capacity of reject brine is evaluated.

Chapter 7: The selective precipitation of Ca** and Mg®* as CaC,04*H,0 and MgC,04+2H,0
from reject brine via the addition of H,C,04¢2H,0 under controlled pH is described. Study the
influence of synthesis parameters, such as the molar ratio of Ca: H,C,04+2H,O and Mg:
H,C,042H,0 and pH, on the yield and purity of MgC,042H,0. A comprehensive
characterization of MgO calcined from MgC,042H,O under different conditions (i.e.

temperature and duration) is presented.

Chapter 8: A local life cycle inventory (LCI) is established and a life cycle assessment (LCA) of
the energy consumption and carbon footprint of the production of reactive MgO from reject brine
via different routes is carried out.

Chapter 9: The conclusions and main findings of the work are summarized together with

recommendations for future work.
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Chapter 2 Literature review

2.1. Introduction

This chapter introduces the overview of the cement production and related environmental
impacts that rise from the processing and production of cement industry. A comprehensive
introduction on MgO cements in terms of grades, applications, advantages and disadvantages is
discussed. Different routes on MgO production are detailed, highlighting the potential
advantages and restrictions as well as the sustainability potential of each production route. A
novel sustainable method to produce MgO from reject brine is introduced, followed by the
current treatment of reject brine. In the end, carbon capture and storage (CCS) is introduced and
combining the CCS concept with reject brine management is discussed.

2.2. Cement sustainability

2.2.1. Climate change and sustainable development

Amongst all greenhouse gases contributing to anthropogenic climate change, carbon dioxide
(CO,), whose concentration in the atmosphere recorded at Mauna Loa Observatory has risen
over 25% from 315 ppm in 1960 to 395 ppm in 2013 (IPCC 2013, Pieter Tans 2014), is known
as the main contributor to global warming. The main reasons behind the increase of CO,
emissions include high rates of fossil fuel combustions (e.g. coal, oil etc.), change in land-use
leading to deforestation, unlimited extraction of resources, a good example of which is the rising
cement production. Various approaches have been explored with the overall goal of reducing
CO;, emissions. Some of the most notable advancements in this area include the development of
renewable energy sources to partially meet the increasing energy demands, improvement of
existing industrial processes to reduce the overall energy consumption and associated CO,
emissions, and introduction of energy efficient approaches that facilitate energy conservation.
Carbon capture and storage (CCS) technologies provide another suitable alternative through
transporting CO; substantially generated from fossil fuels at large quantities to safe geological
storage rather than being emitted to the atmosphere (IPCC 2007, Gibbins and Chalmers 2008).
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The introduction of CCS in cement production and use offer a great potential in decreasing the

overall CO; concentration in the atmosphere.

2.2.2. Concrete production and cement industry

Concrete is the most widely used construction material worldwide and is a composite material
composed of cement and inert mineral aggregates like sand and gravel. Being the largest
manufactured product in the world, concrete represents a giant energy consumer. Due to the wide
availability of its raw materials and easy manufacture, concrete made from Portland cement (PC)
is the most used material in the world, with a consumption rate of nearly 4 billion tonnes per year
(Oss; 2015). Cement is a basic material used for building and construction and the cement
industry is highly energy-intensive. Portland cement clinkers are manufactured at high
calcination temperature ~1400 <C which are the main component of ordinary cement. This
energy-intensive industry contributes to ~2% of the global primary energy consumption, direct
responsible for the high CO, emissions. The carbon footprint of cement industry is extremely
high as cement production contributes to rougly 5-7% of anthropogenic CO, emissions
worldwide (Olivier and Marilena Muntean 2014, Unluer and Al-Tabbaa 2014). The production
of one tone of cement clinker generates equal amount of CO; emissions, mainly due to the high
calcination temperatures and energy required for the decomposition of limestone (Olivier and
Marilena Muntean 2014).

CaCO3 — CaO + CO;, (2-1)

44% of the CO, comes directly from the decomposition of CaCOg3, while the rest comes from the
combustion of fossil fuels and electricity power for crushing, grinding and transportation of raw
materials. As the environmental impact of construction materials is becoming a serious concern,
the development of novel alternatives with lower energy requirements and associated CO,
emissions is more crucial than ever. Even though significant improvements have been made
towards reducing the impacts of the cement industry through the introduction of various kinds of
industry by-products such as pulverized fly ash (PFA) and ground granulated blast-furnace slag
(GGBYS), the environmental impacts associated with the energy intensive production process are

still a major concern.
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Several sustainable improvements ranging from sustainable energy sources usage to partial
replacement of cement with low-carbon materials have been suggested in the cement industry.
The utilization of sustainable energy sources such as wind and solar power has firstly been
mentioned in the context of switching from traditional fossil fuels to renewable energy sources
(Jones and Bouamane 2012). One approach includes the replacement of PC with industry by-
products such as PFA and GGBS. Another approach of the sustainability initiatives in the cement
industry involves the development of sustainable cement binders such as geopolymers and
reactive magnesium oxide (MgO) cements. Recently developed reactive MgO cements require
significantly lower calcination temperatures (~700 <C) and have the ability to absorb CO, in the
form of stable carbonates while gaining strength (Unluer and Al-Tabbaa 2013, Unluer and Al-
Tabbaa 2014).

2.3. Reactive MgO cements

2.3.1. Introduction on MgO cements

Reactive MgO cements are novel hydraulic cements containing mainly reactive MgO and PC,
depending on the intended application. They were firstly introduced and patented by the
Australian scientist John Harrison (Harrison 2001a). Reactive MgO cements have been
introduced as a potential alternative to PC with superior performances with a particular emphasis
on cement sustainability and received media attention through the New Scientist (Pearce 2002)
and the Guardian (Dyer 2003).

MgO cements are generally categorized into four grades depending on the calcination
temperature of the parent magnesite which results in differences in particle size, reactivity and
specific surface area of MgO cements:

1. Light-burned (reactive or caustic calcined) MgO is typically calcined between 700 and
1000 <C, leading to the highest reactivity and largest specific surface area. When MgO
reacts with water, a high molecular disorder is introduced to prevent the formation of
precise crystalline lattice structures, resulting in the decrease of reactivity rate of MgO
cements (Harrison 2004b). Reactive MgO has a similar hydration rate as PC (Liska and
Al-Tabbaa 2009), serving as a better alternative to blend with PC.
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2. Hard-burned MgO is calcined at slightly higher temperatures between 1000 and 1400 <TC,
resulting in a comparatively low reactivity. Hard-burned MgO has been extensively used
as an expansive agent to compensate shrinkage in many applications in China since
1970s (Mo, Deng et al. 2014), dam construction in particular.

3. Dead-burned MgO is calcined above 1400 <C, resulting in a low reactive final product
with a low specific surface area. When blended in PC mixes, dead-burned MgO is an
unsound problematic component due to late hydration and dimensional distress (Lea and
Hewlett 1998). Dead-burned MgO is usually used in the refractory industry and is one of
the major components of magnesium phosphate cements.

4. Fused MgO is calcined above the fusion temperature (2800 <C) and is the least reactive
amongst all grades. It has a better performance over dead-burned MgO on strength,
abrasion resistance, and chemical stability (Balkevich and Lemeshev 1968). Its main
applications include its use in the refractory and electrical insulating industries (Pal and
Bandyopadhyay 2008).

2.3.2. Applications, advantages and disadvantages of MgO cements

MgO in general has a broad application area due to the porous inner structure and superior
properties in many aspects. Amongst a number of industrial applications, MgO is utilized in: (i)
abrasives as a binder in grinding wheels, (ii) animal feed supplements and fertilizers as the
source of magnesium ions for animals and plants, (iii) coatings as a pigment extender in paints,
(iv) construction materials as a basic ingredient of oxychloride cements used for flooring and
wallboard, (v) insulations as the light and flexible mats for insulating pipes, (vi) pharmaceuticals

in antacids, cosmetics and toothpastes, and (vii) refractory, ceramic and steel industries.

Blends including reactive MgO cements through carbonation to form porous blocks have
received attention particularly due to the high CO, sequestration potential of MgO while gaining
strength in concrete mixes (Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014). Under
appropriate curing conditions that enhance carbonation, reactive MgO cements can lead to
significant improvements in strength and durability than those with PC (Unluer and Al-Tabbaa
2011). It has been proven that MgO can achieve 100% carbonation when blended in porous

mixes, serving as a carbon sink, while PC can only achieve as high as 30% carbonation (Liska
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and Al-Tabbaa 2009). The carbon footprint can be further reduced by recapturing and geo-
sequestrating CO, generated in the production of MgO and incorporating renewable energy
sources during this process. MgO cement can be fully recycled back to its original state and
reused though a simple heating process. MgO cements can also make better use of much higher
proportions of incorporated waste than PC since MgO has a high propensity for binding with

waste and the hydration of lime in PC can cause delayed and disruptive reactions.

Although MgO cements present a great potential owing to their significant abilities in CO,
sequestration resulting in high strength and durability, there are still certain barriers with regard
to regulations, technical, and environmental aspects that need to be overcome before they can be
fully commercialized in the construction sector. Concrete made from PC is the dominating
construction material because of various reasons including the comprehensive regulations and
documents at every level, familiarity, cost and reliability. Besides, technical problem remains
due to the late hydration of MgO in clinkers causing expansion and cracking in the hardened
cements. In 1884, a number of constructed bridges in France containing 16-30% periclase
cracked as a result of the delayed excessive expansion of concretes due to the late hydration of
periclase (Mehta 1978). Since then to avoid the unsoundness of concrete caused by delayed
hydration of MgO, the content of MgO is limited around 5% for PC worldwide. However, such
accidents only occur when the hydration rate of MgO is much later than other cement phases.
When reactive MgO calcined at lower temperatures is introduced, reactive MgO hydrates at a
similar rate with other major cement phases, avoiding the issues caused by the late hydration of
MgO . Besides, research in China revealed the benefits of late hydration of MgO which can
effectively compensate thermal shrinkage due to cooling of concrete with time in mass

construction such as dam (Mo, Deng et al. 2014).

2.3.3. Global production of MgO cements

Currently, MgO is mainly produced via the calcination of natural carbonates such as dolomite
(CaMg(CO3),) or magnesite (MgCOg3) with an annual production rate of 12.5 million tonnes
(commission 2010). MgCOg exists naturally with high purity of 90-95% and the estimated global
reserve is around 13 billion tonnes (Shand 2006). The main production of MgCOjs is located in

North Korea, China, Slovakia, Turkey, Russia, Austria and India which accounts for 75% of
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globe demand all together (Shand 2006). MgO can also be synthesized from seawater or natural
brine (Bhatti, Dollimore et al. 1984) which contributes to ~14% of the global MgO production
(Kramer). This process involves recovery of abundant magnesium ion (Mg?") from seawater to
precipitate Mg(OH), or MgCOs, which then undergoes calcination and decomposes to MgO.
Another production route of MgO is from magnesium silicates, which has received attention due
to CO, sequestration potential during production (Simons and Vlasopoulos 2012, Baglioni,
Ferraro et al. 2014).

2.4. Production of reactive MgO from MgCO3

2.4.1. Mining and crushing

Mining of MgCO3; is mainly performed via the open-pit method which includes five stages:
overburden removal, drilling, blasting, loading and hauling to the processing plant (Shand 2006)
as shown in Figure 2.1. Open-pit mining involves the use of one or more horizontal benches to
mine a near surface deposit via surface excavation (Crawford, Hustrulid et al. 1979). Overburden
removal removes the top layer of soil which is located between the surface and the ore body.
Drilling is used to obtain a detailed map of the ore quality by taking samples from the drill holes,
also providing holes for explosives during blasting operations. Chemical contour maps are drawn,
serving for the selective purpose of mining of the core, denoting the MgO content and
distinguishing the unusable ore which is later removed from the usable ore. The usable ore
undergoes a series of processes like crushing, sizing and beneficiation until the required size is
achieved, whereas gyratory and jaw crushers are the two main crushers used. After sizing,
screening, an industrial-size separation technique is applied to reject a certain fraction size of ore,
sweeping out the main impurities and removing the unsuitable materials for the following
processes. Before calcination, raw materials need a third crushing step until they achieve the
required size of <1 inch. The crushed and sized ore is then stockpiled over a belt tunnel feeder

system, allowing loads of ore coming from different access ports onto the belt.
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Figure 2.1 Diagram of open-pit method in mining of MgCO;

2.4.2. Pyro-processing

The calcination of MgCOj3 takes place in a similar manner to that of CaCOg, enabling the use of
a similar calcination theory:

MgCO; — MgO + CO, (2-2)

A production yield of 1 kg of MgO requires decomposing 2.08 kg of pure MgCOs;. The
decomposition kinetics of magnesite is affected by three essential factors: (i) burning the
magnesite to the decomposition temperature; (ii) maintaining the minimum decomposition
temperature until magnesite is fully decomposed to MgO; and (iii) removing the CO, gas emitted
during the process to increase the decomposition rate. The decomposition temperature of MgCO3
under one atmosphere CO, pressure has been reported to range between 402 and 750 <C,
depending on the MgCOj; source, which can indicate some variations in the impurity levels,

crystalline structures and microstructures (Shand 2006).

The standard heat of decomposition of MgCO3 to MgO is 3,027 kJ/kg which is much higher than
the decomposition of PC clinkers (1,757 kJ/kg) (Shand 2006). The energy consumption in
calcinations is derived by considering three steps: (i) the energy consumed to increase the
temperature from room temperature to the decomposition temperature, (ii) the enthalpy in

MgCO3; decomposition process, (iii) heat loss during calcinations process. Time and temperature
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are the two main factors influencing the decomposition of MgCOs. A significantly higher
temperature above minimum decomposition temperature is employed to accelerate the rate of
decomposition until CO, has been fully expelled in practice. Generally, temperature has a greater
impact over time on the decomposition rate but a balance has to be maintained for practical
profits and a high production rate. After calcination, MgO may undergo screening and grinding

once more to remove certain sizes of ore with a higher level of impurities.

2.5. Production of reactive MgO from seawater/brine

Magnesium is the third most abundant element in seawater after sodium and chlorine, with an
average concentration of 1300 ppm. Natural brine exists widely in brine wells and lakes,
providing another abundant source for MgO production. The chemical concentration of natural
brine varies according to the surrounding environment. However, natural brine generally consists

of much higher salt concentrations than seawater (Shand 2006).

2.5.1. Extraction

Seawater intake structures are mostly utilized in large seawater desalination plants which mainly
extract seawater from open sea under surface water arrangements (Pankratz 2004). Three main
types of seawater intake structures are used during this process (Pita 2011): (i) Well intake
structure extracts the water from the phreatic water-table level at the coast, having an advantage
of using high quality water; (ii) direct coast intake is carried out by way of collection caissons,
which are only feasible in certain enclaves since the water dynamics may bury the equipment;
and (iii) open intake structures, located at a sufficient sea depth, pump seawater via the
underwater pipelines to the reservoir. Seawater is then pumped into setting tanks to eliminate the

suspended particles such as silts and sands before pre-treatment.

Recovery of magnesium salts from the natural brine also involves pumping the solution to the
plant, similar to their extraction from the sea. However, the underground extraction is much
more complicated and is usually accompanied with leaching, involving drilling and recovery
techniques which are performed in a similar manner to those in the oil and gas industry (Shand

2006). A vertical borehole is firstly drilled from the surface and concentric tubes or casings are
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placed along the borehole, providing the channels for liquid flow from the salt deposits. Fresh
water is pumped into the boreholes via the casings so that the brine can be forced back to the

surface via the inner tubes.

2.5.2. Raw materials pre-treatment

Seawater/brine pre-treatment often employs two strategies to decarbonate the solution at hand: (i)
adding sulphuric acid to decrease the pH of the solution to 4, as shown in the Equation 2-3.
Seawater is then passed through a desorption tower where it is aerated to remove CO; in case of
the precipitation of CaCOj3 along with Mg(OH), (Shand 2006).

Ca(HCOg3),+ H,SO,4— CaSOy4 + H,0 + CO, (2-3)

An alternative method involves adding milk of lime into the incoming seawater/brine. However,
this method presents a difficulty in the removal of CaCOj3 formed in the saturated solution,
Ca(HCOs3),; + Ca(OH),— 2CaCOs3 + 2H,0 (2-4)

2.5.3. Processing

After softening seawater/brine, it is then pumped into an agitated reactor vessel. A strong base is
added into magnesium solution to raise the pH to 10.5, enabling the precipitation of magnesium
(Shand 2006). Generally calcium hydroxide derived from the calcined lime or dolime is
deployed in practice. Dolime is preferred due to its self-contained MgO content, so that only half
of the volume of seawater or brine is required while the other half is derived from dolime to
produce the same amount of MgO than lime (Al-Zahrani and Abdel-Majeed 2007). The
aforementioned processes are represented in Equations 2-5 to 2-7. Besides using lime as the

alkali source, researchers have proposed various additives to precipitate Mg?*.

CaO + 2H,0 + MgCl,— Mg(OH), + CaCl, (2-5)
Ca0O-MgO + 2H,0 + MgCl,— 2Mg(OH), + CaCl, (2-6)
Ca0-MgO + 2H,0 + MgSO4— 2Mg(OH), + CaSO, (2-7)
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Irving proposed using sodium hydroxide (NaOH) and sodium carbonate (Na,CO3) to precipitate

Ca®* and Mg?* (Irving 1926). The solubility constant for the Ca** and Mg?* precipitates are as
follows (Johnston 1915):

KMg(OH)Z: 1.2 ><.|.O-11 (2-8)

Kcaorz = 4.1 <107 (2-9)
(CH)

Kmgcos = 1.4 <10 (2-10)
g

Kcacoz = 0.98 <108 (2-11)

It was found that seawater was saturated with CaCO3 and addition of alkali to achieve pH 10 was
enough to form precipitates in seawater.

bH o =
! G i
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10 40°S ) #
Me| 8§ 8 Ca. 180
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Figure 2.2 (a) Titration of seawater with NaOH; (b) Titration of seawater with Na,CO3 (Irving
1926).
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The experiment was done by adding different amount of NaOH and Na,COj3 into seawater as
shown in (a) (b)

Figure 2.2. It was found that NaOH precipitates much more Mg?* and Na,COj3 precipitates much
more Ca”* since Mg(OH), and CaCOj3 have a much smaller solubility than Ca(OH), and MgCOs,
respectively as shown in Equations 2-8 to 2-11.

Friedrich et al. patented a simple process to precipitate MgO calcined from Mg(OH),
precipitated from seawater at a pH of 10.5 using a lime solution in 1943 (Friedrich, Robinson et
al. 1946). Petric et al. utilized dolomite composed of 57.6% CaO and 42.3% MgO to precipitate
Mg(OH), from seawater, which was then calcined at 950 <C to produce MgO (Petric, Martinac et
al. 1997). Dave et al. used hydrated lime (Ca(OH),-2H,0) to precipitate Mg(OH), from seawater
at a pH ranging between 7.0 and 7.5 (Dave and Ghosh 2005). All these studies introduced Ca**
into the seawater/brine solution, which resulted in the formation of gypsum (CaSO4-2H,0) along
with other precipitates due to the presence of sulphate in the solution. The contamination of the
final product due to the formation of gypsum necessitates desulfation via the addition of CaCl,

into the seawater/brine.

Tureck et al. utilized aqueous sodium hydroxide (NaOH) to precipitate Mg(OH), from mine
brine (Turek and Gnot 1995). The brine was firstly acidified by adding hydrochloric acid in order
to remove bicarbonates which have the potential to attack Ca** to form CaCOs. It was reported
that an improved precipitation was achieved at lower temperatures and higher NaOH
concentrations. This improved sedimentation was attributed to the high viscosity of NaOH
solution and brine, which impeded the contact between the precipitating agent and the brine.

Kotsupalo et al. reported three methods to synthesize MgO from natural mineralized
multicomponent brines with different MgCl,/CaCly; ratios (Kotsupalo, Ryabtsev et al. 2010). The
Mg** in the brines could be precipitated by adding lime milk (CaO of 10%) to form Mg(OH); as
shown in method | (Equations 2-12 to 2-14). After removing Mg(OH), precipitates from the
solution, CO, was introduced to carbonate Ca®* to form CaCO:s.

Ca(OH), + MgCl,— Mg(OH), + CaCl, (2-12)

Mg(OH),— MgO + H,0 (2-13)
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Mg(OH),+ CaCl, + CO,— MgCl, + CaCOs + H,0 (2-14)

The method Il (Equations 2-15 to 2-18) utilized the soda-alkali solution (Na,CO3; and NaOH) at
room temperature to collectively precipitate Mg(OH), and CaCO3. Mg(OH), and CaCO3 were
separated by introducing CO, into slurries. Since the introduction of CO, lowered the pH of the
solution, Mg(OH), were therefore dissolved into the solution while CaCO3 precipitated could be
separated from the solution. Then MgCl, contained in the solution could be precipitated by
adding Na,COg3 to form hydrated magnesium carbonates which could be further calcined to

produce MgO.

CaCly+ MgCl, + Na;CO3 + 20H — Mg(OH), + CaCOs + 2NaCl + 2CI (2-15)
Mg(OH), + CaCO; + CO, + CaCl,— MgCl, + 2CaCO; + H,0 (2-16)
4MgCl, + 3Na;COz+ 5H,0 — 3MgCO3*°Mg(OH),+3H,0 + 6NaCl+ 2HCI (2-17)
3MgCO3*Mg(OH),*3H,0— 4MgO + 3CO, + 4H,0 (2-18)

The method 111 followed a similar first stage where Ca** was precipitated by adding soda-alkali
source as shown in Equations 2-15 to 2-16 but OH" was provided by adding lime milk. In the
following step after removing CaCOs, soda-alkali solution was again added to precipitate Mg
as shown in Equation 2-19.

4MgCl; + 3Na,CO3+Ca(OH),+3H,0 — 3MgCO3*Mg(OH),*3H,0 + 6NaCl+ CaCl (2-19)

These three methods provided a feasible way to separate CaCO3 and Mg(OH), precipitated from
the brine and natural highly mineralized multicomponent brines could be utilized as a new source
of raw materials for obtaining high-quality Mg®* and Ca®* production. MgO binders and grouting
mortars could be therefore synthesized.

Tran et al. synthesized magnesium oxalate (Mg(C,0,),) from Uyuni salar brine and indicated
that the high purity (99.5% grade) precursor could be further calcined to produce high-purity
MgO (Tran, Van Luong et al. 2013).
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Figure 2.3 Stabcal simulation for oxalate precipitates showing the concentration of Ca®* and
Mg?* profile versus pH (Tran, Van Luong et al. 2013).

Through stabcal simulation as shown in Figure 2.3, it was found that Ca** could be precipitated
compounded with C,0,% in acidic zone (pH 0-1) requiring only 0.02 g/kg Ca** while the

precipitation of Mg oxalate would not take place when pH below 1.
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Figure 2.4 (a) The percentage of precipitated Ca®* at Oxalate/Ca molar ratio of 6.82:1 at pH 1. (b)
Recovery of Mg at different pH (Tran, Van Luong et al. 2013).
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At second stage, Ca®" was precipitated by adding oxalic acid and removed from the solution.
NaOH was used to adjust pH to 1. The kinetics of precipitated Ca®* from the brine was shown in
Figure 2.4(a) and 80% Ca”" was precipitated. After removing Ca®* precipitates, NaOH was
added to reach different pH to precipitate Mg®* as shown in Figure 2.4(b). It was found the
reaction rate was higher and 90-95% Mg®* was precipitated at lower pH. This highlighted the pH
gap that enabled a selective precipitation of Mg?* from Ca?*, leading to the synthesis of a high

purity of Mg(C,04)2 (99.5% grade), which could be further calcined to produce MgO.

2.6. Production of reactive MgO from other magnesium-containing sources

MgO can also be produced from other magnesium-containing solution like magnesium chloride
and magnesium sulfate by adding alkali source. Henrist et al. studied several parameters such as
the chemical nature of the utilized bases, type of counter-ions and temperature on the
morphological characteristics of Mg(OH), precipitated from magnesium salt solution (Henrist,
Mathieu et al. 2003). Alkaline solution (NaOH and NH,OH) was added to a magnesium salt
solution of concentration 0.75 mol/L and reacted with Mg?* at different temperature. It was
found that the nature of the base source played an important role in the morphologies of
precipitates formed. Addition of NaOH to MgCl, solution led to a globular cauliflower-like
morphology, while the use of aqueous ammonia (NHsH,O) resulted in plate-like shapes due to
the structural difference of cations present in the solution as shown in Figure 2.5. It was
attributed to the differences in terms of pH of the solution and chemical nature of the ions. The
higher pH (12) caused by NaOH created a high supersaturation level and a negative surface
charge, resulting into much faster nucleation process therefore small tiny particles formed. The
negative charged surface adsorbed sodium ion and therefore hindered the coming Mg?* to grow
particles. The small particles agglomerated to globular structure to minimize the surface the

energy.
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Figure 2.5 Morphology of Mg(OH), precipitate under the condition of a) MgCl, + NaOH at
60 C b) MgCl; + NH3H,0 at 60 <T (Henrist, Mathieu et al. 2003).

It was also found that single and circular plate-like particles were observed at lower temperatures
while particles had a tendency to inter-grow at 60 <C. This was supported by the XRD pattern
shown in Figure 2.6. The Mg(OH), precipitate had a much higher lop1/1110 ratio at 25 <C than at
60 <C, which meant a much favoured orientation of the single platelet structure. The Mg(OH),
can be further calcined to produce MgO.
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Figure 2.6 XRD pattern of Mg(OH), precipitates reacted (a) at 60 <C lgo1/l110= 0.51 and (b) at
25 T, looa/l110 = 1.6 (Henrist, Mathieu et al. 2003).
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Yan et al. reported the synthesis of Mg(OH), nanoflowers by a simple hydrothermal reaction of
MgCl, and CO(NH,), without any additives (Yan, Xue et al. 2005). The pH of the magnesium
chloride solution was firstly adjusted by adding HCI or NH3H,O to a range of 3-9.5. The solution
was then sealed in the autoclave at 95-130 <C for 18 hours before collecting the samples. It was
found that the pH value and temperature of the initial reaction solution was essential in
controlling the morphology of particles as shown in Figure 2.7. The spherical particles started to
be irregular and finally developed nanoflower morphology with increasing pH as shown in
Figure 2.8. It was also reported that the optimum temperature for formation of Mg(OH),
nanoflowers was in the range of 80-130 <C. The nanoflower morphology developed was because
excessive Mg®* and OH" was stacked on the existing plate-like crystal seeds and therefore self-
assembled into a flower like structure at high pH. This synthesized Mg(OH), can be further
calcined to produce MgO.
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Figure 2.7 Chart of Mg(OH), morphologies at different temperature and pH of the hydrothermal
growth process (Yan, Xue et al. 2005).

26



Figure 2.8 SEM images of Mg(OH),nanoflowers synthesized at pH 9.5(Yan, Xue et al. 2005).

2.7. Reject brine

Desalination is a process in which the salts are removed from saline water to produce fresh water
(e.g. potable water). In coastal regions where sources of fresh water are limited such as
Singapore, desalination provides a feasible alternative to produce fresh water to meet residential
and industrial demands. Currently the desalinated water from two seawater reverse-oSmosis
plants provides 100 million gallons water a day, which meets up to 25% of Singapore’s current

water demand (PUB 2015).

Reject brine is the residue after desalination. The most common way to dispose reject brine is to
discharge it back to the sea. With high concentration and salinity, reject brine is denser than the
feedstock supply. Without sufficient mixing, reject brine discharged through an outfall tends to
accumulate at the bottom of the sea. Discharge of untreated reject brine may cause negative
impact to the ecosystem. Studies have shown that increased salinity has an altering effect on the
flora and fauna and affects all of the organisms of that ecosystem in a negative way, either
directly or indirectly (Mohamed, Maraga et al. 2005). Several strategies such as deep well
injection and mechanical or thermal evaporation have been proposed to manage reject brine (El-
Naas 2011). However, deep well injection suffers from the drawbacks of the difficulty of
selecting a suitable well site and corrosion and potential leakage in the well casting; evaporation
rate greatly limits the usage of thermal evaporation. Alternatively, reject brine can be recycled
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and mixed with concrete or asphalt to produce saltcrete (Drom; and Loveland 1998). The
material can then be used for road construction. A more recent method of brine disposal is to
treat brine by reverse osmosis which produces additional clean water and super concentrated
brine waste. The high concentrated brine waste is then dried out to evaporate any loose water.
After which the remaining salt can be harvested for resale but the process is highly costly (Arnal,
Sancho et al. 2005). The current methods to treat reject brine are rather limited and have not
achieved a satisfactory result. Therefore a feasible and practical way to treat and utilize reject
brine is highly desirable.

2.8. A new idea to treat reject brine

Carbon capture and storage (CCS) focuses on providing a feasible and promising methond to
reduce the green house emissions as it allows fossil fuels continue to be used (Rao and Rubin
2002). CCS concept covers broad fields like ocean, terrestrial, geological, biological and
chemical approaches to store CO; gas in the long term (Botha and Strydom 2001, Kloprogge,
Martens et al. 2003, Rendek, Ducom et al. 2006, Ferrini, De Vito et al. 2009). Under the concept
of CCS, one novel idea is to target the reject brine as the CO; reservoir based on the chemical
reactions of reject brine with CO; (EI-Naas 2011).With high concentrations of magnesium and
calcium ions in reject brine, the invention discloses a method to synthesize hydrated magnesium
carbonates from reject brine through sequestration of CO, using aqueous ammonia. CO,
therefore is reserved in the form of thermodynamically stable carbonates in the long run. The
possibility of storing CO; in the form of stable carbonates through the interaction of ions in

aqueous solution with CO, has been studied by several researchers.

Ferrini et al. developed a new method to synthesize nesquehonite by reacting CO, gas with
MgCl, solution, which was further calcined to produce MgO (Ferrini, De Vito et al. 2009).
NH3H,O was added to provide alkali source to reach desired pH. The reaction kinetics was
greatly improved as shown in Figure 2.9, which led to the rapid precipitation of stable
nesquehonite. The well-formed and typical needle-like morphology of nesquehonite was shown
in Figure 2.10 and the elongate habit was seen under optical microscopy. The distinct needles
were up to 0.5mm in length and 30 um in diameter. A high purity of MgO can be obtained by

calcining synthesized nesquehonite.
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Figure 2.9 Kinetics of the carbonation reaction (Ferrini, De Vito et al. 2009).
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Figure 2.10 Images of synthesized nesquehonite under (a) optical microscopy; (b) under SEM at
high magnification (Ferrini, De Vito et al. 2009).

Soong et al. studied the reaction of CO, with brine and explored the influence of pH (3.6-11),
reaction time (1-6 h), CO, pressure (0.34-7.63 MPa) and temperature (50-170 <C) on brine

carbonation (Soong, Goodman et al. 2004). The experiment was conducted in a 1/2 1 autoclave
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(Hastelloy C-276) where the brine was placed. The CO, was sparged into the reactor to the
desired pressure while temperature was controlled. KOH was added to provide the alkali source.
It was found that the reaction time had slight influence on formation of carbonates. The most
noticeable difference lied in the precipitation of Ca which increased by 20% after 2 hours of
reaction. pH was found to have a significant effect on brine carbonation as shown in Figure 2.11.
The concentrations of Ca?*, Mg®* and Na* in the brine were found to decrease by 25%, 17% and
17%, respectively when the pH was increased from 3.6 to 11. Both simulation and experimental
results showed a similar trend of the amount of precipitates from brine with increased pH of the
solution. It was found that CaCO3 was the major component of the precipitates accounting for 95%
by weight while the remaining part was Fe,O3 which was supported by XRD, FTIR and XRS.
The effect of CO, pressure was also tested and it was found the amount of precipitates was not
significantly changed when CO, pressure increased from 0.34 to 7.64 MPa. The reaction of

temperature also did not have a significant effect on the amount of precipitates.
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Figure 2.11 Comparison of experimental and predicted results for brine carbonation versus pH
(Soong, Goodman et al. 2004).

2.9. Summary

Although there are numerous studies on the reaction of MgCl, solution, seawater or natural brine
with different additives, limited research has been reported on the recovery of valuable metals
from actual reject brine obtained from desalination plant. This research focuses on the treatment

of reject brine collected from a local desalination plant and explores the potential of recovery of
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MgO from reject brine. Precipitation of Mg(OH), from Mg®* rich water is easiest method to
recover Mg?*. NH,OH was firstly proposed to study the feasibility to recover highly reactive
MgO from reject brine. Unlike Ca-bearing bases, which often lead to the precipitation of a Ca-
based compound (e.g. CaCO3) along with Mg-phases, the use of NaOH can increase the purity of
Mg-based precipitates, which serves as a pH adjuster and controls the pH of the solution.
Furthermore, when compared with other bases (e.g. NH4,OH, KOH and Na,COj3), NaOH
possesses other advantages in terms of health and safety, cost effectiveness and base strength it
provides.

The key parameters affecting the properties of the synthesized Mg(OH), and its calcination to
produce reactive MgO were investigated. One of the main factors determining the efficiency of
the overall synthesis was the type and amount of the base introduced into the reject brine.
Accordingly, the characteristics of Mg(OH), and resulting MgO significantly varied, especially
in terms of their reactivity and microstructure, under the use of different bases. Furthermore, the
synthesis temperature was accounted for the size of the platelets as the lower the synthesis
temperature, the higher the diameter. However, the influence of base type, reaction condition and
calcination conditions on the texture properties (SSA and pore size distribution) and reactivity of
the MgO has yet been revealed. For the accurate characterization of the final product, the
relationship between the reaction condition, such as the base type, and the reactivity of MgO
must be clearly comprehended. Establishing clear links between its production conditions and
final properties will enable the effective use of MgO and the identification of the right
applications in line with its capabilities.Several techniques were utilized to characterize the
synthesized Mg(OH), and MgO including inductively coupled plasma-optical emission
spectroscopy (ICP-OES), X-ray powder diffraction (XRD), field emission scanning electron
microscopy (FESEM), thermogravimetric and differential thermal analysis (TG/DTA),
Brunauer-Emmett-Teller (BET) analysis and acid neutralization. The obtained results shed a
light on the influence of different base environments and calcination conditions on the properties
of MgO and highlight potential application areas that can benefit from the end product.

The production of MgO via the calcination of Mg(OH), suffers from the high energy

consumption and low efficiency due to the bad filtration behaviour of Mg(OH),. Mg(OH); is
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spongy in the water so after filtration solids still contain high amount of water. While once
Mg(OH), going though carbonation to hydrated magnesium carbonates, the filtration behaviour
of solids will be greatly improved. Although numerous researchers have conducted mineral
trapping of CO; into saline aquafers (Soong, Goodman et al. 2004, Soong, Fauth et al. 2006,
Ferrini, De Vito et al. 2009, Ballirano, De Vito et al. 2010, Mignardi, De Vito et al. 2011,
Ballirano, De Vito et al. 2013), limited research has been reported to study the sequestration of
CO; and explore the efficiency of carbon storage into Mg(OH), slurries generated from reject
brine. Furthermore, a clear relationship between the efficiency of carbon storage and the phase of
HMCs must be understood. In this study, we proposed to synthesize HMCs from the highly

reactive Mg(OH), slurry generated from reject brine through the sequestration of CO,.

The production of MgO via the calcination of Mg(OH), usually cannot achieve ultra-high purity.
Due to the presence of Ca** and HCOs in the reject brine, CaCOs would co-precipitate along
with Mg(OH), with the addition of bases, which would contaminate the final MgO products and
lower the economic value in the market. Therefore, this study presented a new method to recover
Ca®" and Mg* separately from reject brine via the use of oxalic acid (H2C,04+2H,0). The
obtained MgC,04+2H,0 with high purity and yield under the optimized condition was therefore
calcined to produce MgO. A comprehensive characterization of MgO, i.e. microstructure and
SSA, was presented and a correlation between the calcination conditions (i.e. temperature and
duration) and the properties of MgO was established.

The final part focuses on the evaluation of the environmental impacts of the production of
reactive MgO from reject brine via above proposed routes. There is a significant potential for the
optimization of the overall process that will inevitably lead to the reduced energy requirement
and CO, emission. Part of the success regarding the production of reactive MgO from waste
streams (e.g. reject brine) is dependent on the overall environmental impacts of this process and
its comparison to traditional cement production in terms of its CO, emission and energy
requirement. This final part aims to eliminate these concerns by evaluating the energy
consumption and CO, emission of the production of reactive MgO from reject brine via different
routes and to put forward pertinent proposals concerning their sustainable development in the

future, which can serve as an excellent resource for various applications ranging from food,
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cosmetics, pharmaceutical and the construction industries (Lee, Jung et al. 2004, Shand 2006,
Moussavi and Mahmoudi 2009, Pilarska, Klapiszewski et al. 2017).
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Chapter 3 Synthesis of reactive MgO from reject brine via the
addition of NH,OH

3.1. Introduction

Magnesium oxide (MgO) is produced in different grades and used in several applications ranging
from the pharmaceutical to the refractory industries due to its superior stability and chemical
resistance. A majority of MgO is produced via the calcination of magnesite (MgCOs3) through the
dry route. The properties of the resulting MgO strongly depend on the calcination conditions.
Higher calcination temperatures and longer residence times lead to increases in the size of the
MgO grain, which results in the decrease of its specific surface area (SSA) and reactivity (Shand
2006, Mo, Deng et al. 2010). Most of the commercially available MgO can be classified into four
grades, depending on the conditions used during its production, i.e. calcination temperature and
residence time. Fused MgO is produced above the fusion temperature of MgO (2800 <C) and has
the lowest SSA and reactivity, which is excellent in chemical stability and moisture resistance
(Wang, Wang et al. 2012). Dead-burned MgO is obtained at calcination temperatures above
1400 <C and has a very low SSA and reactivity. It is widely used in the refractory industry as a
fire-resistant and thermal insulation material. Hard-burned MgO is produced at 1000-1400 <C
with a low SSA and limited reactivity. It is mostly used as an expansive additive in concrete for
shrinkage compensation (Gao, Lu et al. 2008, Mo, Deng et al. 2014). Light-burned (reactive or
caustic-calcined) MgO is produced at much lower temperatures ranging between 700 and
1000 <C and therefore retains a high SSA and reactivity. Because of its high reactivity, the light-
burned MgO has been used in various applications as a fertilisers, catalyst, chemical absorbent
and filtration medium (Kramer , Lee, Jung et al. 2004, Shand 2006, Caraballo, Rotting et al.
2009). Recent studies have shown that reactive MgO can also be used as a cement binder by
itself or along with Portland cement (PC) and other supplementary cementitious materials,
depending on the application (Liska, Al-Tabbaa et al. 2012a, Liska, Al-Tabbaa et al. 2012b, Al-
Tabbaa 2013, Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014). The main advantages
of reactive MgO cements over traditional PC are listed as its significantly lower calcination
temperatures (700-1000 vs. 1450 <C), ability to absorb carbon dioxide (CO) in the form of
stable carbonates while gaining strength, and complete recyclability at the end of its lifetime.
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Unlike limestone which is abundant and available worldwide, large magnesite deposits are
mainly located in China and North Korea (Shand 2006). According to (RAM 2015), around 8.5
million tonnes of MgO is produced from magnesite annually, for which China is the leading
provider with a 49% market share. Lack of magnesite availability on a global level highlights the
need to identify alternative sources for the production of MgO, which also suffers from low
purity and reactivity due to the impurities present in the parent materials. Today, a significant
portion of global MgO supply is via the calcination of magnesium hydroxide Mg(OH), generated
from magnesium-rich sources such as seawater or natural brine, which contributes to about 14%
of the global MgO production (Kramer). This process involves the extraction of seawater/brine,
pre-treatment and final processing steps. Seawater intake structures are mostly utilized in large
seawater desalination plants which mainly extract seawater from open sea (Pankratz 2004).
Seawater/brine pre-treatment often employs a pH adjuster to de-carbonate the solution at hand.
This involves the addition of sulphuric acid to decrease the pH of the solution to 4. Seawater is
then passed through a desorption tower where it is aerated to remove CO, in case of the
precipitation of CaCO3 along with Mg(OH), (Shand 2006). After the seawater/brine is softened,
it is then pumped into an agitated reactor vessel, during which a strong base is added into the
solution to raise the pH to 10.5, enabling the precipitation of magnesium (Shand 2006).
Generally, calcium hydroxide (Ca(OH),) derived from calcined lime (CaO) or dolime
(CaO-MgO) is deployed in practice. Friedrich et al. (1946) patented a simple process to
precipitate MgO in the form of Mg(OH), from seawater at a pH of 10.5 using a lime solution
(Friedrich, Robinson et al. 1946). Dolime is preferred due to its self-contained MgO content,
enabling the use of only half of the usually required volume of seawater or brine while the other
half is derived from dolime to produce the same amount of MgO as would be if lime was used
(Al-Zahrani and Abdel-Majeed 2007).

The precipitation of Mg?* can be performed via the addition of a range of alkali sources other
than lime (Turek and Gnot 1995, Dave and Ghosh 2005, EI-Naas 2011, Tran, Van Luong et al.
2013, Khuyen Thi, Han et al. 2016). Hydrated lime (Ca(OH)2-2H20) can also be used to
precipitate Mg(OH)2 from seawater at a pH ranging between 7 and 7.5 (Dave and Ghosh 2005).
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However the introduction of calcium-based alkalis results in the formation of gypsum
(CaS0O,4-2H,0) along with other precipitates due to the presence of sulphate in seawater, which
necessitates the pre-treatment of seawater by adding CaCl, for desulfation. Another additive
utilized for the precipitation of Mg(OH), from natural mine brine is sodium hydroxide (NaOH).
Turek and Gnot (1995) explored the effect of reaction temperature on the sedimentation of the
precipitants via the addition of NaOH into mine brineand reported the improved precipitation
when reaction temperature decreased from 40 to 10 <C. The improved sedimentation was
attributed to the high viscosity of NaOH solution and brine, which impeded the contact between
the precipitating agent and mine brine and lowered the diffusion rate, thereby improving the
crystal structure of Mg(OH), (Turek and Gnot 1995). Ammonia solution (NH,OH) has also been
reported to precipitate Mg(OH), from seawater/brine. The use of NH,OH buffers the solution at
a basic pH of around 10, which favours the precipitation of Mg(OH),. Unlike other alkalis such
as lime or dolime, NH,OH does not introduce additional cations which result in undesirable
precipitates (e.g. CaCOj3), as impurities. Furthermore, NH;OH can be recycled at the end of the
reaction, which allows the design of a closed-system as suggested in the modified Solvay process
and thereby eliminates the generation of waste (El-Naas 2011).

The precipitation of Mg?* from synthetic solutions has also been performed by several studies
(Alvarado, Torres-Martinez et al. 2000, Henrist, Mathieu et al. 2003, Yan, Xue et al. 2005).
Henrist et al. (2003) studied the influence of the chemical nature of the utilized bases (NaOH and
NH4OH), type of counter-ions and temperature on the morphological characteristics of Mg(OH),
precipitated from a synthetic MgCl, solution. It was observed that the use of NaOH as the alkali
source led to the formation of Mg(OH), with a globular cauliflower-like morphology, which
consisted of small particles with dispersed agglomerates; while the use of NH,OH as the alkali
source resulted in a plate-like Mg(OH), morphology. Single and circular plate-like particles were
observed at lower temperatures while particles had a tendency to inter-grow at 60 <C (Henrist,
Mathieu et al. 2003). Yan et al. (2005) reported the synthesis of Mg(OH), nano-flowers by a
simple hydrothermal reaction of MgCl, and CO(NH;), without any additives. The pH of the
magnesium chloride solution was first adjusted at a range of 3.0-9.5 via the addition of HCI or
NH,OH. The solution was then sealed in an autoclave at 95-130 <C for 18 hours before

collecting the samples. It was found that the pH value and temperature during the initial reaction
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was essential in controlling the morphology of particles. The initially irregular spherical particles
developed a nano-flower morphology with increasing pH and temperature. This was attributed to
the stacking of excessive Mg®* and OH™ on the existing plate-like crystal seeds and therefore
self-assembling into a flower like structure at high pH values (Yan, Xue et al. 2005).

Calcination of the resulting Mg(OH), synthesized from seawater/brine or synthetic solutions
produces MgO (Friedrich, Robinson et al. 1946, Shand 2006). A number of studies have
investigated the properties of MgO calcined from Mg(OH), (Eubank 1951, Itatani, Koizumi et al.
1988, Choudhary, Rane et al. 1994, Alvarado, Torres-Martinez et al. 2000, Bartley, Xu et al.
2012). Eubank (1951) identified that the reaction temperature and presence of impurities
significantly influence the properties of MgO. The calcination of magnesium compounds was
reported to take place in two distinct stages starting with the loss of water and CO, gases
between 300 and 500 <€, which creates a porous structure. Recrystallization or sintering takes
place at higher temperatures (> 900 <€), densifying the final material, whose porosity decreases
during this process. The particle sizes of calcined MgO increase with increasing calcination
temperature, resulting in the decrease of surface area and adsorptive capacity (Eubank 1951).
The impurities contained in MgO can enhance the sintering process through the formation of
vitreous phases. Alvarado et al. (2000) characterised MgO prepared from three precursor
magnesium salts and dolomite (Alvarado, Torres-Martinez et al. 2000). The SSA of calcined
MgO from different magnesium compounds precursors were found in the decreasing order:
magnesium sulfate > magnesium nitrate > magnesium acetate > dolomite. On the contrary, the

particle size, degree of agglomeration and porosity displayed the inverse sequence.

The main difference between MgO obtained from the calcination of magnesite and synthetically
from seawater/brine or any relevant solutions is the higher purity and reactivity of the latter (Jin
and Al-Tabbaa 2014). The main drawback of the production of MgO from seawater/brine is its
higher energy consumption when compared to the dry route (17 vs. 5.9 GJ per tonne of MgO
(Hassan 2013)). However, this can be optimized as further studies are performed on the
reduction of the energy demands of MgO production from waste brine. This is particularly

critical for coastal regions with a limited amount of fresh water resources such as Singapore,
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where desalination is considered as a feasible approach to meet residential and industrial water
demands. Desalination involves the removal of salts from saline water to produce fresh water.
Currently the desalinated water from two current running seawater reverse-osmosis plants
provides 100 million gallons water a day, which meets up to 25% of Singapore’s current water
demand (PUB 2015). According to the International Desalination Association, the global daily
production of desalinated water generated by 18,426 desalination plants worldwide exceeds 86.8
million cubic meters (IDA 2015). It is estimated that an equivalent amount is generated as reject
brine per m® of desalinated water (EI-Naas 2011).

Reject brine, which is of particular interest in this study, is a concentrated by-product with a high
salt concentration obtained from treating brackish water or seawater in desalination plants
(Adham, Hussain et al. 2013). The most common way to dispose reject brine is through its
discharge back to the sea. However, reject brine is denser than the feedstock supply due to its
high salt concentration and salinity and therefore tends to accumulate at the bottom of the sea
when discharged through an outfall without sufficient mixing. Discharge of untreated reject brine
has an adverse effect on the ecosystem as it alters the flora and fauna through increased salinity
and directly or indirectly damages all living organisms within that particular ecosystem
(Mohamed, Maraga et al. 2005). A newly proposed alternative is the re-treatment of the salt
within the reject brine to obtain valuable materials such as Mg, which can serve as an excellent
source for the recovery of MgO. Therefore, reject brine can be converted into valuable and
useful solids, which provides a feasible and environmental friendly use of this waste material
(EIl-Naas 2011).

Although there are many studies on the reaction of synthetic MgCl, solution, seawater or natural
brine with different alkali sources (Turek and Gnot 1995, Henrist, Mathieu et al. 2003, Dave and
Ghosh 2005, Yan, Xue et al. 2005), limited research has been reported on the recovery of
valuable metals from actual reject brine obtained from desalination plant (Ahmed, Arakel et al.
2003). This chapter reports the feasibility of synthesizing reactive MgO from reject brine

collected from a local desalination plant in Singapore. A comprehensive study on the reaction
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kinetics and the physical and chemical properties of the resulting Mg(OH), and MgO was
performed via XRD, FESEM, TG/DTA and BET analyses.

3.2. Materials and Methodology

3.2.1. Materials
In this study, NH,OH solution with analytical grade (25.0% NH; content) supplied by Sigma-

Aldrich (Singapore) was used as the alkali source to react with reject brine. The reject brine was
collected from the Tuaspring desalination plant in Singapore, the largest desalination plant in
South East Asia with a capacity of 318,500 m* desalinated water per day. During the desalination
process, ultra-filtration membrane technology is used to remove the suspended solids and
microorganisms in the seawater intake during the pre-treatment process, which is followed by a
two-stage seawater reverse osmosis process. Saline feed water (seawater) is passed through
semi-permeable membranes to produce a low-salinity water and a very saline concentrate (reject
brine) as a by-product, which would normally be disposed back to the sea through an outfall pipe
(Hyflux 2011).

Unlike seawater or natural brine, reject brine contains suspended solids through the chemicals
added to precipitate the colloidal particles in the seawater before running through ultra-filtration
in the desalination process. After the collection of reject brine from the plant, it was filtrated
through a 45 pm membrane filter to remove suspended solids before further analysis. The
chemical composition of the filtrated reject brine, determined via Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES), is summarized in Table 3.1. Along with a Mg

concentration of 1679 ppm, the presence of other ions (e.g. Na*, K* and Ca?*) was observed.

Table 3.1 Chemical composition of the reject brine used in this study

Element/
Concentra Cl Na SO, Mg K Ca Sr B Si Li P A
tion
opm 65593.1+ 16124.3+ 4322+ 1679.0+ 808.5x 563.6& 53#) 4540 0. 0. 0. O.

66.3 55.8 8.8 55 54 11 1 1 5 4 2 1
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3.2.2. Methodology
A pre-determined amount of NH,OH (2.12-19.08 ml) was introduced into 200 ml of reject brine

as the alkaline source to investigate the influence of NH,OH dosage on the reaction kinetics with
reject brine and the chemical and physical properties of the resulting Mg(OH), precipitates.
According to stoichiometry, the reaction of 2 moles of OH™ with 1 mole of Mg®" leads to the
precipitation of 1 mole of Mg(OH),. However, a higher dosage of NH,OH (up to 19.08 ml) had

to be utilized due to its relatively weak nature (K,=1.8x10") as a base.

Reject brine and NH,OH solution were mixed with a magnetic stirrer at a constant stirring speed
(300 rpm) and room temperature (25 <C), during which a pH/thermometer probe was inserted
into the beaker to monitor the temperature and pH of the reaction. The pH and temperature of the
reaction were monitored by using a pH/thermometer (Mettler Toledo pH/lon meter S220), which
was calibrated before each experiment with a standard solution set at a pH of 4, 7 and 10.21, to
reveal the kinetics of the chemical reactions between reject brine and NH4;OH. The experiment
was terminated after 6 hours of reaction when the pH of the solution stabilized. The solids were
then separated from the liquid phase through a centrifuge. Precipitates were collected and
washed by ultrapure water for three times. The resulting precipitates (expected to consist mainly
of magnesium hydroxide) were oven-dried at 105 <C until they reached a constant mass. They
were then ground into powder form passing through a 125 um sieve, after which their chemical
and physical properties were determined. The remaining precipitates were calcined at a pre-
determined temperature of 500 <C for 2 hours in the furnace to produce reactive MgO, which

was then characterized for its chemical and physical properties.

Mg** and Ca* ion concentrations present in the solution after the completion of the reaction
were monitored by means of an ICP-OES (PerkinElmer Optima DV2000) to determine the
percentage of sequestrated ions. This provided insights on the yield of Mg(OH), and CaCO3
obtained at different levels of NH,OH addition. The solution was diluted 10 times and filtrated
through a 45 pym membrane filter to remove suspended solids. 1 ml of the reject brine/ NH,OH

solution (after the reaction) was then taken using a pipette and added to a 10 ml acidized solution
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(70% nitric acid) to fully terminate the reaction. Primary Na*, Mg®* and Ca®" solutions with

concentrations of 100 ppm were used for calibration before each of the ICP-OES measurements.

Several techniques including X-ray powder diffraction (XRD), field emission scanning electron
microscopy (FESEM), thermogravimetric and differential thermal analysis (TG/DTA) and
Brunauer-Emmett-Teller (BET) analyses were utilized to characterize the synthesized Mg(OH),
and reactive MgO. In preparation for these analyses, all samples were vacuum dried to constant
mass, followed by grinding and sieving to achieve a particle size smaller than 125 um. XRD was
performed via a Bruker D8 Advance with a Cu Ko source under the operation conditions of 40
Kv and 40 mA, emitting radiation with a wavelength of 1.5405 A, scan rate of 0.02 °/step, and a
20 range of 5 to 70°. The morphology and microstructure of the synthesized samples were
studied by imaging powder surface using a JSM-7600F thermal FESEM. Quantitative analysis of
the phases in the synthesized samples was performed via TG/DTA using a PyrisDiamond TGA
4000 operated at a heating rate of 10 <T/min under air flow. The SSA of the synthesized samples
was analysed through the BET analysis from nitrogen adsorption-desorption isotherms using a

Quadrasorb Evo automated surface area and pore size analyser.

3.3. Results and Discussion

3.3.1. Reaction kinetics

Figure 3.1 shows the change in pH over time during the reaction between reject brine and
NH;OH. The rate of change of pH recorded at regular intervals revealed the kinetics of the
reaction under different amounts of NH,OH. The general trend shows a steady pH after the
addition of NH,4OH, followed by a gradual decrease that stabilized at a constant level when the
reaction reached equilibrium when pH of the solution was stabilized without variation. Both the
initial and final pH values increased with the increase of NH,OH dosage as more OH™ was
available, which increased the reaction rate and shortened the reaction time. This enabled the
time needed to achieve equilibrium to reduce significantly from 160 to 25 minutes as the amount
of NH4OH increased from 2.12 to 19.08 ml, as shown in Figure 3.2.
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Figure 3.2 Equilibrium time as a function of NH,OH dosage

3.3.2. Recovery of Mg?* and Ca?* from reject brine

The formation of Mg(OH), was observed via the reaction between the Mg?* in the reject brine

and OH" provided by NH,OH. The addition of NH,OH also favoured the conversion of HCO3’
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which was present in the reject brine to COs>. This led to a reaction of COs> with Ca®* and
resulted in the precipitation of CaCOgs. The reaction paths observed during this process are
shown in Equations 3-1 to 3-4 (Shand 2006).

NH4OH (aqy <> NH4" + OH’ (3-1)
Mg** + 20H — Mg(OH), (3-2)
NH4OH (g + HCO3™ <> CO3% + NH;" + H,0 (3-3)
Ca’* + COs* — CaCO3 (3-4)

Figure 3.3 shows the percentage of Mg?* and Ca®* recovered from reject brine through the
addition of different molar amount of NH,OH, which was calculated by measuring the ion
concentration in the reject brine both before and after the reaction. The amount of Mg and Ca**
precipitated from the reject brine increased with the amount of NH,OH addition. The ion product
(IMg*][OH1?) was calculated to be 7>10™° mol®I® at pH 10, which was larger than the
solubility product constant of Mg(OH), (1.8<10™ mol® I®) (Sillé, Martell et al. 1964). This
formed a supersaturation for Mg(OH), and enabled the reaction between OH™ with Mg®* to form
Mg(OH),. The COz*/HCO5 ratio in the solution determines the amount of carbonates formed
and the equilibrium pH equals to 10.3. Since when a lower amount of NH;OH (< 6.36 ml) was
used, the pH of the solution was lower than 10.3 as shown in Figure 3.1, limiting the formation
of CO3% in the solution. Therefore, a higher content of Mg?* than Ca®* was precipitated when a
lower amount of NH,OH (< 6.36 ml) was used. As the amount of NH,OH increased beyond 6.36
ml, the increased amount of OH" in the solution achieved a sufficient level to react with both
Mg®*, COs* and Ca®*, thereby increasing the amount of CaCOs in the precipitates. As the
amount of NH,OH exceeded 16.96 ml, the percentage of Mg®* and Ca*" recovered reached a

plateau due to the equilibrium reached in the supernatant liquid.
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Figure 3.3 Percentage of Mg?" and Ca®" sequestrated from reject brine as a function of NH,OH

dosage

The Mg**/Ca?* ratio was also used as an indicator of the purity level of the resulting Mg(OH)-
precipitates. As seen in Figure 3.3, Mg?*/Ca®" peaked at about 12.5 when 6.36 ml of NH,OH was
added into the reject brine. This was because the initial pH was lower than 10.3, the formation of
carbonates was prevented, therefore reducing the supersaturation for CaCO3 and contributing to
a lower precipitation of CaCOs in the solution. Therefore, a NH,OH to Mg®" ratio of 6 was
determined as the most optimum ratio out of the different values used in this study for the
precipitation of Mg(OH),, which was further calcined to produce reactive MgO with a high
purity.

3.3.3. Characterization of the synthesized Mg(OH),

3.3.3.1. XRD

Figure 3.4 shows the XRD diffractograms of synthesized Mg(OH), obtained from the reaction
between reject brine and different amounts of NH,OH. The crystalline peaks observed were
mainly attributed to Mg(OH), along with smaller amounts of CaCOs, which was present in the
crystal form of aragonite. The presence of Mg in the reject brine inhibited the precipitation of

calcite and favoured the formation of aragonite, which was in line with the findings of earlier
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studies (Berner 1975). As shown in Figure 3.4, the relative intensity of the peaks corresponding
to Mg(OH), and CaCO3 varied as the amount of NH,OH increased, which reflected the changes
in the crystallinity and chemical composition of the precipitants. The relative intensity of the
peaks corresponding to CaCOg increased along with the increasing amount of NH,OH, which

indicated the increased content percentage of CaCOgs in the precipitants.
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Figure 3.4 XRD diffractograms of Mg(OH), obtained from the reaction of 200 ml reject brine
with different amounts of NH,OH

3.3.3.2. FESEM

The morphologies of the synthesized Mg(OH), obtained with the addition of different amounts
of NH,OH are shown in Figure 3.5. A flake-like morphology with an average agglomerate size
of 10-15 um was observed in all cases, similar to the findings reported earlier in literature
(Alvarado, Torres-Martinez et al. 2000, Behij, Hammi et al. 2013, Guo, Pei et al. 2015). As
shown in the Figure 3.5, the amount of NH,OH did not have a significant influence on the

morphology of Mg(OH), synthesized from reject brine.
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Figure 3.5 FESEM images of Mg(OH), obtained from the reaction of 200 ml reject brine with (a)
2.12, (b) 4.24, (c) 6.36, (d) 8.48, (e) 10.6, (f) 12.72, (g) 14.84, (h) 16.96 and (i) 19.08 ml of

NH4OH as collected by filtration through a 45 um membrane followed by vacuum drying and

grinding to pass a 125 um sieve

3.3.3.3. TG/DTA

Figure 3.6 illustrates a typical TG/DTA graph of the synthesized Mg(OH), obtained by adding
6.36 ml of NH4OH to react with the reject brine. The dehydration of Mg(OH), takes place
between 340 and 440 <C and resulted in a weight loss of around 25.5% due to the loss of H,O
from the system. The second reaction, attributed to the decarbonation of CaCO3, which led to the

release of CO,, was observed between 650 and 750 <C, resulting in a weight loss of 2.5%.
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Figure 3.6 Typical TG/DTA curve of Mg(OH), obtained from the reaction of 200 ml reject brine
with 6.36 ml of NH,OH

Table 3.2 summarizes the peak temperatures observed during the thermal decomposition of
Mg(OH), and corresponding weight losses at each reaction. The weight loss due to the
dehydration of Mg(OH), (i.e. between 340 and 440 <C) showed a decreasing trend, while the
weight loss due to the decarbonation of CaCOj3 (i.e. between 650 and 750 <C) increased with the
amount of NH,OH. The peak temperature at which CaCO3; decomposed into CaO and CO,
increased significantly from 655.4 to 747.2 <C with the increase in the amount of NH4OH. This
could be attributed to the poorly crystalline structure of CaCOj3that formed when lower amounts
of NH,OH were reacted with the reject brine (Johnson 2002). This was consistent with the XRD
patterns shown earlier in Figure 3.4, where sharper and narrower CaCO3 peaks were detected
under higher NH,OH dosages.
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Table 3.2 TG/DTA results of Mg(OH), obtained from the reaction of 200 ml reject brine with
different amounts of NH,OH

NH,OH 1% peak Weight loss between 2" peak Weight loss between

(ml) temperature (C) 340-440<C (%) temperature (C) 650-750CT (%)

2.24 391.3 24.9 655.4 0.7
4.24 393.4 24.2 691.0 1.3
6.36 406.8 25.5 702.9 2.5
8.48 393.4 25.1 691.0 1.5
10.6 407.3 25.3 706.9 2.2
12.72 408.9 24.5 706.9 2.9
14.84 409.8 23.8 738.1 4.0
16.96 403.8 23.0 725.4 4.9
19.08 405.8 20.0 747.2 9.2

Table 3.3 lists the compositions of the synthesized Mg(OH),, which were calculated according to
the TG/DTA results listed in Table 3.2 as well as the ICP-OES results shown in Figure 3.3. Both
measurements revealed similar trends, which indicated a decrease in the amount of Mg(OH),
accompanied with an increase in the amount of CaCO3; as the amount of NH,OH increased.
According to the result of TGA, the synthesized Mg(OH), achieved up to 98% in purity when
2.24 ml of NH,OH was added into the reject brine. While ICP-OES test indicated the highest
purity of Mg(OH), of 97.3% was achieved when 6.36 ml of NH,OH was added. However, low
dosages of NH4OH cannot achieve the supersaturation for the formation of Mg(OH),, leading to
a lower yield of precipitates. As such, a NH,OH to Mg®* ratio of 6 at a NH,OH content of 6.36
ml, which led to a Mg?* yield of 70% (Figure 3.3) and a Mg(OH) with a purity of 93.5% (Table
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3.3), was chosen for the large scale production of Mg(OH),, which was then calcined to produce

reactive MgO.

Table 3.3 Chemical composition of the synthesized Mg(OH), based on TG/DTA and ICP-OES

results
TG/DTA ICP-OES
NH,OH (ml)
Mg(OH)2(%) CaCOs;(%)  Mg(OH)2 (%) CaCOs(%)
2.24 98.0 2.0 96.6 34
4.24 96.4 3.6 96.9 3.1
6.36 935 6.5 97.3 2.7
8.48 95.9 41 90.2 9.8
10.6 94.2 5.8 89.2 10.8
12.72 92.4 7.6 86.9 13.1
14.84 89.5 10.5 80.9 19.1
16.96 87.0 13.0 78.4 21.6
19.08 75.6 24.4 78.3 21.7

3.3.4. Characterization of the synthesized reactive MgO

3.3.4.1. XRD
The Mg(OH), obtained at a NH4OH to Mg?" ratio of 6 was calcined at 500 <C for 2 hours in a

furnace for the production of reactive MgO, whose XRD patterns are shown in Figure 3.7. The

main peak positions of the synthesized reactive MgO matched well with the reference peaks of
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MgO (JCPDS # 89-7746) with few minor peaks attributed to the presence of calcite, which may
have formed from the transformation of aragonite at higher temperatures (Kontoyannis and
Vagenas 2000). The lack of Mg(OH), peaks was an indication that all the initially used brucite
fully decomposed at the calcination conditions used (i.e. 500 <C for 2 hours), resulting in the

formation of reactive MgO.

C = Calcite/CaCO, 500 "C@2h

M = MgO
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Figure 3.7 XRD diffractograms of the produced reactive MgO

3.3.4.2. FESEM

Figs. 8(a) and (b) illustrate the morphology of the reactive MgO produced from the calcination of
Mg(OH), at 500 <C. A plate-like morphology, which was inherited from the parent material
brucite as was shown in Figure 3.5, was observed throughout the microstructure of MgO.
Different from the closely packed structure of brucite, MgO demonstrated a more porous
structure due to the loss of water molecules during the decomposition of brucite into MgO. This
finding was in agreement with previous studies (Alvarado, Torres-Martinez et al. 2000, Mo,

Deng et al. 2010), in which the porous plate-like morphology of MgO calcined from magnesite

50



was reported. The main difference between the morphology shown in Figure 3.8 and those
reported in relevant literature was the much smaller particle size of the MgO grains in the former

due to the low calcination temperature (500 <C) utilized in its production.

Figure 3.8 FESEM images of the reactive MgO produced at 500 <C at different magnifications of
(a) x14,000 and (b) x30,000
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Figure 3.9 presents a comparison between the SSA values of the reactive MgO obtained from
reject brine in this study and 12 different commercial MgO samples presented in an earlier study
(Jin and Al-Tabbaa 2014). The synthesized reactive MgO, referred to as “SRM”, achieved a SSA
of 78.8 m?/g, which was higher than the SSA of most of the MgO samples obtained via the dry
route (i.e. through the calcination of magnesite). Alternatively, the SRM revealed a lower SSA
when compared to the MgO samples obtained via synthetic routes. This could be attributed to the
higher impurity level of SRM (90.8%) compared to the commercial synthetic MgO samples (e.g.
DSP (99.2%) and N50 (97.7%)). The presence of the main impurity CaCO3, who also possessed
a low SSA, have also contributed to the generally lower reactivity of SRM amongst the
synthetically produced MgO samples.

Regardless of the different SSA comparisons, the SRM obtained in this study can be classified
under “category I” referring to highly reactive MgO with an SSA of over 60 m?/g according to
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the classification of reactive MgO proposed by (Jin and Al-Tabbaa 2014). Furthermore, it must
be kept in mind that the SSA and therefore the reactivity of the MgO synthesized from the reject
brine as presented in this study can be further increased with an optimization of production

conditions.
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Figure 3.9 SSA of the synthesized reactive MgO (SRM) compared with 12 commercial MgO
samples reported in (Jin and Al-Tabbaa 2014)

3.4. Conclusions

This study shed light on the significant potential of reject brine in the recovery of Mg®* and the
synthesis of reactive MgO with a wide range of potential applications. The obtained results
demonstrated the feasibility of synthesizing reactive MgO from reject brine obtained from a
desalination plant. NH4,OH was used as alkali source to precipitate Mg(OH), from reject brine.
The influence of the amount of NH,OH was investigated to optimize the yield and increase the
purity of the precipitates. An optimum NH4OH to Mg®* ratio of 6, which resulted in a high Mg
content while minimizing Ca-based impurities, was determined. This led to the synthesis of
Mg(OH), with a high purity of 93.5%, which was further calcined at 500 <C for 2 hours to
produce highly reactive MgO with a SSA of 78.8 m?/g. A comparison of the produced MgO with
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commercially available reactive MgO samples indicated its capability to be used in different

applications necessitating the use of reactive MgO with a high SSA.
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Chapter 4 Recovery of reactive MgO from reject brine via the
addition of NaOH

4.1. Introduction

While previous studies (Turek and Gnot 1995, Dave and Ghosh 2005, El-Naas 2011, Tran, Van
Luong et al. 2013, Khuyen Thi, Han et al. 2016, Hao 2017) have reported the synthesis of MgO
or its derivatives from seawater, natural brine or synthetic solutions, this study aims to explore
the feasibility of the recovery of Mg?* from reject brine collected from a local desalination plant.
The proposed method involves the addition of NaOH, which serves as a pH adjuster and controls
the pH of the solution. Unlike Ca-bearing bases, which often lead to the precipitation of a Ca-
based compound (e.g. CaCO3) along with Mg-phases, the use of NaOH can increase the purity of
Mg-based precipitates. Furthermore, when compared with other bases (e.g. NH4,OH, KOH and
Na,COs3), NaOH possesses other advantages in terms of health and safety, cost effectiveness and
base strength it provides (Dong, Unluer et al. 2017). This research presents a comprehensive
study on the synthesis of Mg(OH), and production of reactive MgO from reject brine via the use
of NaOH. The key parameters affecting the properties of the synthesized Mg(OH), and its
calcination to produce reactive MgO were investigated. Several techniques were utilized to
characterize the synthesized Mg(OH), and MgO including inductively coupled plasma-optical
emission spectroscopy (ICP-OES), X-ray powder diffraction (XRD), field emission scanning
electron microscopy (FESEM), thermogravimetric and differential thermal analysis (TG/DTA),
Brunauer-Emmett-Teller (BET) analysis and acid neutralization. The costs of the production of
reactive MgO from reject brine via the addition of NaOH compared with NH,OH and CaO were
also calculated to evaluate the utilization of reject brine from an economic standpoint. Results
obtained at the end of this study were used to demonstrate the use of reject brine as an alternative
source for the recovery of MgO with a high reactivity.
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4.2 Materials and Methodology

4.2.1 Materials

Reject brine was collected and sampled from a local desalination plant in Singapore, which
adopts a reverse osmosis (RO) membrane system to purify saline water and produce drinkable
water for human use. These membranes reject more than 99.5% of the dissolved salts and
suspended materials in the feedwater, resulting in a highly concentrated reject waste stream
which contains suspended constituents and a 2- to 7-fold increased concentration of dissolved
salts (Fritzmann, Lowenberg et al. 2007, Greenlee, Lawler et al. 2009, Elimelech and Phillip
2011). Prior to any analysis, the reject brine was first passed through a 45 um membrane filter to
remove the large suspended solids. The pH of the as-received reject brine was measured and
recorded at a value of ~8.0 throughout all experiments. The chemical composition of the reject
brine, obtained via inductively coupled plasma-optical emission spectroscopy (ICP-OES) and ion
chromatography (IC), is summarized in Table 4.1. Along with Mg?*, which was present at a
concentration of 1718 ppm, other cations such as Na*, K* and Ca*" were also identified in the
reject brine. Sodium hydroxide (NaOH, reagent grade, pellets) supplied by VWR Pte Ltd in

Singapore, was used as the alkaline base in the current study.

Table 4.1 Chemical composition of the reject brine used in this study

Element Cl Na SO, Mg K Ca Sr B Si Li P Al

Concentration 55243 13580 4423 1718 8457 4713 146 3.840.
(ppm) 4586 #12 78 454 #48 #H2 #1 1

37 03 02 01

4.2.2 Methodology

Different amounts of NaOH solution (16 M) were added into 200 ml of reject brine to study the
influence of NaOH/Mg?* molar ratio (ranging from 2 to 4) on the recovery of Mg?*. The solution
was mixed at constant speed of 300 rpm by a magnetic stirrer at room temperature (25 <C). A
pH/thermometer probe was used to monitor and record the temperature and pH of the reaction in

the solution. NaOH solution was added into reject brine at once and the initial pH of solution was
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recorded. Experiment was terminated when the pH of the solution stabilized. The solids were
separated from the residual brine through a centrifuge after precipitation. After the solids were
collected, they were re-dispersed and washed thoroughly by ultra-pure water in
an ultrasonic bath to remove surface-attached ions. The washed solids were separated from the
solution through a centrifuge. and washed three times. The washed solids were then oven-dried
at 105 T for 24 hours before grinding into powder form. The ground samples were calcined at
pre-determined temperatures (500-700 <C) and durations (2-12 hours) in an electric furnace to

produce reactive MgO.

Several techniques were utilized to characterize the synthesized Mg(OH), and MgO. X-ray
powder diffraction (XRD) was performed via a Bruker D8 Advance with a Cu Ka source under
the operation conditions of 40 kV and 40 mA, emitting radiation with a wavelength of 1.5405
angstroms, scan rate of 0.02 °/step, and a 20 range of 5 to 70° A JSM-7600F thermal field
emission scanning electron microscopy (FESEM) was used to analyze the microstructure of the
solids by imaging powder surface. The decomposition of each sample was studied via
thermogravimetric and differential thermal analysis (TG/DTA) using a PyrisDiamond TGA 4000
operated at a heating rate of 10 <C/min under air flow. The specific surface area (SSA) of the
synthesized samples was obtained by Brunauer-Emmett-Teller (BET) analysis from nitrogen
adsorption-desorption isotherms using a Quadrasorb Evo automated surface area and pore size
analyser. The reactivity of MgO was measured by acid neutralization, during which 0.28 grams
of the synthesized MgO was added into 50 ml of 0.07 mol/L citric acid solution along with
phenolphthalein (i.e. pH indicator). The neutralization time was measured and reported as an
indicator of reactivity (Shand 2006, Mo, Deng et al. 2010).

Another important aspect of the production of reactive MgO from reject brine is the economic
feasibility of the overall process. The whole costs are mainly from the raw material cost and the
energy cost in the calcination process to obtain reactive MgO. The results were further supported
to compare with the market price of MgO via a dry-route.
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4.3 Results and Discussion

4.3.1 Recovery of Mg and Ca?* from reject brine

The formation of Mg(OH), was observed via the reaction between the Mg?* in the reject brine
and OH" provided by NaOH. The addition of NaOH also enabled the conversion of HCO3',
present in the reject brine, to COs®. This led to a reaction of COs* with Ca** and resulted in the
precipitation of CaCOs. The reaction paths observed during this process are shown in Equations
4-1 to 4-4 below.

NaOH(q — Na'+ OH (4-1)
Mg®* + 20H — Mg(OH), (4-2)
NaOH ) + HCO; <> CO3* + Na* + H,0 (4-3)
Ca’* + CO3” > CaCO; (4-4)

The kinetics of the reaction between reject brine and NaOH reflected by the change of pH are
summarized in Figure 4.1. The pH value of reject brine before the addition of NaOH was ~8.0
throughout all experiments. A rapid reaction was observed, which was completed in less than 30
minutes as the pH reached an equilibrium state. The pH increased with the molar ratio of
NaOH/Mg?*. This was due to the increased concentration of OH™ provided by the higher amounts
of NaOH introduced into the solution, whereas a smaller increase was observed at NaOH/Mg?*

ratios above 2.5.
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Figure 4.1 pH of the reaction between reject brine and NaOH at different NaOH/Mg?* ratios

Figure 4.2 shows the recovery rate of Mg®* and Ca*" in weight percentage after the reaction of
reject brine with NaOH. As can be seen, the recovery rates for both Mg®* and Ca®" increased
with increasing NaOH/Mg®* molar ratio, which achieved a similar recovery level of 94-99% of
Mg as reported in (Casas, Aladjem et al. 2014). The recovered Mg?*/Ca®" ratio was used as an
indication of the purity level of the resulting Mg(OH), precipitates. As shown in Figure 4.2,
Mg**/Ca?* was highest (19.6) at a NaOH/Mg?* ratio of 2 and decreased with increasing
NaOH/Mg?* ratio. This was because at a NaOH/Mg** molar ratio of 2, the ion product in the
solution ([Mg®*][OHT]? = 7x10®%° mol® I®, pH = 11.2) was larger than the solubility product
constant of Mg(OH), (1.8<10"** mol® I®) . The supersaturation condition enabled the reaction
between OH™ and Mg?* and the formation of Mg(OH),. Furthermore, pH increased with
increasing NaOH/Mg?*, which provided excessive OH™ in the solution to attack HCOs5". This
caused in a shift in Equation 4-3 towards the right hand side, resulting in the generation of
additional CO3%". The excessive CO3” reacted with Ca®* in the solution to produce more CaCOs,

thus lowing the overall Mg**/Ca®" ratio.
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Figure 4.2 Percentage of Mg?* and Ca’* sequestrated from reject brine as a function of the
NaOH/Mg** molar ratio

4.3.2 Characterization of the synthesized Mg(OH);

4.3.2.1 XRD

Figure 4.3 shows the XRD diffractograms of Mg(OH), obtained from the reaction of reject brine
and NaOH at different NaOH/Mg?* molar ratios. The diffraction patterns of all samples
demonstrated the presence of Mg(OH), along with CaCOs. A shift in the crystal structure of
CaCO; from aragonite to calcite was observed at increased NaOH/Mg?* ratios. This could be
attributed to the presence of Mg?* in brine, which inhibited the precipitation of calcite and
favored the formation of aragonite at low NaOH/Mg?* ratios (Berner 1975). Alternatively, the
high pH of the solution at elevated NaOH/Mg?* ratios, at which the influence of Mg®* was
minimal, favored the formation of calcite.
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Figure 4.3 XRD diffractograms of Mg(OH), obtained from the reaction of reject brine with
NaOH at different NaOH/Mg** molar ratios

4.3.2.2 FESEM

The morphologies of Mg(OH), samples obtained at different NaOH/Mg®* molar ratios were
investigated by FESEM, as shown in Figure 4.4. A plate-like morphology was observed at a
NaOH/Mg?* ratio of 2. The morphology of Mg(OH), transformed into a granular pattern
consisting of a denser structure at increased NaOH/Mg** ratios, which could be due to the
increased pH of the solution. This was because higher pH values led to the generation of higher
concentrations of OH™ in the solution. The increased availability of OH™ accelerated the
nucleation of Mg(OH), crystals and enabled the formation of larger amounts of Mg(OH),,
facilitating the densification of the overall structure.
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Figure 4.4 FESEM images of Mg(OH), obtained from the reaction of reject brine with NaOH at
different NaOH/Mg** molar ratios of (a) 2, (b) 2.5, (c) 3 and (d) 4

4323 TG/DTA

Figure 4.5 illustrates a typical TG/DTA graph of Mg(OH), obtained via the reaction of brine
with NaOH at a NaOH/Mg** molar ratio of 2. The dehydration of Mg(OH), took place at
~400 T and resulted in a mass loss of around 24.2%, which was attributed to the loss of water.
The decomposition patterns observed during TG/DTA were in line with previous studies that
investigated the decomposition of Mg(OH), into MgO (Eubank 1951, Itatani, Koizumi et al.
1988, Alvarado, Torres-Martinez et al. 2000, Mo, Deng et al. 2010). The second endothermic
peak, observed at ~720 <C, was due to the decarbonation of CaCOs. The decomposition of

CaCOgs led to the release of CO», resulting in a mass loss of around 2.3%.
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Figure 4.5 A typical TG/DTA curve of Mg(OH), obtained from the reaction of reject brine at a
NaOH/Mg?* molar ratio of 2

Table 4.2 summarizes the TG/DTA results of Mg(OH), obtained from the reaction of brine with
NaOH at various NaOH/Mg?* ratios ranging between 2 and 4. The results show that the mass
loss due to dehydration of Mg(OH), at ~400 <TC slightly decreased (24.2 to 22.6%), while the
mass loss due to decarbonation of CaCO; at ~720 <C slightly increased (2.3 to 3.9%) with
increasing NaOH/Mg?"* ratios. This was mainly attributed to the increased content of CaCOs in
the precipitates at higher NaOH/Mg?* ratios, which was in line with the findings shown in Figure
4.2.
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Table 4.2 TG/DTA results of the decomposition of Mg(OH), obtained from the reaction of reject
brine with NaOH at different NaOH/Mg?* ratios

Mg~/  Peak Mass loss between Peak Mass loss between

NaOH temperature (C) 650-750 T (%)
temperature (C) 340-440 T (%)

1:2 402.2 24.2 715.3 2.3

1:25 4012 23.5 721.1 3.2

1:3 400.8 23.3 719.3 3.5

1:4 404.1 22.6 724 3.9

Table 4.3 Composition of synthesized Mg(OH), based on TG/DTA and ICP-OES results

Mg“~*/NaOH TG/DTA ICP-OES

Mg(OH), CaCOg3 Mg(OH), CaCOg3

(%) (%) (%) (%)
1:2 93.7 6.3 95.4 4.6
1:25 91.2 8.8 91.2 8.8
1:3 90.4 9.6 90.6 9.4
1:4 89.2 10.8 88.1 11.9

Table 4.3 compares the compositions of the synthesized Mg(OH), based on the TG/DTA (

Table 4.2) and the ICP-OES (Figure 4.2) results. Both measurements revealed similar trends,
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showing a decrease in the mass percentage of Mg(OH),, accompanied with an increase in the
mass percentage of CaCOj3; (and thus a decrease in the purity of precipitates) with increasing
NaOH/Mg?* molar ratios, which was further discussed in Section 3.1. Accordingly, the highest
amount of Mg(OH), (93.7% by TGA and 95.4% by ICP-OES) was synthesized at a NaOH/Mg**
molar ratio of 2. Therefore, this ratio was chosen as the optimum condition for the subsequent

production and characterization of reactive MgO.

4.3.3 Characterization of the synthesized reactive MgO

4.3.3.1 SSA

Figure 4.6 presents the SSA of the reactive MgO obtained under different calcination conditions.
In general, SSA reduced with increasing calcination temperature and duration, which was in line
with the findings of previous studies (Eubank 1951, Itatani, Koizumi et al. 1988, Alvarado,
Torres-Martinez et al. 2000, Mo, Deng et al. 2010). This was associated with the sintering and
agglomeration of MgO grains at higher temperature and prolonged residence times. In the
current study, the highest SSA of 51.4 m?g was obtained when the synthesized Mg(OH), was
calcined at 500 °C for 2 hours. When compared to other studies, the SSA value (51.4 m?/g)
obtained under these conditions was significantly higher than the results presented in the
literature, where MgO synthesized from a magnesium chloride solution via the addition of NaOH
and calcined under the same conditions (i.e. 500 °C for 2 hours), was reported to possess a SSA
of 22.1 m?/g (Venkatesha, Viswanatha et al. 2012). However, compared with our previous study,
MgO calcined at 500 <C for 2 hours from reject brine via the addition of NH,OH showed a
higher SSA of 78.8 m?/g (Dong, Unluer et al. 2017). This could be because the use of NaOH as
the alkali source was found to form Mg(OH), with a globular cauliflower-like morphology;
while the use of NH,OH resulted in a more porous plate-like morphology (Dong, Unluer et al.
2017). A relative more porous mother precursor would result in @ more porous MgO, thus a
higher reactivity. These values can be optimized even further with an adjustment of the
calcination temperature and duration towards the lower range, while enabling the complete

decomposition of Mg(OH),.
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Figure 4.6 SSA of MgO produced under different calcination temperatures and durations

4.3.3.2 Reactivity

Figure 4.7 shows the acid reactivity of MgO obtained under different calcination conditions. An
increase in the neutralization time was observed with increasing calcination temperature and
duration, which reflected the reduction in the reactivity of MgO. This observation corresponded
well with the SSA measurements reported earlier in Figure 4.6. A comparison of the reactivity
and SSA of MgO is shown in Figure 4.8, where the inverse correlation between the two
parameters was revealed. Accordingly, MgO samples with higher SSA resulted in shorter acid
neutralization times, which was an indication of their higher reactivities. These findings were in
line with those reported in earlier studies (Mo, Deng et al. 2010, Jin and Al-Tabbaa 2014), where
a direct correlation between the SSA and reactivity of MgO was reported. The acid test shows a
good indicator of the difference between the reactivity of various MgO samples obtained under a

range of calcination conditions, as presented in this study.
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Figure 4.8 Relationship between the SSA and the reactivity of MgO

4.3.3.3 XRD

Figure 4.9 illustrates the diffractograms of MgO obtained via the calcination of Mg(OH),, which
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was synthesized at a NaOH/Mg?* molar ratio of 2. The main peak positions of the synthesized
MgO were located at ~37.0< 42.9<and 62.3°26, which matched well with the reference peaks of
MgO indicated in JCPDS card no. 89-7746. These peaks were accompanied with a few minor
peaks attributed to CaCOs;. The absence of Mg(OH), peaks indicated the complete
decomposition of brucite under the calcination conditions adopted in this study. Aragonite,
which was initially present along with Mg(OH),, transformed into calcite at higher calcination
temperatures of 600 T (Kontoyannis and Vagenas 2000). A further increase in the calcination
temperature (700 <C) and duration led to a reduction in the intensity of the calcite peaks due to

decomposition of CaCOs.
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Figure 4.9 XRD diffractograms of reactive MgO produced via the calcination of Mg(OH), under

different temperatures and durations

4.3.3.4 FESEM

A further investigation on the influence of calcination temperature and duration on the SSA of
MgO was revealed through FESEM. The changes in the microstructure of MgO at increased
temperatures and durations are indicated in Figure 4.10, which is a good indication of the typical

morphology of MgO produced at a calcination temperature of 500-700 <C and a residence time
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of 2-12 hours. The microstructure of MgO was composed of a single particle which was a
combination of several grains. A plate-like morphology, which was inherited from the parent
material (Mg(OH),), was observed throughout the microstructure of MgO produced at lower
temperatures. An increase in the particle size, accompanied with the creation of a more porous
structure, was observed at increased temperatures and durations. The loss of water during the
decomposition of Mg(OH); led to the formation of a porous structure, which gradually reduced
with the increase in the size of the MgO grains due to continued sintering, causing a reduction in

the total pore volume.

Figure 4.10 FESEM images of MgO obtained from the calcination of Mg(OH), under different
conditions: (a) 500<C-2h, (b) 500<C-6h, (c) 500<C-12h, (d) 600<C-2h, (e) 600<C-6h, (f) 600<CT-
12h, (g) 700<C-2h, (h) 700<C-6h and (i) 700<C-12h
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4.3.4 Economic feasibility

The costs of the production of reactive MgO from reject brine via the addition of NaOH
compared with NH3 and CaO were also calculated to evaluate the utilization of reject brine from
an economic standpoint as shown in Figure 4.11. The total costs are mainly from the raw
material cost, e.g. NaOH, NH3 and CaO, and the energy cost in the calcination process to obtain
reactive MgO. Reject brine is the waste water produced at the end in the desalination plant, thus,
the material cost and energy cost of reject brine are assumed to be zero. The transportation of
raw materials and the grinding and packing of reactive MgO products are not considered into the
calculation since they do not contribute significantly to the overall process. The prices of NaOH,
NH; and CaO are reported to be ~$370/ton NaOH (S$571/tonne NaOH) (Fukushima 2016),
~$340 per ton NH3 (S$525/tonne NH3) in 2016 (Jones 2016), and ~$110/ton CaO (S$170/tonne
Ca0) (USGS 2012), respectively. Since a production yield of 1 tonne of reactive MgO requires 2
tonnes of NaOH, 1 tonne of NHj3 or 1.4 tonne of CaO as the base source, the material costs are
calculated to be S$1142/tonne MgO, S$525/tonne MgO and S$238/tonne MgO, respectively.

After the addition of NaOH into reject brine to precipitate Mg(OH),, Mg(OH), was in the form
of filter cake which was composed of 55.2% solids. The energy consumption in the calcination
of Mg(OH); filter cake is derived by considering two steps: (i) the energy consumed to increase
the temperature from room temperature (298 K, 25 <C) to the decomposition temperature of
Mg(OH), (773K, 500 <C), (ii) the enthalpy in the decomposition process of Mg(OH), (Shand
2006). A production yield of 1 tonne of MgO requires decomposing 1.45 tonne of pure Mg(OH),
and the decomposition temperature of Mg(OH), under one atmosphere CO, pressure is in the
range between 773 K and 973 K (500 and 700 <C). Firstly the energy required to raise the
temperature from ambient air (298 K) to the decomposition temperature (773 K) is calculated
using the formula: C, x<increase in temperature (K). The specific heat capacity (C,) of Mg(OH),
at 773 K is 1.78 kJ/kg K, which results in the energy demand of 1.15 GJ in consideration of the
purity of the synthesized Mg(OH), of ~94%. The energy required for the decomposition of
Mg(OH); is calculated based on the enthalpy of decomposition (1304 kJ/kg), which brought in
1.77 GJ. As for the free water, the energy required to raise the room temperature (298 K) to
boiling point (373 K) is calculated based on the specific heat capacity of water (4.18 kJ/kg K)

and the percentage of water in the filter cake (44.8%), resulting in 0.37 GJ. This is followed by
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the enthalpy of the vaporization of water (2283 kJ/kg), resulting in 2.69 GJ. Finally the energy
required to heat up the resultant steam to 773 K is calculated via the heat capacity of water
vapour (1.86 kJ/kg K), bringing in 0.88 GJ. The total energy required for the calcination process
is the summation of the energy required for each individual step, resulting in a total of 6.85 GJ
(1902.8 kWh) for the production of 1 tonne reactive MgO from reject brine via the addition of
NaOH, which is also applicable to reactive MgO produced from reject brine via the addition
NH4OH or Ca(OH),. As of 2015, Singapore uses natural gas (95%) and others (4%) for the
power generation at a price of 20.2 cents per kWh (EMA 2016), which results in an energy cost

of 384 S$ to product 1 tonne reactive MgO from reject brine via the addition of NaOH, NH; or
CaO.
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Figure 4.11 Costs of the production of reactive MgO from reject brine via the addition of NaOH

compared with NH3 and CaO

When integrating the material cost and energy cost, the overall process requests the final cost to
be S$1526/tonne MgO produced from reject brine via the addition of NaOH, compared to
S$909/tonne MgO via the addition of NH,OH, which can further decrease to S$622/tonne MgO
if CaO is used. The market price of MgO via a dry route in the US market was reported to be
$400/ton MgO (S$617/tonne MgO) (Bogner 2015). Thus, a cheaper base alternative would make

the production of reactive MgO from reject brine more economically feasible. Furthermore,
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synthetic MgO from reject brine shows a much higher purity and reactivity compared to the dry
route as the SSA of commercial MgO is usually ~20 m?/g (Shand 2006), which makes it even
more competitive in the global market.

4.4 Conclusions

This study presented a comprehensive investigation on the synthesis of Mg(OH), and production
of reactive MgO from reject brine via the use of NaOH. The key parameters affecting the
properties of the synthesized Mg(OH), and its calcination to produce reactive MgO were
revealed. The results demonstrated the feasibility of recovering reactive MgO from reject brine
obtained as a waste at the end of the desalination process. The initial set of experiments
successfully demonstrated the use of NaOH as an alkali source in the precipitation of Mg(OH),
from reject brine. The effect of the NaOH/Mg?** ratio on the final yield was investigated with the
goal of optimizing the amount and purity of the synthesized Mg(OH). An optimum NaOH/Mg?*
ratio of 2, which generated the highest purity of Mg(OH),, was determined and used in the
subsequent production of MgO. The influence of calcination conditions (i.e. temperature and
residence time) on the reactivity of MgO obtained via the calcination of the synthesized
Mg(OH), were reported. While a certain minimum temperature was required for the complete
decomposition of Mg(OH), into MgO, an increase in the calcination temperature and duration
lowered the reactivity of MgO. Calcination of Mg(OH), at 500 <€ for 2 hours resulted in the
most reactive MgO samples, with a SSA of 51.4 m?/g. This study demonstrated that reject brine
can be considered as a feasible and economic alternative source for the sustainable recovery of
MgO with a high reactivity, especially suitable for those countries without magnesite reserves,
which can be used in various applications within the food, cosmetics, pharmaceutical and

construction industries (Kramer , Lee, Jung et al. 2004, Shand 2006).
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Chapter 5 Characterization and comparison of MgO recovered

from reject brine obtained from desalination plants

5.1. Introduction

The feasibility of producing MgO with a high reactivity from reject brine via the addition of
NH4OH and NaOH has been presented in previous studies (Dong, Unluer et al. 2017, Dong,
Unluer et al. 2018). One of the main factors determining the efficiency of the overall synthesis
was the type and amount of the base introduced into the reject brine. Accordingly, the
characteristics of Mg(OH), and resulting MgO significantly varied, especially in terms of their
reactivity and microstructure, under the use of different bases. Furthermore, the synthesis
temperature was accounted for the size of the platelets as the lower the synthesis temperature, the
higher the diameter. However, the influence of base type, reaction condition and calcination
conditions on the texture properties (SSA and pore size distribution) and reactivity of the MgO

has yet been revealed.

For the accurate characterization of the final product, the relationship between the reaction
condition, such as the base type, and the reactivity of MgO must be clearly comprehended.
Establishing clear links between its production conditions and final properties will enable the
effective use of MgO and the identification of the right applications in line with its capabilities.
With this goal in mind, this paper presents a comprehensive characterization of MgO obtained
via the calcination of Mg(OH), precipitated using two different bases (NH,OH and NaOH) and
compares the properties of the final product produced under different calcination conditions. The
obtained results shed a light on the influence of different base environments and calcination
conditions on the properties of MgO and highlight potential application areas that can benefit
from the end product.
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5.2. Materials and Methodology

5.2.1. Materials

Reject brine, whose cation composition obtained via inductively coupled plasma-optical
emission spectroscopy (ICP-OES) is listed in Table 5.1, was provided by a local desalination
plant in Singapore. Ammonium hydroxide solution (NH4OH, 25.0 % NHj3 content) and sodium
hydroxide (NaOH), used as the alkaline sources in the synthesis of Mg(OH),, were supplied by
Sigma-Aldrich and VWR Pte Ltd in Singapore, respectively.

Table 5.1 Chemical composition of reject brine used in this study

Element/

Concentra Cl Na SO, Mg K Ca Sr B Si Li P
tion

opm 65593.1+ 16124.3+ 4322+ 1679.0+ 808.5+ 563.6+ 53#) 453 0. 0. 0. O

66.3 55.8 8.8 5.5 5.4 11 1 1 5 4 2 1

5.2.2. Methodology

The first step involved the synthesis of Mg(OH), from reject brine via the addition of the bases,
in line with the procedure explained in detail in previous studies (Dong, Unluer et al. 2017, Dong,
Unluer et al. 2018). NH,OH was included at a NH,OH/Mg®* molar ratio of 6, whereas NaOH
was added at a NaOH/Mg** molar ratio of 2, as optimized in the aforementioned previous studies.
Mg(OH), that precipitated at the end of the reaction shown in Equations 5-4 and 5-5 was
calcined to produce MgO, as shown in Equation 5-6. The calcination process involved the
heating of Mg(OH); at a rate of 10 <T/min to reach three different calcination temperatures (500,

600 and 700 <C), which were each maintained for three different residence times (i.e. 2, 6 and 12

hours)

Mg®* + 2NH," +20H — Mg(OH), + 2NH,* (5-4)
Mg®* +2 Na" + 20H — Mg(OH), + 2Na" (5-5)
Mg(OH), — MgO + H,0 (5-6)
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As a detailed analysis and characterization of Mg(OH), obtained via the reaction of reject brine
with NH4;OH and NaOH was presented earlier (Dong, Unluer et al. 2017, Dong, Unluer et al.
2018), this study mainly focused on the characterization and comparison of the final product,
MgO, obtained via the use of two distinct bases under different calcination conditions. A Bruker
D8 Advance with a Cu Ka source was used to perform X-ray powder diffraction (XRD) under
the operation conditions of 40 kV and 40 mA, emitting radiation with a wavelength of 1.5405 A,
scan rate of 0.02 °/step, and a 20 range of 5 to 70°. The microstructure of the solids was analyzed
by imaging powder surface via a JSM-7600F thermal field emission scanning electron
microscopy (FESEM). The thermo-property of the solids was characterized via
thermogravimetric and differential thermal analysis (TG/DTA) using a PyrisDiamond TGA 4000
operated at a heating rate of 10 <C/min under air flow. The texture properties, namely SSA and
pore volume, were determined from nitrogen adsorption-desorption isotherms using a
Quadrasorb Evo automated surface area and pore size analyzer. The SSA was calculated by
Brunauer-Emmett-Teller (BET) method, while the pore volume was determined by Barrett-
Joynet-Halenda (BJH) method. The acid reactivity of MgO was tested via the measurement of
the time duration required to neutralize the acid solution, during which 0.28 grams of the
synthesized MgO was added into 50 ml of 0.07 mol/L citric acid solution while phenolphthalein
was adopted as the pH indicator (Shand 2006, Mo, Deng et al. 2010).

5.3. Results and Discussions
5.3.1. Characterization of Mg(OH);

5.3.1.1. Textural properties and XRD

Figure 5.1 shows the XRD diffractograms of the synthesized Mg(OH), obtained via the reaction
between reject brine and two different base solutions involving the use of NH,OH and NaOH.
The two diffraction patterns presented similar phases, which were mainly attributed to Mg(OH).,
along with minor amounts of CaCOjs in the crystal form of aragonite. The purities of Mg(OH),
synthesized via the use of two different base solutions, were calculated via TG/DTA analysis.
The obtained results demonstrated a similar purity level of ~94 % for both samples. Debye-
Scherrer formula was used to calculate the crystallite size, as shown in the equation Gxrp =

KeA/(Becos(6)) (Patterson 1939). Where 4 is the wavelength of Cu Ka source as 1.5405 A, p the
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full width at half-maximum intensity (FWHM) of a Bragg reflection subtracting the instrumental
broadening, 6 the Bragg angle and K the shape factor with a typical value as 0.9. The major

characteristic peak of Mg(OH), at 38.1<(2 #) was used in this calculation.

NH4OH- and NaOH-based Mg(OH),, as calculated, possessed a crystallite size of 15.4 vs 10.5
nm, respectively. These variations could be associated with the strength of NH,OH and NaOH as
a base and the chemical nature of ions present in the solution. NaOH, which is a strong base,
ionizes completely and produces a significant number of OH" once dissolved in water. On the
other hand, NH,OH is a weaker base and electrolyte, which only ionizes to a limited extent in
water, gradually releasing OH" into the solution. The higher concentration of OH" provided by
NaOH could accelerate the reaction of Mg®* and OH, which in turn enhanced the formation of
Mg(OH), crystals, therefore resulting in a shorter reaction time. The elevated pH value created a
high supersaturation level, which formed many more nuclei and generated a faster nucleation

process, and hence smaller crystals appeared (Markov 2016).

A=aragonite (CaCO,)
B=brucite (Mg(OH),)

Intensity (a.u.)

‘ l )HpH

v v S R B T —
10 20 30 40 50 60 70 80
2 Theta ()

Figure 5.1 XRD diffractograms of Mg(OH), obtained from the reaction of reject brine with
NH;OH and NaOH
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Table 5.2 Chemical composition, crystallite size, SSA and pore volume of Mg(OH), obtained
from the reaction of reject brine with NH,OH and NaOH

Phase contents (%)

Base Gxro (M)  SSA (m%g) Pore volume (cm®/g)
Mg(OH), CaCOs
NH,OH 93.5 6.5 15.4 10.6+1.1 0.055
NaOH 93.7 6.3 10.5 7.440.6 0.029
5.3.1.2. FESEM

The morphology of Mg(OH), obtained via the addition of NH,OH and NaOH to reject brine, was
further investigated through FESEM, as shown in Figure 5.2. The use of NaOH generated a
densely packed granular morphology with relatively clear boundaries. Alternatively, those
produced via the use of NH,OH demonstrated a flake-like morphology with a more porous

structure, which was in line with the findings of previous studies (Henrist, Mathieu et al. 2003).

These microstructural observations were confirmed by BET results that revealed the SSA of
Mg(OH), produced through these two distinct routes. As shown in Table 5.2, NH40OH- and
NaOH-based Mg(OH), possessed a SSA of 10.6 vs 7.4 m®/g, with a pore volume of 0.055 vs
0.029 cm*/g, respectively. The morphological difference was believed to relate to pH and cations
present in the solution (Henrist, Mathieu et al. 2003, Hanlon, Diaz et al. 2015). The introduction
of the strong base, NaOH, set the pH of solution beyond the IEP of Mg(OH), (~12) as explained
in the aforementioned introduction section (Hanlon, Diaz et al. 2015). Furthermore, the high
supersaturation generated by NaOH enhanced the nucleation of tiny crystals, which
agglomerated together to grow denser, generating a much denser structure with a lower porosity,
therefore leading to a lower SSA. However, the addition of weak base, NH,OH, favored the

binding of OH" to the basal plane, encouraging anisotropic growth and hence formation of flakes.
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Figure 5.2 FESEM images of Mg(OH), obtained from the reaction of reject brine with (a)
NH4OH and (b) NaOH

5.3.2. Characterization of MgO

5.3.2.1. XRD

The XRD patterns of MgO, obtained from the calcination of Mg(OH),, generated via the reaction
of reject brine with NH,OH and NaOH, under different calcination conditions are shown in
Figure 5.3a and 3b, respectively. In both cases, Mg(OH), was complete decomposed into MgO
under the calcination conditions studied (i.e. 500-700 <C for 2-12 hours). The characteristic
peaks of MgO, which were located at 37.0< 43.1°and 62.3°26, matched well with the reference
peaks of MgO indicated in JCPDS card no. 89-7746. Along with MgO, a few minor peaks
attributed to CaCO3 and CaO were observed in the XRD patterns of all samples. Aragonite
(primary peaks at 47.5° and 48.6° 26) , which was initially present within the sample
composition, gradually transformed into calcite (i.e. primary peaks at 29.5°and 43.1°26) at
higher calcination temperatures (600 <C). This was because calcite processes a higher entropy
and aragonite on heating converts to calcite at temperatures above 400 € (Kontoyannis and
Vagenas 2000). A clear reduction in the intensity of the calcite peak at 29.5°26, indicated the
decomposition of CaCOj3 into CaO as the calcination temperature further increased to 700 <C.
The overall results demonstrated the similar phase transitions of NH,OH- and NaOH-based
samples under increasing calcination temperatures and durations, which were in line with the
findings reported earlier (Dong, Unluer et al. 2017, Dong, Unluer et al. 2018). These outcomes
highlighted that albeit their similar compositions, the final products differed in terms of their
physical properties and morphology, which were determined by the production parameters.

77



£
=

B= Bmcile/Mg(OH)z
A = Aragonite/CaCO,
C = Caleite/CaCO,

0 =Ca0
5 700 °C@12h
? 700 °C@6h
% 700 °Ci@2h
E 600 “Cra12h
600 “C@6h
600 °Ci@2h
500 °C@12h
500 °C@6h
500 °C@2h
Tt T
10 20 30 40 50 60 70 80
2 Theta
(a)
B = Brucite/Mg(OH), M
A = Aragonite/CaCO,
C = Calcite/CaCO, M

-

= 700 °C@12h
< .

z 700 °C(@6h
% 700 °C@z2h
= 600 ‘C@12h
=

600 “C@6h
600 *C@2h

500 ‘C@12h
500 ‘C@6h
500 °C@2h

10 20 30 40 50 60 70 80
2 Theta

(b)
Figure 5.3 XRD diffractograms of reactive MgO obtained from the calcination of Mg(OH), that
was synthesized via the reaction of reject brine with (a) NH,OH and (b) NaOH, under different

calcination temperatures and durations
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5.3.2.2. Textural properties

The SSA values of MgO, obtained from the calcination of Mg(OH), generated via the reaction of
reject brine with NH,OH and NaOH under different calcination conditions (i.e. temperature and
duration), are displayed in Figure 5.4. The SSA values ranged between 5.5 and 78.8 m%qg,
depending on the base used and calcination conditions. An increase in the calcination
temperature and duration led to a consistent reduction in SSA and pore volume, indicating a
decrease in the reactivity of both the NH,OH- and NaOH-based MgO samples as shown in Table
5.3. The calcination of Mg(OH), occurs in two steps, i.e., the release of H20 from the Mg(OH),,
leaving more porous MgO (compared to Mg(OH),). Up to a certain temperature, the porous
MgO starts to sinter, i.e., the breakdown of the pores in MgO and the reduction of porosity and
increase of crystallite size (Eubank 1951). These findings were in line with those reported in
previous studies (Eubank 1951, Itatani, Koizumi et al. 1988, Alvarado, Torres-Martinez et al.
2000, Mo, Deng et al. 2010, Jin and Al-Tabbaa 2014), where the direct influence of calcination

conditions on the properties of the final product was reported.

Out of all conditions used in this study, the calcination of NH;OH-based Mg(OH), under 500 °C
for 2 hours generated the highest SSA of 78.8 m?/g, while NaOH-based samples led to
corresponding SSA values of 51.4 m%g. Compared with NaOH-based MgO, NH,OH-based
MgO achieved higher SSA values at the lower calcination temperatures of 500 °C. This could be
due to the difference in the textural properties of the Mg(OH), precursor since NH,OH-basesd
Mg(OH), possessed a higher SSA with a higher porosity. Accordingly, the calcination of
NH4OH-based Mg(OH), generated MgO samples with more porous structures, and thereby
higher SSA values, at the lower end of the calcination temperatures as shown in Table 5.3.

This trend reversed as the calcination temperature increased from 500 to 700 °C, indicating a
sharp decline in the SSA and porosity of NH,OH-based MgO, whereas those of NaOH-based
MgO were not affected at the same rate. At the highest calcination temperature of 700 °C,
NaOH-based samples revealed higher SSA values and porosity than NH,OH-based ones (e.g.
24.8 vs. 10.3 m?/g; 0.160 vs. 0.041 cm®/g), which was especially apparent at the residence times
of 2 and 6 hours. When compared to NaOH-based samples, the porous structures of NH,OH-

based samples demonstrated a larger reduction in SSA associated with the rapid growth of MgO
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grains, whose originally larger areas were exposed to higher temperatures and longer durations.
These differences in SSA values could be attributed to the initially highly porous structure of
NH,OH-based samples, which could be more severely influenced under elevated calcination
conditions. Due to the higher porosity of NH,OH-based Mg(OH),, the MgO possessed higher
porosity at the optimum calcination condition. While under the elevated calcination
temperatures, critical temperature for NH,OH-based Mg(OH), sintering was lower than that of
NaOH-based Mg(OH),, which caused the SSA trend to reverse at high temperatures (Eubank
1951).
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Figure 5.4 SSA of MgO produced under different calcination temperatures and durations

5.3.2.3. Crystallite size and primary particle size

The major characteristic peak of MgO at 43.1° (2 #) from XRD, was used to calculate the
crystallite size of MgO following the aforementioned Scherrer’s equation, where the crystallite
sizes of NH,OH- and NaOH-based MgO were in the range of 10 — 25 nm. The agglomeration
ratio, defined as Gget/Gxrp, Was obtained from the primary particle size, Gger, which was
calculated from SSA and from the crystallite size, Gxrp. Gger Was calculated following the
equation: Gger = F/pS. Where F is a particle-shape factor as 6, S the SSA (m?/g), p theoretical
density of MgO as 3.595 g/cm? (Itatani, Nomura et al. 1986). The Gger values for NH,OH- and
NaOH-based MgO were in the range of 20—-350 nm while the Gge1/Gxrp Values ranged from 1.7-
16.3. The lowest agglomeration ratio, 1.7, was from NH,OH-based Mg(OH), under 500 °C for 2

hours. Calcination temperature and duration had a significant influence on the crystallite sizes
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and primary sizes, where the increase of temperature and duration significantly enlarged the
crystallite sizes and primary sizes of MgO regardless of base type. This could be due to the
spontaneous coagulation of primary particles at the growing temperatures and durations (Itatani,
Itoh et al. 1993). Compared with NH,OH -based MgO, NaOH-based MgO achieved higher
agglomeration ratios at the higher calcination temperatures and durations, therefore resulting in

lower SSA values as illustrated in Figure 5.4.

Table 5.3 Crystallite size, primary size and pore volume of MgO produced under different

calcination temperatures and durations

500 € 600 € 700 €
2h‘6h‘12h 2h‘6h‘12h 2h‘6h|12h
GXRD
12.6 134 14.8 155 16.1 17.9 19.5 24.7 24.9
(nm)
GBET
21.2 28.6 38.3 62.3 76.9 80.4 162.0 267.0 303.5
NH,O (nm)
H- Gger/G
1.7 2.1 2.6 4.0 4.8 45 8.3 10.8 12.2
MgO XRD
Pore
| 0.44540. 0.37140. 0.24040. 0.15740. 0.11740. 0.109#40. 0.04140.0 0.02940. 0.0164D.
volume
3 041 031 023 013 012 017 032 003 002
(cm®/g)
GXRD
114 12.7 13.6 15.0 16.7 18.1 18.9 19.4 21.4
(nm)
GBET
(nm) 325 66.8 91.7 49.7 102.4 245.4 67.3 127.4 347.7
nm
NaOH
Gger/G
-MgO 2.8 5.3 6.8 3.3 6.1 13.6 3.6 6.6 16.3
XRD
Pore
| 0.31740. 0.16040. 0.083#0. 0.166#0. 0.058#). 0.02440. 0.160#.0 0.056#). 0.017#0.
volume
s 036 013 007 014 006 003 23 006 002
(cm®/g)

5.3.2.4. Reactivity

Figure 5.5 shows the acid reactivity of MgO, obtained from the calcination of Mg(OH),,

generated via the reaction of reject brine with NH,OH and NaOH, under different calcination

conditions. An increase in the neutralization time with an increase in the temperature and

duration was observed in all cases, which was an indication of the reduction of reactivity. The

decline in the reaction rate of MgO under elevated calcination conditions were also shown in
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earlier studies (Mo, Deng et al. 2010, Jin and Al-Tabbaa 2014).

Amongst the two different bases used, NH;OH-based MgO samples revealed shorter
neutralization times in comparison to NaOH-based ones produced under lower calcination
temperatures (500 °C). An increase in the calcination temperature from 500 to 700 °C caused a
notable increase in the neutralization times of NH;OH-based samples, during which those of
NaOH-based samples demonstrated a gradual increase. These trends were in line with the SSA
measurements reported earlier in Figure 5.4, where it was shown that the initially high SSA of

NH,OH-based samples demonstrated a sharp decrease with increasing calcination temperatures.

The influence of calcination conditions and base type on the properties of MgO can be also
visualized via a comparison of the SSA and neutralization time (i.e. acid reactivity) of all the
samples, as shown in Figure 5.6. The inverse correlation between SSA and reactivity could be
clearly observed in all MgO samples, regardless of the utilized base type in accordance with
previous studies (Aphane 2009, Mo, Deng et al. 2010, Jin and Al-Tabbaa 2014). Accordingly,
higher SSA values corresponded to shorter neutralization times, which was an indication of the
higher reactivity of MgO. Alternatively, lower SSA led to longer neutralization times associated
with the lower reactivity and slower reaction of MgO. Although the acid reactivity test could not
fully distinguish amongst MgO samples with high SSA values (> 40 m?/g) as the neutralization
time demonstrated by these samples were relatively short, the obtained results clearly indicated
the relationship between the two parameters, highlighting the importance of production

conditions on the properties of the final product.
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Figure 5.5 Effect of calcination temperature and duration on the neutralization time of reactive
MgO
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Figure 5.6 Relationship between the neutralization time and SSA of MgO

5.3.2.5. FESEM

A further investigation on the correlation of the calcination conditions (i.e. temperature and
duration) and the base type (i.e. NH,OH and NaOH) with the morphology of the final product
(MgO) was revealed through FESEM images, as shown in Figure 5.7 and Figure 5.8. A single

83



particle of MgO consisted of layered grains, which were inherited from the parent material,
Mg(OH),. Increasing the calcination temperature from 500 to 700 <C had a more profound effect
on the size of the MgO grains, resulting in a significant growth in crystallite size, which was
accompanied with the reduction of porosity, as seen in Figure 5.7a-c and Table 5.3. The effect of
the calcination duration on the morphology of NH,OH-based MgO was revealed in Figure 5.7c-e.
MgO grains demonstrated a noticeable growth as the calcination duration increased from 2 to 12
hours. These changes in the morphology of MgO grains could clearly explain the reduction of
SSA and the corresponding increase of neutralization time under elevated calcination

temperatures and durations.

A comparison of Figure 5.7a and Figure 5.8a revealed the porous structure of NH,OH-based
MgO in comparison to NaOH-based samples produced under 500 <C for 2 hours. Increasing the
calcination temperature and duration to 700 <C for 12 hours led to an increase in the growth of
NH4OH-based MgO grains, which was much more noticeable than those observed in NaOH-
based samples (24.9 vs. 21.4 nm) as demonstrated in Figure 5.7e and Figure 5.8b and Table 5.3.
The increase in the dimensions of the MgO grains under high calcination temperatures and
durations was attributed to the loss of water during the decomposition of Mg(OH),, which
facilitated the formation of a porous structure. This initial porosity was gradually reduced as the
MgO grains grew further due to continuous sintering as shown in Table 5.3, which was in line
with the findings reported by earlier studies (Mo, Deng et al. 2010).
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Figure 5.7 FESEM images of MgO obtained from the calcination of Mg(OH), that was
synthesized via the reaction of reject brine with NH;OH under (a) 500 <C-2h, (b) 600<C-2h, (c)
700<C-2h, (d) 700<C-6h and (e) 700<C-12h
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Figure 5.8 FESEM images of MgO obtained from the calcination of Mg(OH), that was
synthesized via the reaction of reject brine with NaOH under (a) 500<C-2h and (b) 700C-12h

5.4. Conclusions

This study presented a comprehensive investigation on the properties of MgO produced through
the calcination of Mg(OH), that was synthesized from reject brine obtained from a local
desalination plant. The influence of the two different alkali sources (NH,OH and NaOH) used in
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the synthesis of Mg(OH),, on the properties of Mg(OH), and MgO was reported. The calcination
conditions used during the production of MgO were varied between 500-700 <C (temperature)
and 2-12 hours (residence time) to assess their effects on the key properties of MgO, such as the
textural properties, acid reactivity, composition, and morphology.

Type of alkali source used during the synthesis of Mg(OH), had a notable influence on not only
the properties of Mg(OH),, but also the reactivity and microstructure of MgO. The use of
NH4OH generated MgO samples with porous structures, which enabled higher SSA and
reactivities than those observed in NaOH-based samples calcined under lower temperatures. The
SSA and reactivity of NH;OH-based MgO were more vulnerable to the changes in the
calcination conditions and therefore indicated a sharper decline at higher calcination
temperatures and durations, which was associated with its relatively more porous structure in

comparison to NaOH-based MgO.

Other than the alkali source, the calcination conditions were one of the key parameters
controlling the properties of the final MgO. Increasing the temperature and duration of
calcination led to lower SSA and reactivities in all samples, regardless of the alkali type.
Analysis of the phase transitions and microstructural changes under different conditions revealed
the similar compositions of all samples, albeit the clear variations that were observed in the
morphologies of the final product. Out of all the samples studied, NH,OH-based Mg(OH),
calcined at 500 <€ for 2 hours resulted in the most reactive MgO samples, which possessed the
highest SSA of 78.8 m?/g. which can be used in various applications within the food, cosmetics,
pharmaceutical and construction industries (Lee, Jung et al. 2004, Shand 2006, Moussavi and
Mahmoudi 2009, Pilarska, Klapiszewski et al. 2017). Overall, the obtained results clearly
indicate the feasibility of using reject brine as a reliable and possibly a sustainable source for the
recovery of MgO, whose properties and therefore suitability in various applications, are based on
the production conditions (i.e. calcination temperature and duration) as well as the materials (i.e.

alkali source) used during this process.
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Chapter 6 Production of Mg-carbonates via the sequestration of

CO, in Mg(OH), slurries generated from reject brine

6.1. Introduction

Desalination is a process that salts are removed from saline water to produce fresh water, e.g.
potable water. In coastal regions such as Singapore where sources of fresh water are limited,
desalination provides a feasible option to produce fresh water to meet residential and industrial
demands. Currently, the desalinated water from two seawater reverse-osmosis plants provides
100 million gallons water per day, which delivers 25% of Singapore’s current water supply.
Moreover, three additional desalination plants are being built, which will bring the number of
desalination plants to 5, designed to provide a total amount of 190 million gallons (852,150 m°)
of water per day by 2020 (ST 2016). Globally, production of desalinated water from 18,426
desalination plants exceeds 86.8 million cubic meters per day (IDA 2015). Production of
desalinated water generates about equal amount of reject brine (EI-Naas 2011), a high salt
concentration waste by-product produced at the end of the desalination process (Adham, Hussain
et al. 2013). The most common way to dispose of reject brine is to discharge it back to the sea.
With high concentration and salinity, reject brine is denser than the feedstock supply and tends to
accumulate to the bottom of the sea without sufficient mixing. Discharge of untreated reject
brine may cause increased salinity of the seawater, which was shown to have an altering effect
on the flora and fauna and affects all of the organisms of that ecosystem in a negative way, either
directly or indirectly (Mohamed, Maraga et al. 2005).

The disposal and management of reject brine; thus, remains a major challenge as well as an
environmental threat (Mohamed, Maraga et al. 2005, El-Naas, Al-Marzouqi et al. 2010). To
solve this, several novel ideas have been proposed to make the best use of reject brine. For
instance, reject brine can be recycled and mixed with concrete or asphalt to produce saltcrete
(Drom; and Loveland 1998) for road construction. A more recent method of brine disposal is to
treat brine by reverse osmosis which produces additional clean water and super concentrated
brine waste. The high concentrated brine waste is then dried out to evaporate any loose water,

after which the remaining salts can be harvested for resale (Ahmed, Arakel et al. 2003, Arnal,
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Sancho et al. 2005, Kim 2011). The current treatment options of reject brine have not achieved a
satisfactory solution to solve the challenge. Under the concept of carbon capture and storage
(CCS), one novel idea is to target the reject brine as the CO, reservoir to reduce the carbon
footprint of the desalination process (El-Naas 2011).

CCS provides a feasible and promising method to reduce the green house gas emissions
generated from fossile fuels combustion (Herzog 1998, Rao and Rubin 2002). Fossile fuels have
been the world’s primiary enery source over the world, providing over 85% of the energy
demands worldwide due to the low cost and reliable technology for energy production (Agency
and Agency 2007). However, nearly 83% of the green house gas emissions are coming from
combustion and nonfuel uses of fossil fuels (Figueroa, Fout et al. 2008). CO,, which is the main
green house gas, has caused most of the global warming since it has the highest positive radiative
forcing and is far more abundent in the atmosphere than other heat-trapping gases (Morita,
Robinson et al. 2001, Forster, Ramaswamy et al. 2007). The concentration of CO; in the
atmoshere has increased ~30% from 325 parts per million (ppm) at the beginning of the
industrial era in 1970 to 409.7 ppm in May 2017 measured in Mauna Loa Observatory
(Dlugokencky and Tans 2017). Consequently, much attention has been drawn to the carbon
management (Arakawa, Aresta et al. 2001, Lal 2004, Haszeldine 2009). CCS concept covers
broad fields such as ocean, terrestrial, geological, biological and chemical approaches to store
CO; gas in the long term (Botha and Strydom 2001, Kloprogge, Martens et al. 2003, Rendek,
Ducom et al. 2006, Ferrini, De Vito et al. 2009), among which mineral carbonation via the
reation of CO, with saline aquafers is one of the most promising geologic CO, storage options
(Huijgen, Witkamp et al. 2005, Gerdemann, O'Connor et al. 2007, Oelkers, Gislason et al. 2008).
Magnesium-based minerals have attracted great interest due to their ability to sequestrate
anthropogenic CO; in the thermally stable and long-lasting carbonates to counterpart the global
warming (O'Connor, Dahlin et al. 2002, Maroto-Valer, Fauth et al. 2005, Hanchen, Prigiobbe et
al. 2008, Sanna, Uibu et al. 2014). MgO-based binders are known to gain strength via
carbonation, thereby enabling the permanent sequestration of carbon dioxide (CO,) within a
range of construction products (Harrison 2008, Liska, Al-Tabbaa et al. 2012a, Liska, Al-Tabbaa
et al. 2012b, Al-Tabbaa 2013, Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014).

88



Although the most thermodynamically stable carbonate for magnesium is the anhydrous form —
magnesite (i.e., magnesium carbonate, MgCQ3) (Christ and Hostetler 1970, Kittrick and Peryea
1986, Wolery 1992), the formation of magnesite at the ambient condition is virtually impossible.
Instead, hydrated magnesium carbonates (HMCs) will form due to the high hydration energy of
Mg ions in the solution. HMCs are a class of magnesium compounds that form in MgO-CO,-
H,O systems, where the carbonation of magnesium systems generate a variety of phases,
including dypingite (Mgs(CO3)4(OH)2*5H,0) (Ballirano, De Vito et al. 2013), hydromagnesite
(Mgs(CO3)4(OH),#4H,0) (Teir, Eloneva et al. 2009), nesquehonite (MgCO3+3H,0) (Wang, Li et
al. 2008, Ferrini, De Vito et al. 2009), etc,. Ferrini et al. (2009) proposed the synthesis of needle-
like nesquehonite through the reaction of CO; gas with magnesium chloride solution (Ferrini, De
Vito et al. 2009). The process was kinetically favoured and simple and CO, was reserved in the
thermo-stable HMCs. The efficiency of CO; sequestration with simulated wastewater (MgCl,
solution) has been tested to achieve a high efficiency of ~80% with respect to a low-salinity
solution of 7 g/L MgCl; (Mignardi, De Vito et al. 2011).

The formation of different classes of HMCs with different morphologies is influenced by several
factors, e.g. temperature, pH and CO, partial pressure (Hanchen, Prigiobbe et al. 2008,
Hopkinson, Kristova et al. 2012). The precipitation of nesquehonite with needle-like
morphology from an aqueous solution occurs commonly under ambient conditions (Botha and
Strydom 2001, Wang, Li et al. 2008, Ferrini, De Vito et al. 2009). With the increase of reaction
temperatures (50-80 <C) and pH values, needle-like nesquehonite transforms to hydromagnesite
with sheet-like morphology (Zhang, Zheng et al. 2006). Hydromagnesite was reported to form at
120 T and Pco, of 3 bar, which gradually transformed to magnesite within 5-15 hours.
However, a further increase of Pco, to 100 bar at 120 <C resulted in the direct precipitation of
magnesite (Hanchen, Prigiobbe et al. 2008). The thermal behaviour of the synthesized HMCs
(e.g. nesquehonite) has been tested through real time X-ray diffraction (XRD), which indicated
that nesquehonite and dypingite remained thermally and structurally stable up to 100 <C and
162 <C, respectively (Ballirano, De Vito et al. 2010, Ballirano, De Vito et al. 2013). Under the
continued thermal treatment, nesquehonite transforms into magnesite which was even thermally
stable up to ~327 <C, while dypingite transited into hydromagnesite which was thermally stable

up to ~320 <C, assuring the safety of long time storage of CO..
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Although numerous researchers have conducted mineral trapping of CO, into saline aquafers
(Soong, Goodman et al. 2004, Soong, Fauth et al. 2006, Ferrini, De Vito et al. 2009, Ballirano,
De Vito et al. 2010, Mignardi, De Vito et al. 2011, Ballirano, De Vito et al. 2013), limited
research has been reported to study the sequestration of CO, and explore the efficiency of carbon
storage into Mg(OH), slurries generated from reject brine. Furthermore, a clear relationship
between the efficiency of carbon storage and the phase of HMCs must be understood. In this
study, we proposed to synthesize HMCs from the highly reactive Mg(OH), slurry generated from
reject brine through the sequestration of CO,. Our previous studies have revealed that highly
reactive Mg(OH), and MgO can be obtained from reject brine via the addition of alkalis and
well-controlled calcination process (Dong, Unluer et al. 2017, Dong, Unluer et al. 2018, Dong,
Unluer et al. 2018). In this study, Mg(OH), was firstly precipitated from reject brine via the
addition of NaOH, followed by the direct carbonation of Mg(OH), slurry via the injection of
gaseous CO,. Commercial Mg(OH), was also used for comparison purpose in order to
understand the influences of Mg(OH),/CO, molar ratios and pH on the microstructure of HMCs
formed. The feasibility of using the reject brine as a carbon storage source was illustrated in this

paper.

6.2. Materials and Methodology

6.2.1. Materials

The composition of the reject brine collected from a local desalination plant, which was obtained
via inductively coupled plasma-optical emission spectroscopy (ICP-OES), is summarized in
Table 6.1. Mg(OH), (i.e. used as a source of magnesium) and sodium hydroxide (NaOH) of
analytical grade (i.e. used as an alkali source), were both supplied by VWR Pte Ltd in Singapore.
Pure compressed CO, was provided from Leeden National Oxygen Ltd in Singapore.
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Table 6.1 Chemical composition of reject brine used in this study.

Element/
Concentra Cl Na SO, Mg K Ca Sr B Si Li P
tion

65593.1+ 1358044 4322.6+ 1718.0x 8457+ 471.3x 146+ 384 3. 0. 0. O.
ppm

67.1 3.5 8.8 5.4 53 1.0 0.1 1 7 3 2 1

6.2.2. Methodology

Table 6.2 Physical properties of two type of Mg(OH), used in this research.

Purity % SSA (m°/g)

Mg(OH), commercial 92 4.8

Mg(OH); reject brine 94 7.4

Two types of Mg(OH), were prepared with material properties listed in Table 6.2. One is from
commercial Mg(OH),, with a purity of 92%, which was used in the section 6.3.1. The other is
synthesized via the reaction of reject brine with NaOH as described in (Dong, Unluer et al. 2018),
which was denoted as Mg(OH), reject brine in short. The experiment was carried out by sparging
CO; at a rate of ~100 ml/min through 200 ml slurry containing 0.82 g Mg(OH), at room
temperature at designed condition (Mg(OH),:CO, molar ratio (1:1-1:7) and reaction pH (8-14)).
A pH/thermometer probe was inserted into the slurry to continuously monitor the temperature
and pH during the experiment. The pH of reject brine as received was measured and recorded at
a value of ~8.0 throughout all experiments while the reaction temperature was recorded around
25 <€ throughout the reaction. 1 M NaOH was added into the slurry to maintain a constant pH
environment throughout the reaction. A CO, flowmeter was used to monitor and record the exact
volume of CO, diffused into the slurry. Once the volume of the diffused CO, reached the

designed value, calculated from the Mg(OH),:CO, molar ratio, the reaction was terminated.
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HMCs that precipitated at the end of the reaction were separated from the solution through a
centrifuge and washed three times using ultra-pure water. The washed samples were then fully
oven-dried at 40 <C (i.e. kept low to avoid any phase changes) before being ground into powder
form. The prepared powder was finally passed through a 125 pum sieve for further microstructural

analyses.

ICP-OES (PerkinElmer Optima DV2000) was employed to measure the chemical composition of
the reject brine and the obtained residue before and after reactions. A combination of
microstructural characterization techniques such as X-ray powder diffraction (XRD), field
emission scanning electron microscopy (FESEM) and thermogravimetric/differential thermal
analysis (TG/DTA) were utilized to characterize the precipitated solids. XRD was performed via
a Bruker D8 Advance with a Cu Ko (wavelength of 1.5405 A) source under the operation
conditions of 40 kV and 40 mA, scanning rate of 0.02 °/step and 20 range from 5 to 70°. A JSM-
7600F FESEM was used to examine the morphology of the solids by imaging powder surface at
an accelerating voltage of 2kv. TG/DTA was operated on a PyrisDiamond TGA 4000 at a
heating rate of 10 </min under air flow to provide a quantitative analysis of the phases in the

synthesized samples.

6.3. Results and Discussion
6.3.1. Characterization of HMCs synthesized from Mg(OH); slurry

6.3.1.1. Effect of Mg(OH),/CO, molar ratio

Figure 6.1 shows the FESEM images of all samples obtained under a constant pH of 8 while the
Mg(OH),:CO, molar ratio was varied between 1:1 and 1:7. The morphologies of the obtained
HMCs dramatically changed with the Mg(OH),:CO, molar ratio. For instance, the rosette-like
morphology observed at a Mg(OH),:CO, molar ratio of 1:1 (Figure 6.1(a)) was eventually
replaced by rod-like structures with smooth surfaces when this ratio gradually increased to 1:6
(Figure 6.1(b)-(f)). The boundaries of these rod-like carbonate phases became clearer with an
increase in the Mg(OH),:CO, molar ratio. A further increase in the Mg(OH),:CO, molar ratio to
1:7 revealed the formation of a layer of rosette-like flakes around the original rod-like

morphology, producing a “house of cards” texture (Hao and Du 2009), as shown in Figure 6.1(g).
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Figure 6.2 indicates the XRD diffractograms of the same set of samples obtained under a pH of 8
at different Mg(OH),:CO, molar ratios. The XRD patterns confirmed that the rosette- and rod-
like particles observes in Figure 6.1 could be attributed to dypingite and nesquehonite,
respectively. These morphological observations were in line with the previous literature (Ferrini,
De Vito et al. 2009, Hopkinson, Kristova et al. 2012, Ballirano, De Vito et al. 2013), where the
distinct morphologies of dypingite and nesquehonite were reported. At a Mg(OH),:CO, molar
ratio of 1:1, the precipitate consisted of dypingite, uncarbonated brucite and dolomite that was
present as an impurity within Mg(OH),. An increase in the Mg(OH),:CO, molar ratio to 1:2
revealed a reduction in the amount of uncarbonated brucite, resulting in the domination of
nesquehonite. These results corresponded well with the chemical composition of different
carbonate phases. Accordingly, the abundance of nesquehonite could be associated with the
availability of higher amounts of CO; introduced into the mix under higher Mg(OH),:CO, molar
ratios. This is because nesquehonite (MgCQO3+3H,0) requires a higher Mg:CO, molar ratio of 1:1
than dypingite (Mgs(CO3)4(OH)2*5(H,0)), which can theoretically form at a corresponding ratio
of 1:0.8. An increase in the Mg(OH),:CO, molar ratio from 1:2 to 1.7 revealed samples, in which
nesquehonite continued to dominate the composition, without a significant change in the XRD

patterns, which was consistent with the observations made in Figure 6.1.

As revealed in Figure 6.1, the change in the morphology of HMCs from a rod-like to a “house of
cards” texture when the Mg(OH),:CO, molar ratio increased from 1:6 to 1:7 was also reported in
previous studies (Hao and Du 2009, Hopkinson, Kristova et al. 2012), where this phenomenon
was observed when nesquehonite was subjected to continuous high temperatures, gradually
transferring to hydromagnesite. Nesquehonite, which is unstable at near surface ambient
conditions (Hopkinson, Kristova et al. 2012), is known to transform into hydromagnesite (or
dypingite as a transitional phase) at increased temperatures, CO, partial pressure or elevated pH,
depending on the reaction conditions (Hopkinson, Kristova et al. 2012). Previous studies
(Hanchen, Prigiobbe et al. 2008, Hopkinson, Kristova et al. 2012) have reported the presence of
a variety of metastable phases through the dissolution-precipitation reactions involving HMCs
such as nesquehonite, dypingite and hydromagnesite. This change in texture, attributed to a

dissolution-recrystallization-self-assembly growth mechanism (Hao and Du 2009, Hopkinson,
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Kristova et al. 2012), could indicate the dissolution of the surface of nesquehonite when exposed
to high concentrations of CO,. During this process, the presence of nesquehonite could enable
the nucleation of hydromagnesite/dypingite crystals on their surfaces under the presence of
elevated CO; levels. In this respect, the “house of cards” texture presents the transition from a
previously smooth surface to a surface composed of a flaky structure, whose formation depends
on the dissolving rate of nesquehonite and the nucleation rate of hydromagnesite/dypingite.
When the dissolving rate of nesquehonite was lower than the precipitation rate of
hydromagnesite/dypingite, the “house of cards” texture occurred (Hao and Du 2009, Hopkinson,
Kristova et al. 2012).

Figure 6.1 FESEM images of HMCs obtained under a pH of 8 at different Mg(OH),:CO, molar
ratios of (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4, (e) 1:5, (f) 1:6 and (g) 1:7
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Figure 6.2 XRD diffractograms of HMCs obtained under a pH of 8 at different Mg(OH),:CO,
molar ratios

6.3.1.2. Effect of pH at a Mg(OH),:CO, molar ratio of 1:1

Figure 6.3 illustrates the FESEM images of the samples obtained under different pH values
ranging between 8 and 11, at a constant Mg(OH),:CO, molar ratio of 1:1. At the lower pH values
of < 11, the obtained carbonates displayed rosette-like morphologies with an average dimension
of ~2 um, as shown in Figure 6.3(a)-(c). These rosette-like formations were confirmed to be
dypingite, as shown by the XRD patterns presented in Figure 6.4. As the pH increased from 8 to
10, the intensity of the uncarbonated brucite peak revealed a decrease relative to the others,
possibly indicating a reduction in the amount of brucite and an associated higher degree of
carbonation at elevated pH levels. This increase in the carbonation degree could be associated
with the higher CO3%:HCOj  ratios in the prepared solutions at elevated pH levels. An increase in
the pH led to higher concentrations of OH", therefore enabling the conversion of HCO3 to CO5?,
which then reacted with Mg®*, leading to the precipitation of higher amounts of HMCs in the

solution. Alternatively, brucite did not carbonate at a further increase in the pH from 11 to 14 and
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remained its flake-like morphology in Figure 6.3(d), which may be because brucite is always at
its supre-saturation state at high pH values. These results were in line with the findings reported
in previous studies, where the optimal pH for the carbonation of brucite was shown to be around
9 (Teir, Kuusik et al. 2007, Wu, Luo et al. 2014).
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Figure 6.3 FESEM images of HMCs obtained at a Mg(OH),:CO, molar ratio of 1:1 under
different pH values of (a) 8, (b) 9, (c) 10 and (d) 11
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Figure 6.4 XRD diffractograms of HMCs obtained at a Mg(OH),:CO, molar ratio of 1:1 under

different pH values

6.3.1.3. Effect of pH at a Mg(OH),:CO, molar ratio of 1:2

Figure 6.5 displays the morphologies of HMCs obtained under different pH values at a
Mg(OH),:CO, molar ratio of 1:2. Different from HMCs obtained at a Mg(OH),:CO, molar ratio
of 1:1, where the presence of dypingite with a rosette-like morphology dominated regardless of
the pH value; HMCs obtained at a Mg(OH),:CO, molar ratio of 1:2 clearly demonstrated a
different morphology. Instead of the previously observed rosette-like plates, a rod-like structure
presenting the “house of cards” texture was seen in samples obtained under pH values of 8 and 9
(Figure 6.5(a) and (b)). An increase in the pH from 8 onwards resulted in the distortion of the
originally clear borders of the nesquehonite crystals, whose shape transformed from the rod-like
structure to a cluster of flakes forming on top. This change was mostly obvious at pH values of
10 and 11 (Figure 6.5(c) and (d)), which revealed the formation of flake-like clusters with clearly
defined boundaries at a pH of 11.

The formation of nesquehonite at pH value of 8, 9 and 10 was confirmed by the XRD patterns
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shown in Figure 6.6. In line with the findings obtained under a Mg(OH),:CO, molar ratio of 1:1
as revealed in Figure 6.4, brucite with a flake-like morphology was not observed to carbonate
with the further increase in the pH to 11 till 14. This “house of cards” texture observed within the
prepared samples was attributed to the dissolution-recrystallization-self-assembly growth
mechanism as explained in the aforementioned text. The elevated pH used in the experiments
conducted in this study increased the solubility of CO, in the solution, therefore accelerating the
formation of this distinguished morphology at a Mg(OH),:CO, molar ratio of 1:2 compared to
1:7 when pH was 8. This has led to a dissolution of the surface of nesquehonite and served as the

nucleation points for further hydromagnesite/dypingite plates growing with excessive CO, at the

surface.

S o 2

Figure 6.5 Typical FESEM images of HMCs obtained at a Mg(OH),:CO, molar ratio of 1:2
under different pH values of (a) 8, (b) 9, (c) 10 and (d) 11

98



B = Brucite (Mg(OH),)
D' = Dolomite (CaMg(CO,),)
N = Nesquehonite (MgCO,*3H,0)

B
B
B B

N l A A 14
- l A A
51 I 3
o
g |
= 12
5 L |
g 11

2 Theta (*)

Figure 6.6 XRD diffractograms of HMCs obtained at a Mg(OH),:CO, molar ratio of 1:2 under

different pH values

6.3.2. Comparison of reject brine vs. Mg(OH); slurry as a source for the synthesis of HMCs
This section aims to provide a comparison of HMCs carbonated from Mg(OH), obtained from
reject brine and commercially purchased, whose detailed characterization was presented earlier
in Section 3.1. The findings presented here explore the feasibility of using reject brine as a

source for the long-term storage of anthropogenic CO,.

6.3.2.1. Microstructure of the HMCs

Figure 6.7 provides a comparison of the morphologies of HMCs synthesized from Mg(OH),

slurry and reject brine under a constant pH and Mg(OH),:CO, molar ratio of 8 and 1:1,

respectively. As shown in Figure 6.7(a), the carbonate crystals obtained via the use of Mg(OH),

slurry led to a rosette-like morphology. Alternatively, the carbonation of reject brine led to the

formation of a needle-like morphology with clear boundaries, as seen in Figure 6.7(b). The
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compositions of these rosette- and needle-like particles were confirmed to be nesquehonite and
dypingite by XRD patterns revealed in Figure 6.8, respectively. The formation of different Mg-
carbonate phases via the two sources could be associated with the relatively higher reactivity of
Mg(OH), prepared from reject brine when compared to that of Mg(OH), slurry (i.e. with a
specific surface area of 7.4 vs. 4.8 m?/g as tested by BET analysis). The carbonation of Mg(OH),
with a higher reactivity could have captured more CO, and enabled the formation of
nesquehonite as opposed to dypingite since nesquehonite requires a higher Mg:CO, molar ratio
as explained in the aforementioned text. This difference in the reactivity of the two samples was
also reflected by the absence of the residual brucite peaks in reject brine, as opposed to the

clearly defined uncarbonated brucite peaks observed in the Mg(OH), slurry, as seen in Figure 6.8.

o

Figure 6.7 SEM images of HMCs obtained at a Mg(OH),:CO, molar ratio of 1:1 under a pH of 8,

showing (a) Mg(OH); slurry and (b) reject brine
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Figure 6.8 XRD diffractograms of HMCs obtained from Mg(OH), slurry and reject brine at a
Mg(OH),:CO; molar ratio of 1:1 under a pH of 8

6.3.2.2. Thermal properties of the HMCs

The quantitative analysis of the chemical composition of HMCs and amount of CO, contained in
their compositions was carried out via TG/DTA and ICP-OES analyses. Figure 6.9 presents the
TG/DTA graphs of HMCs obtained from Mg(OH), slurry and reject brine at a Mg(OH),:CO,
molar ratio of 1:1 and under a pH 8. Both systems demonstrated a similar trend with three stages
of mass loss, which corresponded well with the findings of previous studies (Dell and Weller
1959, Lanas and Alvarez 2004, Ballirano, De Vito et al. 2013). Firstly, the dehydration of HMCs
took place at ~100-250 <C, resulting in the loss of H,O. The second mass loss occurred between
250 and 550 <C, which was attributed to the decomposition of uncarbonated Mg(OH), into MgO
as well as the decarbonation of HMCs, resulting in a loss of H,O and CO,. The final mass loss
observed between 550 and 700 <C was due to the decomposition of dolomite and calcite,
repectively, which was present as an impurity in the two systems (i.e. in the form of dolomite in

Mg(OH); slurry and calcite in reject brine).
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The chemical composition of the final product was determined via a combination of the results
generated by TG/DTA and ICP-OES, where ICP-OES was used to measure the recovery rate of
Mg®* and TG/DTA was used to determine the quantity of each phase derived from XRD results.
Table 6.3 revealed the final composition of the precipitate obtained via the carbonation of
Mg(OH); slurry to be composed of 62.1% dypingite and 30.5% uncarbonated brucite. On the
other hand, the carbonation of reject brine led to a precipitate composed of 93.1% nesquehonite
and 3.7% uncarbonated brucite, as detailed in Table 6.3. These results were used in the
calculation of the percentage of captured CO,, which was derived by measuring the mass of CO,
in the HMC:s (i.e. dypingite/nesquehonite) divided by the initial input of CO, to the system at the
Mg(OH),:CO, molar ratio of 1:1. The outcome of these analyses indicated that 43.7% CO, could
be sequestered in the form of dypingite via the carbonation of the Mg(OH), slurry, while the
corresponding amount of CO, sequestered in reject brine was calculated to be 82.6%. The higher
efficiency of CO; sequestration achieved via the use of reject brine was associated with the

increased reactivity of Mg(OH), obtained from reject brine.
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Figure 6.9 Typical TG/DTA curves of HMCs obtained from Mg(OH), slurry and reject brine at a
Mg(OH),:CO, molar ratio of 1:1 under a pH of 8
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Table 6.3 Chemical composition of HMCs obtained from the Mg(OH); slurry and reject brine at
a Mg(OH),:CO, molar ratio of 1:1 under a pH of 8

Commercial Mass Mg(OH)2slurry prepared Mass
Mass () ) ) Mass (g)
Mg(OH), slurry (%) from Reject brine (%)
Dypingite 0.6 62.1 Nesqguehonite 1.51 93.1
Brucite 0.07 30.5 Brucite 0.06 3.7
Dolomite 0.3 7.4 Calcite 0.05 3.2
CO; captured (%) 43.7 CO, captured (%) 82.6

6.4. Conclusions

This study presented the influence of key parameters such as the Mg(OH),:CO, molar ratio and
pH in the synthesis of HMCs through the carbonation of an Mg(OH), slurry. The phases
obtained under each experiment were characterized via a combination of various techniques
including XRD, FESEM, TG/DTA and ICP-OES. The carbonation of Mg(OH); slurry under the
elevated Mg(OH),:CO, ratio led to the transformation of dypingite to nesquehonite. Increasing
the pH from 8 to 10 was found to promote the carbonation process of Mg(OH),, resulting in a
higher carbonation degree. A specific “house of cards” texture, involving the formation of
rosette-like dypingite flakes on the surface of nesquehonite needles, was discovered under
elevated pH and Mg(OH),:CO, ratios conditions. The formation of this structure was associated
with to a dissolution-recrystallization-self-assembly growth mechanism as nesquehonite can
function as a precursor for the further nucleation and seeding of hydromagnesite/dypingite on the

surface.

To explore the feasibility of using reject brine in the long term sequestration of CO, the HMC
phases synthesized from the carbonation of Mg(OH), slurry were compared with those produced

via the carbonation of reject brine obtained from a desalination plant. The carbonation of reject
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brine led to a high yield of nesquehonite with a higher purity than the dypingite obtained from
the carbonation of Mg(OH), slurry under the same conditions. The higher degree of carbonation
revealed by reject brine than that of Mg(OH), slurry (82.6 vs. 43.7%) demonstrated its high
potential to be used in the capture and long-term storage of CO, in the form of HMCs.
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Chapter 7 Recovery of ultra-high pure MgO from reject brine

obtained from desalination plants

7.1. Introduction

Magnesium and its compounds are important raw materials that have been used in a broad range
of applications ranging from refractory, agricultural, pharmaceutical, chemical to construction
industries (Lee, Jung et al. 2004, Shand 2006, Caraballo, Rotting et al. 2009, Moussavi and
Mahmoudi 2009, Wang, Jin et al. 2016, Pilarska, Klapiszewski et al. 2017). Being physically and
chemically stable at high temperatures, MgO is prized as a refractory material. Another
increasingly popular use of reactive MgO is applied in the construction industry as an expansive
additive (Mo, Deng et al. 2014) and as an alternative binder in the development of concrete
formulations (Harrison 2008, Liska, Al-Tabbaa et al. 2012a, Liska, Al-Tabbaa et al. 2012b, Al-
Tabbaa 2013, Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014). The major global
production of MgO is produced from the calcination of magnesites (magnesium carbonates,
MgCOg) via a dry route (Equation 7-1). An alternative wet route involves its extraction from
Mg-rich sources such as seawater or brine (Equations 7-2 and 7-3). Seawater contains an average
Mg** concentration of 1.29-1.35 g/L, thereby constituting a significant resource of Mg (Wright
and Colling 1995, Boyd 2015).

MgCO3; — MgO + CO (7-1)
Ca0/Ca0 MgO + H,0 + MgCl, — Mg(OH), + CaCl, (7-2)
Mg(OH), — MgO + H,0 (7-3)

The synthetic MgO via the wet route demonstrates a higher purity and reactivity compared with
MgO produced through the calcination of magnesites (Jin and Al-Tabbaa 2014), which can meet
the growing competitive demands in the high-end pharmaceutical and semiconductor
applications as an additive or a catalyst (Lee, Jung et al. 2004, Caraballo, Rotting et al. 2009,
Pilarska, Klapiszewski et al. 2017).
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The wet route production of MgO deploys a simple way of the addition of strong bases into
seawater/brine to precipitate Mg®*, which include a wide range of choices of bases such as lime
(Ca0), dolime (CaO*MgO), ammonia solution (NH4OH) and sodium hydroxide (NaOH) etc.,
(Friedrich, Robinson et al. 1946, Petric, Martinac et al. 1997, Kotsupalo, Ryabtsev et al. 2010,
Behij, Hammi et al. 2013). CaO or CaO*MgO is generally added to seawater/brine to raise the
pH to ~10.5, enabling the precipitation of Mg®* to produce Mg(OH), (Friedrich, Robinson et al.
1946, EIPPCB 2007). CaO*MgO is preferred due to the self-contained MgO, so that only half of
seawater/brine would be required to produce the same amount of MgO. However, the additional
introduction of Ca®* would compound with sulphate (SO4*) which is present in the
seawater/brine, to generate gypsum (CaSO4-2H,0). CaSO,4-2H,0 will co-precipitate along with
the other precipitates, which would contaminate Mg products, therefore, lowering the purity.
Therefore, a necessary pre-treatment step of seawater/brine via the addition of CaCl, is needed

for desulfation purpose (Shand 2006).

Apart from the addition of bases to form Mg(OH),, several studies have suggested to precipitate
Mg** from seawater/brine in the form of carbonates or oxalates (Soong, Goodman et al. 2004,
Soong, Fauth et al. 2006, Tran, Van Luong et al. 2013, Khuyen Thi, Han et al. 2016). Soong et
al. (2004, 2006) explored the mineral trapping path way for the sequestration of CO, into brine
via the addition of NaOH and fly ash, respectively, (Soong, Goodman et al. 2004, Soong, Fauth
et al. 2006). However, due to the presence of Ca®*, calcite (CaCO3) would co-precipitate along
with magnesium carbonates, causing the difficulty in the separation of the Mg products. When
synthetic magnesium chloride (MgCl,) solution used instead of seawater/brine via the direct
reaction with CO, gas, a pure nesquehonite (MgCO3+3H,0) could be synthesized as precursors
to produce MgO (Ferrini, De Vito et al. 2009, Mignardi, De Vito et al. 2011). Tran et al. (2013)
proposed to synthesize the magnesium oxalate (MgC,04°2H,0) precursor from brine via the
addition of the oxalic acid (Tran, Van Luong et al. 2013). pH demonstrated to be a successful
separator to selectively precipitate out calcium oxalate (CaC,04°H,0) (pH < 1) and
MgC,04°2H,0 (pH > 1) from brine. CaC,04°H,0O was first precipitated and removed, followed

by the precipitation of Mg®* from the brine, leading to a production of MgC,0.+2H,0 of 99.5%
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purity.

The properties of MgO, i.e. specific surface area (SSA) and reactivity, are known mainly
depending on the calcination conditions (i.e. temperature and duration), as well as the properties
of the precursors (Eubank 1951, Itatani, Koizumi et al. 1988, Choudhary, Rane et al. 1994,
Alvarado, Torres-Martinez et al. 2000, Mo, Deng et al. 2010, Bartley, Xu et al. 2012). Increase
in the calcination temperatures and durations has been identified to decrease the SSA values and
reactivities of MgO (Mo, Deng et al. 2010). Our previous work demonstrated a correlation
between the property of the precursor and the reactivity of MgO, where a more reactive of MgO
with a higher SSA value could be obtained from a more porous Mg(OH), precursor under the

same calcination condition (Dong, Unluer et al. 2017, Dong, Unluer et al. 2018).

Desalinated water is expected to meet up to 30% of Singapore’s future water needs by 2060 with
a total of five desalination plants, two under operation and three being built, designed to provide
a total of 190 million gallons (852,150 m®) of water per day by 2020 (ST 2016). According to El-
Naas (2011), an equal amount of reject brine is generated from the production of every 1 m®of
desalinated water (EI-Naas 2011). The most common and, current practice carried out for
handling the reject brine is to discharge directly back to the sea. However, reject brine contains a
high salinity, rising temperature and dissolved chemicals. By directly discharging back to the sea,
negative environmental impacts to the marine life and quality change of sea water available for
desalination are therefore expected (Mohamed, Maraga et al. 2005, Nassar, EI-Damak et al.
2007). However, studies have found out that valuable materials in the reject brine such as salts,
metals, and chemicals could be recovered (Almutaz and Wagialia 1990, Ahmed, Arakel et al.
2003, Sodaye, Nisan et al. 2009, Alberti, Mosto et al. 2012, Cipollina, Misseri et al. 2012, Al
Bazedi, Ettouney et al. 2014, Giwa, Dufour et al. 2017).

Reject brine, with a ~30% higher concentration of Mg?" than seawater, could provide an
alternative source to recover MgO. Our previous works have demonstrated feasible ways to

synthesize reactive MgO from reject brine via the addition of NH,OH and NaOH (Dong, Unluer
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et al. 2017, Dong, Unluer et al. 2018, Dong, Unluer et al. 2018). However, due to the presence of
Ca®" and HCOs' in the reject brine, CaCO3 would co-precipitate along with Mg(OH), with the
addition of bases, which would contaminate the final MgO products and lower the economic
value in the market. Therefore, this study presented a new method to recover Ca** and Mg
separately from reject brine via the use of oxalic acid (H,C,042H,0). The obtained
MgC,042H,0 with high purity and yield under the optimized condition was therefore calcined
to produce MgO. A comprehensive characterization of MgO, i.e. microstructure and SSA, was
presented and a correlation between the calcination conditions (i.e. temperature and duration)
and the properties of MgO was established.

7.2. Materials and Methodology

7.2.1. Materials

Reject brine provided by a local desalination plant in Singapore was used as the raw material for
this study. To identify the composition of reject brine, the water is passed through a 45pm filter
and then tested by inductively coupled plasma optical emission spectrometry (ICP-OES). It is
observed that Na*, CI', SO.%, Mg?*, K* and Ca*" are the most components in reject brine (Refer
to Table 7.1 below). Oxalic acid (H2C,04¢2H,0) of analytical grade and sodium hydroxide
(NaOH) used as pH adjustment, were supplied by Sigma-Aldrich and VWR Pte Ltd in Singapore,
respectively.

Table 7.1 Chemical composition of reject brine used in this study.

Element/
L A
Concentra Cl Na SO, Mg K Ca Sr B Si Li P |

tion
84615.1+ 20800.3+ 5576.2+ 21659+ 1043.0+ 7270+ 68+ 58+ 0. 0. 0. O.

ppm

87.2 42.5 9.6 4.9 4.8 4.2 0.1 0.1 6 5 3 1
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7.2.2. Methodology

The synthesis of MgC,0,4°2H,0 was synthesized from a two-step reaction primarily from reject
brine. As reject brine consists mainly of Ca** and Mg?* cations, the addition of H,C;0422H,0
will precipitate out the two elements simultaneously. Previous studies showed pH could be an
excellent separator to precipitate Ca®* and Mg?* sequentially since Ca®* could be firstly
precipitated from reject brine under the pH value of <1 while Mg could be precipitated under
the pH value of >1 as shown in Equations 7-4 and 7-5 (Elving and Caley 1937, Holth 1949).

Ca?* + H,C,04°2H,0 — CaC,04°H,0 (pH < 1) (7-4)
M92+ + H,C,04°2H,0 — MgC,042H,0 (For pH >1) (7-5)
MgC,04:2H,0 — MgO + 2H,0 + CO + CO; (7-6)

The first step involved the quick addition of H,C,04¢2H,0 into 600 ml reject brine to precipitate
out CaC,04°H,0O under a control of the pH value at 1 with two different molar ratios of
Ca®":H,C,042H,0 of 1:1 and 1:2. The addition of H,C,04+2H,0 into reject brine quickly
brought the pH of reject brine below 1 while 1 M NaOH was added to adjust the pH to 1.
Following the first step after the precipitation and removal of CaC,04°H,0, the addition of
H,C,04+2H,0 to the residue were under three different ratios of 1, 1.25 and 1.5 with pH
controlled at 2 and 3, respectively. NaOH was continuously added as a pH adjuster to the
solution, which allowed H,C,0422H.0 to react effectively with Ca’* and Mg”" in the reject brine
under the controlled pH values. Different molar ratios of Ca*:H,C,04+2H,0,
Mg**:H,C,04+2H,0 and pH conditions were tested to identify the optimum condition needed to
separate Ca’* and Mg** efficiently and precipitate out MgC,04+2H,0 with the optimum yield and
purity. The constant parameters were 1 atm of air, constant speed of 200 rpm for stirring and
mixing under room temperature of 25<C. pH and temperature were monitored continuously using
a pH/thermometer (Mettler Toledo pH/lon meter S220), which was calibrated before each
experiment with three standard reference solutions set at pH 4, 7 and 10, respectively. The solids
were separated from the residual brine through a centrifuge. After being collected, the solids
were washed three times by ultra-pure water to remove surface-attached ions. The washed solids

were then oven-dried at 105 <C for 24 hours before grinding into powder form. MgC,04¢2H,0
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that precipitated at the end of the reaction shown in Equations 7-4 to 7-6, was then calcined to
produce MgO under different calcination temperatures (i.e. 700, 800 and 900 <C), which were
each maintained for three different residence times (i.e. 2, 6 and 12 hours).

7.2.3. Equipment

The composition of reject brine (e.g. Mg®* and Ca”*) before and after reaction was analysed by
ICP-OES (PerkinElmer Optima DV2000). The mineralogy of solids was determined by X-ray
powder diffraction (XRD), using a Bruker D8 Advance with a Cu Ka source under the operation
conditions of 40 kV and 40 mA, emitting radiation with a wavelength of 1.5405 A, scan rate of
0.02 °/step, and a 20 range of 5 to 70°. Thermogravimetric and differential thermal analysis
(TG/DTA) using a PyrisDiamond TGA 4000 were operated at a heating rate of 10 <T/min under
air flow to investigate weight changes and thermal transformations of materials. The texture
properties, i.e. SSA and pore volume, were determined from nitrogen adsorption-desorption
isotherms using a Quadrasorb Evo automated surface area and pore size analyzer. The SSA was
calculated by Brunauer-Emmett-Teller (BET) method and the pore volume was determined by
Barrett-Joynet-Halenda (BJH) method.

7.3. Results and Discussions
7.3.1. Characterization of MgC,04¢2H,0

7.3.1.1. XRD

A controlled selective precipitation of CaC,04°H,0 was firstly conducted under a pH value of 1
with two different molar ratios of Ca**:H,C,0,4+2H,0 of 1:1 and 1:2 as shown in Figure 7.1. The
diffraction patterns under two conditions presented similar phases, which were mainly attributed
to CaC,04°H,O, along with minor amounts of MgC,042H,0. Under the elevated
Ca%":H,C,04+2H,0 ratio of 1:2, the intensity of the MgC,04+2H,0 peaks revealed an increase
relative to the others, possibly indicting a growing in the amount of MgC,04+2H,0. Once the
precipitated CaC,04°H,0 had been removed, the further addition of H,C,04¢2H,0 into residual

brine under different Mg?*:H,C,04+2H,0 ratios (i.e. 1:1, 1:1.25, 1:5) at a control pH value of 2
110



and 3, respectively, resulted in the precipitation of MgC,04¢2H,0. The peaks of CaC,04°H,0

were not observed in the diffractorgrams of the second stage, indicating a complete removal of

Ca’* in the first step.
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Figure 7.1 XRD diffractograms of precipitates obtained from the reaction of reject brine with

H,C,04+2H,0 from a two-step reaction

7.3.1.2. ICP-OES

The concentrations of Ca** and Mg®* in the residual brine after the sequential precipitation of
CaC,04°H,0 and MgC,042H,O are shown in Table 7.2. At the molar ratio of
Ca®":H,C,042H,0 of 1:1 under the pH value of 1, the recovery rate of Ca*" is ~96%.
Meanwhile, ~12% of Mg*" was also precipitated out as MgC,04°2H,0, which explained the
appearance of the minor peaks of MgC,04¢2H,0 in the first stage of XRD diffractograms. The
further increase of Ca?*:H,C,04+2H,0 to 1:2 under pH value of 1, the recovery rate of Ca*
increased to nearly 100%, which explained the absence of CaC,04¢H,0 in the second stage of
XRD diffractograms. After the removal of CaC,04°H,0, pH played a main role in controlling
the recovery rate of Mg?®*, while the increase of the molar ratios of Mg**:H,C,04+2H,0 from 1:1
to 1:1.5 slightly increased the recovery rate of Mg?*. Under a pH value of 2, ~70% of Mg?* could
be precipitated out while the increase of pH to 3 can achieve a recovery rate as high as 94.9%.
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Table 7.2 Concentrations of Ca®* and Mg?* in the residual brine.

Ca”":H,C,0,+2H,0 Mg**:H,C,0,4+2H,0
1:1 1:1 1:1.25 1:1.5
pH 1 2 3 1 2 3 1 2 3
Ca” (ppm) 300 131 0 274 101 0 344 131 0
Recovery (%) 959 982 1000 962 986 1000 953 982  100.0
Mg?" (ppm) 1930 8299 1874 1878 6550 3345 1894 6052 152
Recovery (%) 109 617 913 133 698 846 126 721 930
Ca”*:H,C,0,+2H,0 Mg**:H,C,0,+2H,0
1:2 1:1 1:1.25 1:15
pH 1 2 3 1 2 3 1 2 3
Ca”" (ppm) 2.1 9.8 0 1.8  0.02 0 0 0 0
Recovery (%) 99.7 987 100.0 99.8 100.0 1000 100.0 100.0  100.0
Mg (ppm) 1902 7041 1495 1894 666.2 2171 1884 624  110.9
Recovery (%) 122 675 931 126 692 900 13.0 712 949

7.3.1.1. TG/DTA

The quantitative analysis of the composition of the obtained MgC,0,4+2H,0 under the condition
of Ca?*:H,C,04°2H,0 of 1:1, Mg?*:H,C,0422H,0 of 1.5 and pH value of 3, was carried out via
TG/DTA analysis. The decomposition of MgC,0,4+2H,0 follows the steps as shown in Equations
7-7 to 7-10:

MgC;0422H,0 — MgC,04 + 2H,0 (7-7)
MgC,0, — MgCO3 + CO (7-8)
CO + 1/20, — CO;, (7-9)
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MgCO; — MgO + CO, (7-10)

As shown in Figure 7.2, the dehydration of MgC,042H,0 firstly took place at ~200 T to
become MgC,0, as H,O molecules escaped, resulting in a weight loss of 23.9%. The second
weight loss occurred between 400 <C and 600 <TC due to the decomposition of MgC,0,4 to MgO,
causing a weight loss of 46.8% because of the liberation of CO and CO,, where the theoretical
weight losses due to the dehydration and decarbonation of MgC,0,4°2H,0 are calculated as 24.3%
and 48.6%, respectively. The final product was analysed to take up a mass of 27.5% of the initial
sample, where the purity of the synthesized MgC,04¢2H,0 therefore was calculated to be 99.5 %
which was compatible with the previous study (Tran, Van Luong et al. 2013). Finally,
MgC,0,4+2H,0 produced under the condition of Ca®*:H,C,04+2H,0 of 1:1, Mg?*:H,C,04°2H,0
of 1.5 and pH value of 3, due to the high purity and yield, was chosen for further calcination to

produce reactive MgO under different conditions.
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Figure 7.2 A typical TG/DTA curve of MgC,0,4°2H,0 obtained from reject brine under the
condition of Ca**:H,C,0,4+2H,0 of 1:1, Mg®*:H,C,04+2H,0 of 1.5 and pH value of 3
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7.3.2. Characterization of MgO

7.3.2.1. Textural properties
The SSA values of MgO, obtained from the calcination of MgC,04¢2H,0 under different

calcination conditions (i.e. temperature and duration), are displayed in Figure 7.3. The SSA
values ranged between 4.4 and 30.2 m%g, depending on the calcination temperatures and
durations. Out of all conditions used in this study, the calcination of MgC,04¢2H,0 under 700 °C
for 2 hours generated the highest SSA of 30.2 m?/g. An increase in the calcination temperature
and duration led to a consistent reduction in the SSA values and pore volumes, indicating a
decrease in the reactivities of MgO as shown in Table 7.3. The calcination of MgC,042H,0
occurs in two steps, i.e., the dehydration and decarbonation causing the release of H,O, CO and
CO; from MgC,04°2H,0, leaving more porous MgO. Up to a certain temperature, the porous
MgO starts to sinter, i.e., the breakdown of the pores in MgO and the reduction of porosity and
the increase of crystallite size (Eubank 1951). These findings were in line with those reported in
previous studies (Eubank 1951, Itatani, Koizumi et al. 1988, Alvarado, Torres-Martinez et al.
2000, Mo, Deng et al. 2010, Jin and Al-Tabbaa 2014), where the direct influence of calcination

conditions on the properties of MgO was reported.
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Figure 7.3 SSA of MgO produced under different calcination temperatures and durations
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7.3.2.2. Crystallite size and primary particle size

The XRD diffractograms of all MgO calcined under different conditions (i.e. temperature and
duration) are shown in Figure 7.4, where the characteristic peaks for MgO were situated at 37.0<
43.0°and 62.5°26, matched well with the reference peaks of MgO indicated in JCPDS card
no. 89-7746. Owing to the high purity of the MgC,04°2H,0 precursor, no other phases were
detected. Debye-Scherrer formula was used to calculate the crystallite size, as shown in the
equation Gxrp = KeA/(B+cos(6)) (Patterson 1939). Where 1 is the wavelength of Cu Ka source as
1.5405 A, £ the full width at half-maximum intensity (FWHM) of a Bragg reflection subtracting
the instrumental broadening, ¢ the Bragg angle and K the shape factor with a typical value as 0.9.
The major characteristic peak of MgO at 43.0° (2 6) from XRD, was used to calculate the
crystallite size of MgO, where the increase of the calcination temperatures and durations
prolonged the crystallite sizes of MgO ranging from 14 to 28 nm. The agglomeration ratio,
defined as Gge1/Gxrp, Was obtained from the ratio of the primary particle size, Gger, to the
crystallite size, Gxrp. Gger Was calculated following the equation: Gger = F/pS. Where F is a
particle-shape factor as 6, S the SSA (m?/g), p theoretical density of MgO as 3.595 g/cm® (ltatani,
Nomura et al. 1986). The Gger values for MgO were in the range of 52-170 nm while the
Geer/Gxrp Values ranged from 3.6-13.5, increasing along under the elevated calcination
temperatures and durations. The lowest agglomeration ratio, ~3.6, was obtained under 700 °C.
The calcination temperatures and durations had a significant influence on the crystallite sizes,
primary sizes and pore volumes of MgO, where the increase of the temperatures and durations
significantly enlarged the crystallite sizes and primary sizes of MgO, resulting in the decrease of
pore volumes. This could be due to the expansion of MgO grains and the spontaneous
coagulation of primary particles at the growing temperatures and durations (ltatani, Itoh et al.
1993), resulting in the higher agglomeration ratios and the low pore volumes, therefore resulting

in the lower SSA values of MgO as illustrated in Figure 7.3.
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Figure 7.4 XRD diffractograms of reactive MgO produced via the calcination of MgC,04°2H,0

under different temperatures and durations

Table 7.3 Crystallite size, primary particle sizes and pore volumes of MgO produced under

different calcination temperatures and durations

700 € 800 € 900 <€

2h 6h 12h | 2h 6h 12h | 2h 6h 12 h

Gxrp (NM) 143 156 178 181 181 202 217 263 281
SSA (m?/g) 302 296 194 131 73 71 66 61 44
Gger (NM) 523 623 1151 1151 1464 1739 1236 1379 1575

Gger/Gxro (NM) 3.9 3.6 4.8 70 126 116 116 104 135

Pore volume (cm®*g) 0.175 0.205 0.109 0.086 0.029 0.028 0.024 0.016 0.023
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7.3.2.4. FESEM

A further investigation on the correlation of the calcination conditions (i.e. temperature and
duration) with the microstructures of MgO was revealed through FESEM images, as shown in
Figure 7.5. Increasing the calcination temperatures from 700 to 900 <C had a more profound
effect on the sizes of the MgO grains, resulting in a significant growth in the crystallite sizes,
which was accompanied with the reduction of porosity, as seen Table 7.3. MgO grains
demonstrated a noticeable growth and expansion as the calcination duration increased from 2 to
12 hours. These changes in the morphology of MgO grains could clearly explain the reduction of
SSA under the elevated calcination temperatures and durations. The increase in the dimensions
of the MgO grains under the high calcination temperatures and durations was attributed to the
liberation of H,O, CO and CO, during the decomposition of MgC,04¢2H,0, which facilitated
the formation of a porous structure. This initial porosity was gradually reduced as the MgO

grains grew further due to continuous sintering as shown in Table 7.3, which was in line with the

findings reported by earlier studies (Mo, Deng et al. 2010).




Figure 7.5 FESEM images of MgO obtained from the calcination of MgC,04+2H,0 under (a)
700<C-2h, (b) 700<C-6h, (c) 700<C-12h, (d) 800<CT-2h, (e) 800<C-6h, (f) 800T-12h, (g) 900<C-
2h, (h) 900<C-6h and (i) 900<C-12h

7.4. Conclusions

This study presented a comprehensive investigation on a two-step synthesis of MgC,04°2H,0
from reject brine via the use of H,C,04°2H,0 and the production of reactive MgO with ultra-
high purity. The key parameters affecting the purity and yield of the synthesized MgC,04+2H,0
and its calcination to produce reactive MgO were revealed. The results demonstrated the
feasibility of recovering reactive MgO with high purity from reject brine obtained as a waste at
the end of the desalination process. The addition of H,C,04¢2H,0 into reject brine proved to be a
successful method to selectively precipitate out CaC,04°H,O and MgC,042H,O under a
controlled pH. The effects of Ca**:H,C,04+2H,0, Mg®*:H,C,04+2H,0 and pH on the final yield
and purity was investigated with the goal of optimizing the yield and purity of the synthesized
MgC,04°2H,0. MgC,04°2H,0 with a ultra-high purity of 99.5% was obtained, achieving a high
recovery rate of Mg®" of 94.9%.

An optimum condition of Ca**:H,C,0,4+2H,0 of 1:1, Mg?*:H,C,04°2H,0 of 1.5 and pH value of
3, which generated MgC,04¢2H,0 with high purity and yield, was determined and used in the
subsequent production of MgO. The influence of the calcination conditions (i.e. temperature and
duration) on the reactivities of MgO obtained was reported. An increase in the calcination
temperatures and durations lowered the SSA values of MgO. Calcination of MgC,04¢2H,0 at
700 € for 2 hours resulted in the most reactive MgO samples, with a SSA of 30.2 m?/g, which
could be can be used in the high-end applications in the food, cosmetics pharmaceutical and
semiconductor applications (Lee, Jung et al. 2004, Caraballo, Rotting et al. 2009, Pilarska,
Klapiszewski et al. 2017). Overall, reject brine proved to be as an alternative and reliable source

for the sustainable recovery of MgO with a high purity and reactivity.
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Chapter 8 Comparative life cycle assessment of reactive MgO

produced from local reject brine

8.1. Introduction

Concrete is the most widely used material on earth, other than water. Portland cement (PC) is the
most common binder used in concrete and construction materials and its production is estimated
to be 3 billion tonnes yearly at a global scale (Schneider, Romer et al. 2011, USGS 2012). The
production of PC contributes to 5-7% of anthropogenic CO, emissions worldwide, mainly due to
the high calcination temperatures (~1450 <C) used during the calcination of limestone and
intensive energy required for power generation (Huntzinger and Eatmon 2009, Schneider, Romer
et al. 2011, Olivier and Marilena Muntean 2014). CO,, the primary greenhouse gas (GHG), has
been identified as one of the main causes of global warming while negative impacts from global
warming are becoming more significant, thus, turning the world towards a more environmental
consciousness. As the environmental impacts of PC-based construction materials are becoming a
serious concern, the development of novel alternatives with lower energy requirements and
associated CO, emissions is more crucial than ever. Reactive magnesia (MgO) cement has
received attention as an alternative binder due to the lower calcination temperatures
(~700 <C) used during its production, its ability to store CO, permanently while gaining strength,
and complete recyclability at the end of use (Dung and Unluer 2017).

Currently a majority of MgO worldwide is produced from the calcination of magnesium

carbonate (magnesite, MgCO3) via a dry route (Equation 8-1).
MgCO; = MgO + CO; (8-1)

The theoretical energy demand via the dry route is around 5.89 GJ / tonne of rective MgO
compared with 4.87 GJ/tonne of PC, which includes the mining and crushing, pre-treatment,

calcination and grinding process as presented in Table 8.1 (Hassan 2013).
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Table 8.1 Energy consumption of PC and MgO production via the dry-route (Hassan 2013).

Production of PC from limestone Production of MgO from magnesite

Process
(GJ /tonne of PC) (GJ /tonne of MgO)
Mining and crushing 0.04 0.06
Pre-treatment 0.06 0.11
Calcination 4.69 5.62
Finish grinding 0.08 0.10
Total 4.87 5.89

The CO, emissions associated with reactive production are due to (i) the combustion of fuels
required to provide the energy needed for each production step and the chemical reaction
involving the decomposition of MgCO3; to MgO. The sum of these two steps is equivalent to the
emission of ~1.7 tonne CO, /tonne of MgO compared with ~1 tonne CO; /tonne of PC (Hassan
2013). While as reported in (Ruan and Unluer 2016), the GHG emission of the production of
reactive MgO, via using an IPCC climate change factor with a timeframe of 100 years, was
calculated to be 1.36 tonne CO; /tonne of MgO compared with 0.97 tonne CO, /tonne of PC.
Although both reported the CO, emission of the production of MgO is higher than the production
of PC, the capability of MgO to sequester CO, and gain strength from this process can enable the
reduction of its net CO, emissions. Several studies on the use of MgO cement in concrete
products have shown that formulations involving reactive MgO cement can fully carbonate and
achieve a carbonation degree of 100% (Liska, Al-Tabbaa et al. 2012a, Liska, Al-Tabbaa et al.
2012b, Al-Tabbaa 2013, Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014). When this
carbonation capability of MgO is integrated in the calculation of its overall emissions, the CO,-
eq of reactive MgO cement is calculated to be up to 73% (i.e. 0.71 tonne/tonne) lower than PC
by revealing a net amount of around 0.26 tonne CO»-eg/tonne of MgO after carbonation. This
makes use of the ability of reactive MgO cement-based formulations to enable a stable and

permanent storage of CO, within construction products, while gaining strength.
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An alternative wet route involves its extraction from magnesium-rich sources such as seawater or
brine. Synthetic MgO contributes to around 14% of the world MgO production from seawater or
brine (Kramer). Magnesium is the third most abundant element in seawater after sodium and
chorine, with an average concentration of ~1300 ppm (Wright and Colling 1995, Boyd 2015).
Natural brine exists widely in brine wells and lakes, providing another abundant source for MgO
production. The chemical concentration of brine varies depending on the surrounding
environment, consisting of much higher salt concentrations than seawater. After softening
seawater/brine, it is then pumped into an agitated reactor vessel. A strong base is added into
magnesium solution to raise the pH to 10.5, enabling the precipitation of magnesium (Turek and
Gnot 1995, Dave and Ghosh 2005, EI-Naas 2011, Tran, Van Luong et al. 2013, Khuyen Thi, Han
et al. 2016). Generally lime (CaO) or dolime (CaO*MgO) are deployed in practice as shown in
Equations 8-2 to 8-4.

MgCl, + Ca(OH), - CaCl, + Mg(OH), (8-2)
MgCl, + CaMg(OH), - CaCl, + 2Mg(OH), (8-3)
Mg(OH), > MgO + H,0 (8-4)

The production process of reactive MgO from seawater/brine involves four main stages (i)
extraction and pre-treatment of seawater/brine (1.30 GJ/tonne MgO); (ii) the preparation of CaO
(6.61 GJ/tonne MgO); (iii) the precipitation of Mg(OH), (exothermic), and (iv) pyro-
processing/calcination (8.18 GJ/tonne MgO) (Hassan 2013). As a result, the energy
consumptions associated with the production of reactive MgO from seawater/brine are mainly
coming from the preparation of CaO and the calcination of Mg(OH), during the production of
MgO in the final step. The overall process results in a total energy demand of 16.09 GJ/tonne

MgO, which is significantly higher (~2.7 times) than the dry route.
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In addition to its ability to carbonate within concrete applications to reduce the CO, emission,
another environmental friendly advantage of MgO can be achieved via its production from waste
streams such as reject brine compared with the use of seawater/brine. Reject brine is a
concentrated by-product obtained from treating brackish water or seawater in desalination plants.
Desalination (i.e. removal of salts from saline water to produce fresh water) is considered as a
feasible approach to meet residential and industrial water demands in Singapore. Currently the
desalinated water from two currently running seawater reverse-osmosis plants provides 100
million gallons water a day, which meets up to 25% of Singapore’s current water demand (PUB
2015). According to the International Desalination Association, the global daily production of
desalinated water generated by 18,426 desalination plants worldwide exceeds 86.8 million cubic
meters (IDA 2015). It is estimated that an equivalent amount is generated as reject brine per m*
of desalinated water (El-Naas 2011). The most common way of disposing reject brine is
currently through its discharge back to the sea. However, as brine is denser than the feedstock
supply due to its high salt concentration and salinity, it accumulates at the bottom of the sea
when discharged through an outfall without. Discharge of untreated reject brine has an adverse
effect on the ecosystem by permanently altering the flora and fauna through increased salinity
and damaging all living organisms within that particular ecosystem (Mohamed, Maraga et al.
2005). A new idea has been proposed to target reject brine as an excellent source for the recovery
of reactive MgO due to its high Mg®* content and abundance on both local and global levels.
Therefore, reject brine can be converted into valuable and useful solids, which provides a

feasible and environmental friendly use of this waste material.

Although there are a number of studies on the environmental impacts of the production of MgO
from magnesite and seawater, it must be noted that very limited studies have been performed on
the production of reactive MgO from reject brine and environmental impacts of the production of
reactive MgO from reject brine have to date not been explored. Our previous studies have
revealed that Mg(OH), can be synthesized from reject brine, which can be calcined to produce
reactive MgO under different conditions (Dong, Unluer et al. 2017, Dong, Unluer et al. 2018,
Dong, Unluer et al. 2018), or can be further carbonated to synthesize HMCs (Dong, Unluer et al.

2018), which could serve as a reservoir to store CO, in the form of carbonates. There is a
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significant potential for the optimization of the overall process that will inevitably lead to the
reduced energy requirement and CO, emission. Part of the success regarding the production of
reactive MgO from waste streams (e.g. reject brine) is dependent on the overall environmental
impacts of this process and its comparison to traditional cement production in terms of its CO»
emission and energy requirement. This project aims to eliminate these concerns by evaluating the
energy consumption and CO; emission of the production of reactive MgO from reject brine via
different routes and to put forward pertinent proposals concerning their sustainable development
in the future, which can serve as an excellent resource for various applications ranging from food,
cosmetics, pharmaceutical and the construction industries (Lee, Jung et al. 2004, Shand 2006,
Moussavi and Mahmoudi 2009, Pilarska, Klapiszewski et al. 2017).

8.2. Materials and methods

The LCA methodology follows the ISO 14040 standards which have been widely adopted by
previous researchers. SimaPro 7.3 was used to evaluate the environment impacts and provide a
comprehensive comparison between reactive MgO produced from reject brine via different

routes through four steps:

1. Define the goal, scope and system boundary of the study;

2. Build up a model of reactive MgO life cycle inventory with all products and process
inputs and outs;

3. Evaluate the environmental impact data (i.e. inputs and outputs) in the inventory;

4. Interpret the results and provide recommendations for progress.

8.2.1. Goal, functional unit and scope

The main goal of this study is to compare and identify key issues (i.e. energy consumption and
GHG emission) associated with the life cycle of reactive MgO produced from reject brine. One
tonne of MgO recovered from reject brine via different routes is chosen as the functional unit. A
cradle-to-gate LCA has been performed and the system boundary are given in Figure 8.1,
ranging from the acquisition of raw materials to the final shipping of products, while the major

raw materials and the process flow diagram are shown in Figure 8.2. This process involves the
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precipitation of precursors (i.e. Mg(OH),) via the addition of different bases into reject brine,
which could either be directly calcined to produce reactive MgO or be carbonated to sequestrate
CO; into HMCs. The obtained HMCs could be sold as the end product or further be calcined to
produce reactive MgO. The energy consumption and GHG emission of the production of reactive
MgO are mainly from the steps of the production of chemicals and the calcination of precursors,
where the transportation of raw materials to the production plant, the precipitation and separation
of solids from the solution, the grinding, packaging and shipping of reactive MgO samples are
not included in our calculations since these processes are needed regardless of the production
routes and these would not contribute significantly to the overall calulations. Reject brine is the
waste water produced at the end in the desalination plant, thus, the energy consumption of the

production of reject brine is assumed to be zero.

Washing and
separation

Precipitation

Crushing and
sieving
o J Al )<

Figure 8.1 Scope of comparative LCA showing the production process of reactive MgO

125



Calcine

Add e Precipitate

Reject brine I:> ( \ I:> Mg(OH):2
4 NaOH

ey Carbonate

Figure 8.2 Material flow diagram for the production of reactive MgO from reject brine

8.2.2. Inventory

The production of reactive MgO from reject brine followed two steps, the synthesis of precursors
from reject brine followed by the thermal decomposition into MgO. The raw materials used for
this research mainly included reject brine and various chemicals. Since the inventory of the
production of 1 tonne of reactive MgO is not available in existing database in SimaPro 7.3, the
inputs (i.e. energy consumption and CO, emission), e.g. the production of raw materials and the
calcination process, were mainly derived from the experiments detailed in previous studies and
reported literatures (Dong, Unluer et al. 2017, Dong, Unluer et al. 2018, Dong, Unluer et al. 2018,
Dong, Unluer et al. 2018).

8.2.2.1 Reject brine

Reject brine was collected and sampled from a local desalination plant in Singapore, which
adopts a reverse osmosis (RO) membrane system to purify saline water and produce drinkable
water for human use. These membranes reject more than 99.5% of the dissolved salts and
suspended materials in the feedwater, resulting in a highly concentrated reject waste stream
which contains suspended constituents and a 2- to 7-fold increased concentration of dissolved
salts (Fritzmann, Lowenberg et al. 2007, Greenlee, Lawler et al. 2009, Elimelech and Phillip
2011). Prior to any analysis, reject brine was firstly passed through a 45 pym membrane filter to

remove the large suspended solids. The chemical composition of reject brine, obtained via
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inductively coupled plasma-optical emission spectroscopy (ICP-OES), is summarized in Table
8.2. Along with Mg?*, which was present at a concentration of 1718 ppm, other impurities such

as Na*, CI', SO,%, K and Ca** were also identified in the reject brine.

Table 8.2 Chemical composition of reject brine used in this study.

Element Cl Na SO, Mg K Ca Sr B Si Li P Al

Concentration 55243 13580 4423 1718 8457 4713 146 3.840.
(ppm) 4586 #4412 78 454 #48 #H2 @01 1

37 03 02 01

8.2.2.2 Production of reactive MgO

Reactive MgO can be prepared via the calcination of different Mg compounds, e.g. Mg(OH),
and HMCs synthesized from reject brine. The synthesis of Mg(OH), involves the addition of a
base (e.g. CaO, CaO*MgO, sodium hydroxide (NaOH) and ammonia solution (NH4OH)) into
reject brine to precipitate Mg(OH),, which is then heated to around 500-700 <C to produce MgO
as shown in Equations 8-2 to 8-4. Compared with the use of NH,OH and NaOH, if CaO and
CaO+*MgO are used, an extra step involving the addition of calcium chloride (CaCl,) to de-
sulphate the reject brine to avoid the precipitation of gypsum (CaSQO,) was included in the pre-
treatment since the additionally introduced Ca?* will bond to the SO,* in the solution. The
precipitates produced from reject brine are in the form of a filter cake which contains ~50%
solids depending on the type of precursors, which was calculated based on the mass before and
after drying. The calcination process of the filter cake involved the removal of free water and the

decomposition of precursors as shown in aforementioned Equation 8-4.

8.2.2.4. Carbonation process

The carbonation of Mg(OH); slurries was studied to explore the efficiency of capturing CO; gas
into Mg(OH); slurries in the long time thermal-stable HMCs. Furthermore, the results could be
used to indicate the carbonation potential of reactive MgO in concrete products since reactive
MgO firstly hydrates to form Mg(OH), and then carbonates to form different HMCs to provide
strength. The synthesis of HMCs (e.g. nesquehonite, MgCO3*3H,0) was achieved via passing
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CO; gas into Mg(OH), slurries obtained from reject brine as detailed in (Dong, Unluer et al.
2018). The obtained MgCO3+3H,0 can be used directly or further calcined to produce reactive
MgO as shown in Equation 8-6. The source of CO, gas can either be from waste gas generated
from a power plant or from the CO, generated during the thermal decomposition of
MgCO3+3H,0, which could be realized through an internal loop. The energy consumption of

CO; gas in this research was therefore assumed to be zero.
Mg(OH), + CO; + 3H,0 — MgCO3*3H,0 + H,0 (8-5)

MgCO33H,0 — MgO + 3H,0 + CO, (8-6)

8.2.2.5. Energy in Singapore

As of 2015, Singapore uses natural gas (95%) and others (4%) for the power generation. The
electricity generation industry has over the years shifted from using oil-fired steam turbine plants
to combined cycle gas turbine (CCGT) plants as shown in Table 8.3 (EMA 2016). As a result,
the energies provided for the production of raw materials and the calcination of filter cake were

assumed to be provided via the combustion of natural gas in Singapore.

Table 8.3 Annual fuel mix for electricity generation by energy products (Energy Market Authority
(EMA))

Element 2005 2010 2012 2013 2014 2015 2016

Petroleum Products (%) 23.1 202 130 47 07 07 02
Natural gas (%) 744 772 843 918 954 953 955
Coal (%) - - - - 1.1 12 11

Others (%) 25 26 27 35 28 29 32
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8.2.3. Impact assessment

In this LCA study, cumulative energy demand (CED) was used to calculate the energy
consumption of each route to produce 1 tonne of reactive MgO from reject brine. IPCC 2007
within a timeframe of 100 years was incorporated to investigate the global warming potential of
greenhouse gases (GHG) emissions (tonne CO»-eq.). The results obtained at the end of the study
aim to provide comprehensive knowledge for policy makers within the MgO industry on a local

and global level.

8.3. Results and discussions

8.3.1 Production of raw materials

As illustrated in aforementioned text, a main contribution of the energy consumption and carbon
emission come from the production of chemicals added into reject brine as listed in Table 8.4.
The production of CaO is calcined from calcium carbonate (CaCOs3) which is mainly found in
limestone via a dry route while the feedstock of CaO*MgO is dolomite which is a double
carbonate containing 54-58% CaCO3; and 40-44% MgCOs;. Calcination process is the most
energy intensive in the production of CaO and CaO+MgO and the energy consumptions vary
depending on the types of kilns used in the process, which are in a range of 3.50-9.20 GJ/tonne
CaO and 6.50-13.0 GJ/tonne CaO*MgO (Ecofys 2009). CO, is released both from the chemical
decomposition as well as from the combustion of the fuel and therefore, the GHG emissions add
up to 1.02-1.40 tonne COy/tonne CaO and 1.40-1.84 tonne CO,/tonne CaO+MgO, respectively.
The production of NaOH is mainly from the chlor-alkali process that involves the electrolysis of
brine. Chlorine gas is also produced while solid NaOH is obtained via the evaporation of water.
The energy consumption of NaOH is reported to be in a range of 7.34-9.54 GJ/tonne NaOH with
the lowest GHG emission of 0.49-0.63 tonne CO,/tonne NaOH (Bureau 2013).

About 85% of world ammonia (NH3) production is from the Haber Process which combines
nitrogen (N,) from air with hydrogen (H) derived mainly from natural gas (methane) into NH3
based on the steam reforming concept. The production of NH3 is a very energy demanding
process, which requires 27.6-42.0 GJ/tonne NH3 with the highest GHG emission of 3.13-4.09

tonne CO,/tonne NH3; (Commission 2007). However, the use of NH3; can be advantageous as
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NH; can be fully recovered from mother liquid and re-used for the same purpose when reacted
with alkali, generally milk of lime as shown in Equation 8-9, followed by steam stripping to
recover free gaseous NHs. This technique is mainly applied in the Solvay process to produce
soda ash (Na,COg), where the co-generated by-product calcium chloride (CaCl,) could be used
to desulfate reject brine in the pre-treatment step. As 1.65 tonne CaO is required to recover 1
tonne NHjs, assuming an average of 10 recycling cycles, the average energy demand of NHsre)
as the source would decrease to 7.76-17.6 GJ/tonne NHse). If unlimited cycles applied, the
average energy consumption would tend to be 5.78-15.2 GJ/tonne NHsgec) With the GHG
emission of 1.68-2.31 tonne COy/tonne NHsec). Thereby a closed-loop process can be formed

with very low net environmental impacts.

Lime: CaCO3 — CaO + CO, (quarrying) (8-5)
Dolime: MgCO3+CaCO3 — MgO+CaO + 2CO, (quarrying) (8-6)
Sodium hydroxide: NaClq) + H2Ogy — NaOHaq) + ¥2H(g) + ¥2Cly(g) (electrolysis) (8-7)
Ammonia: N, + 3H, < 2NH3 (Haber Process) (8-8)
Ammonia recovery: 2NH,Cl + CaO + H,0 — CaCl, + 2NH; + 2H,0 (8-9)

Table 8.4 Inventory for the energy consumption of the production of raw materials (unit
GJ/tonne) (Neelis, Worrell et al. 2009).

Input/emissions CaO CaO-MgO NaOH NH; NH3(rec)
Energy 3.50- 7.34- 27.6- 5.78-
6.50-13.0
(GJ/tonne) 9.20 9.54 42.0 15.2
COz-¢eq 1.02- 0.49- 3.13- 1.68-
1.40-1.84
(tonne/tonne) 1.40 0.63 4.09 2.31

8.3.2 Calcination of Mg(OH), from reject brine

The energy demand for the calcination of Mg(OH), into reactive MgO was calculated based on
the previous study on the synthesis of reactive MgO from reject brine via the addition of NH,OH
(Dong, Unluer et al. 2017). 773 K (500 <C) was chosen as the calcination temperature in the case
study. After the addition of NH,OH into reject brine to precipitate Mg(OH),, Mg(OH), was in
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the form of filter cake which was composed of 55.2% solids. The energy consumption in the
calcination of Mg(OH) filter cake is derived by considering two steps: (i) the energy consumed
to increase the temperature from room temperature (298 K, 25 <C) to the decomposition
temperature of Mg(OH), (773K, 500 <C), (ii) the enthalpy in the decomposition process of
Mg(OH); as shown in Table 8.5 (Shand 2006).

Table 8.5 Energy consumption of the calcination process to produce 1 tonne of reactive MgO via

the decomposition of Mg(OH)..

Filter cake Mass Mass Heat energy Decomposition Total
(tonne) percentage (%) (tonne) (GJ) energy (GJ) (GJ)
Mg(OH), 2.63 55.2 1.45 1.15 1.77 2.92
Free water 2.63 44.8 1.18 0.37 2.69 3.06
Water
2.63 44.8 1.18 0.88 0 0.88
vapour
Total (GJ) 6.85

A production yield of 1 tonne of MgO requires decomposing 1.45 tonne of pure Mg(OH), and
the decomposition temperature of Mg(OH), under one atmosphere CO, pressure is in the range
between 773 K and 973 K (500 and 700 <C). Firstly the energy required to raise the temperature
from ambient air (298 K) to the decomposition temperature (773 K) is calculated using the
formula: C, x<increase in temperature (K). The specific heat capacity (C,) of Mg(OH),at 773 K
is 1.78 kJ/kg K, which results in the energy demand of 1.15 GJ in consideration of the purity of
the synthesized Mg(OH), of ~94%. The energy required for the decomposition of Mg(OH); is
calculated based on the enthalpy of decomposition (1304 kJ/kg), which brought in 1.77 GJ. As
for the free water, the energy required to raise the room temperature (298 K) to boiling point
(373 K) is calculated based on the specific heat capacity of water (4.18 kJ/kg K) and the

percentage of water in the filter cake (44.8%), resulting in 0.37 GJ. This is followed by the
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enthalpy of the vaporization of water (2283 kJ/kg), resulting in 2.69 GJ. Finally the energy
required to heat up the resultant steam to 773 K is calculated via the heat capacity of water
vapour (1.86 kJ/kg K), bringing in 0.88 GJ. The total energy required for the calcination process
is the summation of the energy required for each individual step, resulting in a total of 6.85 GJ
for the production of 1 tonne reactive MgO. The energy demand for the calcination of the

synthesized Mg(OH), from reject brine was assumed to be same for the use of other bases.

8.3.3 CED and GHG emission of MgO calcined from Mg(OH),

The energy consumptions of the production of 1 tonne of reactive MgO from reject brine via
different routes are compared via the calculations of CED of each route as shown in Figure 8.3
and Table 8.6. The energy demands for the calcination process via different routes remain same
as 8.0 GJ/tonne MgO, therefore the total energy consumptions of each route are dependent on the
energy requests of the production of raw materials. The use of NH3 without recycling as the base
source requests the highest energy demand of 35.6-49.9 GJ/tonne MgO, being responsible for the
highest GHG emission of 2.02-2.83 tonne CO,-eq/tonne MgO, which was obtained by using an
IPCC climate change factor with a timeframe of 100 years. However, if NH3 is recycled
unlimitedly through the addition of CaO milk, the final energy consumption can significantly
decrease to 13.9-23.2 GJ/tonne MgO with the GHG emission of 1.89-2.42 tonne CO,-eg/tonne
MgO, which is at the same level of using CaO purely as the base. On the other hand, the
application of CaO requires the least energy demand of 13.9-23.2 GJ/tonne MgO while if
Ca0O+*MgO applied, a slightly higher energy of 18.4-27.6 GJ/tonne MgO is needed. However, the
use of CaO*MgO releases the highest the GHG emissions of 2.14-2.66 tonne CO,-eg/tonne MgO
since the decomposition of dolomite and limestone releases significant amount of CO, gas. Even
though the use of NaOH requests the second highest energy demand of 25.2-30.4 GJ/tonne MgO
next to NHs, the least GHG emission of 1.43-1.72 tonne CO,-eqg/tonne MgO is observed as the
GHG emission is only coming from the fuels burning for the power generation. It must be noted
that reactive MgO cement can fully carbonate and achieve a carbonation degree of 100% in
concrete products. Thus, when this carbonation capability of MgO (1.10 tonne CO,-eg/tonne

MgO) is integrated in the calculation of its overall GHG emission, the GHG emission would
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decrease to as low as 0.33-0.62 tonne CO,-eqg/tonne MgO after fully carbonation, which enables

a stable and permanent storage of CO, within construction products while gaining strength.
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Figure 8.3 CED of the production of 1 tonne of reactive MgO calcined from Mg(OH), obtained

from reject brine via different routes
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Table 8.6 Global warming potential of the production of 1 tonne of reactive MgO via the

decomposition of Mg(OH), obtained from reject brine via different routes.

Input/emissions CaO CaO*MgO NaOH NH; NH3(rec)
13.9- 25.2- 35.6- 13.9-
CED (GJ) 18.4-27.6
23.2 30.4 49.9 23.2
1.89- 1.43- 2.02- 1.89-
COz-eq (tonne) 2.14-2.66
2.42 1.72 2.83 2.42

8.3.4 Carbonation of Mg(OH), from reject brine

Table 8.7 Global warming potential of the production of 1 tonne of MgCO3+3H,0 via the direct
carbonation of Mg(OH); slurries obtained from reject brine via different routes.

Input/emissions CaO CaO-MgO NaOH NH; NH3(rec)
2.22- 6.57- 10.5- 2.22-
CED (GJ) 3.96-7.45
5.79 8.53 16 5.79
0.23- 0.05- 0.28- 0.23-
CO2-eq (tonne) 0.32-0.52
0.43 0.17 0.59 0.43

The efficiency of the sequestration of CO, into Mg(OH), slurries synthesized from reject brine in
the form of MgCO3+3H,0 via the addition of NaOH was achieved at 82.6% (Dong, Unluer et al.
2018), which is assumed to achieve the same level if other bases are used in this study. Since the
precipitation and carbonation are not included in the calculation of the energy consumption and
GHG emission, the CED of the production of 1 tonne of MgCO3¢3H,0 would be solely coming

from the production of raw materials as shown in

Table 8.7. However, the carbonation of Mg(OH), slurries could sequestrate CO, gas and store
into MgCO3+3H,0, leading to the reduction in the GHG emission. The use of NHj3 without
recycling reveals the highest CED of 10.5-16.0 GJ/tonne MgO with the GHG emission of 0.28-
0.59 tonne CO,-eqg/tonne MgO. However, if NH3 is recycled unlimitedly, the CED would go
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down to the same level of use of CaO at 2.22-5.79 GJ/tonne MgO with the GHG emission of
0.23-0.43 tonne CO,-eqg/tonne MgO. While if NaOH is used, a GHG emission as low as 0.05-
0.17 tonne CO,-eqg/tonne MgO could be achieved. As a result, when reactive MgO hydrates to
Mg(OH), and further carbonates to HMCs in the construction products, the GHG emission

would significantly decrease to a nearly zero carbon footprint.

8.3.5 Calcination of MgCO33H,0 from reject brine

Table 8.8 Energy consumption of the calcination process to produce 1 tonne of reactive MgO via
the decomposition of MgCO3¢3H,0.

; Content Heat
Filter cake Weight ) Decomposition Total
tage (%) weight energy ) @)
ercentage (% ener

(tonne) P : (tonne) (GJ) v
MgCO;+3H,0 7.36 41.5 2.84 3.21 4.98 8.18
Mg(OH), 7.36 41.5 0.11 0.14 0.15 0.28
Free water 7.36 58.5 4.31 1.35 9.83 11.2
Water vapour 7.36 58.5 431 4.81 0 4.81
Total (GJ) 24.2

The energy demand for the calcination of MgCO3+3H,0 into MgO was calculated following the
same methodology as detailed in the aforementioned section 3.2. 700 <C was chosen as the
calcination temperature in the case study to ensure the fully decomposition of MgCO3+3H,0 into
reactive MgO. The precipitated MgCO3*3H,0 was also in the form of filter cake which was
composed of 41.5% solids and the energy consumption was calculated to be 24.2 GJ/tonne MgO
as shown in Table 8.8, which is significantly higher than the energy demand for the calcination
of Mg(OH),. This is mainly due to a much more raw material needed to obtain the 1 tonne of
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reactive MgO and a higher calcination temperature of 700 <C compared to 500 T in Mg(OH)s.
The energy demand for the calcination of MgCO3+3H,0O obtained from reject brine is assumed

to be same for the use of other bases.

The energy consumptions of the production of 1 tonne of reactive MgO calcined from
MgCO3+3H,0 obtained from reject brine via different routes are compared via the calculation of
CED of each route as shown in Figure 8.5 and Table 8.9. Due to the high energy demand of the
calcination process, a doubled CED of each route of production 1 tonne of reactive MgO is
observed compared with reactive MgO calcined from Mg(OH),. The use of NH3 if not recycled
requests the highest energy demand of 60.4-77.1 GJ/tonne MgO with the highest GHG emission
of 2.45-3.39 tonne CO,-eqg/tonne MgO. While if NHs is fully recycled unlimitedly, CED would
significant decease to the same level of use of CaO as the base source of 35.1-46.4 GJ/tonne
MgO. However, the GHG emission still remain high as 2.3-2.92 tonne CO,-eg/tonne MgO since
the decomposition of 1 tonne of limestone to produce 0.56 tonne of CaO would release 0.44
tonne of CO,. The use of NaOH requests the second highest CED of 48.4-54.4 GJ/tonne MgO
with the lowest GHG emission of 1.77-2.11 tonne CO,-eg/tonne MgO. Overall, the production of
1 tonne of reactive MgO calcined from MgCO3¢3H,0 stays uncompetitive compared with
reactive MgO calcined from Mg(OH), due to the doubled CED and ~20% more GHG emission.
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Table 8.9 Global warming potential of the production of 1 tonne of reactive MgO via the

decomposition of MgCO3+3H,0 obtained from reject brine via different routes.

Input/emissions CaO CaO-MgO NaOH NH; NH3(rec)
35.1- 48.4- 60.4- 35.1-
CED (GJ) 40.4-51.1
46.4 54.4 77.1 46.4
2.30- 1.77- 2.45- 2.30-
COz-eq (tonne) 2.59-3.2
2.92 2.11 3.39 2.92

8.4. Conclusions

This study mainly evaluates the CED and GHG emission of the production of reactive MgO
calcined from Mg(OH), and MgCOQO3+3H,0 obtained from reject brine via different routes. A
cradle-to-gate LCA of the production of reactive MgO from reject brine has been performed. The

effects of key parameters, which are identified as the production of raw materials and calcination
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process, are studied and compared on the CED and GHG emission of the production of reactive
MgO from reject brine via different routes. Generally the production of 1 tonne of reactive MgO
calcined from MgCO3+3H,0 requests a doubled CED and ~20% more GHG emission compared
with reactive MgO calcined from Mg(OH); in every route. When reactive MgO is calcined from
Mg(OH),, the use of NH3 without recycling requests the highest energy demand of 35.6-49.9
GJ/tonne MgO with the highest GHG emission of 2.02-2.83 tonne CO,-eg/tonne MgO. While if
NHs is recycled unlimitedly through the addition of CaO milk, the final energy consumption can
significantly decrease to the same level of use of CaO, being responsible for 13.9-23.2 GJ/tonne
MgO with the GHG emission of 1.89-2.42 tonne CO,-eg/tonne MgO. The use of NaOH requests
the second highest energy demand of 25.2-30.4 GJ/tonne MgO next to NH3, however, the least
GHG emission of 1.43-1.72 tonne CO,-eqg/tonne MgO is observed.

The carbonation of Mg(OH), slurries was also studied to explore the CCS potential of Mg(OH),
slurries in the carbonates, which could be used to indicate the carbonation potential of reactive
MgO in concrete products. When NaOH is used as the base source, an as low as GHG emission
of 0.05-0.17 tonne CO,-eg/tonne MgO could be achieved. As a result, a nearly zero carbon
footprint could be achieved when reactive MgO hydrates to Mg(OH), and further carbonates to

HMC:s in the construction products.
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Chapter 9 Conclusions and recommendations for future research

9.1. Conclusions

This research develops different routes to synthesize and characterize the precursors, i.e.
Mg(OH),, hydrated magnesium carbonates (HMCs) and MgC,0,42H,0 from reject brine, which
have been calcined to produce reactive MgO. The economic feasibility, energy consumption and
carbon footprint of the production of reactive MgO from reject brine via different routes have
been calculated and evaluated by means of life cycle assessment (LCA). Research activities are
planned and conducted accordingly, and significant findings and accomplishments in this thesis

are summarized in the following sections.

The synthesis of the precursor Mg(OH), from reject brine has been realized via the addition of
NH4OH and NaOH as illustrated in Chapter 3, 4 and 5. The influence of the molar ratios of
Mg:NH4OH and Mg:NaOH was investigated with the goal of optimizing the yield and the purity
of the precipitates. An optimum NH,OH to Mg?* ratio of 6 and NaOH to Mg?* ratio of 2, which
resulted in a high Mg content while minimizing Ca-based impurities, was determined and
achieving a high purity of ~94%. Type of alkali source used during the synthesis of Mg(OH),
had a notable influence on the properties of Mg(OH),, as the use of NaOH generated a densely
packed granular morphology with relatively clear boundaries while a flake-like morphology with

a more porous structure was observed via the use of NH,OH.

A correlation between the calcination conditions and the reactivity, SSA of MgO was established.
While a certain minimum temperature was required for the complete decomposition of Mg(OH),
into MgO, an increase in the calcination temperature and duration lowered the SSA and
reactivity of MgO regardless of bases used. However, the use of NH,OH generated MgO
samples with porous structures, which enabled higher SSA and reactivities than those observed
in NaOH-based samples calcined under lower temperatures. The SSA and reactivity of NH,OH-
based MgO were more vulnerable to the changes in the calcination conditions and therefore
indicated a sharper decline at higher calcination temperatures and durations, which was
associated with its relatively more porous structure in comparison to NaOH-based MgO. Out of
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all MgO samples, calcination of Mg(OH), at 500 <€ for 2 hours resulted in the most reactive
MgO, which generated NH,OH-based MgO with a SSA of 78.8 m%/g compared with NaOH-
based MgO with a SSA of 51.4 m?/g.

The production of HMCs via the sequestration of CO, through sparging CO, gas directly into
Mg(OH); slurries generated from reject brine was presented in Chapter 6. The carbonation of
Mg(OH); slurries under the elevated Mg(OH),:CO, ratio led to the generation of nesquehonite
compared to dypingite precipitated at lower Mg(OH),:CO, ratios of 1:1. A specific “house of
cards” texture, involving the formation of rosette-like dypingite flakes on the surface of
nesquehonite needles, was discovered under elevated pH and Mg(OH),:CO, ratios conditions.
The carbonation of Mg(OH), slurry prepared from reject brine led to a high yield of
nesquehonite with a higher purity than the dypingite obtained from the carbonation of
commercial Mg(OH); slurry. The higher degree of carbonation revealed by reject brine Mg(OH),
than commercial Mg(OH); slurry (82.6 vs. 43.7%) demonstrated its high potential to be used in
the capture and long-term storage of CO; in the form of HMCs.

A comprehensive investigation on a two-step synthesis of MgC,04°2H,0 from reject brine via
the use of H,C,04°2H,0, which was further calcined to produce reactive MgO with ultra-high
purity, was reported in Chapter 7. The addition of H,C,04¢2H,0 into reject brine proved to be a
successful method to selectively precipitate out CaC,04°H,O and MgC,042H,O under a
controlled pH. The effects of Ca**:H,C,04+2H,0, Mg?*:H,C,0,4+2H,0 and pH on the final yield
and purity was investigated with the goal of optimizing the yield and purity of the synthesized
MgC,04°2H,0. MgC,04°2H,0 with a ultra-high purity of 99.5% was obtained, achieving a high
recovery rate of Mg?* of 94.9%. An increase in the calcination temperatures and durations
lowered the SSA values of MgO. Out of all samples, calcination of MgC,04+2H,0 at 700 <€ for
2 hours resulted in the most reactive MgO samples, with a SSA of 30.2 m%/g.

Finally a local life cycle inventory (LCI) and a comprehensive life cycle assessment (LCA) on
the economic feasibility, energy consumption and carbon footprint of the production of reactive

MgO from reject brine via different routes were revealed in Chapter 4 and 8. Generally the
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production of 1 tonne of reactive MgO calcined from MgCQO33H,0 requests a doubled CED and
~20% more GHG emission compared with reactive MgO calcined from Mg(OH); in every route.
The use of recycled NH3 or CaO can achieve the lowest CED of 13.9-23.2 GJ/tonne MgO if
reactive MgO is calcined from Mg(OH), obtained from reject brine. However, the least GHG
emissions of 1.43-1.72 tonne CO,-eqg/tonne MgO are observed when NaOH is used as the base
source since the CO, emissions are only generated from the fuels burning. The economic
feasibility of producing reactive MgO from reject brine via different bases has been calcuated
and a cheaper base alternative would make the production of reactive MgO from reject brine
more economically feasible. The overall cost was calculated as S$622/tonne MgO if CaO is used,

which matches the market price of MgO via a dry route of S$617/tonne MgO.

9.2. Recommendations for future research

In this study, the presence of Ca in the reject brine remains a main challenge to produce reactive
MgO with high purity. Efforts have been made through the optimization of the ratios of
Mg:NH,OH and Mg:NaOH to minimize the co-precipitation of CaCOj3 to enhance the purity of
MgO. A two-step synthesis of MgC,04°2H,0 from reject brine via the use of H,C,04°2H,0 to
separate Mg and Ca has also been developed. It is suggested that future efforts can be made to
identify and study the key parameters, e.g. pH, temperature, foreign ions added and etc., on the
ion competitions between Ca and Mg in the reject brine to generate numeric models to better
describe the ion behaviours, which can provide future support and guidance on the production of
reactive MgO from reject brine.

In this study, reactive MgO is produced from reject brine in small-scale. Scaling up the
production of reactive MgO from reject brine is suggested to be studied in the future and
compared with the properties of reactive MgO produced in this research. Furthermore, the
application of the reactive MgO produced from reject brine in the construction materials is
encouraged to explore and compare the performance of reactive MgO synthesized from reject

brine as an alternative binder with commercial MgO and PC products.

With regard of the direct carbonation of Mg(OH), slurries generated from reject brine in the

form of dypingite or nesquehonite, it is suggested to further study the thermal and structural
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stability of HMCs in the long run to ensure the safety of CO, stable storage. Further efforts are
suggested to make on the study of the mechanism of the formation of the “house of cards”

texture and the application of this special texture.

Finally, the LCA study reveals that a cheaper and cleaner base source could make the production
of reactive MgO from reject brine more economic feasible and environmentally friendly. Thus, it
is suggested to explore the feasibility of the use of waste bases to produce reactive MgO from
reject brine and compare with NH;,OH and NaOH.
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