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ABSTRACT

The continued use of fossil fuels to meet the world’s energy demands contributes largely to
the emissions of greenhouse gases. In South Africa, a considerable amount of carbon dioxide
(COy) is emitted annually from burning coal to produce electricity. To mitigate the adverse
environmental effects arising from the continual increase in CO2 concentration (MtCOz) in the
atmosphere, which in turn gives rise to global warming, this work investigated carbon capture
and storage (CCS) using accelerated mineral carbonation (MC). Accelerated MC is emerging
as a promising technology for the permanent storage of CO, based on its high storage
potential (> 10 000 Gt of CO;) because of the abundance of natural silicates worldwide. The
accelerated MC process involves reacting captured CO-, from a CO; emission source with an
alkaline-rich feedstock to produce a mineral carbonate, thereby storing the CO2 permanently.
Despite the high storage potential displayed by MC, the relatively high energy consumption
(MW) and costs ($/tonne CO,) associated with the process continue to hinder its widespread
implementation. Hence, the focus for accelerated MC in this work was the optimization of
several process parameters and the use of coal fly ash (CFA) to improve the carbonation
performance thereby reducing the energy consumption (MW) of the process. A preliminary
study was first conducted to determine the amount of calcium (Ca*") leachable from the fly
ash (FA). The parameters investigated for the calcium (Ca?') extraction study were the
temperature (°C), time (min), and particle size (um). Conditions resulting in the maximum
concentration of calcium (Ca®") extracted were considered the optimum conditions from the
leaching study and these process conditions were subsequently used for the carbonation
process. The optimum temperature was determined to be 70 °C and the optimum reaction
times were 30 min, 90 min, and 120 min due to the lower calcium (Ca*) concentration obtained
after 60 min, which from the Dixon’s Q-Test proved to be an outlier potentially caused by errors
while conducting the experiment. The particle size (um) was not considered for carbonation
experiments based on the trade-off between the maximum calcium (Ca®") leached and the
potential additional energy requirement (MW) due to sieving. Following the carbonation
experiments, the carbonation performance was measured through the percentage of CaCO3
formed, the carbonation efficiency CE (%), and the maximum CO: storage capacity (kg/kg fly
ash). It was found that the maximum % CaCOs3; formed after a reaction time of 120 min at 4
Mpa from direct carbonation with AMD wastewater was higher compared to the maximum %
CaCOs; formed of 2.43 % from direct aqueous carbonation under the same conditions of time
(min) and CO; pressure (Mpa). This was attributed to the lower S/L ratio of 0.2 g/mL used for
experiments involving AMD wastewater, which improved the calcium (Ca®") extraction, the
additional calcium (Ca?*) concentration of 362.5 ppm from the AMD wastewater, and the

increase in the stirring speed from 100 rpm up to 400 rpm upon process optimization.



The highest CE (%) was 63 % and was achieved from direct carbonation with AMD wastewater
after 120 min of direct carbonation at 4 Mpa, followed by 53.9 % achieved from indirect
carbonation with AMD under the same process conditions. The higher CE (%) through the
direct carbonation route was possibly due to the continued extraction of calcium (Ca®*) from
the fly ash during the direct carbonation reaction. A lower CE (%) was achieved when pure
water was used as the reaction solvent compared to when AMD wastewater was utilized,
again attributed to the lower S/L ratio, the additional calcium (Ca*") concentration provided by
the AMD wastewater, as well as the higher stirring speed (rpm) used for the AMD carbonation
study. The CE (%) achieved from direct aqueous carbonation was 29.4 % while the CE (%)
achieved from the indirect aqueous route was found to be 35.2 % after 120 min of carbonation
at 4 Mpa. The higher CE (%) achieved from indirect aqueous carbonation compared to direct
aqueous carbonation was due to the higher stirring rate (rpm) used for indirect aqueous
carbonation, which improved calcium (Ca*") extraction. The maximum CO, storage capacity
which gave an indication of the maximum CO, storage potential of the fly ash per 1 kg of fly
ash used, was also measured, and it was found to be 0.026 kg/kg fly ash which was expected
for fly ash material with a lower calcium oxide (CaO wt. %) content of 4.06 wt. % such as the
one used in this study. The study demonstrated a relatively effective storage of CO.
considering the lower CaO (wt. %) in the fly ash used. From material balance considerations,
there was a higher concentration of undissolved CO: (i.e., X CO»(oyr) 22.89 g) in the liquid
phase from the total CO: introduced into the reaction system (i.e., . CO,(n) 36.97 g). The
mass of dissolved CO, was 14.08 g, and 2.08 g was stored as CaCOs. 0.068 MW was
consumed from the process, and a high amount of the energy from the total energy output
was due to the power for heating, which suggested that lower temperatures (°C) could be
applied for the carbonation process. The energy consumption of 0.068 MW was relatively low
due to the non-pre-treatment (i.e., crushing, grinding, sieving, etc.) of the FA. Effective
neutralization of the AMD was achieved after 120 min of carbonation at a CO; pressure of 4
Mpa for both direct and indirect carbonation with AMD. A pH of 7.1 was achieved under these
conditions, which was close to a neutral pH of 7. The percentage (%) removal of most toxic
elements was close to 100 % in all cases investigated, which suggests that most of the

concentrations after treatment met the target water quality range (TWQR).
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Glossary

CO. sequestration

The process of capturing and storing atmospheric carbon dioxide (CO.) with the goal of

reducing global climate change.

Carbon Capture and Storage

Carbon capture and storage is a method of reducing carbon emissions from industrial
processes by capturing CO- and storing it permanently.

Exothermic reaction

A chemical reaction that releases energy from the system to the surroundings.

Law of conservation of energy

Energy can neither be created nor destroyed but can only be altered in its form.

Mineral Carbonation

Mineral carbonation is a process whereby CO; is chemically reacted with metal oxide-
bearing materials to produce insoluble mineral carbonates.

Hydrolysis

A chemical reaction in which water interacts with a substance and breaks down the

molecular bonds of the substance.

Le Chatelier’s Principle

Le Chatelier’s principle states that if dynamic equilibrium is disturbed by changing the process

conditions, equilibrium will shift towards the side that opposes the change.
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CHAPTER1

1. Introduction

1.1 Background

South Africa has a coal-based economy and relies heavily on coal for power generation. This
contributes largely to the emission of carbon dioxide (CO-) into the atmosphere through coal
combustion (Kaliyavaradhan & Ling, 2017; Mathieu, 2006). Increasing energy demands result
in an increased concentration of atmospheric CO, which poses a serious environmental threat
because of its contribution to global warming (Neeraj & Yadav, 2020). A promising strategy to
reduce CO; emissions to mitigate the adverse effects of global warming includes the use of
renewable energy sources. Renewable energy sources include wind power, hydropower, solar
energy, and biofuels. (Neeraj & Yadav, 2020). The potential use of renewable energy will
ensure diversification in our energy mix and reduce CO; emissions. Fossil fuels like coal are
expected to continue to meet our primary energy demands for the foreseeable future,
nevertheless, given the economic benefits provided by the South African coal mining industry
(Cloete, 2010).

Carbon Capture and Storage (CCS) is thus becoming one of the more practical methods
sought for lowering CO. concentrations in the atmosphere (Sikhakhane, 2020). CCS can be
done using several CO; capture and storage techniques. CO; capture methods include pre-
combustion capture, post-combustion capture, and oxyfuel combustion, while subsequent
storage techniques include biological storage, geological storage, oceanic storage, and
mineral carbonation (MC) storage (Bandilla, 2020; Ncongwane, 2016). In South Africa, plans
for the implementation of CCS technology started in 2004. Around this time, the Council for
Scientific and Industrial Research (CSIR) published a report that indicated that South Africa
could have considerable storage capacity in geological formations (Cloete, 2010). CO2 can be
captured and collected from emitters, where it can then be transported and stored

underground for long periods of time (Ngwenya, 2019).

Furthermore, the South African Centre for Carbon Capture and Storage (SACCCS) has since
conducted extensive research on the technical feasibility of CCS in South Africa (Beck et al.,
2013). The research conducted indicates that geological sequestration has the problem of
limited storage sites for storage, and the selection of more suitable storage sites requires
increased expenditure (Cloete, 2010). In addition, potential CO. leakages and transport costs
associated with the method present further problems (Mortezaei et al., 2017; Smith et al.,
2021).



Oceanic sequestration is another CO; sequestration method that has been considered. The
method involves the injection of CO: into the ocean and has a relatively higher potential for
CO- sequestration (Neeraj & Yadav, 2020). However, the method presents similar problems
to geological sequestration which include limited storage sites, potential CO, leakages, and
transport costs due to offshore basins being far from CO. emitters (Lal, 2008; Smith et al.,
2021). Another issue associated with the method is that of ocean acidification (Gupta, 2011).
Given the limitations, costs, and environmental impact associated with geological and oceanic
sequestration methods, the use of these technologies in South Africa may not be worthwhile.
The amounts sequestered may not be significant enough to justify the costs and potential

negative environmental impact (Ncongwane, 2016).

An alternative to these methods is the permanent storage of CO; through accelerated MC.
Due to the high CO- storage potential (i.e., > 10 000 Gt of CO2) and the permanent storage of
CO- provided by accelerated MC, which is also regarded as being safer, accelerated MC is
becoming a potential solution for the long-term storage of CO. (Sanna et al., 2014).
Accelerated MC follows the process of natural MC. MC for the storage of atmospheric CO: is
a known process that occurs naturally through silicate weathering, whereby natural silicate
rocks react with atmospheric CO2, which later becomes stored in mineral carbonate form on
a geological time scale (Pan et al., 2012). However, the process occurs too slowly in nature
to achieve effective CO, storage. Hence, accelerated MC using engineered processes for

more effective consumption of atmospheric CO; was then proposed by Seifritz (1990).

For accelerated MC, captured CO: from a process plant is stored permanently by reacting the
captured CO; with calcium (Ca?*) or magnesium (Mg?*) bearing natural silicate minerals, often
in the form of wollastonite (CaSiOs), serpentine (MgsSiOs(OH)a4), or olivine (Mg2SiOs4), or by
reacting the captured CO- with alkaline-rich waste materials such as coal fly ash (Nyambura
et al., 2011), demolished concrete waste, steel slag, etc. This is done under conditions (i.e.,
temperature, pressure, etc.) that favour a faster rate of carbonation for the formation of mineral
carbonates, e.g., calcium carbonate (CaCOs) or magnesium carbonate (MgCQO:s), thereby
permanently storing CO- in mineral carbonate form (Gerdemann et al., 2007; Yadav & Mehra,
2021). MC can follow ex-situ (above ground level) or in-situ (below ground level) routes
(Madzivire et al., 2019; Muriithi et al., 2013). The former route involves the already described
approach of using industrial chemical processes for CO; storage, where captured CO; from a
process plant is reacted with natural silicate minerals or industrial alkaline wastes to form
mineral carbonates thereby storing CO2, while the latter route involves the captured CO- being
injected below the ground where it can react with alkaline minerals in geological formations to

form mineral carbonates (Olajire, 2013). The ex-situ route is often preferred for accelerated
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MC due to the limited availability of suitable geological sites for the in-situ route (Yadav &
Mehra, 2021). Although the method of accelerated MC displays higher CO, storage potential
and better safety, it still proves costly (Neeraj & Yadav, 2020). Hence, the current focus for
the accelerated MC process is improving the rate of carbonation by determining the optimum
set of process parameters for carbonation such as temperature (°C), time (min), particle size
(um), S/L ratio, CO; pressure (Mpa), etc. Optimizing process parameters that significantly
affect the rate of carbonation can ensure a more efficient CO; storage process and in turn,
reduce energy consumption and process costs (Pan et al., 2012). The other important area of
focus for achieving reduced process costs for accelerated MC is investigating the use of
suitable feedstocks for the process. Given that natural silicate minerals such as wollastonite
(CaSiOs), serpentine (MgsSi2Os(OH).), and olivine (Mg2SiO4) require mining and expensive
pre-treatment (i.e., thermal, chemical, or mechanical) to achieve effective reactivity, industrial
waste materials such as fly ash, demolished concrete waste, steel slag, etc. offer an attractive
alternative to natural silicate minerals as the main feedstocks for accelerated MC (Pan et al.,
2012).

Alkaline waste materials have high reactivity because they contain active metal oxide
elements including calcium oxide (CaO) and magnesium oxide (MgO) and are chemically less
stable than natural silicate minerals (Ji et al., 2017; Pan et al., 2012). They require less
expensive pre-treatment, and in some cases, no pre-treatment is required. In addition, alkaline
industrial by-products such as fly ash have the benefit of being abundant and are easily
accessible near CO, emission sources, unlike natural minerals, which require mining, which
is an additional process cost (Bauer et al., 2011; Mathieu, 2006). Research on accelerated
MC using alkaline waste materials has mostly focused on the direct carbonation of these
feedstocks. The advantage of the direct carbonation route is the simplicity of the process, as
it is a single-step process, unlike indirect carbonation, which takes place in two steps. For the
accelerated carbonation of alkaline-rich wastes, whether through the direct or indirect route,
water has mostly been used as the reaction medium, although the use of wastewater reaction
mediums such as brine (Muriithi et al., 2009), or acid mine drainage (AMD) wastewater has
also been investigated (Ji et al., 2017; Ukwattage et al., 2015). By adding calcium (Ca?*) from
AMD or brine, effective CO, storage can be achieved, and the wastewater can also be
neutralized as a result (Lee et al., 2016; Madzivire et al., 2019). This makes it desirable to

employ these wastewaters as reaction media for CO; storage.



The neutralization of environmentally hazardous wastewater, particularly AMD, is a critically
concerning environmental issue. AMD wastewater is environmentally hazardous, and the
wastewater is generated when groundwater comes into contact with sulfide-bearing minerals
that are undergoing oxidation (Akcil & Koldas, 2006). The generation of AMD wastewater is
promoted by mining activity from both active and abandoned coal and gold mines in South
Africa (Akcil & Koldas, 2006; Vellemu, 2017). Potgieter-Vermaak et al. (2006) mentioned that
gold-bearing mines contain a significant amount of conglomerates that contain pyrite (FeSy)
together with several other sulfide-containing minerals, such as pyrrhotite. When mining
activity becomes economically unfavourable, mines become abandoned. Abandoned mines
become flooded with groundwater, and the water becomes acidic pH (2 to 4) with a high
concentration of sulfates and dissolved metals as a result of being in contact with sulfide-
bearing minerals that are undergoing oxidation due to exposure to atmospheric oxygen (O2)
(CSIR, 20009).

AMD wastewater emanating from sulfide-containing minerals which is highly acidic with toxic
metal contaminants such as copper (Cu?*), lead (Pb?*), zinc (Zn®*), etc (Akcil & Koldas, 2006;
Tomiyama et al., 2019), therefore presents a serious threat to water quality and aquatic life as
it can enter into rivers, lakes, etc (Nkongolo, 2020). AMD neutralization and remediation have
mostly been done using limestone although several other methods of treatment have been
studied (Gitari et al., 2018; Jones & Cetin, 2017). Notable disadvantages of limestone for AMD
neutralization are mainly its limited efficiency and the sludge that is generated in large volumes

and requires disposal (Gitari et al., 2018).

The environmental threat posed by the increase in atmospheric CO, concentration coupled
with AMD wastewater concerns provides the need for the development of processes that can
ensure effective CO; storage and simultaneous AMD wastewater treatment. The simultaneous
treatment of AMD and CO; storage can ensure both effective neutralization of AMD and CO:
sequestration (Ji & Yu, 2018). Hence, this study focuses on determining the most effective
method between direct carbonation and indirect carbonation using different reaction mediums
(i.e., water and AMD wastewater) for efficient storage of CO2 and simultaneous neutralization

of environmentally hazardous AMD wastewater with coal fly ash used as the feedstock.



1.2 Problem Statement

South Africa relies heavily on coal for power generation, and this contributes largely to the
emission of CO; through coal combustion (Kaliyavaradhan & Ling, 2017). CO; is one of the
most problematic greenhouse gases, and although renewable energy sources are available,
South Africa’s economy still relies heavily on the coal mining industry (Cloete, 2010). Hence,
there is a growing need to develop effective CCS methods that will mitigate the threat posed
by vast CO, emissions coming from coal power plants in South Africa (Beck et al., 2013).
Current CO; storage techniques such as geological and oceanic sequestration are relatively
costly, with safety and environmental issues continuing to hinder their application (Lal, 2008).
The method of accelerated MC for the permanent storage of CO- is attractive due to its higher
CO, storage potential and ability to ensure permanent storage of CO.. However, the method
is still costly with strategies required around ensuring optimum carbonation performance using
less energy to reduce process costs ($/tonne of CO, stored). In addition to the problem posed
by CO. emissions from coal power plants, there is also the issue of acid mine drainage (AMD)
wastewater generated from mining activity in South Africa. AMD is highly acidic (pH 2-4) and
poses a serious environmental threat (Gitari et al., 2018). There is thus a clear need for the
development of processes that can help achieve effective CO, capture and storage with the

simultaneous treatment of AMD wastewater.



1.3 Aim

The aim of this study is to investigate the potential of Durapozz fly ash to permanently store
CO2 and simultaneously neutralize AMD wastewater. Furthermore, the study also aims to

investigate whether using AMD wastewater enhances the overall carbonation performance.
1.4 Objectives

1. Conducting leaching (i.e., preliminary) experiments to determine the effect of temperature

(°C), time (min), and particle size (um) on the amount of calcium (Ca?*) leachable from fly ash.

2. Performing direct and indirect carbonation experiments with water and AMD for CO; storage

and AMD neutralization.

3. Investigating the effects of temperature (°C), reaction time (min), S/L ratio, stirring speed
(rpm), and CO; pressure (MPa) on carbonation efficiency (CE %) and CaCO3 formed for CO-

storage.

4. Investigating the effects of reaction time (min) and CO: pressure (MPa) on the pH and the

percentage (%) removal of metals from AMD during AMD neutralization.

5. Performing material balance calculations around a 600 mL high-pressure reactor to

determine the total CO; uptake of the reaction system.

6. Determining the energy (MW) requirement for the process.
1.5 Research questions

The study will answer the following research questions:
1. How effective is the fly ash used in the storage of CO- in mineral carbonate form?

2. What parameters have the most significant effect on the overall carbonation performance

for CO, storage and AMD neutralization?

3. Which process route between direct and indirect carbonation is more effective for CO;

storage and AMD neutralization?
4. Which reaction medium between water and AMD is more effective for CO, storage?

5. How much energy does the procedure use?



1.6 Research Approach

This study will focus on the direct and indirect carbonation approaches for CO» sequestration

and AMD neutralization:

1.6.1 Direct Carbonation

Chittick Test

A

Reacted with ‘ Output
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‘%.
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Figure 1.1: Block Flow Diagram (BFD) for direct carbonation approach

Figure 1.1 illustrates the various steps taken during direct aqueous carbonation experiments
and the appropriate characterisation techniques used at each stage. An identical approach
was taken for direct carbonation experiments involving AMD neutralization, where the

feedstock (i.e., fly ash) was reacted with AMD wastewater.



1.6.2 Indirect Carbonation
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Figure 1.2: Block flow diagram for indirect carbonation approach

Figure 1.2 illustrates the various steps taken during indirect aqueous carbonation experiments
and the appropriate characterisation techniques used at each stage. An identical approach
was taken for indirect carbonation experiments involving AMD neutralization, where the

feedstock (i.e., fly ash) was reacted with AMD wastewater.



1.7 Hypothesis

From the metal oxide species available in fly ash that can store CO, as a mineral carbonate,
calcium oxide (CaO wt. %) is predominantly responsible for CO. storage as calcium carbonate
(CaCO:s). Optimizing key process parameters results in effective carbonation performance and

the use of AMD wastewater as a solvent is more effective for CO., storage compared to water.

1.8 Scope and Delineation

This study focuses mainly on the CO: sequestration potential of fly ash. The study focuses
specifically on direct and indirect carbonation using water and AMD wastewater for CO;
sequestration. The CO; sequestration process will also neutralize the AMD wastewater. The
CaCOs product from the process can also be utilized for AMD neutralization, as AMD
wastewater can be neutralized using CaCOs. However, this study only focuses on the
neutralization of AMD wastewater through the CO; sequestration process using fly ash as the
reaction feedstock. Only one type of fly ash (Class F) material was considered for the study.
The use of additives and enhancing extraction reagents such as hydrochloric acid (HCI) and

sodium hydroxide (NaOH) for indirect carbonation was not considered.

1.9 Thesis Outline

Six more chapters are present in this study. Their sequence and content are as follows:
o Chapter 2: Literature Review

This chapter focuses on CO:2 sequestration by the methods of mineral carbonation (MC) and AMD
neutralization using fly ash as a feedstock. By using previous literature, the chapter highlights and
compares relevant experimental parameters influencing the carbonation performance of CO:2

sequestration experiments, as well as parameters influencing AMD neutralization.

¢ Chapter 3: Methodology

This chapter presents the materials used in the study. It also describes the methodology and

analytical methods used to achieve the objectives of the study.

e Chapters 4, 5, and 6: Results and Discussion, Material Balance, and Energy Balance

These chapters present results obtained from experiments, analytical techniques, and material

and energy balances. The results are discussed in relation to previous literature.

o Chapter 7: Conclusions, Recommendations, and Implications

This chapter presents the final conclusions drawn from the study based on the results obtained.

Relevant recommendations and the implications thereof are provided.



CHAPTER 2

2. Literature Review

This chapter provides a review of the Carbon Capture and Storage (CCS) process, focusing
mainly on the utilization of accelerated mineral carbonation (MC) as the storage method and
the subsequent neutralization of acid mine drainage (AMD) wastewater. This literature review
section essentially highlights and compares the key process parameters that influence the
carbonation performance for the storage of captured carbon dioxide (CO-) by accelerated CO»

mineralization from previous studies.

2.1 Carbon Capture and Storage (CCS) process

There are currently 26 operational CCS facilities worldwide in a range of industries, including
power generation, hydrogen, steel, cement, etc (Global CCS Institute (GCCSI), 2020). CCS
involves the capture and permanent storage of CO2, mainly from the combustion of fossil fuels.
The initial stage of any CCS process involves capturing CO; using one of the following capture
methods (Bandilla, 2020):

1. Post-combustion capture involves the separation of CO; from the products of the
combustion process (i.e., flue gases).

2. Pre-combustion capture is the method of decarbonizing of the fuel (i.e., coal, gas, or
biomass) prior to combustion.

3. Oxyfuel combustion is re-engineering the combustion process in order to produce pure CO.,

thereby eliminating the need for its separation.

Figure 2.1 shows the various options for CO; capture from power generation. From Figure 2.1,
it is evident that CO, separation is not required for oxyfuel combustion, while pre-combustion
and post-combustion capture require the separation of CO; from a gas mixture containing CO»

and hydrogen (H2) and CO; and nitrogen (N), respectively:
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Figure 2.1: Various options for CO2 capture from power generation (Bandilla, 2020)
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2.1.1 Post-combustion capture

Post-combustion systems separate CO. from part of the flue gases, as shown in Figure 2.1.
There are currently several technologies available for the process of CO, capture from flue
gases, but based on the higher capture efficiency, selectivity, lower energy requirements, and
the overall process costs, the absorption process, which typically uses the solvent
monoethanolamine (MEA), is the most preferred method (Kheirinik et al., 2021; Mathieu,
2006).

2.1.2 Pre-combustion capture

There are also pre-combustion capture techniques used industrially. The primary fuel is
processed in a reactor with steam, air, or oxygen (O3) for the pre-combustion process to create
a mixture that primarily contains carbon monoxide (CO) and hydrogen (H.) (Jansen et al.,
2015). Additional H2 and CO; are produced by reacting the CO with steam in a second reactor,
with the resulting mixture of H, and CO, separated into a CO; and H; gas stream. If the CO>
is stored, then H is a carbon-free energy carrier that can be combusted to generate power
and heat (Mathieu, 2006).

2.1.3 Oxyfuel combustion

Oxyfuel combustion requires the delivery of oxygen rather than air to the combustion chamber.
This ensures that the gaseous combustion reaction product is near-pure CO- rather than a

mixture from which CO; needs to be separated (Bandilla, 2020).

2.1.4 Preferred CO; capture method

Kheirinik, Ahmed and Rahmanian (2021) assessed the capital and investment costs of a 230
MW powerplant and found that the total costs were lower for the post-combustion method.
Additionally, post-combustion technologies can be integrated into existing power plants
without major disruption to the operation of the plant (Bandilla, 2020). For these reasons, post-
combustion CO, capture methods are preferred over pre-combustion and oxyfuel combustion

systems.
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2.1.5 CO: Storage

Neeraj and Yadav (2020) observed that after CO, has been effectively captured, the existing

storage techniques have their individual advantages and disadvantages to consider. These

are presented in Table 2.1:

Table 2.1: Characteristics of CO2 storage methods (Neeraj and Yadav 2020)

Storage Type Advantages Drawbacks Storage Cost ($/tonne CO2
potential (Gt) stored)
Geological Well developed Risk of leakage 1800 0.5-8
technology
Economical Requires
constant
monitoring
Shortage of
suitable storage
sites
Oceanic High storage Environmental >100 6-31
potential risk
No monitoring More expensive
required that geological
storage
Ocean
acidification
MC Environmentally High process >1000 to 50-100
safe costs in some >1 000 000
cases
Exothermic Slow reaction
reactions kinetics

Abundance of

Pre-treatment of

feedstock feedstock
required in some
cases

Permanent High energy

storage consumption in

some cases
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Table 2.1 shows the various CO; storage methods and although geological storage is currently
the most developed technology for large CO- emitters, it can be seen that MC has the highest
CO- sequestration potential (i.e., >10 000 Gt) due to the abundance of natural silicates
worldwide (Sanna et al., 2014). However, MC currently still has the highest process cost of
50-100 $/tonne CO; (Bobicki et al., 2012). This is notably the most significant drawback for
accelerated MC as the process can prove energy-intensive (Pan et al., 2012). If the process
is to be considered for widespread implementation, it therefore needs to find strategies for
minimizing its energy consumption, which would lead to reduced process costs. One of the
major strategies to ensure the process of accelerated MC is more efficient and hence more
cost-effective is by improving the kinetics of the carbonation process by optimizing process

parameters (Huijgen et al., 2005).

When using natural silicates as the feedstock for accelerated MC, such as wollastonite
(CaSiO:s), serpentine (MgsSi2Os(OH)4), or olivine (Mg2SiOs), the process can be kinetically
improved by activating the material to make it more reactive. This activation can be achieved
through pre-treatment of the mineral which includes crushing, grinding, and milling to ensure
a reduced particle size (um) which increases the surface area of particles contacting CO;
during the carbonation process and results in a more effective carbonation process (Mathieu,
2006). The other form of activation is through heat treatment. The heat treatment ensures
more effective leaching of calcium (Ca®") or magnesium (Mg®*) from these natural silicates.
The effective leaching of metal ions yields a higher concentration of metal ions available for
the reaction with CO2, which in turn improves the rate of the carbonation process (Yadav &
Mehra, 2021). All of these activation processes are energy intensive and need to be avoided

for the accelerated MC process to become viable (IPCC, 2005).

Most research efforts have been aimed at optimizing process parameters that overall result in
a more effective carbonation process, such as the temperature (°C), time (min), particle size
(um), S/L ratio, CO, pressure (Mpa), etc. In this way, the MC process can then have the
potential to be less energy-intensive and therefore less costly (Ji & Yu, 2018). Recent studies
have mainly focused on the use of calcium-rich industrial waste materials such as coal fly ash,
demolished concrete, steel slag, etc., for accelerated MC due to the high costs associated
with mining and pre-treatment of natural silicates (Huntzinger et al., 2009). The costs of mining
and activating natural silicates are estimated at around 10 $ per tonne of CO. with an
additional 2 % of CO2 emissions (Bobicki et al., 2012).
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2.2 Mineral Carbonation (MC)

The permanent storage of CO- through MC is a naturally occurring process where atmospheric
CO2 reacts with natural silicates to form carbonates, thereby storing the CO, permanently (Pan
et al., 2012). In nature, MC for CO- sequestration is a slow process. The MC process can be
accelerated through the carbonation of pre-treated natural silicates or alkaline-rich materials
to help reduce the rate of CO2 emissions, from power plants and other emission sources thus
preventing the further increase of atmospheric CO, (Ukwattage et al., 2013). Accelerated MC
for permanent CO; storage involves the reaction of captured CO, from a process plant with
calcium (Ca®") or magnesium (Mg®*) metal oxide-bearing feedstocks in order to form a stable

mineral carbonate (Sanna et al., 2014).

2.2.1 Natural MC

MC is a naturally occurring process that occurs on a geological time scale through silicate
weathering. The process involves the reaction of natural silicates with atmospheric CO., as
shown (Pan et al., 2012):

Olivine

Mg,Si0, + CO, —» 2MgCO; + Si0, AH = + 89 kj/mol (1)
Serpentine

Mg5Si,05(0H), + 3C0, — 3MgCO; + 2Si0, + 2H,0 AH = + 64 kJ/mol 2)

Wollastonite
CaSiO; + C0, — CaCOz; + Si0, AH = + 90 kj/mol (3)

When atmospheric CO> comes into contact with the natural silicate after being dissolved in
rainwater, the rainwater leaches the calcium (Ca?*) and magnesium (Mg?*) from the silicate
into rivers and, subsequently, the ocean, where it precipitates to form stable mineral

carbonates that store CO. permanently over time (Bobicki et al., 2012).
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2.2.2 Accelerated MC

Following the separation of CO, from flue gas in a power plant, permanent storage of CO» can
then be achieved through the accelerated MC process. Accelerated MC, used to achieve more
effective CO. storage, is a process whereby CO; from the capture step is brought into contact
with a metal oxide-bearing material with the purpose of fixing the CO. as a carbonate under
conditions that promote a faster rate of carbonation (Board et al., 2012; Mathieu, 2006). Table

2.2 presents some of the metal oxide-bearing materials used for the accelerated MC process:

Table 2.2: Feedstocks for accelerated MC (Mathieu, 2006)

Feedstock Examples
Natural silicates Wollastonite, olivine, serpentine etc
Industrial wastes Coal fly ash (CFA), construction and

demolition waste (C&DW), steel slag,

cement kiln dust etc.

The accelerated MC method has been studied using some of the reaction feedstocks shown
in Table 2.2. For the accelerated MC process, CO; reacts with metal oxides (MO) available in
natural minerals or industrial wastes. The corresponding mineral carbonate forms through the

exothermic reaction shown in Equation 4 (Bobicki et al., 2012):

MO + CO, > MCO; + heat (4)

It is important to note that interest in MC comes from the following unique features (Mathieu,
2006):

e The abundance of materials that contain metal oxides.

e The ability of the method to permanently store CO; in a stable solid form.

e High storage potential.
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2.3 Material balance considerations for MC

Figure 2.2 shows material and energy balances through the system boundaries for a power

plant with integrated CCS, and accelerated MC used for the storage process:

i :—> CO2 stored (as carbonates)
. i co2 !
Fossil fuels ——p > !

' Power plant or

other processes
with CCS

Mineral ;
Carhonation —————— CO2 emitted

Energy

\ 4

Other materials ———»
! » Other emissions and effluents

...............................................................................................................

Products

Figure 2.2: Material and energy balance through the system boundaries for a power plant with CCS

with accelerated MC used as the storage method (Mazzotti et al., 2005)

For a power plant with integrated CCS that uses accelerated MC as the storage method such
as the one presented in Figure 2.2, the fossil fuel provides energy both to the power plant that
produces CO, and to the mineralization process (Mazzotti et al., 2005). Given that the
accelerated MC process can also produce CO;, the amount of CO, that can be emitted from
the overall process is important to determine. A significantly higher amount of CO; stored than

that emitted indicates an effective CO, sequestration process.

The amount of CO; captured by the power plant, together with the amount of CO, emitted and
stored through the mineralization process, can be determined using the law of conservation
of mass through material balance calculations. The overall material balance around any

system is given by (Himmelblau & Riggs, 2004):

Accumulation Mass in Mass out Generation Consumption
(Buildup = (Entersthrough — (Leavesthrough + (Produceswithin — Consumed (5)
within system) system boundaries) system boundaries) system) within system

For a system without reaction and at steady state (i.e., no accumulation of mass within the

process), the general mass balance reduces to (Reklaitis & Schneider, 1986):

Aceumulation = Material In — Material Out + gereration — consumption
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~ Material In = Material out (6)

The accelerated MC process can be batch or continuous in nature. A continuous process is
one that has the feed streams and product streams moving in and out of the process
all the time, whereas a batch process is one where no mass is added or removed from

the vessel.

lizuka et al. (2013) investigated the amount of CO; that could be sequestered from a CCS
process using accelerated MC for storage with an alkaline waste material (i.e., waste concrete)
utilized as the reaction feedstock. The study showed that by using alkaline wastes such as
waste concrete, high CO; storage capacities can be achieved at lower sequestration costs

($/tonne), as their process estimated an annual CO, storage capacity of 1.4 million tonne/year.

2.4 Energy balance considerations for MC

Determining the amount of energy consumed for accelerated MC is critical because the
potential of the accelerated MC process depends on the trade-off between costs associated
with the energy-consuming steps (i.e., mining and pre-treatment of the feedstock) and benefits
(i.e., the large potential capacity due to the abundance of natural metal oxide bearing silicates
and the permanence of CO, storage) (IPCC, 2005). The overall energy consumption for the
accelerated MC processes can be determined by an application of the law of conservation of
energy through energy balance calculations, where the total energy consumed for the process

is determined from the general energy balance (Himmelblau & Riggs, 2004):

A Egystem = Q + W (assuming a closed system) where; (7)

A Egystem i the total energy of the system. For a stationary and unelevated closed system,

A Egystem = AU (internal energy).

Q is the energy due to heat given by Q;;, — Qour;

and W is the energy due to work given by W;,, — Wy,;
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2.4.1 Energy consumption for MC

MC using natural silicates is a slow process that can be kinetically enhanced by raising
parameters such as temperature (°C). Metal ion extraction is considered the main rate-limiting
step, and most research efforts have been devoted to finding ways to speed up the metal
extraction from the solid input materials. This can be achieved by activating the mineral to
make it more reactive (Mathieu, 2006). Activation takes different forms, such as heat treatment
at 650 (°C) for serpentine and ultra-fine grinding for olivine and wollastonite. The energy
requirement for activation has been estimated to be 300 kWh/tonne and 70-150 kWh/tonne
for thermal and mechanical activation, respectively. MC for CO, storage has been performed
after such pre-treatment ; however, the process is expensive and energy-intensive, and its
feasibility is questionable (IPCC, 2005).

Introducing CCS technology can result in a 30-50% energy penalty on the original power plant.
When accounting for the 10-40% energy penalty in the capture plant as well, a full CCS system
with mineral carbonation would need 60-180% more energy than a power plant with equivalent
output without the implementation of CCS which shows the implications of the CCS process
on the total energy consumption of a power plant (Mazzotti et al., 2005). lizuka et al. (2004)
determined a minimum power consumption of 25.9 MW/100 MW for the sequestration process
from a CO- emitting thermal power plant on the basis of laboratory-scale experimental results
using an alkaline industrial waste feedstock. The energy requirement resulted in an overall
cost of 22 $/tonne of CO; stored, which is still competitive with costs obtained for sequestration
methods such as oceanic, which are between 6-31 $/tonne of CO, stored (Neeraj and Yadav
2020).

2.4.1 Cost considerations for MC based on energy consumption

A commercial process for accelerated MC would require mining, crushing, and milling of the
mineral-bearing ores and transporting them to a processing plant that receives CO. from a
power plant. As mentioned previously, there are additional costs associated with such pre-
treatment processes, and the costs of mining and preparing natural silicates are estimated at
around 10 US$/tonne of CO,, with an additional 2 % of CO, emissions (Bobicki et al., 2012).
The energy requirements associated with mineral pre-treatment can be reduced by exploiting
options such as the exothermic nature of the MC reaction, where energy in the form of heat
can be recovered from the process and reused, thereby reducing the energy requirements
and process costs. The case studied for MC on an industrial scale for the wet carbonation of
the natural silicate olivine, found the cost associated with the process to be between 50 and
100 US$/tCO- (Mathieu, 2006).
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Due to such high costs, current studies have focused on the use of industrial alkaline waste
materials such as fly ash, demolished concrete, steel slag, etc. to effectively reduce process
costs for accelerated MC and hence the overall costs for the CCS process. These waste
materials have the benefit of requiring a lower degree of pre-treatment and less energy-
intensive operating conditions to enhance carbonation yields. lizuka et al. (2013) performed a
cost evaluation for accelerated MC under aqueous conditions using waste concrete. The
lowest estimated CO. sequestration cost for the process was -232 $/tonne CO, and was found
to be highly competitive with other sequestration methods such as geological and oceanic
sequestration that have reported CO, storage costs between 0.5-8 and 5-30 $/tonne CO, net
injected, respectively, thus proving that the use of alkaline waste feedstocks is well suited for

making the accelerated MC process economically feasible (Mathieu, 2006).

2.5 Suitable feedstocks for MC

Ncongwane (2016) noted that considering the energy penalty associated with accelerated MC,
the key goal of research has been to enhance the reaction kinetics of the process. This is
necessary if the technology is to be justified for mass industrial deployment. Therefore, it is
essential in the endeavor to make accelerated MC economically practical and, as a result, for
the technology to have widespread industrial implementation, to employ industrial waste
materials instead of natural silicate minerals. Examples of such materials are fly ash,
demolished concrete debris, steel slag, etc. Compared to natural silicate minerals, industrial
waste materials have several advantages as feedstock for accelerated MC. These waste
materials offer higher reactivity because they are chemically less stable than geologically
derived minerals (Huijgen & Comans, 2003). They are also typically fine-grained with high
reactive surface areas, thus, they require a lower degree of pre-treatment and less energy-
intensive operating conditions for enhancing the carbonation performance (Sanna et al.,
2014). Sanna et al. (2014) further mention that these materials are often associated with
CO; point source emissions, and they supply a readily available source of calcium (Ca®")
without the need for mining. There are several industrial waste materials currently being
investigated for accelerated MC, most of which are rich in CaO (wt. %) content. This study

focuses on the use of one such industrial waste material in the form of fly ash.
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2.5.1 Coal Fly ash (CFA)

The industrial by-product coal fly ash has been used as a feedstock for CCS by MC in several
studies. Ji et al. (2017) mentioned that the advantages of using fly ash include relatively high
material reactivity, no pre-treatment requirements, abundance, ease of availability near CO-
emission sources, and the possibility of reusing the end product of the CO, sequestration step

in construction materials.

2.5.1.1 Coal fly ash generation and global recycling

Coal is a fossil fuel that can be classified into four main groups, namely bituminous coal, sub-
bituminous coal, lignite, and anthracite, depending on the carbon content and energy released
when burnt (Nkongolo, 2020). The burning of coal gives rise to coal fly ash, and this by-product
of coal combustion is produced in significant quantities worldwide. Countries such as India are
regarded as one of the world’s leading coal producers and given that Indian coal has a high
ash content, 120 - 150 million metric tons of coal fly ash are generated in India (Jain & Dwivedi,
2014). This coal fly ash is mostly stored as waste heaps or landfill deposits and thus becomes
a pollutant that poses a serious environmental threat (Sett, 2017). Of the 120 — 150 Mt of coal
fly ash produced in India, only about 38 % is reused in various industries, such as the
construction industry (Jain & Dwivedi, 2014). Other countries such as the United States of
America (USA), produce around 122 Mt of coal fly ash annually of which approximately 35 —
40 % is used beneficially (Reddy et al., 2010). Gianoncelli et al. (2013) identified that although
coal fly ash poses a certain environmental threat, coal fly ash can be used as an important
raw material for the cement and construction industries with various other applications such

as wastewater treatment, zeolite synthesis, etc.

2.5.1.2 Fly ash generation and recycling in South Africa

South Africa produces around 100 Mt of low-grade bituminous coal each year and of this 100
Mt, approximately 28 Mt of coal fly ash is produced as a by-product (Gitari et al., 2018). The
principal components of this fly ash are silica (SiO), aluminium oxide (Al.O3), and calcium
oxide (CaO), with varying amounts of carbon as indicated by the loss of ignition (LOI) (Gitari
et al., 2005). Reynolds-Clausen & Singh (2019) reported that between 2014 and 2015, 119.2
Mt of coal were produced, with only 7 % of the coal fly ash reused constructively. In South
Africa, many power stations are running out of storage space to accommodate coal fly ash
waste, which explains Eskom’s initiative of recently reviving its Ash Utilisation Project to

advocate for the use of coal as a beneficial resource (Funston et al., 2021).
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The constructive reuse of coal fly ash could play a vital role in mitigating the negative
environmental impact of stockpiled fly ash, as leachates from fly ash are highly siliceous and
alkaline (pH>12) and can contaminate soil and groundwater (Gitari et al., 2006). It can also
play a key role in business development as it benefits the construction industry. Moreover, its
new applications will help in the effort towards reducing CO: emissions and treating
environmentally hazardous wastes such as AMD wastewater (Reynolds-Clausen & Singh
2019).

2.5.2 Chemical and mineralogical properties of fly ash (FA)

Table 2.3: Elemental and mineralogical phases of a typical fly ash sample

Fly Ash
Elemental Composition SiO2>Al03>Fe 03> CaO>MgO
Mineralogical Composition Quartz (SiO-), mullite (AlsO13Si2), magnetite
(FeFe20a)

Table 2.3 shows the chemical and mineralogical compositions of a typical fly ash sample. Fly
ash is classified into two main groups, namely Class C and Class F as claimed by the
American Society for Testing and Materials (ASTM). The characterisation is based upon the
maximum and minimum percentages of quartz (SiOz), aluminium oxide (Al.O3), and hematite
(Fe203) available (Alterary & Marei, 2021). Class F fly ash is pozzolanic, arising from either
anthracite or bituminous coal. The total amount of SiO;, Al,Os, and Fe-Os must be greater
than 70%. Class C ashes are pozzolanic, and cementitious and are produced from sub-
bituminous or lignite coal burning. The overall quantity of SiO2, Al,O3, and Fe2O3 must be
greater than 50% (American Coal Ash Association, 2013). Notably, fly ash with more than
20% CaO (wt. %) is classified as Class C and lower calcium-bearing fly ash is characterised
as Class F fly ash. Therefore, a distinction can be made between Classes C, and F fly ash
based on the percentage of CaO (wt. %), with Class C having greater than 10% and Class F
having less than 10% of CaO (Wardhono, 2018).
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2.5.2.1 Characterisation of fly ash

The percentage composition of each mineral and element present in fly ash can be determined

by analytical methods such as X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF). It also

becomes important to determine the elemental composition of the resulting leachates from the

carbonation of fly ash, and the elemental compositions can be determined using Inductively

Coupled Plasma: Optical Emission Spectrometry (ICP-OES) analysis. Table 2.4 provides a

summary of the purpose of each of the analytical methods, namely XRD, XRF, and ICP-OES.

Table 2.4: Various analytical techniques used for analysis

Analytical Method

Purpose

e XRD

e XRF

According to Kruse et al. (2012), the XRD analytical technique is used to
determine the mineralogical phases present in various solids. In the case of fly
ash, X-ray diffraction (XRD) qualitatively identifies the crystalline phases of the
fly ash sample. Within an XRD machine setup, electrons hit a solid sample, and
X-rays are emitted. When the X-rays hit a crystal structure, some X-rays diffract
based on this crystal structure, but other X-rays penetrate further into the
sample until colliding into a crystal. The machine reads all the angles of
diffracted, scattered X-rays and their intensities to create a pattern. With a high-

intensity scan, major and minor crystalline phases can be identified.

The XRF analytical technique is used to determine the elemental composition
(wt.%) of major, minor, or trace elements in various solids. In the case of fly
ash, XRF is used to evaluate the bulk oxide content (Alterary & Marei, 2021).
High-energy X-rays excite the fly ash, and this process emits fluorescent, or
secondary X- rays. These secondary X-rays are used to identify the oxides
qualitatively and quantitatively in the sample (Kruse et al., 2012). XRF can be
used to determine amorphous content by subtracting the crystalline amount
from the total bulk oxide amount found with XRF. XRF spectrometers are
available in different designs. The simplest are handheld devices that are used
for routine analysis of materials and most analyse circular areas with diameters
of ~10 mm, although some models can also analyse areas of 1 mm diameter
(Goodman et al., 2015).
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ICP-OES

ICP-OES is used to determine the elemental composition of major and minor
elements for varying types of liquid solutions. The technique derives its
analytical data from the emission spectra of elements excited in a high-
temperature plasma. The ICP-OES optical system separates element-specific
wavelengths of light emitted from the excited sample and focuses the resolved
light onto the detector as efficiently as possible. The spectrometer is comprised
of two sections, the fore-optics, and the polychromator. When the light exits the
polychromator, it is focused on the detector (Hannan, 2017). The technique
gives very high sensitivity for the determination of elements in solution and is

sensitive in detecting small concentrations to even very low parts per billion

(ppb) levels (Muriithi, 2009).

2.5.3 Coal fly ash compared to other alkaline waste feedstocks for CO; storage

According to the South African Coal Fly Ash Association, South Africa only produces Class F
fly ash which typically contains low CaO (wt. %) content (Vilakazi et al., 2022). Table 2.5 shows

the percentage (%) chemical composition of a typical South African Class F fly ash sample:

Table 2.5: Chemical composition of South African fly ash (Vilakazi et al., 2022)

SiO, Al,O3 Fe-O3; | CaO TiO2 Na.O | SO; MgO P20s MnO LOI
49.92- | 27.21- | 2.58- | 4.80- | 1.39- | 0.03- | 0.05- | 1.47- | 0.45- - 1.54-
56.29 | 31.52 | 5.91 947 225 081 [478 |269 |0.90 7.81

According to Nyambura et al. (2011), the overall calcium (Ca?*) content of fly ash has a
significant impact on the degree of carbonation, even though the presence of other mineral
phases may affect the reactivity of CO. during carbonation. Recently, several other
researchers have investigated the use of construction waste for the CO. storage process. Ben
Ghacham et al. (2015) demonstrated that 34.6 % of the introduced CO. converted to
thermodynamically stable calcite (CaCOs) when using concrete waste with the chemical

composition presented in Table 2.6:

Table 2.6: Chemical composition of construction waste material (Ben Ghacham et al., 2015)

SiO2 | AlbO3 | Fe;03 | CaO | TiO2 | Na:O | SOs MgO | KO MnO | LOI
45.2 8.1 2.1 26.8 0.34 1.39 1.2 0.63 2.18 - 17.2
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From Table 2.6, the concrete waste from the study conducted by Ben Ghacham et al. (2015)
contains lower compositions of SiO2, Al.O3 and Fe>O3 compared to typical Class F fly ash, but
more importantly, the material contains a high CaO (wt. %) content, which was responsible for
the high CO, storage in mineral form (i.e., CaCOs3) (Bobicki et al., 2012). Previous work
conducted by using cement waste with a high calcium (Ca®*) content of 27.6 % showed that a
high amount of CO. can be converted to CaCOs, as a maximum conversion to CaCOs of more
than 67% was achieved in their study at a lower CO pressure of 0.1 Mpa which favoured

CaCOs precipitation.

2.6 Process routes for MC

Several approaches for accelerated MC have been studied, ranging from direct gas-solid

approaches to more complex multi-stage MC routes as shown in Figure 2.3 (Olajire, 2013):

Gas-solid MCT Single step

Drect MCT

Ex-situ MCT

Agueous MCT Single step |-
Gas-solid MCT Multi-step

—H Multi-step

Indirect MCT

—*| Aqueous MCT [
pH Swing

Basaltic bedrock
(Carbfix)

4-{ In-situ accelerated MCT };*-‘ Peridotite
In-situ MCT Improved sealing of
deep saline formation
*-‘ COz-Energy Reactor |

Figure 2.3: Classification of MC routes (Olajire, 2013)

Figure 2.3 illustrates the division of accelerated MC processes into ex-situ (outside of its native
environment, i.e. above ground) and in-situ (in deposit) groups. For these categories, research
interest has been given to ex-situ Mineral Carbonation Technology (MCT), with a focus on

direct and indirect mineral carbonation routes for accelerated MC (Olajire, 2013).
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2.6.1 Direct aqueous route for MC using fly ash

MC processes can be divided into two routes namely direct and indirect carbonation. The

direct carbonation process occurs in a single step as shown in Figure 2.4:

Feedstock CO2

Carbonation

Y
MCO3 product

Figure 2.4: Direct MC process route

Ji & Yu (2018) mentioned that direct carbonation is a single-step process that can be achieved
through both gas-solid carbonation and the aqueous carbonation route. The direct reaction of
gaseous CO; with a suitable feedstock, e.g., fly ash, is the most basic form of direct mineral

carbonation:

CClO(S) + COZ(aq) d CClCO3(S) (8)

Previous studies confirmed that the gas-solid carbonation of dry fly ash under low-pressure
conditions was technically viable and promising. However, due to the slow reaction kinetics,
elevated temperature (°C) and pressure (Mpa) are normally required in gas-solid carbonation
(Doeff et al., 2008). Previous studies used temperatures up to 500 °C, which proves energy
intensive. Hence, direct aqueous MC is more promising than gas-solid approaches because
an effective carbonation process can be achieved by adding water to the fly ash. This is
attributed to the water’s ability to achieve effective extraction of calcium (Ca*") from the solid
matrix of fly ash particles (Mazzotti et al., 2005; Patel et al., 2017).
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2.6.1.1 Process chemistry

Ji & Yu (2018) observed that the process of accelerated MC using fly ash through the direct

aqueous route is based on three reaction steps namely:

¢ The dissolution of CO; into solution from the gaseous phase.
e The extraction of calcium (Ca**) ions from the solid matrix of the fly ash particles.

e Lastly, the precipitation and crystal growth of calcium carbonate (CaCOs3).

The CO, dissolution from the gaseous phase into the liquid phase and the extraction of calcium
(Ca®") ions from fly ash constitute the rate-limiting steps for the carbonation reaction. This is
because the concentration of dissolved CO; and the amount of calcium (Ca?*) extracted and
dissolved affects the overall carbonation performance (Ji & Yu, 2018). However, most studies
identify the leaching of calcium (Ca®*) as the main rate-limiting step (Ukwattage et al., 2015).
The rate-limiting steps are controlled by process parameters including temperature (°C), time
(min), particle size (um), S/L ratio, stirring speed (rpm), CO; pressure, etc. These process
parameters are known to significantly affect the dissolution of CO- in the liquid phase and also
the leachability of calcium (Ca*") from the fly ash (Mazzotti et al., 2005). The carbonation
reaction for the Ca-H>O-CO; system is controlled by the state of equilibrium, and the reaction

mechanism of the process is as follows:

Initially, CO- gas is hydrated and dissolved in the liquid phase to form carbonic acid (H,C03)
(Ukwattage et al., 2015):

COZ(g) + H20 g HZCO3(aq) (9)

The equilibrium concentration of dissolved CO; follows Henry’s law where the solubility of CO,
is directly proportional to its partial pressure at a given temperature (°C) (Dananjayan et al.,
2016):

[CO;] = Ky X Pco, (10)

Where;

Ky is the Henry’s law constant (mol/atm) and P, is the partial pressure.
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H,CO0; then dissociates in solution, producing bicarbonate (HCO3), carbonate (C0%7), and
protons (H™), which results in a reduced solution pH of approximately 3 units. Typically, pH is
reduced from 11 to 8 (Bertos et al., 2004). According to Le Chatelier’s principle, the dissolution
of COz in the Ca-H,O-CO, system is thus favourably favoured under alkaline conditions (Ho
et al., 2020):

Kq
H;CO534q) — HCO3; + H* and;

K
HCO; =S H* + €03

Where;

K, and K, are the equilibrium constants expressed by:

_ [Hcoz1[HT] )
K, = 0.1 and;
_ lcoi7]1HY]
Ky = [HCOT]

According to Ji & Yu (2018), alkaline oxides are hardly present in pure forms but instead tend
to be locked up in silicate, aluminate, and ferrite amorphous phases. The calcium (Ca*")
extraction step from fly ash causes an increase in pH during the leaching process due to the
release of OH" ions into the aqueous phase (Ho et al., 2020). When CaO interacts with the
water in solution, calcium hydroxide (Ca(OH),) dissociates to form Ca?* and OH ions (Ji & Yu,
2018):

Ca0 + H,0 - Ca(OH), then; (11)

Ca(OH)yi) = Ca** +20H™

Calcium carbonate is then formed through the reaction between calcium (Ca?*) ions and
carbonate (CO3%) ions (lizuka et al., 2004b):

Ca** + C0%~ - CaC0,
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Finally, the crystal growth occurs spontaneously until the equilibrium between calcite and the
solution is reached. The carbonation reaction is regulated by solution equilibrium (Ji & Yu,
2018):

CaC05(nuclei) & CaCO5(calcite)

Ji & Yu (2018) mentioned that from the point of view of process chemistry, the challenge of
mineral carbonation by fly ash is that the dissolution of calcium (Ca?*) from fly ash is favoured
at lower pH, whereas lower pH does not favour the precipitation of carbonates. Therefore,
there is a need to find a balance between conditions that favour an effective rate of carbonation
without hindering the precipitation of CaCOs (Ji & Yu 2018). The precipitation of CaCOs3

products can be related to the solubility product constant of CaCOs (Bauer et al., 2011):

Ksp = [Ca®*] x [CO37] (12)

Where;

K, is the solubility product constant at a given temperature (°C), [Ca?*], and [COZ%7] are the

equilibrium concentrations of calcium and carbonate ions respectively.

The saturation index S; can be used to estimate the saturation with respect to CaCOs and

can be calculated by (Montes-Hernandez et al., 2009):

_ lea®"l(cos™)

S
1
Ksp

>1 (13)

S; > 1 represents oversaturation while S; < 1 represents undersaturation (Bauer et al.,
2011).

Ji & Yu (2018) mentioned that an oversaturation of metal ions may hinder the leaching and

dissolution of calcium (Ca®") which can result in a slower rate of CaCO; formation.
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2.6.2 Indirect aqueous route for MC using fly ash

Indirect aqueous carbonation is another process route that exists for accelerated MC. The
process can produce high-purity and marketable precipitated calcium carbonate (PCC) due to
the separation of the precipitation step and dissolution of raw materials. This can help offset
the total costs of the accelerated MC process (Chang et al., 2017; He et al., 2013). Indirect

mineral carbonation takes place in more than one stage, as shown in Figure 2.5:

Extraction

Feedstock
agent (e.g water)

|
|

Carbonation

cOo2

M2+

Carbonation

MCO3 product

Figure 2.5: Indirect MC process route

The indirect aqueous carbonation method takes place in two steps. The first step involves the
extraction of the reactive component from fly ash, namely calcium (Ca?*), and the second step
is the reaction of CO; with the calcium-rich solution obtained from the extraction step (Saran
et al., 2018).
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As mentioned, the first step for indirect aqueous carbonation is the extraction of calcium ions

from the dissolution of CaO:

Ca0 + H,0 - Ca(OH), then;

Ca(OH)yi) = Ca** +20H™

After the calcium (Ca?") is extracted and leached, the calcium (Ca?*) rich water is then

carbonated. The CO: first interacts with the water to form carbonate ions (Sun et al., 2012):
COZ(g) + H20 4 HZCO3(aq)

H,CO0; then dissociates in solution, producing bicarbonate (HC03), carbonate (C03™), and

protons (H™), which results in reduced pH of the solution:
Kq
H;CO0534q) — HCO3 + H* and;

K
HCO; = H* + €03

Carbonate (C0%7) ions that form react with the calcium (Ca?*) ions found in solution to form

calcium carbonate (CaCO3):

Ca** + C0%~ - CaC0,

Finally, crystal growth occurs until the equilibrium between calcite and the solution is reached:

CaC05(nuclei) & CaCO5(calcite)

Pure carbonates can be produced using indirect methods, due to the removal of impurities in
previous carbonate precipitation stages (Sanna et al., 2014). However, Chang et al. (2017)
found that the formation of the desired polymorph of CaCOgz,which is calcite, from the indirect
aqueous carbonation route is still a practical challenge that strongly depends on synthesis
variables such as temperature (°C), pressure (Mpa), solution pH, reaction time (min), the
degree of saturation in solution, ionic concentration and ratio, ionic strength, and also stirring

speed (rpm).
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2.7 Carbonation performance

There are several methods that can be used to determine the efficiency of the carbonation
process. The actual maximum CO. storage capacity of fly ash can be used to determine the
amount of CO; that can be sequestered for a given amount of fly ash, and it depends on the
theoretical maximum CO. storage capacity, which can be determined from Stenoir’s formula.
From the resulting theoretical maximum CO; storage capacity, the maximum CO. storage
capacity can be determined (Montes-Hernandez et al., 2009). The percentage of CaCO3
formed can be used to determine the actual amount of CO; stored in the fly ash by considering
the volumetric evolution of CO; using Chittick tests. The carbonation efficiency (CE %) can
also be used to determine the amount of CO, consumed due to the carbonation reaction.
Previous work relates this CO, sequestration measure to the pressure drop due to carbonate
precipitation (Muriithi, 2009). These methods for determining the carbonation performance all

provide an indication of how effective the fly ash material is for capturing CO..

2.7.1 Maximum CO; storage capacity

For pure oxides such as Ca0 and Ca(OH),, the theoretical extent of carbonation is a function

of basic stoichiometry:
CaO(s) + COZ(aq) d CaCO3(S)

Given that mass = moles X molar mass and considering that the molar ratio of the reaction
of CaO(y), and CO,4q) to form CaCOsy) is 1:1, it follows that every tonne of CaO can potentially

sequester up to 0.799 metric tons of CO, (Muriithi, 2009). The theoretical extent of carbonation
for fly ash can also be calculated as a function of stoichiometry, though in this case the extent
of carbonation also depends on the availability of the oxides for reaction. Theoretically, the
maximum CO, storage capacity can be calculated as a function of the chemical composition

of the raw fly ash using Stenoir’s formula (Rushendrarevathy et al., 2014):

€O, (%) = 0.785 X (% Ca0 — 0.7 % SO03) + 1.09 % Na,O0 + 0.93 % K,0 (14)

Where;

% Ca0, % S03,Na,0 and % K,O0 are the elemental compositions from the raw fly ash.
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2.7.2 % CaCO; formed

Muriithi et al. (2009) used a Chittick test to quantify the amount of CaCOs in each sample
based on the volumetric evolution of CO2 when carbonates react with dilute hydrochloric acid.
The amount of CO; fixed in the solid phase as CaCOs is an important indicator of how much

CO: is stored from the process (Ho et al., 2020).

The percentage of CaCO3 formed can be calculated by first calculating a correction factor for
each reading with respect to pure calcium carbonate (CaCOs). The correction factor is given

as:

WXT
f= 122XV

(15)

Where;

W = 0.10 grams weighed of pure CaCOs
T = temperature of measurement in K

V = ml produced CO,

The above correction factor was used to calculate the % CaCOs (based on 1.7 g of fly ash

samples) as follows:

F =CR, — (0.04) (CRy — CR;) (16)

Where;

CR, = reading at 1 minute x f

CR,, = reading at 20 minutes x f

~ % CaC03 = 0.232F
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2.7.3 Carbonation Efficiency (CE%)

By knowing the pressure drop, which is directly proportional to the CO, consumption within
the reaction system for the carbonation reaction, the carbonation efficiency (CE %) can thus
be used to determine the CO2 consumption in the reaction system due to CaCOs formation.

The carbonation efficiency (CE %) can be measured by:

CE% = —020C% 100 (17)
(ieserco:
Where;

Mo, is the molar mass of CO2, wc,, is the starting mass of CaO in the reactor and M, is the
molar mass of CaO. Finally, ng,, is the number of moles of consumed CO, (Montes-

Hernandez et al., 2009):

Pcarbonation_pressure dropV (1 8)
RT

Nco, =

Where;

V is the reactor volume, T is the temperature of the reaction and R is the gas constant
(0.08314472 L bar/K mol). Montes-Hernandez et al. (2009) found the P4 ponation_pressure drop
estimates the pressure drop produced from the process of CaO carbonation and hence the

pressure drop due to CaCQs3; formation.

Muriithi et al. (2009) reported that the volume (V) is actually the reactor volume occupied with
gas, and for an autoclave reaction system that uses a teflon liner such as the one used in the
study with no tight fit between the teflon liner and the reactor steel jacket, the volume of the

gas can be calculated by:

Volume of the steel jacket - volume of the teflon liner - the volume occupied by the solid and liquid mixture

in the teflon liner (calculated using the formula of the volume of a cylinder nr2h)
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The volume of the teflon liner was calculated by a simple displacement experiment where, the
volume displaced by the teflon was taken to be its volume. The volume of the steel jacket was

calculated from the equation for the volume of a cylinder (i.e., nr2h).

2.8 Approaches to enhancing carbonation performance for accelerated MC

Effective calcium (Ca?*) leaching from the alkaline feedstock, effective dissolving of gaseous
CO: in the liquid phase, and effective precipitation to create calcium carbonate (CaCQOs) are
all required to effectively improve the carbonation reactions (Veetil et al., 2021). As mentioned
previously, the CO, dissolution into the liquid phase and the extraction of calcium (Ca?*) ions
from fly ash constitute the rate-limiting steps for the carbonation reaction because a higher
amount of dissolved CO- molecules from the gaseous phase and a higher amount of calcium
(Ca?*) extracted increase the rate of the carbonation reaction as the reaction rate (-ra) is
concentration dependent. This can thus lead to more CO; storage through higher CaCO3
formation. However, the overall formation of CaCOj; also depends on the precipitation step of
the reaction, which is influenced by solution pH. The solution pH depends on the calcium

(Ca?*) concentration and also the concentration of CO, available (Katsuyama et al., 2005).

Hence, the accelerated MC process has been focused on determining the optimum set of
conditions that are suitable for effective calcium (Ca?*) extraction, CO; dissolution, and CaCOs
precipitation to maximize the carbonation rate, thereby achieving high maximum carbonation
efficiency (CE %) and effective CO; storage as a result of the higher CaCOs; formed. Other
approaches to enhancing the rate of carbonation for accelerated MC include the potential use
of catalysts, although catalyst recovery is known to be a key hurdle for the approach (Mathieu,
2006).

2.8.1 Optimization of process parameters

Parameters that have an effect on carbonation performance are important to understand as
they are critical to the reaction kinetics and rate of carbonation for accelerated MC. Tables 2.7
and 2.8 show the optimum set of parameters affecting the maximum CO. storage capacity
(kg/kg fly ash), the % CaCOs; formed during the carbonation process, and also the maximum
carbonation efficiency (CE %) achieved from some previous studies, with the viewpoint of

comparing the effect of these parameters on the carbonation performance.
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Table 2.7: Experimental parameters that resulted in optimum carbonation performance from various studies

Author (Muriithi, 2009) (Ukwattage et al., 2013) (Reddy et al., 2010)  (Jietal., 2017) (He et al., 2013)
Material Secunda Fly Ash Fly Ash Fly Ash Fly Ash Fly Ash
Particle size (um) Bulk 900 40 - <100
CaO (wt. %) 9.198 ~40 7.5 11.7 30.5
Carbonation route Direct Direct Direct Direct Indirect
Reactor type Autoclave/Batch Batch Packed bed Semi Batch Batch
Temperature (°C) 90 40 60 60-90 25
S/L ratio (g/mL) 1 0.2 - 0.05 0.05
Initial CO- 4 5 0.115 2 -
Pressure (Mpa)

Stirring speed - - - 500 500
(rpm)

Time (min) 120 600 120 90 60
Maximum CO- 0.062 0.0076 0.207 0.045 -
storage capacity

(kg /kg fly ash)

CE (%) 75.5 - - 34 47
% CaCOs increase 6.5 1.82 ~3 - -
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Table 2.8: Experimental parameters that resulted in optimum carbonation performance from various studies (cont.)

Author (Montes-Hernandez et al., 2009) (Bauer et al., 2011) (Dananjayan et al., 2016) (Jo, Ahn, et al., 2012) (Jo, Kim, et al., 2012)
Material Fly Ash Fly Ash Fly Ash Fly Ash Fly Ash
Particle size (um) 40 <200 - 20 20
CaO (wt. %) 4.1 28.4 6.74 15 7.2
Carbonation route Direct Direct Direct Direct Indirect
Reactor type Batch Batch Batch Column Batch
Temperature (°C) 30 > 50 30 ~25 ~25
S/L ratio (g/mL) 0.05-0.15 8.3 0.07 0.33 0.1
Initial CO2 4 0.098-0.1 0.4 0.1 0.1
Pressure (Mpa)

Stirring speed 450 1500 900 150 -
(rom)

Time (min) 1080 120 120 1080 ~162
Maximum CO; 0.026 0.21 0.05 0.071 0.008
storage capacity

(kg/kg fly ash)

CE (%) 82 53 67.9 54.5 0.11
% CaCOs - - - 16.1 -
increase
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2.8.1.1 Effect of initial CO; pressure (Mpa) and CaO (wt. %) content

The effect of initial CO» pressure (Mpa) on the carbonation process that has been previously
studied indicates that applying a higher initial CO, pressure (Mpa) can enhance carbonation
performance. The effect of initial CO, pressure (Mpa) on the carbonation process can be

explained using Henry’s law (Dananjayan et al., 2016):

[CO;] = Ky X Pco,

According to Henry’s law, the concentration of CO, molecules that dissolve in the liquid phase
is directly proportional to its pressure (Mpa) at a given temperature (°C). Ji & Yu (2018)
explained that a higher initial CO, pressure (Mpa) results in a large amount of dissolved CO-
in the liquid phase leading to more carbonate (CO3?) ions available to react with calcium (Ca?*)
during the carbonation process. The higher availability of CO> that dissolves in the liquid phase
promotes a faster rate of carbonation due to an increased amount of CO3? ions available for
the reaction with calcium (Ca?*), and this results in a more effective storage of CO; due to the
higher CaCOs formed (Ji et al., 2017). In the study conducted by Dananjayan et al. (2016)
(refer to Table 2.8), it was found that the net carbon gain in the coal fly ash (CFA) increased
with increasing initial CO, pressure up to 10 bar (1 Mpa) and that an increase in initial CO>
pressure (Mpa) also resulted in a higher CO; sequestration capacity. However, increasing the
initial CO, pressure beyond 0.4 Mpa to a maximum pressure of 1 Mpa did not significantly
affect the maximum CO; sequestration capacity as the system reached equilibrium due to the
water reaching its saturation level with CO> molecules that it can hold at room temperature
(°C).

Jietal. (2017) also found that increasing the initial CO2 pressure from 1 Mpa to 2 Mpa resulted
in a higher carbonation efficiency (CE %) due to the higher amount of CO2 molecules dissolved
in the liquid phase at the higher initial CO» pressure of 2 Mpa. This resulted in more carbonate
(COs%) ions available for the carbonation reaction to react with calcium (Ca*) for a more
effective carbonation reaction. Ukwattage et al. (2013), however, found that increasing the
initial CO2 pressure had a minor effect on the CO; that was sequestered into the fly ash.
Results from their titrimetric tests showed that increasing the initial CO, pressure (Mpa) had a
minor effect on the amount of CO, that was sequestrated into the fly ash as CaCOs for their
process and that the initial CO; pressure gave an indication of the rate of CO, consumption

rather than the amount of CO. stored in the fly ash in mineral carbonate form.
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Figure 2.6: Pressure drop due to carbonation over reaction time (Ukwattage et al., 2013)

From Figure 2.6, the carbonation reaction is completed in less than 90 min and the pressure
drop reaches a plateau after 90 min. However, for each initial CO, pressure, the maximum
pressure drop achieved at the end of the 600-minute reaction is approximately the same
(around 0.35 - 0.4 MPa). This implies that increasing the initial pressure of CO; inside the
reactor for the study by Ukwattage et al. (2013) had an insignificant effect on the total amount
of CO, sequestered in the fly ash. This indicates the increase in pressure is not favourable for

effective CaCOs precipitation, as mentioned by Ji et al. (2017).

Tables 2.7 and 2.8 show that Jo, Ahn, et al. (2012) achieved a higher % CaCOs3 than the one
obtained from the study conducted by Muriithi (2009). The higher % CaCOs; achieved by Jo,
Ahn, et al. (2012) compared to the one obtained by Muriithi (2009) can be explained through
observations made by Montes-Hernandez et al. (2009), who from their study found that under
isothermal conditions, although an increase in the initial CO, pressure (Mpa) produces an
increase in the global pressure drop Pyiopai_pressure arop (i-€-, total pressure drop) due to higher
CO: dissolution from hydration, which produces a pressure drop (i.e., Pyater_pressure arop), the
amount of CO; that is sequestrated into the fly ash as CaCO3 depends on the pressure drop

produced due to calcium carbonate (CaCQs) formation (i.e., Pearponation_pressure drop)-
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This means that there is a pressure drop owing to the interaction of calcium (Ca?*) and CO>
in the system, which determines the amount of CO- fixed as CaCOs (Nyambura et al., 2011).
Therefore, the amount of CO; that gets sequestered into the fly ash as CaCO3; depends on
the calcium (Ca?*) extraction step and the amount of calcium (Ca?*) available to react with
CO, to form CaCOs, because the higher the amount of calcium (Ca?*) available in solution,
the more calcium (Ca?*) can react with COs* ions, resulting in an increase in the percentage
of CaCOs; formed (Veetil et al., 2021). Ho et al. (2020) mentioned that because the dissolution
of CO; into water causes the lowering of solution pH, due to Le Chatelier's principle, the
dissolution of CO; in the Ca-H.O-CO; system is therefore favoured at alkaline conditions.
Given that the calcium (Ca®") extraction step for the Ca-H,O-CO, system increases the
alkalinity of the solution as OH" ions are released, thus causing higher CO. dissolution, using
fly ash material with a higher CaO (wt. %) content generally results in higher CO dissolution
and more calcium (Ca?*) ions leached into solution owing to the higher CaO (wt. %) in the
feedstock. This results in an increase in the rate of carbonation and, overall, a higher % CaCOs3
formed as more calcium (Ca*") ions and CO, molecules become available for the reaction to
form CaCOs.

The study conducted by Jo, Ahn, et al. (2012) made use of coal fly ash with a higher CaO (wt.
%) content of 15 %, while the CaO (wt. %) content in the Secunda fly ash used by Muriithi
(2009) was reported at 9.2 % which explains the higher % CaCOs achieved from the study
conducted by Jo, Ahn, et al. (2012) . The findings from these studies also show why the
research literature considers calcium (Ca?*) extraction to be the main rate-limiting step of the
carbonation reaction because the rate of the carbonation reaction highly depends on the
calcium (Ca®*) concentration available in the carbonation reaction (Ukwattage et al., 2015).
The higher percentage of CaCOs formed in the study conducted by Jo, Ahn, et al. (2012)
compared to the study conducted by Muriithi (2009) was also possibly due to the lower initial
CO. pressure used because, according to lizuka et al. (2004), there is a high solubility of
CaCOs under high- pressure CO; conditions, and Katsuyama et al. (2005) further mentioned
in their publication that higher pressure conditions increase the solubility of calcium (Ca?*)

which decreases the rate of CaCQOs; precipitation.

The carbonation efficiency CE (%) determined from the study by Montes-Hernandez et al.
(2009) showed that the CE (%) also provides a measure of the extent of CO> consumption
due to CaCQO; formation and that the pressure drop produced (i.e., Pcarponation_pressure drop)
due to CO2 consumption to form CaCOsz depends on the initial CaO (wt. %) of the fly ash
material. From Tables 2.7 and 2.8, it can be seen that Muriithi (2009) achieved a similar CE
(%) (i.e., 75.5 %) compared to the CE (%) achieved by Montes-Hernandez et al. (2009) (i.e.,
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82 %), and a higher CO, storage capacity (kg/kg fly ash) of 0.062 % using a shorter reaction
time of 120 min compared to the 1080 min used by Montes-Hernandez et al. (2009) to achieve
a lower CO; storage capacity of 0.026 kg/kg fly ash. The shorter reaction time (min) used by
Muriithi (2009) to achieve a similar CE (%) and higher CO; storage capacity (kg/kg fly ash)
than Montes-Hernandez et al. (2009) shows that the process from the study by Muriithi (2009)
was more effective. Even though both studies used an equivalent and relatively higher initial
CO. pressure (i.e., 4 Mpa), the difference in the efficiencies of the two processes is due to the
fact that the CE (%) and hence, the maximum CO, storage capacity (kg/kg fly ash) depend on
the amount of CaO (wt. %) content present in the feedstock, in this case fly ash (FA). The
process by Muriithi (2009), was more effective compared to the one by Montes-Hernandez et
al. (2009) because of the type of fly ash used in the study by Muriithi (2009), which had a
higher CaO (wt. %) content of 9.2 % compared to the 4.1 % used by Montes-Hernandez et al.
(2009). It is also important to note the role of the reaction mediums used in the two studies as
Muriithi (2009) made use of brine with additional calcium (Ca?*) as the reaction medium

instead of water, which could also explain the higher maximum storage capacity achieved.

According to Ukwattage et al. (2015), brine solutions increase the retention of CO in the fly
ash due to the additional calcium (Ca®") provided by the brine solution which, leads to an
enhanced carbonation efficiency CE (%). Soong et al. (2006) also used brine as a reaction
medium for CO. sequestration and achieved a high % CaCO3 formation of 52 % for the fly
ash/brine/CO; system compared to the lower % CaCOs formation of 11 % achieved for the fly

ash/water/COz system.

The pilot scale study conducted by Reddy et al. (2010) made use of flue gas CO, with a 12.14
% concentration of CO2 and the process managed to mineralize significant amounts of CO..
The process required low pressures to achieve the optimum percentage of CaCOs formed,
and overall, the process was found to be cost-effective. However, the process still achieved a
lower % CaCOs formed compared to studies such as the one conducted by Jo, Ahn, et al.
(2012), and this was possibly due to the lower CaO content in the fly ash used by Reddy et
al. (2010). Ukwattage et al. (2013) achieved a lower storage capacity despite using fly ash
with a higher CaO (wt. %) content. This can be attributed to the lower S/L ratio used in the
study. When the S/L ratio is too low, this causes a higher amount of water to be present in the
solution. According to Dananjayan et al. (2016), a high amount of water can obstruct the
carbonation process by blocking the pathway of the dissolved gas molecules toward the pore
system of the feedstock. Thus, a large amount of water limits the carbonation process as it
reduces the permeability of gas molecules and their effective access to reaction sites (Bertos
et al., 2004).
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Jo, Kim, et al. (2012) carried out their CO, storage process using the two-stage indirect
aqueous carbonation route, and from their study, it was found that the carbonation efficiency
(CE %) was directly proportional to the calcium (Ca?*) extraction efficiency. However, the CO;
storage capacity (kg/kg fly ash) achieved from the study was three times lower than the CO-
storage capacity obtained from the study conducted by Montes-Hernandez et al. (2009), who
used the direct aqueous carbonation route. This can be attributed to the longer reaction time
(min) and higher energy input used by Montes-Hernandez et al. (2009) compared to the
energy input from the study conducted by Jo, Kim, et al. (2012). He et al. (2013) also used
the indirect carbonation route for the CO, storage process but found a lower maximum
carbonation efficiency (CE %) of ~47 % compared to the higher carbonation efficiencies

reported in studies using the direct carbonation route.

2.8.1.2 Effect of reaction temperature (°C)

An increase in the reaction temperature (°C) can lead to an increase in the rate of carbonation
because of the higher average kinetic energy of molecules and the better leaching of calcium
(Ca®") ions (Bertos et al., 2004; Ji et al., 2017).
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Figure 2.7: Effect of temperature (°C) on % CaCO:s for all factor combinations (Muriithi, 2009)

From the study conducted by Muriithi (2009) shown in Figure 2.7, the percentage of CaCO3
formed increased with increasing reaction temperature (°C). However, from Table 2.8,
Montes-Hernandez et al. (2009) achieved a higher carbonation efficiency (CE %) of 81.4%
using a lower temperature of 30 °C as compared to the carbonation efficiency (CE %) of
75.54% achieved by Muriithi (2009) for a higher temperature of 90 °C.
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This is due to the opposing effect of temperature because the leaching of calcium (Ca?) from
the solid matrix is likely to proceed faster at higher temperatures (°C), but higher temperatures
(°C) hinder the solubility of CO in the liquid phase (Huijgen et al., 2005). Patel et al. (2017)
found the CO; storage level increased up to 50 °C, but the solubility of CO> reduced beyond
50 °C. According to Bertos et al. (2004), CO. uptake increases at an increasing temperature
(°C) up to 60 °C, and to obtain the desired polymorph from the carbonation process, namely
calcite (CaCO3), a lower temperature (°C) should be maintained for the carbonation. Ji et al.
(2017) attempted to counter the opposing effects of temperature (°C) by using a higher initial
CO; pressure to maintain the CO2 or CO3? solubility in the liquid phase while simultaneously
increasing the reaction temperature (°C). The study found this to be effective, as the highest
carbonation efficiency (CE %) for batch experiments was achieved at a higher temperature

(°C) and initial CO, pressure (Mpa).
2.8.1.3 Effect of reaction time (min)

The reaction time (min) is another key process parameter affecting carbonation performance.
According to Dananjayan et al. (2016), the sequestration capacity increases with time (min).
However, the findings from the study reported a similar CO. sequestration capacity (kg/kg fly
ash) after 120 min and after 600 min of the reaction, which indicated that the process proceeds
very slowly beyond a certain reaction time (min). This is because the carbonation reaction
occurs on the outer surface of the fly ash, and as the reaction proceeds over time (min), the
outer carbonate layer starts growing, which causes the alkaline oxide (CaO) in the inner core
of the fly ash to stay within, thus creating a barrier that hinders the leaching of calcium (Ca?")

which results in a slower rate of carbonation (Ji & Yu, 2018; Nyambura et al., 2011).

35 -4 !
30 -
»
s~
) y
% 25 - /
S F
— /,
4 >
20 v } -_GOL
/ o—707C
v —a—80C
A »v— 90°C
15 4
T L] 1 L] 1
0 20 40 60 80 100

t (min)

Figure 2.8: Effect of time (min) on carbonation efficiency at various temperatures (°C) (Ji et al., 2017)
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Figure 2.8 shows the effect of the reaction time (min) on the carbonation efficiency ¢ (%) from
the study conducted by Ji et al. (2017), and it can be observed that the carbonation efficiency
¢ (%) increases sharply at the initial stages but then starts to increase slowly as the reaction
proceeds, which is consistent with the findings from the study by Dananjayan et al. (2016),
who found the sequestration capacity to increase with increasing reaction time (min) before
the reaction reaching equilibrium after 120 min. Again, the decline in the CE (%) formed over
time (min) can be attributed to the decrease in the rate of calcium (Ca?*) extraction, which

causes the reaction to reach completion after a certain point (Jo, Kim, et al., 2012).

2.8.1.4 Effect of S/L ratio (g/mL)

Previous studies indicate that a lower S/L ratio is required for an effective carbonation process
due to the dilution effect. Back et al. (2008) found that lower S/L ratios increase the rate of
calcium (Ca?*) extraction and the rate of CO, uptake through the dilution effect because the
greater the volume of water, the larger is the solubility of calcium (Ca*") and the ability to
dissolve CO; in solution. The higher solubility of calcium (Ca*") therefore results in higher
dissolution of calcium (Ca®") ions and more calcium (Ca?*) ions, are then made available for
the reaction with CO» which increases the rate of carbonation and leads to a higher percentage
of CaCO3 formed for a given reaction time (Veetil et al., 2021). Dri et al. (2014) investigated
the effect of the S/L ratio and found that the carbonation efficiency increased with a decrease

in the S/L ratio owing to the dilution effect.
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Figure 2.9: Effect of S/L ratio on carbonation efficiency for various reaction times (min) (Ji et al., 2017)
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Ji et al. (2017) considered the effect of the S/L ratio on the carbonation efficiency ¢ (%), and
from Figure 2.9, it can be observed that a lower S/L ratio resulted in the highest carbonation
efficiency ¢ (%),which is consistent with the findings from the study conducted by Back et al.

(2008), who found that a decrease in the S/L ratio resulted in an increase in the CO. uptake.

2.8.1.5 Effect of particle size (um)

The particle size (um) affects the overall reaction kinetics of the carbonation process, and a
reduced particle size (um) can improve the overall carbonation performance. Reduced particle
size (um) for the feedstock means there is an increased surface area of particles contacting
CO; and also an enhanced extraction of calcium (Ca®") ions from the fly ash, which leads to
an enhanced rate of carbonation. This results in higher CO, consumption through an effective
carbonation process (Ji et al., 2017). Muriithi (2009) studied the effect of particle size (um) on
the % CaCOsformed. Four particle sizes were considered: bulk ash, >150um, 20-150um, and
< 20um, with the 20-150 pum fractions having the highest effect on the percentage of CaCOs
formed. The least favourable fraction for carbonation was >150um, indicating that fly ash
samples with relatively smaller particle sizes (um) favour the formation of CaCOs. Studies
such as the one conducted by Bertos et al. (2004) also show that carbonation is higher at

smaller particle sizes (um).

2.8.1.6 Effect of stirring speed (rpm)

Increasing the stirring rate (rpm) can improve the carbonation rate as it limits the formation of
carbonate shells that can surround the fly ash particles, which leads to better mass transfer of
CO2 and diffusion of metal ions from the fly ash into solution (Ji et al., 2017). In the study
conducted by Dananjayan et al. (2016), increasing the stirring speed up to 900 rpm resulted
in a higher CO, storage capacity, while Mayoral et al. (2013) also found the optimum stirring
speed (rpm) for their process to be between a range of 500 — 1000 rpm. However, Ji & Yu
(2018) reported that increasing the stirring speed (rpm) above a certain stirring speed has no
observable effect on the carbonation rate and that considering the energy consumption due
to stirring, increasing the stirring speed (rpm) beyond a certain stirring speed (rpm) was not
worth the trade-off between the CO; sequestered and the amount of energy expended due to

stirring.
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2.9 Alternative CO2 sequestration methods

2.9.1 Geological storage

Geological storage involves the capture, liquefaction, transportation, and injection of industrial
CO into deep geological strata. For CO- to be geologically stored, it must be compressed to
a dense fluid state called supercritical CO, (Lal, 2008). Geological storage can be undertaken

in a variety of geological settings in sedimentary basins, as presented in Figure 2.10 below:

Geological Storage Options for CO,
1 Depleted oil and gas reservoirs j
2 Use of CO, in enhanced oil recovery — Stored CO
3 Deep unused saline water-saturated reservoir rocks 3
4 Deep unmi ble coal

5 Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalts, oil shales, cavities)

Figure 2.10: Options for storing CO; in deep underground geological formations (Mathieu,
2006)

Within these basins, oil fields, depleted gas fields, deep coal seams, and saline aquifers all
form part of possible storage formations (Mathieu, 2006). Deep saline aquifers display the
highest levels of geological sequestration when compared to those offered by exhausted oil
and gas reserves and impassable coal beds. According to Ajayi et al. (2019), the basins best
suited for CO; storage typically have thick sediment accumulations, permeable rock
formations, saturated saline water, vast covers with low porosity, as well as structural

simplicity.
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Figure 2.11: Geological storage opportunities in South Africa

Figure 2.11 presents the areas in which geological storage can be achieved in South Africa,
and from the 150 Gt storage capacity estimated from geological storage in the country, 98 %
of the total storage potential is present in the Mesozoic basins along the coast of South Africa.
There is evidently limited onshore storage capacity for geological storage in the country as
only around 2 % of the total estimated storage capacity occurs onshore (Cloete, 2010). The
potential for onshore deep saline formations in the Karoo basin is often presented with the
disadvantage of low permeability, and dolomite intrusions, which negatively impact the
containment of the injected CO,. Although geological storage possesses a high storage
potential for large emitters, the method has significant drawbacks because of the issues
around the containment of the injected CO,, which pose an environmental issue. In addition,
monitoring for offshore storage presents logistical and methodological challenges while costs
associated with offshore storage remain high (Lichtschlag et al., 2021).
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2.9.2 Oceanic storage

Liquefied CO; separated from industrial sources can be injected into the ocean using

strategies illustrated in Figure 2.12:

Dispersal of CO, by ship

CO,/CaCo,

reactor
2 Flue gas

Captured and

Dispersal of compressed CO,

N N

O, sty Refilling ship -~ =
mixture &:@_w

Rising CO, plume

Figure 2.12: lllustration of some of the ocean storage strategies (Mathieu, 2006)

From Figure 2.12, the liquefied CO2 can be injected into the ocean by the following

techniques (Lal, 2008):

e |tis injected below 1000 m from a manifold lying on the ocean floor, and being lighter

than water, it rises to approximately 1000 m depth forming a droplet plume.

e ltis also injected as a denser CO, seawater mixture at 500-1000 m depth, and the

mixture sinks into the deeper ocean.

e |tis discharged from a large pipe towed behind a ship.

e |tis pumped into a depression at the bottom of the ocean floor, forming a CO; lake.

e Liquefied CO; injected at approximately 3 km depth is believed to remain stable.

Although the capacity of oceanic sequestration of CO, worldwide is approximately 20 000 Gt,

there is still a critical environmental issue that surrounds oceanic sequestration that makes it

unsuitable as a storage method. When CO:; is stored in the ocean, the dissolved CO; can

react with the oceanic water and form carbonic acid (H.COzs), which increases the acidity of

the oceanic water and decreases the pH, thus making the ocean unsuitable for living

organisms (Rabiu et al., 2017).
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2.10 CO; storage with AMD wastewater

The use of wastewater solutions such as AMD or brine solutions as reaction mediums for CO-
storage results in enhanced CO; storage capacities as a result of the wastewater being an
additional calcium (Ca?*) source and the AMD wastewater being effectively neutralized in the
process (Ukwattage et al., 2015). In their study on AMD neutralization and subsequent CO-
storage, Madzivire et al. (2019) used the neutralization step of AMD wastewater for CO-
storage wherein the recovered calcium (Ca*") rich leachate from the AMD neutralization step
was carbonated with CO,. The study found that the carbonation of the leachate with CO;
resulted in further neutralization of AMD while also storing the CO.. Lee et al. (2016) also used
AMD wastewater for their CO, storage process, and the highest amount of CO, sequestered
was 33.46 %, although the higher percentage of CaCOs; formed can also be attributed to the
use of hydrated lime with a high CaO (wt. %) content.

2.10.1 Acid Mine Drainage (AMD)

AMD is acidic wastewater that results from mining activity when the mining activity exposes
sulfur-bearing minerals (mostly iron sulfides) to oxygen, thus causing these sulfur-bearing
minerals to undergo oxidation. When sulfur-bearing minerals come into contact with oxygen
and water, this results in an acidic pH solution that contains high concentrations of sulfates
(SO4%), iron (Fe?"), aluminium (AP**), calcium (Ca®"), manganese (Mn?*), magnesium (Mg®*),
etc. (Gitari et al., 2006; Madzivire et al., 2019). Abandoned coal and gold mines in South Africa
that have become financially unfavourable continue to produce hazardous AMD wastewater,
which contains many dissolved metals that are considered toxic (Potgieter-Vermaak et al.,
2006). Figure 2.13 shows an old abandoned metalliferous mine in South Africa where mining
activity ceased in 1980 but still continues to release a considerable amount of acidic water:

Figure 2.13: Example of a metalliferous mine in South Africa (Akcil & Koldas, 2006)
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Considering AMD wastewater has an acidic pH (i.e., pH 2-4), its discharge into local streams
poses a serious environmental hazard and causes a serious threat to aquatic life (Gitari et al.,
2018).

2.10.2 Formation of AMD

The reactions of AMD wastewater formation are best described by examining the oxidation of
pyrite (FeS2) which is the most common sulfide (Akcil & Koldas, 2006). The oxidation of pyrite
to form AMD wastewater in the presence of oxygen and water has been illustrated using the

set of reactions presented (Maleka, 2015):

FeS, + 12—502 + %HZO - Fe(OH); + 2H,50, (19)
4Fe 2t + 0, + 4H* — 4Fe3* + H,0 (20)
4Fe 3% + 12H,0 o 4Fe(OH); + 12H* (21)
FeS, + 14Fe 3* + 8H,0 — 15Fe 2* + 2502~ + 16H* (22)

The first equation shows the reaction of pyrite with oxygen and water to produce sulfuric acid
(H2S0s4), ferric iron (Fe (lll), and the resulting solution is acidic (Akcil & Koldas, 2006). The
oxidation of FeS, enhances the solubility of several base metals such as lead (Pb?*), zinc
(Zn?*), cobalt (Co*®"), nickel (Ni**), aluminium (A**), magnesium (Mg?*), etc (Maleka, 2015).
The conversion of Fe?*to Fe®", which is the second step of the process is considered the rate-
controlling step of the overall reaction sequence, because at pH < 5 under abiotic conditions,
the reaction proceeds slowly (Nkongolo, 2020). The third step is the hydrolysis of Fe**, forming
Fe(OH)s precipitates that produce additional acidity in solution, while the fourth step involves
the autocatalytic oxidation of additional FeS, by Fe*" in the presence of water (Maleka, 2015).
According to Nkongolo (2020), the overall sequence of pyrite reactions is considered one of

the most acid-producing of any weathering process.
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2.10.2.1 Chemical properties of AMD wastewater

There are several elements contained in AMD wastewater and Table 2.9 presents some of

the major elements present in the wastewater:

Table 2.9: Elemental composition of AMD wastewater (Kalombe et al., 2020)

Acid mine drainage (AMD) wastewater

Elemental Composition S04%, Ca, Al, Mg, Fe, Na, Mn
K, Zn, Ni, Co, Sr, Ba. Cu

The elemental composition of a typical AMD wastewater sample is provided in Table 2.9. The
neutralization and removal of the toxic contaminants from AMD wastewater have mostly been
done using several available conventional methods that have been well studied, which include
passive and active AMD treatment techniques (Gitari et al., 2005). Fly ash and other alkaline-
rich materials, such as lime, have also been utilized in AMD remediation (Jones & Cetin,
2017).

2.11 AMD treatment
2.11.1 Conventional AMD treatment methods

AMD treatment methods can be generally classified into two categories namely: active and
passive treatment. Both methods comprise physical, biological, and chemical approaches for
AMD treatment (Maleka, 2015). Passive treatment methods involve treating AMD wastewater
by passing it through an environment whereby geochemical and biological processes help in
the treatment of the mine wastewater without the addition of any chemicals or intense labour
requirements. In contrast, regular reagent and labour inputs are required during the active

treatment process of AMD wastewater (Taylor et al., 2005).
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2.11.1.1 Passive treatment

The passive treatment of mine water is a technique that uses natural resources to facilitate
chemical and biological procedures to extract pollutants from mine water. Passive treatment
is a process that does not require the continuous addition of chemicals or monitoring. Below
are some different types of passive treatment methods for AMD wastewater (Taylor et al.,
2005):

Constructed Wetlands (CW)

According to Taylor et al. (2005), wetlands have the capacity to improve water quality through
physical, chemical, microbial, and plant-mediated processes. These processes involve
mechanisms such as oxidation, reduction, precipitation, sedimentation, filtration, adsorption,
complexation, chelation, and microbial conversion. Constructed wetlands mimic the functions
of natural wetlands with the objective of treating wastewater (Pat-Espadas et al., 2018). Pat-
Espadas et al. (2018) provided a comprehensive review of constructed wetland systems, and
according to them, typical components of constructed wetlands are soil bottom, vegetation,

and water surface, and they can also contain media (rock, gravel, soil, or others).

According to the flow direction of the influent, CW systems are categorized into surface and
subsurface with the latter divided into horizontal and vertical flow (Perdana et al., 2018). There
are also hybrids or combined systems that incorporate different types of constructed wetlands
with the aim of exploiting the specific advantages of the different system arrangements.
Constructed wetland systems are currently the most widely used passive mine water
treatment technology for several reasons, including their low cost compared to active

treatment systems (Pat-Espadas et al., 2018).

There are two categories of constructed wetlands namely: aerobic and anaerobic, with the
latter being the most widely used passive treatment method for acidic mine water (Nkongolo,
2020). In general, net alkaline water is needed for an aerobic wetland, and anaerobic wetlands
are used to neutralize the acidity and reduce metal concentrations in the AMD wastewater.
The chemistry and flow of the wastewater discharge are critical to the proper selection of a
CW system (Ford, 2003). Smith (1997) mentioned that biochemical processes have to be
carefully considered when planning the construction of a wetland to treat acid mine drainage,
and the maximum ability of a constructed wetland to treat AMD is determined by the loading
rate. Smith (1997) further mentioned that slope and vegetation are important factors to

consider in wetland designs.
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Anaerobic Wetland

An anaerobic system is one that requires water from mines to run through an organic layer
under anaerobic conditions. The organic material must have sulfate-reducing bacteria for
metal sulfide precipitates to form (Nkongolo, 2020). Microorganisms facilitate this reaction by
first consuming oxygen. Alkalinity and H.S are produced. If the system is improperly sized, if
flow dries up, or if extended low temperatures are encountered, the microorganisms will die
and the performance will be decreased (Ford, 2003). According to Nkongolo (2020), anaerobic
wetlands are the most commonly used passive treatment for net acid mine water, and alkalinity
in the wetland must be developed and added to the water before dissolved metals can
precipitate. The wetland substratum may contain a calcareous layer at the bottom, or it may
be mixed with organic matter. Wetland plants are then transplanted into the substrate of the
organic matter. Insoluble precipitates such as hydroxides, carbonates, and sulfides constitute

a significant metal sink in the wetlands.

2.11.1.2 Active treatment

Active treatment requires continuous inputs such as artificial energy, biochemical or chemical
reagents, and regular maintenance of a water treatment plant. The advantage of using active
treatment methods is that they have the capability to handle changes in mine water quality
and quantity due to the precise process control in response to these changes (Taylor et al.,
2005). The method does not require a huge quantity of land compared to passive treatment.
However, the cost of nonstop energy input (MW), reagents, and the need for skilled operators

to operate and maintain the treatment plant make the technique more expensive (Kirby, 2014).

Different neutralization technologies that can be applied for the treatment of mine water are
necessary because of the vast differences in the chemistry of acidic waters (Nkongolo, 2020).
The selection of a suitable method of treatment can be based on the quality of the mine water,
its quantity, the desired treated water quality, and the cost of the treatment techniques (Ford,
2003).
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2.12 Treatment of AMD with coal fly ash

The use of fly ash for neutralization and removal of toxic metals from AMD is advantageous
because of the abundance and alkalinity of the feedstock (Jones & Cetin, 2017). As a result,
coal fly ash is currently one of the most widely used industrial waste products for the AMD
wastewater neutralization process (Pérez-Lopez et al., 2007). Moreover, power-generating
plants that use coal are situated near the coal mines that service them with coal in South Africa
thus making the treatment of AMD wastewater with fly ash economically viable because of
reduced transport costs. The percentage removal of various elements during the treatment of
AMD wastewater is a comprehensive indicator of the efficiency of the treatment process. The

percentage removal of metals is given by:

conc.of ionic species in raw AMD—conc.of species after reaction time (hr
% removal = ( , — - @1 ) x 100 (23)
concentration of ionic species in raw AMD

Kalombe et al. (2020) carried out treatment of AMD with fly ash using a 1500 L jet loop reactor
system. Results from the study showed that reaction time had a significant effect on reducing
the concentration of major contaminants, namely sulfate (SO4%), A**, Fe?*, Ca?*, Mg®* and
that the treated water met the required target water quality range (TWQR) limit for agricultural

irrigation in South Africa.

Jones & Cetin (2017) evaluated the neutralization potential of three different types of fly ashes
and found that the pH of the AMD wastewater was most significantly buffered by the fly ash
with the highest calcium oxide (CaO wt. %) content of 12.5 %. They attributed this to increased
hydroxyl ions (OH") caused by the dissolution of lime and calcium hydroxide Ca(OH): in the

fly ash material.

Gitari et al. (2018) treated AMD wastewater with coal fly ash at different fly ash to AMD ratios
with the pH monitored over time (min) and found that the treatment of AMD depended on the
amount of fly ash used, the AMD chemistry, and the treatment time. The pH was observed to
increase in a stepwise manner when AMD was used, with buffer zones observed at 4 - 4.5,
4.5 — 7, and 6-8. However, due to the lower concentration of AP**, Fe?*, Fe*", and Mn?* in
another source of AMD, the treatment process with this AMD source did not exhibit such buffer
zones as there was a lack of stepwise decrease in pH. Two competing processes were
observed to control the evolving pH of process water: the dissolution of basic oxides (i.e.,
CaO, MgO) from fly ash, which led to a pH increase, and the hydrolysis of AMD species such

as AI**, Fe?*, Fe** and Mn?" which resulted in a decrease in solution pH.
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The two processes further initiated mechanisms such as precipitation, adsorption, and ion
exchange that led to a decrease in inorganic contaminants as the treatment progressed. The
attenuation of inorganic contaminants in the study was directly related to the amount of fly ash
involved in the reaction. The precipitation of insoluble hydroxides and AI** contributed to the
removal of major and minor chemical species. The precipitation of gypsum was found to
contribute largely to the removal of sulfate (SO4%). Na, K, and Mg remained largely in solution
after the initial decrease, while the leaching of B, Sr, Ba, and Mo from the fly ash was observed
and was directly linked to the amount of fly ash in the reaction media. Gitari et al. (2018)
identified this as a potential shortcoming of the treatment process since other processes may
be required to polish up the product water. Maleka (2015) investigated the efficiency of fly ash
in the removal of metal ions from AMD wastewater and found the neutralization process to be
very effective as a high removal percentage of Fe, Al, Mn, and Mg was achieved. The study
also found that the process of sparging CO; at certain periods during the reaction resulted in

a further neutralization of the pH.

Nkongolo, (2020) considered the use of Lethabo and Kendal coal fly ash for AMD wastewater
remediation and found that the neutralization process was characterized by a strong buffer
zone around the pH of 12.83 to 8.37 from the Lethabo leachate and between 8.37 and 7.28
for the leachate from the Kendal column, and that this buffer zone could be explained by the
hydrolysis of AI** which forms a hydroxide phase until all the AI**, was totally hydrolyzed.
Findings from the study also indicated that the concentration of SO4* was reduced to up to
88% in the effluent from Lethabo coal fly ash and 56% in the effluent from Kendal coal fly ash.
Metals such as Fe, Mg, Mn, and Al were significantly removed from the AMD wastewater in

the Lethabo and Kendal leachate.

2.13 Adherence to target water quality range (TWQR)

There are certain water quality standards that treated wastewater needs to adhere to upon
discharge. Table 2.10 presents the targeted concentration of certain elemental species upon

treatment of the wastewater:
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Table 2.10: Target water quality range for treated wastewater: NL: No limit detected, NA: Not

applicable (Kalombe et al., 2020)

TWQR
Element Irrigation (mg/L) Domestic (mg/L)
pH 6.5-8.4 6-9
SO4* NL 0-500
Al 0-5 0-0.15
Ca NL 0-32
Fe 0-5 0-0.1
Mg NL 0-30
Si NL NA
Na 0-70 0-100
Mn 0-0. 0-0.05
Zn 02 0-1 0-3
Ni 0-0.2 NA
K NL 0-50
Co 0-0.05 NA
Cu 0-0.2 0-1
Pb 0-0.2 0-0.01
Ti NA 0-0.01
Sr NL NA
Cd 0-10 0-5
Cr 0-0.1 0-0.05
As 0-0.1 0-0.001
Mo 0-0.01 0-0.07
Se 0-0.02 0-0.02
P 0-0.2 NA
Li 0-2.5 NA

Table 2.10 presents the TWQR as provided by the Department of Water and Forestry, which
encourages the maintenance of water quality in South Africa. It is therefore imperative that the
TWQR be met for treated AMD water in order to ensure that it is safe for discharge and, in

turn, irrigation and domestic use (DWAF, 1996).
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Chapter Summary

Carbon Capture and Storage (CCS) can be achieved first through the capture of CO; using
post-combustion, pre-combustion, or oxyfuel combustion, although the former method is
preferred due to the lower costs associated with the capture method. When CO; is captured,
the captured CO; is then stored using either geological storage, oceanic storage, or
accelerated MC. The literature review presented focused mainly on the storage method that
was investigated in this study, which was accelerated MC. The accelerated MC method offers
a high storage capacity while also ensuring the permanent storage of CO.. However, the cost
associated with this method has been the main challenge for the process. To minimize the
energy consumption (MW) and, in turn, the costs ($/t CO; stored) associated with accelerated
MC, several process parameters that lead to an enhanced rate of carbonation for accelerated
MC through effective calcium (Ca*") extraction, CO, dissolution, and effective CaCOs

precipitation have been investigated in previous studies.

These process parameters include temperature (°C), reaction time (min), particle size (um),
CO- pressure (Mpa), stirring speed (rpm), S/L ratio, etc. For the reaction temperature, previous
studies have found that a temperature of around 60 °C is ideal for the carbonation reaction as
it enhances the extraction of calcium (Ca*") while also ensuring that the solubility of CO is not
hindered. In terms of particle size, a smaller particle size increases the surface area of
particles interacting with CO, thereby increasing the rate of carbonation as a result of the
collision effect. A higher CO; pressure generally results in a higher rate of carbonation due to
the higher amount of CO2> molecules that get dissolved into solution, however, if the pressure
is too high, this decreases the rate of CaCOs precipitation. For the S/L ratio, lower solid-to-
liquid ratios tend to improve the extraction of calcium (Ca?) through the dilution effect, thereby

improving the rate of the carbonation reaction.

The use of alkaline-rich waste feedstocks with higher calcium oxide (CaO wt. %) content also
proves beneficial in achieving an enhanced rate of carbonation. CFA has been used mainly
because of its abundance and because it contains other elements besides calcium, such as
iron and magnesium, that can contribute to the overall storage of CO; in the material. Another
method of enhancing the storage capacity for accelerated MC is through the use of AMD
wastewater as a solvent, which provides additional calcium (Ca?*) source, thus increasing the
overall CO; storage potential of the process. The CO- storage process by using of an alkaline-
rich material such as CFA provides the added benefit of neutralizing the AMD wastewater,

while the process also ensures the removal of toxic elements in the wastewater.
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CHAPTER 3

3. Methodology

This chapter provides details of the experimental and analytical methods used to achieve the

objectives of the study.

3.1 Materials and methods

A list of chemicals used in this study is given in Table 3.1, while an analysis of the CO, gas

used is given in Section 3.1.1.

Table 3.1: Summary of chemicals used in the study

Chemical Supplier Purity
Hydrochloric acid (HCI) Merck 37 %
Sodium chloride (NaCl) Alfa Aesar 99 %
Sodium hydrogen Merck 99.7 %

carbonate (NaHCO3)

Methyl orange Merck 55 %

indicator

Pure calcium . 98.8
Kimix

carbonate (CaCO3)

Sulfuric acid 95-97 %
Merck
(H2S04)
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3.1.1 CO: analysis

The CO; used for carbonation and AMD neutralization experiments was pure CO; obtained

from Afrox and had the following properties:

e Molecular weight = 44.011 g/mol

e Specific volume at 20 °C, 325 kPa = 5471 m3/kg
e Critical temperature = 31 °C

e Relative density at 1 atmosphere = 1.53

e Density at 0 °C, 325 kPa = 1.977 kg/m®

3.1.2 Sample collection and preparation

South Africa has a wide range of fly ash waste at its disposal due to coal burning by power
utilities. The fly ash used in this study for CO, storage and AMD neutralization experiments
was Durapozz fly ash, which is processed and classified fly ash from Lethabo power station.
The material belongs to Class F fly ash and was obtained from Ash Resources. The fly ash
obtained from the supplier was then placed into a tightly sealed container to avoid contact with
air. The sealed container containing the fly ash was kept in a dark, cool cupboard away from
sunlight and fluctuating temperatures, which could have affected the properties of the raw

material (i.e., fly ash).

For the preliminary experiments, the Durapozz fly ash was sieved and separated into different
size fractions 25 um, 45 um and 125 um to determine the effect of particle size (um) on the
leachability of calcium (Ca?*) from the fly ash. The AMD wastewater was Penstock AMD
obtained from the Navigation Coal Mine in Mpumalanga, South Africa. Given the levels of toxic
metals in the AMD wastewater, it was kept safely in a sealed tank that was placed in an area

positioned away from sunlight.
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3.2 Analytical Methods

3.2.1 X-Ray Diffraction (XRD)

XRD was carried out to identify the different mineralogical phases present in the raw fly ash

and the carbonated solid residues.

3.2.1.1 Sample preparation for qualitative XRD

The samples, supplied as fine powder, were mounted on a flat (low-background) sample
holder.

3.2.1.2 Instrumental setup for qualitative XRD

XRD data were recorded on a Bruker D2 Phaser Diffractometer using Cu Ka radiation (I =
1.5418 A) generated at 30 kV and 10 mA. Each sample was scanned from 4-80° in 20 steps
of ~0.02° with a 0.5 second exposure time per step, : the total scanning time is about 40

minutes.

3.2.2 X-Ray fluorescence (XRF)

The chemical makeup of uncarbonated solid residues from carbonation studies, carbonated
solid residues from leaching tests, and solid residues from leaching experiments for all size

fractions used were all quantified using X-ray fluorescence analysis.

3.2.2.1 Sample preparation for XRF

Samples were crushed into a fine powder (particle size < 70 um) with a jaw crusher and milled
in a tungsten-carbide Zibb mill prior to the preparation of a fused disc for major and trace
element analysis. The jaw crusher and mill were cleaned with clean, uncontaminated quartz

between 2 samples to avoid cross-contamination.
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3.2.2.2 Instrumental setup for XRF

Glass disks were prepared for XRF analysis using 7 g of high-purity trace elements and rare
earth element-free flux (LiBO2 = 32.83%, Li-B4O7 = 66.67%, Lil = 0.50%) mixed with 0.7 g of
the powder sample. A mixture of sample and flux was fused in platinum crucibles using a
Claisse M4 gas fluxer at a temperature between 1100 °C — 1200 °C. Whole-rock major element
compositions were determined by XRF spectrometry on a PANalytical Axios Wavelength
Dispersive Spectrometer. The spectrometer was fitted with an Rh tube and with the following
analyzing crystals: LIF200, LIF220, PE 002, Ge 111, and PX1. The instrument was fitted with
a gas-flow proportional counter and a scintillation detector. The gas-flow proportional counter
used a 90% Argon-10% methane mixture of gas. Major elements were analyzed on a fused
glass disk using a 2.4 kW Rhodium tube. Matrix effects in the samples were corrected by
applying theoretical alpha factors and measured line overlap factors to the raw intensities
measured with SuperQ PANalytical software. The concentrations of the control standards that
were used in the calibration procedures for major element analyses adequately fit the range
of concentrations of the samples. Amongst these standards were NIM-G (Granite from the
Council for Mineral Technology, South Africa) and BE-N (Basalt from the International Working

Group). The XRF equipment was located at Stellenbosch University.
3.2.3 Inductive Coupled Plasma: Optical Emission Spectroscopy (ICP-OES)
ICP-OES was used to determine the ionic species present in leachate samples.

3.2.3.1 Sample preparation for ICP-OES

A 10 times dilution was performed on raw AMD wastewater samples before ICP-OES analysis
could be conducted. All leachate samples used in the study were filtered through a 0.45 um

pore filter paper to ensure proper filtration for the separation of solids from liquids.

3.2.3.2 Instrumental setup for ICP-OES

The instrument used for ICP-OES analysis was a Varian 710. The instrument contains an axial
torch, and the instrument uses Ar gas. The instrument was calibrated with a blank and 1 ppm,
5 ppm, 10 ppm, and 100 ppm LGC 1586 spectra-scan multi-element standard. The sample

was analysed in triplicate, and the average reading is taken using a 10 % deviation.
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3.2.4 Chittick test for determining % CaCO3; formed

The determination of the percent CaCO; formed was made using the Chittick apparatus, and
the method was based on the volumetric evolution of carbon dioxide (CO2) when carbonate in

this case calcium carbonate, (CaCOs)), reacts with dilute hydrochloric acid.

Figure 3.1: Schematic diagram for Chittick apparatus

A. Pipette with acid C. Stop cork E. Reservoir fluid

B. Reaction vessel D. Burette

62



3.2.4.1 Methodology

Two solutions were required for the test, and these were diluted hydrochloric acid (HCI) and

coloured reservoir fluid. The two solutions were prepared as follows:

e Dilute Hydrochloric acid

A 6 N solution of hydrochloric acid (HCI) was made by adding 109.4 g of concentrated
hydrochloric acid (HCI) to 1 L of deionized water.

e Reservoir fluid

In a 1L Erlenmeyer flask, 100 g of sodium chloride (NaCl) was dissolved in 800 mL of distilled
water and 1 g of sodium hydrogen carbonate (NaHCO3) was added. 2 mL (dropwise) of methyl

orange solution was then added and the solution stirred.

A 1:5 dilute sulfuric acid (H2SO.) solution was prepared and then added to the solution
prepared in the 1 L Erlenmeyer flask until the solution turned a deep pink colour. The solution
was topped up to the 1 L mark in the flask and poured into the reservoir fluid point (E) to also
reach a level in the burette (D). 1.70 g of fly ash was weighed and placed in the reaction vessel
(B), which was then tightly capped. The level of the coloured liquid/reservoir fluid in the burette
(D) and the reservoir was leveled by opening the stop cork (C). A slight negative pressure was
created by lowering the reservoir level (E) by about 3 mL of the level in the burette. The stop
cork had to be closed for the negative pressure to be created. 20 mL of 6 N hydrochloric acid
(HCI) was introduced from the pipette (A) into the fly ash in the reaction vessel (B), and the

mixture was agitated.

As the acid was introduced, the stop cork (C) was also opened to allow CO; to enter the
burette, and then it was closed again to allow for the volumetric displacement of the reservoir
fluid resulting from the CO, evolution. The valve on the pipette that held the acid was also
closed to ensure no CO; escaped the system. Simultaneously, a stopwatch was started as
the acid was introduced, and the displacement of the reservoir fluid in the burette by evolving
CO- was read after 1 minute and after 20 minutes. The reading at 1 minute was recorded as
R4, while that at 20 minutes was recorded as Rzo. A schematic of the Chittick apparatus is

provided in Figure 3.1, while Figure 3.2 displays the full assembly of the Chittick apparatus.
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Figure 3.2: Chittick apparatus setup

To determine the % CaCOs formed, correction factors to account for errors associated with
the calculation were calculated for each reading and subsequently used to determine the %
CaCOs formed. The method for reacting the carbonated fly ash samples previously described
was used to react 0.10 g of pure CaCOs in order to calculate the correction factor. The factor
is specified as previously mentioned as follows:

W xT
f= 122 X V
Where;

W = 0.10 grams weighed of pure CaCO3
T = temperature of measurement in K
V = mL produced CO;
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The correction factor was used to calculate the % CaCOs (based on 1.7 g of fly ash samples)

as follows:

F =CR, — (0.04) (CR,o — CR,) and % CaCO; = 0.232F

Where;

CR, =reading at 1 minute x f

CR,, = reading at 20 minutes X f

3.3 Equipment

Preliminary and carbonation experiments were carried out using an autoclave reactor made
of stainless-steel material (model 4560). The steel jacket of the reactor (with a teflon liner
inside) had a height of 14.7 cm and an internal diameter of 6.3 cm as shown in Figure 3.3:

Figure 3.3: Reactor steel jacket

Figure 3.3 above shows the reactor assembly while Figure 3.4 provides a detailed schematic
representation of the 600 mL Parr high-pressure/high-temperature reactor:
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Figure 3.4: Schematic representation of 600 mL Parr high pressure/high temperature reactor
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1) Carbon dioxide cylinder

2) Pressure regulator

3) Stainless steel reactor vessel (maximum temperature = 350 °C with a teflon
liner, maximum pressure = 345 bar)

4) Heating jacket

5) Pressure relief valve

6) Stirrer powered by a magnetic drive

)
)
7) Cooling water supply
8) Thermocouple

)

9) Monitor

Figure 3.5: 600 mL Parr high-pressure/high-temperature reactor setup

As stated previously, all necessary experiments were conducted using a 600 mL Parr high-
pressure reactor. The reactor used was temperature and pressure controlled, with a maximum
pressure capacity of 34.5 Mpa. Initially, a teflon liner was sized to a height of 13.6 cm and an
internal diameter of 5.3 cm. The teflon liner was used to contain the reaction mixtures, which
were fly ash and water/AMD wastewater, before being placed inside the steel jacket of the
reactor. It was important to size the teflon liner accurately to ensure a perfect fit within the steel
jacket of the reactor. The accuracy in the sizing of the teflon liner ensured that the reactor was

closed properly to prevent any CO, from escaping out of the reaction vessel.
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3.3.1 Methodology

Reaction solutions made of water/AMD wastewater, and fly ash were carefully prepared using
the desired S/L ratio of 0.5 g/mL or 0.2 g/mL. The reaction solutions were placed inside the
teflon liner, which was subsequently placed inside the steel jacket of the reactor. The reactor
was closed and sealed properly and the body of the reactor was then placed into the heater
assembly. Thermocouple, magnetic stirrer drive system, and controlled water coolant supply
for the reactor introduced, and the assembly was sealed. The monitor was switched on and
the temperature (°C) was adjusted to the desired temperature (°C). The reaction mixture was
then stirred at the desired stirring speed (rpm). Initially, preliminary experiments were

conducted.

The first of these baseline experiments involved the investigation of the dissolution behaviour
of calcium (Ca*) in water from pure Ca(OH),. Pure Ca(OH), was dissolved in water for 10 min
using different S/L ratios between 0.2 g/L and 1.2 g/L to determine whether calcium (Ca?*)
from the Ca(OH). fully dissolves. To know this, the actual concentration of dissolved calcium
(Ca®") was determined from ICP-OES analysis. The second of these baseline experiments
was used to determine the amount of calcium (Ca®") leachable from the fly ash. The first
parameter investigated for the second set of preliminary experiments was the temperature
(°C) and its effect on the leachability of calcium (Ca®"). The temperature was varied between
30 °C, 50 °C, 70 °C, 90 °C, and 110 °C at 100 rpm for 60 min using a S/L ratio of 0.5 g/mL,
and the optimum temperature (°C) was obtained. The optimum temperature (°C) obtained of
70 °C was used for experiments involving the effect of time (min) on the leachability of calcium
(Ca®") wherein time (min) was varied between 30 min, 60 min, 90 min, and 120 min with the
stirring speed set at 100 rpm with a S/L ratio of 0.5 g/mL used. The optimum reaction times
(min) were then obtained. The effect of particle size (um) on the leachability of calcium (Ca?*)
was also investigated, where the bulk size fly ash, 25 (um), 45 (um), and 125 (um) particle
sizes were considered using the optimum temperature of 70 °C, highest reaction time of 120

min, stirring speed of 100 rpm and S/L ratio of 0.5 g/mL.

Following preliminary experiments, carbonation experiments were then carried out using the
optimum conditions from the preliminary experiments which were the conditions that resulted
in higher leachability of calcium (Ca**). These conditions were assumed to be ideal for
achieving optimum carbonation performance. Based on the calcium (Ca®") extraction from
preliminary experiments, a reaction temperature of 70 °C, bulk particle size (um), and reaction

times of 30 min, 90 min, and then 120 min were used for carbonation experiments.
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For carbonation experiments, after the reaction mixtures were placed inside the reactor with
temperature (°C) and stirring speed (rpm) adjusted to the desired speed, CO, was introduced
into the reactor, and the initial CO, pressure was varied between 1 Mpa and 4 Mpa over 30
min, 90 min and 120 min. Optimization of other process parameters such as temperature (°C),
stirring speed (rpm), and the S/L ratio was done during carbonation experiments. For each
experimental run, the reactor was closed and sealed properly to prevent any CO, from
escaping. The CO pressure coming into the line was controlled by the CO- tank, which had
a pressure indicator. The pressure control valve on the reactor was shut off when the desired
CO- pressure (Mpa) was reached. This allowed CO; gas to be trapped inside the vessel for
the duration of the experiment. The pressure drop after each experiment was recorded. After
each experimental run, the reactor was allowed to cool and then disassembled. The solid and
liquid mixtures were separated using a vacuum pump. All experiments were duplicated to
ensure the accuracy of the results. The appropriate sample analysis was then carried out,
including Chittick tests to find out how much COz in the fly ash slurry under the given conditions

was transformed into CaCOs.
3.3.2 Experimental procedure
3.3.2.1 Preliminary experiments

3.3.2.1.1 Dissolution of calcium (Ca?*) in water from Ca(OH);

A given mass of calcium hydroxide (Ca(OH)) was dissolved into a 1L beaker with

distilled water.

e The mixture was stirred for 10 min at room temperature.

o After 10 min, the stirring was stopped, and the mixture was allowed to settle for 30
min.

e The mixture was filtered using a 0.45 (um) membrane filter paper.

e The leachate from the mixture was sent for ICP-OES analysis to determine the
concentration of calcium (Ca*") in the leachate.

e By obtaining the concentration of dissolved calcium (Ca*") in the leachate from the

Ca(OH), weighed, a calibration curve was generated.
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Procedure for calculating the mass of Ca(OH). weighed
Considering the reaction:

Ca(OH)y5) = Caflyy + 20Hq,)

At a stoichiometric ratio of 1:1, the mass of calcium hydroxide (Ca(OH)2) weighed to make a
concentration of 200 mg/L of elemental calcium (Ca®*) was determined through the calculation

provided:

Mass of Ca(OH). = ( mass of elemental calctum ) X molar mass of Ca(OH),

molar mass of elemental calcium

Mass of Ca(OH), =(—22—) x (Z:24); .. mass of Ca(OH)= 0.37 g

40.08 g/mol mol

Thus 0.37 g of Ca(OH), was weighed and transferred into 1 L to make a concentration of
200 mg/L elemental calcium (Ca?*). This method was used for all elemental calcium (Ca?*)

concentrations considered.

3.3.2.1.2 Leaching of calcium (Ca?*) from fly ash

o Afly ash/water mixture was prepared at the desired S/L ratio (g/mL) and placed inside
the 600 mL Parr high-pressure reactor, with the body of the reactor then placed inside
the heating jacket and connected to the magnetic stirrer.

e The reaction mixture was stirred at the desired stirring speed (rpm).

e The temperature (°C) was set to the desired temperature (°C) with the temperature
(°C) controller, and the water coolant supply was introduced.

e The experiment was timed (min) over the required reaction time (min), and after the
reaction was complete, the fly ash/water slurry was removed from the reaction vessel.

e Using a vacuum pump, the fly ash/water slurry was then filtered for 15 minutes through
a 0.45 (um) pore membrane filter paper.

e Following filtration, the liquid samples were preserved in a fridge at 4 °C until analysis
could be conducted.

e The solid was dried overnight in an oven with the temperature set at 90 °C and then

stored in sealed containers until analysis.
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Figure 3.6: Leachate and solid residue samples from experiments contained in centrifuge tubes

e The solid residues were then taken for XRD and XRF analysis to determine the phases

present while the leachate was analyzed using ICP-OES to determine the elemental
compositions (ppm).
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3.3.2.2 Direct carbonation experiments

¢ Afly ash/water mixture was prepared at the desired S/L ratio (g/mL) and placed inside
the 600 mL Parr high-pressure reactor, with the body of the reactor then placed inside
the heating jacket and connected to the magnetic stirrer.

¢ The reaction mixture was stirred at the desired stirring speed (rpm).

e The temperature (°C) was set to the desired temperature (°C) with the temperature
(°C) controller, and the water coolant supply was introduced.

e CO; gas was then fed into the reaction system through the line and controlled on the
gas tank to obtain the desired CO- pressure (Mpa) for the reaction.

e After obtaining the desired pressure (Mpa) in the reaction vessel, the control valve on
the reactor was then closed.

e The experiment was timed (min) over the required reaction time (min) and after the
reaction was complete, the system was depressurized and allowed to cool.

e The carbonated fly ash/water slurry was then removed from the reaction vessel.

e Using a vacuum pump, the carbonated fly ash/water slurry was filtered for 15 min
through a 0.45 (um) pore membrane filter paper.

¢ Following filtration, the pH of the leachate was measured, and the liquid samples were
preserved in a fridge at 4 °C until analysis could be conducted.

e The solid was dried overnight in an oven set at 90 °C and then stored in sealed
containers until analysis.

¢ The solid residues were then taken for XRD and XRF analysis to determine the phases
present.

e The leachate was taken for ICP-OES analysis in order to determine the elemental

composition (ppm).
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3.3.2.3 Indirect carbonation experiments

¢ Afly ash/water mixture was prepared at the desired S/L ratio (g/mL) and placed inside
the 600 mL Parr high-pressure reactor, with the body of the reactor then placed inside
the heating jacket and connected to the magnetic stirrer.

¢ The reaction mixture was stirred using the desired stirring speed (rpm).

e The temperature (°C) was set to the desired temperature (°C) from the monitor and
the water coolant supply was introduced.

e The experiment was timed (min) over the required reaction time (min) and after the
reaction was complete, the fly ash/water slurry was removed from the reaction vessel.

e Using a vacuum pump, the fly ash/water slurry was then filtered for 15 minutes through
a 0.45 (um) pore membrane filter paper.

¢ Following filtration, the pH of the leachate was measured before carbonation.

e The required volume (mL) for the leachate that was to be used during carbonation was
measured, and the leachate was placed inside the reactor. The reactor was then
placed inside the heating jacket and connected to the magnetic stirrer.

e The leachate was stirred using the desired stirring speed (rpm) and the temperature
(°C) was set to the desired temperature (°C) on the monitor, and the water coolant
supply was introduced.

e CO; gas was then fed into the reaction system through the line and controlled on the
gas tank to obtain the desired CO- pressure (Mpa) for the reaction.

e After obtaining the desired pressure (Mpa) in the reaction vessel, the control valve on
the reactor was then closed.

e The experiment was timed (min) over the required reaction time (min) and after the
reaction was complete, the system was depressurized and allowed to cool.

e The carbonated leachate was then removed from the reaction vessel and filtered.

¢ Using a vacuum pump, the leachate was then filtered for 15 minutes through a 0.45
(um) pore membrane filter paper.

e The filter paper was dried overnight with the oven temperature set at 90 °C.

o Following filtration, the pH of the leachate was measured, and the liquid samples were
preserved in the fridge set at 4 °C until analysis could be conducted.

¢ A minuscule amount of CaCO3; was recovered from the indirect aqueous carbonation
process; therefore, XRD and XRF could not be performed.

e The leachate was analyzed by ICP-OES to determine the elemental composition

(Ppm).
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CHAPTER 4

4. Results and Discussion

This results section is divided into three sections. The first section is a brief section based on
results obtained from the characterisation of raw fly ash to determine the mineralogical and
elemental composition of the raw fly ash used in this study. The second section provides
results from preliminary experiments. Preliminary experiments were done to determine the
leachability of calcium (Ca®*) from the fly ash. The last section (i.e., Section 4.3) comprises

results obtained from direct and indirect aqueous carbonation experiments.
4.1 Characterisation of raw fly ash

As mentioned previously, this section provides a brief discussion of the results obtained from
the analysis of the raw fly ash samples. The first part of this characterisation section covers
results obtained from XRD analysis for the mineralogical phases present in the fly ash, while
the second section provides results from XRF analysis for the elemental composition. Figure
4.1 shows the XRD pattern for the raw fly ash:
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Figure 4.1: XRD analysis results for raw fly ash
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4.1.1 Results from XRD

XRD analysis was initially performed on the raw fly ash to identify the mineral phases present
in the fly ash. According to the XRD spectrum, Durapozz fly ash was found to be a
heterogeneous material as it comprises several crystalline phases. The XRD pattern for the
raw fly ash shown in Figure 4.1 consists of strong intensity peaks corresponding to quartz
(SiO2) and mullite (AlsO13Si2), and overall weaker intensity peaks for magnetite (FeFe204). The
mineralogical phases represented by the XRD pattern found in Figure 4.1 are the major

mineralogical phases typically found in coal fly ash (CFA).
4.1.2 Results from XRF

XRF analysis was done to quantitatively identify the major and minor elemental compositions
present in the raw fly ash. The results for the elemental compositions of the raw fly ash are

presented in Table 4.1:

Table 4.1: Elemental compositions for raw fly ash from XRF

Element Composition (wt. %)
SiO, 54.36
Al203 34.19
CaO 4.06
Fe 03 3.12
TiO; 1.75
MgO 0.90
K20 0.64
P20s 0.47
Na2O 0.38
V205 0.052
Cr203 0.041
MnO 0.03
Total 100
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Based on the XRF results shown in Table 4.1, the fly ash used was mainly composed of SiO»,
AlLO3, Fe20s. From the XRF analysis results for raw fly ash, the sum of SiO,, Al,O3;, and Fe>O3
was greater than 70 %; therefore, the fly ash can be classified as Class F. The CaO (wt. %)
content was 4.06 % which was within the range of typical Class F fly ash (i.e., < 10). From
Table 4.1, results from XRF analysis showed that the major chemical components in the fly
ash used in this work were quartz (SiO2) and aluminium oxide (Al.Os3) phases, and their
percentage compositions were 54.36 % and 34.19 %, respectively, which was high, and this
was expected for Class F fly ash. The iron oxide (Fe203) content of 3.12 % found in the fly ash
was relatively low, with other mineral phases such as MgO and MnO also reporting lower
compositions of 0.90 % and 0.03 %, respectively. It is worth mentioning that phases such as
Fe2O3, MgO, and MnO also contribute to the overall consumption of CO. during the
carbonation process with fly ash as, FeCOs3, MgCOs;, and MnCOs can be formed during the
carbonation process with fly ash. However, considering the slightly higher content of CaO (wt.
%) in the fly ash used in this study than FeOs, MgO, and MnO mineral phases and bearing in
mind that CaO is more soluble in water, the total CaCQOs3; formed for direct aqueous carbonation

for the present work gave a better indication of the amount of CO; stored in mineral form.

4.2 Preliminary Experiments

Prior to conducting experiments involving direct and indirect carbonation, baseline/preliminary
experiments were first carried out to determine the amount of calcium (Ca*") leachable from
the fly ash. As mentioned previously, the calcium (Ca?*) extraction and subsequent dissolution
constitute the main rate-limiting step for the carbonation process. Therefore, the leaching and
dissolution behaviour of calcium (Ca?*) in solution is quite important to understand as the
concentration of calcium (Ca?*) leachable from the fly ash and that can dissolve in solution
has a significant effect on the rate of carbonation and the overall the percentage CaCOs
formed, as well as the carbonation efficiency CE (%). The dissolution behaviour of calcium
(Ca?*) in water was the initial preliminary/baseline experiment using pure Ca(OH).. The
experiment was used to determine whether calcium (Ca**) can fully dissolve in water, while
subsequent sections were experiments used to determine the leachability of calcium (Ca?*)
from fly ash by investigating the effect of temperature (°C), time (min), and particle size (um)

on the leaching of calcium (Ca?).
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4.2.1 Dissolution of calcium (Ca®*) in water from pure calcium hydroxide Ca(OH).

This section provides results from an experiment conducted to fully investigate the dissolution
behaviour of calcium (Ca?*) in water using pure calcium hydroxide Ca(OH)z, with the complete
experimental detail provided in Chapter 3, Section 3.3.2.1.1. Results presented in Figure 4.2
are from an experiment that was carried out to determine the maximum amount of calcium
(Ca?*) that can dissolve in water (i.e., the saturation point of calcium (Ca?*) in water) using
pure Ca(OH). for a fixed reaction time (min) of 10 min with varying S/L ratios of 0.2 g/L, 0.4
g/L, 0.6 g/L, 0.8 g/L, 1g/L, and 1.2 g/L as shown in Figure 4.2:
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Figure 4.2: Actual saturation point of calcium (Ca?*) in water from dissolving pure calcium hydroxide
Ca(OH):2 (reaction time: 10 min)

According to Perry et al. (2008), the theoretical saturation concentration of calcium (Ca®") is
reported as 1 g/L. This means that theoretically, the maximum amount of calcium (Ca®") that
can dissolve in 1 L of water is 1 g. An experiment was therefore carried out with the aim of
determining whether the saturation point reported in the literature could be reached.
Essentially, the experiment was used to determine whether calcium (Ca*") can fully dissolve
in water, which is important to understand when it comes to the efficiency of the carbonation
process.
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However, results from Figure 4.2 show that the actual saturation point of calcium (Ca®*) was
reached at around 269 ppm after which, no more calcium (Ca®*) could dissolve in water. Given
that there’s a 1:1 stoichiometric relationship between Ca(OH), and calcium (Ca?*) when
calcium hydroxide Ca(OH). dissociates in water, results from Figure 4.2 indicate that some of
the calcium (Ca?*) did not fully dissolve in the water as there was a discrepancy between the
theoretical saturation concentration of calcium (Ca?*) and the actual calcium (Ca?")
concentration reported from ICP-OES results in all cases. This was possibly due to the lower

solubility of pure Ca (OH). in water.

4.2.2 Leaching of calcium (Ca®*) from fly ash

The leachability of calcium (Ca**) from fly ash was then examined with the experimental detail
given in Chapter 3, Section 3.3.2.1.2. The leachability of the calcium (Ca®") was investigated
using various operating process parameters that would potentially result in the maximum
extraction of calcium (Ca?") in fly ash. To determine the leachability of calcium (Ca*) from fly
ash, the effects of temperature (°C), time (min), and particle size (um) on the leachability of
calcium (Ca®") were studied.

4.2.2.1 Effect of temperature (°C) on leachability of calcium (Ca*)

The first parameter considered in determining the leachability of calcium (Ca?*) from the fly
ash was the temperature (°C). The temperatures considered were 30 °C, 50 °C, 90 °C, and
110 °C over a period of 60 minutes using a S/L ratio of 0.5 g/mL and a stirring speed of 100
rom. XRF analysis was used to determine the CaO (wt. %) content remaining in the solid

residue, as shown in Figure 4.3:
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4.2.2.1.1 Results from XRF analysis

XRF was used to determine the CaO (wt. %) content remaining in the solid residue for the
initial set of leaching experiments involving the effect of temperature (°C) on the leaching of
calcium (Ca?"). The effect of temperature (°C) on leaching was investigated for 60 min between
30 °C and 110 °C as shown in Figure 4.3:
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Figure 4.3: Effect of temperature (°C) on CaO (wt. %) content from XRF analysis results

From Figure 4.3, it was expected that the CaO (wt. %) content that remains in the solid residue
would reduce significantly from the initial composition of 4.06 wt. % in the fly ash before
leaching, which is represented by the point at temperature 0 °C. However, the maximum CaO
(wt. %) that dissolved was 0.19 wt. %, thus indicating that calcium (Ca?*) was mostly
associated with phases that did not readily dissolve in water. The results show a reduction in
the CaO (wt. %) content from the initial CaO (wt.%) content for all the temperatures (°C)
considered, however, the concentrations obtained between 30 °C and 110 °C after 60 minutes
were not significantly different and showed only a minor change in the CaO (wt. %) content
remaining in the solid residue over the temperature (°C) range considered with similar CaO
(wt. %) weight losses observed of 0.12 wt. %, 0.16 wt. %, 0.14 wt. %, 0.19 wt. % and 0.18 wt.
% at 30 °C, 50 °C, 70 °C, 90 °C and 110 °C respectively.
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The negligible effect of increasing temperature (°C) on the change in CaO (wt. %) after 60 min
from XRF analysis was possibly due to the limitations of the XRF technique in detecting
smaller concentrations. Considering that the concentration of CaO (wt. %) present in the fly
ash used in this study was low and that XRF analysis is less sensitive in detecting smaller
concentrations than techniques such as ICP-OES, XRF analysis was possibly less accurate
in determining the CaO (wt. %) remaining in the solid residue from temperature (°C) variation
for leaching experiments. ICP-OES, a much more sensitive analytical technique to lower
concentrations, was used to give a more precise suggestion of the temperature (°C) that would
result in the highest leachability of calcium (Ca?*), taking into account the low concentration of

CaO (wt%) accessible in the fly ash.

4.4.2.1.2 Results from ICP-OES analysis

ICP-OES analysis was performed to determine the calcium (Ca?*) concentration (ppm) in the
leachate. The effect of temperature (°C) on leaching was investigated for 60 min between 30
°C and 110 °C as shown in Figure 4.4:
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Figure 4.4: Effect of temperature (°C) on leaching of calcium from ICP-OES analysis results

The results obtained from ICP-OES analysis showed a notable trend and from Figure 4.4, it
can be observed that the highest calcium (Ca?*) concentration obtained in the leachate was
at 70 °C. Considering Bertos et al. (2004) found that the maximum uptake of CO> for the
carbonation process increases with increasing temperature of up to 60 °C due to the opposing
effect of temperature (°C) on the carbonation process, the optimum temperature of 70 °C for
calcium (Ca*") extraction was close enough to the maximum suitable temperature (°C) for
subsequent carbonation experiments. A temperature of 70 °C can also be considered ideal,

as higher temperatures would prove wasteful of energy and contribute to CO, being emitted.
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When considering the opposing effect of temperature (°C), the optimum temperature of 70 °C
was high enough to achieve effective calcium (Ca®*) extraction but not exceedingly high to
hinder the solubility of CO; in the liquid phase for carbonation experiments. The maximum
calcium (Ca?*) concentration leached when considering the effect of temperature (°C) on
calcium (Ca?*) extraction was 293.4 ppm after 60 min, as shown in Figure 4.4, in relation to
the baseline experiment conducted previously using pure Ca(OH). where the saturation
concentration of calcium (Ca®*) was around 269 ppm, this discrepancy can be explained by
the difference in the experimental conditions used for the leaching experiment compared to
the conditions used for investigating the dissolution of calcium in water using pure Ca(OH)..
The maximum amount of calcium (Ca?*) extracted of 293.4 ppm was lower than the maximum
theoretical saturation concentration of calcium (Ca?*) of 1 g/L, which meant that the calcium
(Ca?") leached did not reach the saturation limit, which is the point where the maximum amount
of calcium (Ca?*) can be leached. This can be attributed to the calcium (Ca®*) being locked in
the major mineral phases present in the fly ash, namely the quartz (SiO2) and mullite
(AlgO13Siz2) phases.

The presence of other phases was also detected from the first set of leaching experiments,
and Figure 4.5 shows the increase in the concentration of one of the anionic phases present

in higher concentration in the form of sulfate (SO4?):

1000
900
800
700
600
500
400
300
200
100

—e— 60 min; 0.5 g/mL; 100 rpm

S042- (ppm)

0 30 60 90 120
Temperature (°C)

Figure 4.5: Effect of temperature (°C) on sulfate concentration

Figure 4.5 shows that there was a relatively high concentration of sulfate in solution after 60
min of leaching at varying temperatures (°C). The concentration of sulfate was seen to

increase gradually as the temperature (°C) increased until about 70 °C.
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The increase in concentration of SO4* and the presence of other ionic species such as nitrates
(NO3s?%) and phosphates, though in smaller concentrations (i.e., 0.64 ppm and <20 ppm,
respectively, at 70 °C) from IC analysis, indicate that the solution was possibly saturated with
competing ionic species, and this can be attributed to the higher S/L ratio used of 0.5 g/mL,

which possibly limited the dissolution of calcium (Ca?*).

The mineral phases present in the solid residue after leaching at what was observed to be the

optimum temperature of 70 °C were examined and are presented in Figure 4.6:
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Figure 4.6: Effect of temperature on mineralogical phases from XRD analysis results

XRD analysis was used to identify the mineralogical phases remaining in the fly ash after each
temperature (°C) considered. Figure 4.6 shows the XRD pattern for the optimum temperature
of 70 °C. The XRD pattern shown in Figure 4.6 for the preliminary run using the optimum
temperature of 70 °C was similar to the XRD pattern obtained for the raw fly ash, as the same
phases were identified. The XRD pattern shows the presence of quartz (SiO2), and mullite
(AlsO13Si2) with high intensity peaks. It also depicts weaker intensity peaks for hematite
(Fes03) and magnetite (FeFe,04). This indicates that the temperature (° C) had no effect on

the mineral phases of the fly ash.
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The mineral phases present at other temperatures were also considered, and Figure 4.7

shows the XRD pattern for the solid residue after leaching at 30 °C:
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Figure 4.7: Effect of temperature(°C) on mineralogical phases from XRD analysis results

Although the initial results from XRD detected no traces of calcite (CaCOs) in the raw fly ash,
the presence of calcite was detected at 30 °C, 50 °C, 90 °C, and 110 °C. Figure 4.7 shows the
XRD pattern for just the temperature of 30 °C. The pattern shows similar mineralogical phases
to those reported at 50 °C, 90 °C, and 110 °C (see Appendix C) except for the microcline
(KAIS;0s) phase reported at 50 °C. With no CO; introduced into the system, traces of calcite
(CaCO:s) in the solid residue were due to the interaction of the fly ash with CO, from the
surrounding air, leading to the formation of CaCOs. The CaCO3 formed before the carbonation

was conducted can also be attributed to the system not being purged with nitrogen (N2) gas.
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4.2.3 Effect of time (min) on leachability of calcium (Ca?")

The next set of leaching experiments considered the effect of time (min) on the leaching of
calcium (Ca?*) from the fly ash using the optimum temperature of 70 °C determined previously,

and a S/L ratio of 0.5 g/mL with stirring at 100 rpm, as shown in Figure 4.8:
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Figure 4.8: Effect of time (min) on CaO (wt. %) from XRF analysis results

Following the investigation of the effect of temperature (°C) on the leaching of calcium (Ca?®*),
the effect of time (min) on the leachability of calcium (Ca?*) was then considered. Applying the
optimum temperature of 70 °C over a time period of 30 min, 60 min, 90 min, and 120 min
proved to have a minor effect on the change in the % CaO (wt. %) remaining in the fly ash
solid residue, as the CaO (wt. %) concentration was not significantly different after 30 min, 60
min, 90 min, and 120 min, as shown by the XRF analysis results presented in Figure 4.8.
Again, considering that the XRF technique is less sensitive at detecting smaller
concentrations, the ICP-OES was then used to give a better indication of the effect of time

(min) on the leachability of calcium (Ca?*) into solution.
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The effect of time (min) on the leachability of calcium (Ca**) at 70 °C using a S/L ratio of 0.5
g/mL and a stirring speed of 100 rpm was investigated more comprehensively by considering
the concentration of calcium (Ca®") remaining in the leachate from ICP-OES analysis, as

shown in Figure 4.9:
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Figure 4.9: Effect of time (min) on leaching of calcium (Ca?*) from ICP-OES analysis results

Figure 4.9 shows the results of the ICP-OES analysis after taking into account the impact of
time (min) on the leachability of calcium (Ca?*) from the fly ash. The results indicate that the
calcium (Ca®") extraction was significant during the first 30 min, however, after 30 min the
concentration of calcium (Ca*") leached did not change significantly, as similar concentrations
of 378.3 ppm, 293.4 ppm, 372.1 ppm, and 399.8 ppm were reported after 30 min, 60 min, 90
min, and 120 min respectively, as shown in Figure 4.9. The initial increase in the concentration
of calcium (Ca*") was caused by the dissolution of readily soluble calcium (Ca?*) phases such
as CaO and CaSOQ4, whereas the decrease in the concentration observed after 60 min was
possibly due to the precipitation of new calcium (Ca*") - containing mineral phases. The trend
observed in Figure 4.9 for the leaching of calcium (Ca?*) over time with fly ash was similar to
the results obtained by lizuka et al. (2004), who used a different alkaline-rich feedstock but
found that for a high cement-to-water ratio of 2.9 wt. %, the solution was supersaturated with
respect to calcium (Ca?*) even at the early stages of the reaction, and after 10 min of
extraction, the concentration of calcium (Ca?*) leveled off for the duration of the 120 min

reaction time.
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Considering the various existing competing ionic species in fly ash and hence the possibility
of oversaturation when 0.5 g/mL was initially used for calcium (Ca?*) extraction and also the
oversaturation, caused by the higher cement-to-water ratios from the study done by lizuka et
al. (2004), this indicates that under oversaturated conditions, the calcium (Ca?*) gets extracted
to reach a point of oversaturation but after a certain period in time, the change in the calcium
(Ca®") extraction does not show variation because the calcium (Ca®") continually precipitates

and dissolves again, hence the plateau observed after 30 min in Figure 4.9.

The maximum amount of calcium (Ca®*) concentration leached when considering the effect of
time (min) on calcium (Ca®") extraction was 399.8 ppm and was achieved after 120 min. In
relation to the preliminary/baseline experiment conducted using pure Ca(OH)2, where the
saturation concentration of calcium (Ca?*) was around 269 ppm, this discrepancy can be
explained by the difference in the experimental conditions used for the leaching experiment
compared to the conditions used for the dissolution of calcium (Ca?*) in water using pure
Ca(OH)2. The maximum amount of calcium (Ca®") extracted at 399.8 ppm after 120 min was
lower than the maximum theoretical saturation concentration of calcium (Ca®") of 1 g/L, which
meant that the calcium (Ca*") leached did not reach the saturation limit of calcium (Ca?*). This
can be attributed to the calcium (Ca*") being locked in water-insoluble phases or the major

phases present in the fly ash, namely quartz (SiO2), and mullite (AlsO13Si2) phases.

The ICP-OES analysis results also showed that the least amount of calcium (Ca?*) leached
was after 60 min and that more calcium (Ca®") was leachable after 30 min, 60 min, and 120
min, although the calcium (Ca?*) concentrations obtained after all of these time periods were
not significantly different. The Dixon’s Q-Test was used to determine whether the calcium
(Ca?) concentration after 60 min was a potential outlier when considering the closeness in
calcium (Ca®") concentrations observed at 30 min, 90 min, and 120 min. From the test, it was
found that at the 90 % confidence level the test statistic (i.e., Qrs = 0.768 ) was higher than
the critical value (i.e., Qcv = 0.765), therefore, we reject the null hypothesis meaning that there
was enough evidence to suggest that there was an outlier in the data set and that the calcium
(Ca®") concentration value obtained after 60 min of leaching was an outlier possibly caused
by errors during conducting the experiment or analysis. Therefore, 60 minutes were not

considered for subsequent experiments involving carbonation.
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4.2.4 Effect of particle size (um) on leachability of calcium (Ca*")

The particle size (um) was the final parameter considered for the leaching studies. The effect
of the particle size (um) on the leachability of calcium (Ca?*) considered using the optimum
temperature of 70 °C, a S/L ratio of 0.5 g/mL, and a stirring speed of 100 rpm. The particle
size was varied between the bulk size fly ash, which was the fly ash before sieving, of 25 (um),
45 (um), and 125 (um). The concentration of CaO (wt. %) after leaching for varying particle

sizes was determined by XRF analysis with results presented in Figure 4.10:
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Figure 4.10: Effect of particle size (um) on CaO (wt. %) from XRF results

The effect of the particle size (um) was considered using the optimum temperature of 70 °C,
as mentioned previously, and over 120 min, as a slightly higher concentration of calcium (Ca?*)
was leached over the 120 min. For varying particle sizes (um), there were still negligible
changes in the CaO (wt.%) remaining in the fly ash solid residue as reported from the XRF
results provided in Figure 4.10, although a higher amount of CaO (wt. %) was still remaining

for the 25 (um) size.

This showed that a lower amount of calcium (Ca**) was leached from this particle size (um),
and this was confirmed by the ICP-OES data (see Figure 4.11). Again, owing to the difference
in sensitivity between the two analytical techniques, the ICP-OES technique was then used to
help give a more accurate indication of the effect of all the particle sizes (um) on the

leachability of calcium (Ca?®").
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The effect of the particle size (um) on the leachability of calcium (Ca?*) was also investigated
by observing the concentration of calcium (Ca®") present in the leachate using results obtained
from ICP-OES analysis. The particle size (um) was varied between the bulk fly ash which,
was the fly ash before sieving, 25 (um),45 (um), and 125 (um), while a leaching time of 120
min, a S/L ratio of 0.5 g/mL, and a stirring speed of 100 pm were used, as shown in Figure
4.11:
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Figure 4.11: Effect of particle size (um) on leaching of calcium (Ca?*) from ICP-OES analysis results

The results obtained from ICP-OES analysis shown in Figure 4.11 indicate that there was a
maximum calcium (Ca®*) concentration leached from the fly ash using a particle size of 125
(um). However, the calcium (Ca®*) concentration obtained for the 125 (um) particle size was
not significantly different from the calcium (Ca*") concentration obtained for the bulk fly ash,
which was the fly ash used before the sieving process. When considering the added energy
consumption (MW) and potential added process costs ($/CO, stored) from the sieving
process, the trade-off between the calcium (Ca**) extracted at 125 (um) of 403.85 ppm, which
was not significantly higher than the maximum calcium (Ca*") extracted of 399.8 ppm when
using the bulk ash (i.e., fly ash without sieving) and the additional energy that could arise from
sieving, the potential energy consumption (MW) due to sieving thus made it unjustifiable to
conduct subsequent experiments (i.e., carbonation experiments) using particle sizes of 25
(um), 45 (um) and 125 (um) which required sieving that would result in an added energy

requirement.
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Section 4.3: Direct and Indirect aqueous carbonation

This section provides results from direct and indirect aqueous carbonation and a discussion

of the results in relation to previous studies.
4.3.1 Direct aqueous carbonation

This section provides a discussion of the results obtained using direct aqueous carbonation
with the detailed experimental procedure given in Chapter 3, Section 3.3.2.2. The first section
under this current section is based on the determination of the specific metal oxide phase that
was predominately responsible for the storage of CO. in mineral carbonate form. The mineral
carbonate form of this metal oxide phase, which is mostly responsible for the CO, uptake, was
then used as the main measure of CO; storage in the fly ash material. The following sections
then cover discussions around the results obtained from the measures used to determine the

CO; uptake from the direct aqueous carbonation process.

4.3.1.1 Determination of the measure of CO; uptake from aqueous carbonation process

This section provides a demonstration of how the main measure of CO; uptake in fly ash was
determined. Given the multiple oxide phases existing in fly ash that can contribute to the
overall sequestration of CO-in the form of CaCO3, FeCO3, MgCO3, MnCO3, and K>COs, it was,
therefore, necessary to determine which of these phases was predominantly responsible for
the storage of CO- in mineral carbonate form by considering the concentrations of species
such as Fe?*, Mg®*, and also Ca?" after leaching and after direct aqueous carbonation. Mn?*
and K** could not be considered as the elements were not detectable from ICP-OES analysis

after leaching.

4.3.1.1.1 Effect of time (min) on leachability of Ca**, Fe*", Mg**

To demonstrate how the main measure of CO: uptake in the fly ash was determined for the
direct aqueous carbonation process, the concentrations of Fe**, Mg®*, and Ca?* after leaching
over 30 min, 60 min, 90 min, and 120 min were initially considered. This was done because
the concentration of these species after leaching gave an indication of the amount that was
available to react with CO; during the carbonation process. From there, the degree to which
CO- reacted with a particular element could be determined. The experimental detail for the
leaching was given in Chapter 3, Section 3.3.2.1.2. Figure 4.12 shows the concentration of
Fe?*, Mg?*, and Ca*" obtained from ICP-OES after leaching for 30 min, 60 min, 90 min, and
120 min at a temperature of 70 °C, using a S/L ratio of 0.5 g/mL and a stirring speed of 100

rpm:
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Figure 4.12: Effect of time (min) of leachability of various elements (70 °C, 0.5 g/mL, 100 rpm)

The results from Figure 4.12 show that there was a considerably higher amount of calcium
(Ca®") leached over time (min) compared to the other elements considered. The calcium (Ca?*)
concentrations of 378.3 ppm, 293.4 ppm, 372.1 ppm, and 399.8 ppm over 30 min, 60 min, 90
min, and 120 min, respectively, were higher compared to those of iron (Fe?*), which were 1.5
ppm, 0 ppm, 0.1 ppm and 0.1 and those of magnesium (Mg?*), which were 1.8 ppm, 0.17 ppm,
0.1 ppm, and 0.1 ppm after 30 min, 60 min, 90 min and 120 min respectively. This was possibly
due to the higher solubility of CaO in water compared to MgO and Fe2>Os. The low amount of
Mg?* leached was also possibly due to the low amount of Mg?* originally available in the fly hi
ash (i.e., 0.90 wt. %). The leaching behaviour observed for Fe?* was similar to that observed
by Fatoba (2007), who also obtained a low concentration of Fe?* after performing leaching
studies for Secunda fly ash and attributed this to the fact that Fe** in alkaline fly ash leachates
exists as oxy-hydroxides that coat the silicate grains of fly ash, thus explaining the reason for

the low concentration of Fe** observed in the leachates of the fly ash.

The higher calcium (Ca?*) concentrations obtained from the leaching study for time (min) in all
cases compared to the other elements (i.e., Fe** and Mg?*) further indicated that the CO,
consumption due to CaCOs3 formation could be assumed to give a better indication of the
amount of CO- stored in mineral carbonate form which would validate the hypothesis made

that the % CaCO; would serve as the main measure for CO, consumption in the solid phase.
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However, results from direct carbonation over 120 min were taken into consideration to
corroborate this assumption by observing the concentration of Ca**, Fe?*, and Mg** after the
direct aqueous carbonation process in order to determine which of these elements showed
the highest decrease in concentration and therefore was primarily responsible for the CO;
uptake. This was done before the% CaCOs formed could be used as the main measure of
CO; stored in the fly ash.

4.3.1.1.2 Effect of pressure (Mpa) on the concentration of Ca?*, Fe?*, Mg?*

Given that fly ash contains other elements that can also be responsible for CO, capture in
mineral carbonate form such as Fe?* to form FeCO3; and Mg?* to form MgCOj, it was important
to determine the role of these species in the total amount of CO- stored in mineral carbonate
form and to determine whether or not the assumption that the CO; evolved from the Chittick
test was mainly due to the % CaCO; formed. To determine the role of Fe** and Mg?* on the
overall CO- stored in the fly ash, the concentration of these species after direct aqueous
carbonation was considered. Figure 4.13 presents the concentrations of Ca?*, Fe? and Mg?*
after 120 min of direct aqueous carbonation between 1 Mpa to 4 Mpa:
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Figure 4.13: Concentration of various elements after direct aqueous carbonation (120 min, 70 °C,
0.5 g/mL, 100 rpm)
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In Figure 4.13, the concentrations of Ca*, Fe?*, and Mg*" after direct aqueous carbonation
decreased. The concentrations of Ca®", Fe?*, and Mg?* after 120 min of leaching (i.e., before
carbonation) were 399.8, 0.1, and 0.1 respectively (see Figure 4.12). The concentrations of
these species after direct aqueous carbonation decreased for all conditions of pressure (Mpa)
considered, as shown in Figure 4.13. The concentration of calcium (Ca?") after leaching for
120 min was 399.8 ppm, while the concentration remaining after 120 min of direct carbonation
at 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa decreased to 190.1 ppm, 222.1 ppm, 280 ppm, and 310.1
ppm, respectively. Iron (Fe**) and magnesium (Mg?*) exhibited a similar trend before and after

direct carbonation.

The concentration of iron (Fe?*) after leaching for 120 min was 0.1 ppm while the concentration
after 120 min of direct carbonation at 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa decreased to -0.017
ppm, -0.021 ppm, -0.0090 ppm, and -0.0055 ppm respectively. The negative concentrations
after carbonation indicated that the concentration of iron (Fe?*) after direct carbonation was
below the detection limit of the ICP-OES instrument and could not be seen on the log scale.
In the case of magnesium (Mg®*), the concentration after 120 min of leaching was found to be
0.1 ppm, while the concentrations after direct carbonation for 120 min at 1 Mpa, 2 Mpa, 3 Mpa,

and 4 Mpa were found to be 0.001ppm, 0.014 ppm, 0.033 ppm, and 0.022 ppm, respectively.

This shows that the percentage CaCOs3 was also influenced by other phases present in the fly
ash that were involved in the consumption of CO.. However, given that the decrease in calcium
(Ca®") concentration after carbonation was considerably higher than other competing species
due to the higher amount of calcium (Ca®") available after leaching, the assumption that the
% CaCOs3 was the main mineral carbonate form responsible for the amount of CO, consumed
in mineral form was accurate, and the % CaCOs; therefore gave a comprehensive indication

of the amount of CO; stored in mineral form from direct aqueous carbonation.
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4.3.2. Effect of pressure (Mpa) over time (min) on % CaCO;formed

In this work, various measures were used to quantify the efficiency of the carbonation process.
These carbonation performance measures were the % CaCQOs; formed which measured the
amount of CO, stored as CaCOs in the fly ash, carbonation efficiency (CE %), which measured
the overall CO, consumption based on the measured pressure drop, and the maximum CO-
storage capacity (kg/kg fly ash), which measured the CO; storage potential of the fly ash used
based on the initial concentration of CaO (wt. %) available in the fly ash. The % CaCOs, which
was determined from the Chittick test was the first carbonation performance measure to be
considered. The experimental details of the Chittick test were presented in Chapter 3, Section
3.2.4. The % CaCO; was determined from direct aqueous carbonation over reaction times of
30 min, 60 min, and 120 min between 1 Mpa and 4 Mpa at 70 °C, using a S/L ratio of 0.5 g/mL,

and a stirring speed of 100 rpm, as shown in Figure 4.14:
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Figure 4.14: Effect of pressure (Mpa) on % CaCOs over time (min) (70 °C, 0.5 g/mL, 100 rpm)

From Figure 4.14, the percentage CaCOs3 formed increased gradually from its initial value of
0.35 % for all conditions of pressure (Mpa) considered. The initial CaCOs value of 0.35 % was
the initial CaCOs present in the raw fly ash before the carbonation process. The formation of
CaCO:s in the raw fly ash can be attributed to the uptake of CO; from the atmosphere during

handling and bulk ash storage, sample preparation, and storage of the fly ash sample.
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According to Figure 4.14, there is an observable trend that an increase in the initial CO>
pressure from 1 Mpa to 4 Mpa resulted in an increase in the percentage of CaCOs3 formed,
and this was expected because according to Henry’s law, the higher the initial CO; pressure,
the higher the concentration of dissolved CO- in the liquid phase, which meant that at a higher
initial CO, pressure, there was a higher amount of CO, molecules available to react with
calcium (Ca*") which resulted in a faster rate of carbonation, CO, consumption, and overall a
higher amount of CO; fixed as CaCOs. Despite the increase in the % CaCOs formed by
increasing pressure, increasing the initial CO; pressure from 1 Mpa, 2 Mpa, 3 Mpa, and finally
4 Mpa did not have a significant effect on the % CaCOs; formed. This was possibly due to the
increase in the solubility of calcium (Ca®") as the pressure (Mpa) was increased. The increase
in the solubility of calcium (Ca*") caused a decrease in the rate of precipitation of CaCOs. The
decrease in the rate of precipitation of CaCO3 with increasing pressure due to the increase in
the solubility of calcium (Ca*") was consistent with findings from the study conducted by
Katsuyama et al. (2005), wherein high CO. pressure conditions resulted in a decrease in the
rate of CaCOs precipitation. Essentially, increasing the pressure (Mpa) over the same reaction
time (min) slowed the precipitation of CaCOs3, hence the minor effect of higher pressure on the

percentage of CaCOs3 formed, as seen in Figure 4.14.

The effect of pressure (Mpa) on the percentage CaCOs; formed for direct aqueous carbonation
can also be linked to calcium (Ca?*) extraction. In the leaching study, when the effect of time
(min) on the extraction of calcium (Ca*") was considered (see Figure 4.9), most of the calcium
(Ca®") was extracted in 30 min, and due to the insignificant amount of calcium (Ca*) leached
after 30 min, increasing the pressure did not have an effect on the % CaCOs formed after 30
min of the 90 min and 120 min reactions. This means that the effect of increasing the pressure
(Mpa) on the percentage CaCOs3 formed over the 90 min and 120 min reactions was limited
by the insignificant amount of additional calcium (Ca®") extracted beyond 30 min of these
reactions. This can also explain why, overall, the effect of pressure (Mpa) had a minor impact
on the percentage of CaCOs formed for increasing initial CO, pressure (Mpa) for the 90 min
and 120 min reactions considered. It is worth mentioning that because it was difficult to track
the calcium (Ca®") extraction during the carbonation reaction when using the autoclave
reaction system, the rate of carbonation and CO, consumption due to the available calcium
(Ca?") during the carbonation process was postulated based on the calcium (Ca*) extraction

experiments/baseline experiments.
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The effect of pressure on the % CaCOs; formed for direct aqueous carbonation was similar to
findings from the study conducted by Ukwattage et al. (2013) and Muriithi (2009) who in their
studies found that increasing the initial CO2 pressure did not affect the amount of CO; stored
as CaCOs and that although the increase in the initial CO. pressure (Mpa) caused a slight
increase in the % CaCOs3; formed, the effect of increasing the initial CO, pressure (Mpa) had a

minor effect on the % CaCO; formed.

When considering the effect of time (min) on the % CaCOs; formed from the direct aqueous
carbonation process, the results indicate that there was no significant difference in the %
CaCOs; formed after 30 min, 90 min and 120 min at 1 Mpa to 4 Mpa. As mentioned previously,
from preliminary experiments (see Figure 4.9), the effect of time (min) on the leachability of
calcium (Ca?*) was considered and the results showed that most of the calcium (Ca?*) was
extracted in the first 30 min and that no significant amount of calcium (Ca®") leached beyond
30 min. This could explain the similar amount of % CaCOs3 formed after 30 min, 90 min, and
120 min at 1 Mpa to 4 Mpa because the calcium (Ca?*) extraction was high in the first 30 min

of the carbonation reaction but did not change significantly after 30 min.

The carbonation reaction had almost finished within 30 min of the 90 min and 120 min
carbonation reactions, because there was very little calcium (Ca**) leached from the fly ash
after that point. As a result, the rate of CO, consumption because of the reaction with calcium
(Ca?") to form CaCOj; did not change significantly after 30 min because there was very little
calcium (Ca2+) leached from the fly ash. Therefore, there was no significant amount of CaCOs
formed after 30 min of the 90 min and 120 min reactions and this thus explains the comparable
amount of % CaCOs observed over the reaction times of 30 min, 90 min, and 120 min at 1
Mpa to 4 Mpa. For the case of direct aqueous carbonation, this means that the calcium (Ca?*)
extraction step can be considered the rate-limiting step for the formation % CaCOs3; because
no significant amount of CaCO3 formed after 30 min of the carbonation reaction, and this can

be attributed to the minor amount of calcium (Ca*") extracted after 30 min of carbonation.

95



Figure C1 (see Appendix C) shows the theoretical saturation concentration of calcium (Ca?*)
for a Ca-H,O-CO, system from thermodynamic considerations under various temperature (°C)
and pressure (Mpa) conditions. From the graph, the theoretical saturation concentration of
calcium (Ca®") at 343.15 K (i.e., the temperature (°C) used for direct aqueous carbonation
reactions) and 3 Mpa is approximately 408 ppm. Given that the actual saturation concentration
of calcium (Ca*") after the 30 min, 90 min, and 120 min of the carbonation reaction at 3 Mpa
was 198.1 ppm, 200.1 ppm, and 280.1 ppm respectively (see Figure 4.15), which were all less
than the theoretical saturation concentration of calcium (Ca?*) at 3 Mpa, this shows that
calcium (Ca?*) was not easily extracted from the fly ash over time (min) and that the calcium
(Ca?") extraction was not as effective over the course of the carbonation reaction. This further
indicates that the calcium (Ca?*) extraction was the limiting factor in the carbonation reaction
and the reason for this was that it did not effectively dissolve in solution, which was possibly

due to the CaO being trapped in the major phases of the fly ash.

The maximum amount of % CaCOs formed of 2.43 % for direct aqueous carbonation which
was obtained after 120 min at the highest initial CO. pressure of 4 Mpa was slightly higher
compared to the 2.18 % and 1.8 % obtained after 30 min and 90 min respectively under the
same conditions. However, the highest CaCO3 percentage of 2.43 % was still relatively low.
The release of species such as Si (refer to Table B2 of Appendix B) and the interaction of
calcium (Ca*") with other species possibly resulted in less calcium (Ca?*) available for the
reaction with CO2, which resulted in a reduced amount of CaCO3 formed. The relatively small
maximum % CaCOs formed of 2.43 % was also possibly due to the higher S/L ratio of 0.5
g/mL that was used for direct aqueous carbonation experiments. Previous studies, such as
the one conducted by Dri et al. (2014), showed that the production of CaCO3 was higher at
lower S/L ratios because of improved calcium (Ca?*) extraction efficiency due to an increase
in the solubility of the calcium (Ca?*). Similar results were found in this study after the effect of
lowering the S/L ratio was considered (see Figure 4.23). The results indicate that a lower S/L
ratio of 0.2 g/mL resulted in a significant increase in the percentage of CaCOs3 formed over the

reaction times (min) considered.

Overall, the results obtained for direct aqueous carbonation were consistent with findings from
the studies conducted by Ukwattage et al. (2013) and Muriithi (2009), who found that although
the increase in the initial CO, pressure (Mpa) caused a slight increase in the % CaCOs3 formed,
the effect of the initial CO, pressure (Mpa) had a minor effect on the % CaCOs; formed. In this
work, when considering direct aqueous carbonation experiments, this was mainly due to the

calcium (Ca®") concentration not being high enough over the course of the reaction.
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4.3.2.1 Effect of pressure (Mpa) over time (min) on calcium (Ca**) concentration (ppm)
in leachates

When attempting to ascertain whether calcium (Ca?*) extraction was in fact the rate-limiting
phase, the amount of calcium (Ca?*) that was present in the leachate following direct aqueous
carbonation was crucial to take into account. Figure 4.15 shows the effect of the initial CO»
pressure (Mpa) on the calcium concentration (Ca?*) after direct aqueous carbonation. The
pressure was varied from 1 Mpa to 4 Mpa at 70 °C, using a S/L ratio of 0.5 g/mL and a stirring

speed of 100 rpm:
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Figure 4.15: Effect of pressure (Mpa) on calcium (Ca?*) concentration (ppm) in leachate over time
(min) from ICP-OES analysis results (70 °C, 0.5 g/mL, 100 rpm)

Figure 4.15 shows the concentration of calcium (Ca*") remaining in the leachate after direct
aqueous carbonation. From the ICP-OES analysis results, the calcium (Ca*") concentration
after 120 min of direct aqueous carbonation at a pressure of 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa
was 190.1 ppm, 222.1 ppm, 280.1 ppm, and 310.1 ppm, respectively (refer to Table B6 of
Appendix B). The calcium (Ca?*) concentration after 120 min of direct aqueous carbonation
was lower for all cases compared to the concentration of 399.1 ppm obtained from direct
leaching experiments without carbonation after 120 min (see Figure 4.9). The concentration
of calcium (Ca?*") after 90 min of direct aqueous carbonation at 1 Mpa, 2 Mpa, 3 Mpa, and 4
Mpa was 141.3 ppm, 176.1 ppm, 200.1 ppm, and 222.1 ppm, respectively. The calcium (Ca?*)
concentration remaining after 90 min of direct aqueous carbonation was also lower in all cases

compared to the concentration of 372.1 ppm obtained from direct leaching experiments after
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90 min. Similarly, after 30 min of direct aqueous carbonation reactions, the calcium (Ca®")
concentration reported at 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa was 121.3 ppm, 150.4 ppm, 198.1
ppm, and 210.1 ppm, respectively, and these concentrations were lower in all cases compared
to the concentration of 378.3 ppm obtained from direct leaching experiments after 30 min. The
decrease in the calcium (Ca®") concentration after direct aqueous carbonation from the
concentration obtained from leaching experiments can be attributed to the reaction of calcium
(Ca?") with CO> during the carbonation reaction. When CO; pressure was introduced into the
system, CO2 molecules dissolved into the liquid phase, resulting in the availability of carbonate
ions (CO5%) that reacted with calcium (Ca?*) for CaCO3 formation. Maleka (2015) also found
that sparging CO, during the carbonation reaction resulted in a decrease in calcium (Ca?*)

concentration due to the formation of CaCOs.

Compared to the calcium (Ca2+) concentrations obtained after 30 min, 90 min, and 120 min
of calcium (Ca2+) extraction, the concentration of calcium (Ca2+) after 30 min, 90 min, and
120 min of direct aqueous carbonation was lower for all conditions of pressure considered;
however, the concentration of calcium (Ca2+) showed an increase as the initial CO2 pressure
(Mpa) was increased. The higher calcium (Ca*") concentration obtained after direct aqueous
carbonation for higher pressure (Mpa) can be attributed to the increase in the solubility of

calcium (Ca?") at higher CO; pressure conditions.

Given that a higher initial CO2 pressure creates a more acidic environment, the solubility of
calcium (Ca*") was thus favoured more at a higher pressure during the carbonation reaction.
The increase in solubility also caused a decrease in the rate of CaCOs precipitation, as
observed previously, as CaCOs precipitation is not favoured at lower pHs because calcium
(Ca?") can be dissolved in the solution while the CaCOj is formed over time (min). Therefore,
it was expected to obtain a higher calcium (Ca®") concentration after carbonation with a higher
initial CO2 pressure. The results also indicate that there was a higher concentration of calcium
(Ca?") found in the leachate after a longer reaction time of 120 min for all conditions of pressure
considered and this was expected because the longer the reaction proceeded, the greater the
increase in the solubility of calcium (Ca?*) for increasing pressure (Mpa), thus the higher the
overall amount of calcium (Ca*") found in the leachate after 120 min for increasing CO,
pressure as seen in Figure 4.15. The ICP-OES results obtained in Figure 4.15 for calcium
(Ca?") extraction after carbonation are consistent with findings from the study conducted by
lizuka et al. (2004) who in their study found that an increase in the initial CO. pressure caused
an increase in the calcium extraction rate due to the higher solubility of calcium (Ca?*) at a

higher pressure.

98



4.3.3 Effect of pressure (Mpa) over time (min) on CE (%)

The carbonation efficiency (CE %) was used to determine the degree of CO, consumption
due to CaCOs; formation and was dependent on the pressure drop (refer to Table B15 of
Appendix B) which was determined by taking the difference between the initial CO. pressure
(Mpa) and the final CO; pressure (Mpa) observed. As mentioned previously, the CE (%) was
also dependent on the initial CaO (wt. %) content of the fly ash material (see Appendix A for
CE % calculation). The CE (%) was determined for direct aqueous carbonation over reaction
times of 30 min, 90 min, and 120 min from 1 Mpa to 4 Mpa, using a S/L of 0.5 g/mL and a
stirring speed of 100 rpm as shown in Figure 4.16:
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Figure 4.16: Effect of pressure (Mpa) over time (min) on CE (%) (70 °C, 0.5 g/mL, 100 rpm)

Figure 4.16 shows that the carbonation efficiency (CE %) increases with increasing initial CO-.
pressure (Mpa) for all cases. Given that the CE (%) in this study was directly proportional to
the pressure drop due to CaCOs formation (i. e. Pcarponation_pressure arop)» @ higher CE (%) at
a higher initial CO- pressure (Mpa) was expected because according to Henry’s law, a higher
initial CO. pressure (Mpa) increases the amount of CO; dissolved in the liquid phase. This
means that there were more CO, molecules available to react with the calcium (Ca?*) which
resulted in a higher rate of carbonation and CO, consumption, therefore, causing a higher
overall pressure drop due to the reaction with calcium ions (Ca?*), hence the higher CE (%)

obtained for increasing pressure (Mpa).
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The highest CE (%) of 29.4 % was obtained at 4 Mpa over 120 min. The findings presented
in Figure 4.16 were consistent with findings from the study conducted by Muriithi (2009), who
also achieved the highest CE (%) of 75.5 % at a higher initial CO2 pressure of 4 Mpa. Montes-
Hernandez et al. (2009) also achieved the highest CE (%) of 82 % at the highest initial CO-
pressure of 4 Mpa. The highest CE (%) achieved from these studies was higher compared to
the 29.4 % achieved for direct aqueous carbonation in this work, and this can be attributed to
the use of brine as a reaction medium by Muriithi (2009) which provided an additional calcium
(Ca?") source, and the longer reaction time of 1080 min used by Montes-Hernandez et al.
(2009). Although the CE (%) showed an increase as the CO. pressure (Mpa) was increased
for the same reaction time (min), the CE (%) achieved after 30 min, 90 min, and also 120 min
at 1 Mpa to 4 Mpa was not significantly different except for the significantly higher CE (%)

achieved at 4 Mpa for the reaction time of 120 min.

The higher CO; pressure of 4 Mpa was possibly a contributing factor to the highest CE (%) of
29.4 % achieved after 120 min at 4 Mpa. Even though calcium (Ca®*) extraction is the rate-
limiting step for the direct aqueous carbonation process, an elevated pressure (Mpa) could
still contribute to the overall CO, consumption, as shown by the results obtained. Essentially,
at the highest CO, pressure applied of 4 Mpa, there was a higher degree of CO, consumption
due to the reaction with calcium ions (Ca*"), which resulted in a higher pressure drop, hence
the significant effect of the highest CO, pressure on the CE (%) over the longest reaction time

of 120 min observed.

The similar CE (%) achieved after 30 min, 90 min, and 120 min at 1 Mpa to 4 Mpa for direct
aqueous carbonation can be attributed to the leaching behaviour of calcium (Ca?*) over time
(min) because the CE (%) depends on the pressure drop due to the reaction of CO, with
calcium (Ca?*) and given that most calcium (Ca?*), was extracted during the first 30 min for
direct aqueous carbonation, the pressure drop was observed to drop considerably quickly over
30 min, as expected. Therefore, there was a higher overall pressure drop over the 30 minutes

of the carbonation reaction.
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However, after 30 min of the 90 min and 120-minute reactions, the pressure started to
decrease quite slowly and eventually reached a plateau. This was due to the negligible amount
of calcium (Ca*") leached after 30 min, and given that less calcium (Ca**) was available to
react with CO, after 30 min, the rate of carbonation and CO, consumption were similar after
30 min of the 90 min and 120 min reactions. In this case, given that no significant amount of
CO, was being consumed due to the reaction with calcium (Ca*) after 30 min, this resulted in
the overall pressure drop due to the reaction of CO, with calcium (Ca?*) being similar after 30
min, 90 min, and 120 min at 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa, hence the similar CE (%)
observed after 30 min, 90 min, and 120 min at 1 Mpa to 4 Mpa of the direct aqueous

carbonation reaction.

Ukwattage et al. (2013) noted a considerably similar trend in their study, wherein the pressure
drop increased rapidly in the first 120 min of the reaction due to the faster rate of carbonation
but reached a plateau after 120 min until after 60 min of carbonation, which means that the fly
ash used in their work was quite reactive in the initial stages as well. Despite the similarities
in the CE (%) obtained after 30 min, 90 min, and 120 min at 1 Mpa to 4 Mpa, Figure 4.16
shows that there is a significantly higher CE (%) of 29.4 % after 120 min at 4 Mpa. The overall
pressure drop was slightly higher over the 120 min reaction, possibly due to the slightly higher
calcium (Ca?*) extracted of approximately 400 ppm after 120 min (see Figure 4.9), which gave
an indication that although most calcium (Ca*") had been leached after 30 min, there was still
a small amount of calcium (Ca?*) extracted after 30 min that was involved in the reaction with
COs- thus causing a slightly higher overall pressure drop and hence the slightly higher CE (%)
reported after 120 min.

Overall, compared to the results obtained for the % CaCOs3 formed (see Figure 4.14), the CE
(%) results presented in Figure 4.16 show a similar trend to the % CaCOs for all the initial CO-
pressures considered (i.e.,1 Mpa to 4 Mpa) over all the reaction times (min) considered. This
shows an expected correlation between CE (%) and % CaCOs; formed because the pressure
drop due to CaCO;3 formation (i.e. Pearponation_pressure arop), determines the amount of CO>
fixed as CaCOs as well as the CE (%) achieved. This explains the similar % CaCOs formed
and the similar CE (%) achieved over 30 min, 90 min, and 120 min at 1 Mpa to 4 Mpa for direct
aqueous carbonation, as the pressure drop due to calcium (Ca?*) reacting with CO2 was not
significant beyond 30 min. Although there is a correlation between the percentage of CaCOs
formed and the CE (%), a higher carbonation efficiency (CE %) can be achieved at a higher
pressure due to the higher rate of carbonation, however, a higher pressure can decrease the
rate of CaCO; formation due to the increase in the solubility of calcium (Ca?*). This can also

explain the significantly higher CE (%) achieved after 120 min at 4 Mpa, whereas the % CaCOs
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formed after 120 min at 4 Mpa was similar to the % CaCQ; formed after 90 min and 30 min at
4 Mpa.

4.3.4 Effect of reaction temperature (°C) on % CaCO; formed

Although the temperature of 70 °C was found to be the optimum temperature (°C) from
preliminary experiments due to the higher concentration of calcium (Ca®*) leached, the effect
of lowering the reaction temperature (°C) on the overall % CaCOj3; formed determined from
Chittick tests was still investigated for direct aqueous carbonation to validate findings from
preliminary experiments using a reaction time of 120 min, an initial CO2 pressure of 4 Mpa, a

S/L ratio of 0.5 g/mL, and a stirring rate of 100 rpm as shown in Figure 4.17:
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Figure 4.17: Effect of temperature (°C) on % CaCOs formed from Chittick tests

From Figure 4.17, the highest percentage of CaCO; formation was achieved at 70 °C which
validated the assumption made from preliminary experiments. The higher percentage of
CaCO; achieved at 70 °C was because, at 70 °C, the molecules had enough kinetic energy to
participate effectively in the reaction, and the extraction of calcium (Ca?*) is known to proceed
faster with increased temperature (°C), as mentioned by Ukwattage et al. (2015). This,
therefore, led to a higher amount of calcium (Ca?*) ions available to react with CO,, and thus
a faster rate of carbonation and CO; consumption was achieved, which overall resulted in a
higher percentage of CaCO3 formed. In addition, a temperature of 70 °C is not exceedingly
high to hinder the solubility of CO: in the liquid phase; therefore, there could still be an effective

reaction between calcium (Ca?*) and CO, for effective carbonation.
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Ukwattage et al. (2015), in their study, also used a similar temperature of 60 °C to achieve the
highest CO, sequestration capacity. However, results obtained from their study indicated that
the sequestration capacity started decreasing for temperatures beyond 60 °C. The decrease
in the sequestration capacity for temperatures above the optimum temperature (i.e., > 60 °C)
was attributed to the decrease in the solubility of CO; in the liquid phase at slightly elevated
temperatures (°C). Therefore, based on the temperature (°C) effects, the study found the
leaching of calcium (Ca**) to be rate-determining between 20 °C and 60 °C, and that for

temperatures above 60 °C, a reaction involving CO, then becomes rate-limiting.

In the study conducted by Patel et al. (2017), it was also found that the CO, storage (%)
decreased above 50 °C due to CO, dissolution in water being hindered by an increase in
temperature (°C). The results obtained by Ukwattage et al. (2015), Patel et al. (2017), as well
as other previous work, seem to indicate that the ideal temperature (°C) for the carbonation
reaction is in the range of 20 °C to 60 °C and that a temperature (°C) that is significantly above
this range deters the carbonation performance. Given that the temperature of 70 °C was not
significantly above this range (i.e., 20 °C to approximately 60 °C), a higher percentage of
CaCO; when investigating the effect of temperature (°C) could still be achieved in this study

at 70 °C as shown in Figure 4.17.

However, it is important to note that Muriithi (2009) used a high temperature of 90 °C and still
achieved a high CE (%) using a brine solution. Ji et al. (2017) found that increasing the
temperature (°C) while also increasing the initial CO, pressure (Mpa) was effective, as a higher
CE (%) was achieved in their study under these conditions. This could explain why Muriithi
(2009) also obtained the highest CE (%) at a higher temperature (°C), because the highest
CE (%) obtained by Muriithi (2009) was found at the highest initial CO- pressure (Mpa). This
suggests that the effect of temperature (°C) on the carbonation performance should be
investigated further to accurately determine the most effective temperature (°C) for the
carbonation reaction, as the use of a higher temperature (°C) and pressure (Mpa) to achieve
a higher efficiency could offset the CO2 stored due to the higher energy input (MW) which

would potentially result in CO2 being emitted.
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4.3.4.1 Effect of temperature (°C) on CE (%)

The effect of temperature (°C) on the CE (%) was also investigated for a reaction time of 120
min using an initial CO, pressure of 4 Mpa, a S/L ratio of 0.5 g/mL, and a stirring speed of 100

rpm:
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Figure 4.18: Effect of temperature (°C)on the CE (%)

The results from Figure 4.18 indicate that the highest CE (%) was achieved at 70 °C, which
was a suitable temperature (°C) for achieving higher extraction of calcium (Ca?*) and yet still
allowed for the effective dissolution of CO; in the liquid phase, which resulted in a faster rate
of carbonation and a higher pressure drop due to CaCOs; formation and hence a higher CE
(%) at this temperature (°C). Again, this result was consistent with findings from studies such
as the one conducted by Ukwattage et al. (2015), who achieved the highest sequestration
capacity at a temperature of 60 °C which was close to the optimum temperature of 70 °C

reported for this work.
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4.3.5 Characterisation of carbonated solid residues through XRD for direct aqueous carbonation
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Figure 4.19: XRD pattern obtained from direct aqueous carbonation process (4 Mpa, 0.5 g/mL, 100 rpm)
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4.3.5.1 Results from XRD analysis

This section provides XRD analysis results from the direct aqueous carbonation process, with
the relevant mineral phases identified using the peaks obtained from the XRD pattern. The
XRD was conducted on samples with applied conditions of 30 min, 90 min, and 120 min, a
CO, pressure of 4 Mpa, a S/L ratio of 0.5 g/mL, and a stirring speed of 100 rpm, as shown in
Figure 4.19. The XRD spectrum presented in Figure 4.19 showing the mineral phases present
in the solid residue after direct aqueous carbonation, depicts strong intensity peaks identified
between 15 to 30 (2 theta) after 30 min, 90 min, and 120 min of direct aqueous carbonation
at 4 Mpa. These peaks were for quartz and mullite, which was expected as these constitute
the major crystalline phases of fly ash. Calcite was also identified, and its low peaks were
found before 30, 40, and 65 (2 theta). The peaks after 40 (2 theta) were characterised by
amorphous phases. The presence of a small amount of calcite was due to the interaction of
calcium (Ca?*) with CO, during the carbonation reaction which further shows that there was
an amount of CO; that was sequestrated during the direct aqueous carbonation process as
CaCoOs.
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4.3.5.2 Results from XRF analysis

XRF analysis of carbonated solid residues was conducted to determine the concentration of

species after direct aqueous carbonation after 120 min at 4 Mpa as shown in Table 4.2:

Table 4.2: Analysis of elemental compositions from XRF analysis for direct aqueous carbonation

Element Composition (wt. %)
SiO, 54.02
Al203 34.97
CaO 3.79
Fe203 3.08
TiO; 1.65
MgO 0.90
K20 0.64
P20s 0.43
Na2O 0.34
Cr203 0.041
MnO 0.03
Total 100

Table 4.2 shows results from XRF for direct aqueous carbonation after 120 min at 4 Mpa. The

results indicate that there was a decrease in the CaO (wt. %) content in the solid residue as

expected because there was a concentration of 3.79 wt. % remaining after the direct aqueous

carbonation process compared to the original concentration of 4.06 wt. % found in the raw fly

ash. This decrease can be attributed to the extraction of the calcium oxide (CaO) phase into

solution from the fly ash, which was then involved in the direct aqueous carbonation reaction

and resulted in a lower concentration of CaO (wt %) in the solid residue after direct aqueous

carbonation due to the precipitation to form CaCOs.
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4.3.6 Indirect aqueous carbonation

The indirect aqueous carbonation route was also considered for CO; storage in this work with
the experimental detail given in Chapter 3, Section 3.3.2.3, however, no significant amount of
CaCOs3 was recovered from the process to measure the percentage of CaCOs; formed. Given
that Chang et al. (2017) mentioned that forming the desired polymorph of CaCOs, namely
calcite, from indirect carbonation requires a high concentration of calcium (Ca*) and a higher
solution pH (i.e., > 11), the maximum calcium (Ca®") extracted of 422.23 ppm (see Figure
4.21) from the indirect aqueous route and the solution pH of 8.13 before carbonation were not
high enough, and this was possibly the reason for the minuscule amount of CaCO3; formed
from indirect aqueous carbonation. In addition, due to the small volume of the reaction system
used for this work (ie., 600 mL), a small volume of the supernatant was therefore used for
indirect aqueous carbonation, and this could have also been a contributing factor to the
minuscule amount of CaCOs; recovered from the indirect aqueous carbonation process.
However, the CE (%) was still determined in order to estimate the extent of carbonation due

to the interaction of the calcium (Ca?*) rich supernatant and the CO..

4.3.6.1 Effect of stirring speed (rpm) on the leachability of calcium (Ca?*) before indirect

aqueous carbonation

The optimization of certain process parameters was a key component in investigating how
carbonation performance could be improved. Hence, the effect of stirring speed (rpm) on the
leaching of calcium (Ca?*) was considered before conducting experiments involving indirect
aqueous carbonation. The stirring speed was varied between 100 rpm, 200 rpm, 300 rpm, and

400 rpm at 70 °C, using a S/L ratio of 0.5 g/mL over 120 min, as shown in Figure 4.20:
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Figure 4.20: Effect of stirring speed on leachability of calcium (Ca?*) from ICP-OES analysis
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Prior to conducting indirect aqueous carbanion experiments, the effect of the stirring speed
(rpm) on calcium (Ca*") extraction was first investigated over 120 min, as there was a slightly
higher calcium (Ca*") concentration of 399.8 ppm reported previously after 120 min of calcium
(Ca?") extraction from preliminary experiments (see Figure 4.9). Results presented in Figure
4.20 clearly indicate that the concentration of calcium (Ca?*) extracted increased as the stirring
speed was increased up to 400 rpm, with the highest calcium (Ca?*) concentration obtained
being 422.23 ppm at the highest stirring speed considered of 400 rpm. These results were
expected as the increase in the stirring speed (rpm) increases the diffusion of metal ions into
solution, thus increasing the concentration of calcium (Ca?*) that is leached. The results were
consistent with the findings from the study conducted by Mayoral et al. (2013), who utilized
relatively higher stirring speeds (i.e., up to 1200 rpm) to achieve maximum percentage (%)

efficiency for their process.
4.3.6.2 Effect of time (min) on the leachability of calcium (Ca**) before carbonation

A further investigation into the leachability of calcium (Ca®*) over time (min) at 70 °C, using a
S/L ratio of 0.5 g/mL and the optimum stirring speed of 400 rpm was done. Figure 4.21 shows
the concentration of calcium (Ca?*) that was present in the leachate after 30 min, 60 min, 90

min, and 120 min:
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Figure 4.21: Effect of time (min) on leachability of calcium (Ca?*) before carbonation
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Figure 4.21 shows that the calcium (Ca®") extraction increased with time (min). This meant
that when water was used as the reaction medium, the calcium (Ca®") extraction was affected
by the stirring speed (rpm) because the highest concentration of calcium (Ca?*) obtained using
a stirring speed of 400 rpm after 120 min was 422.23 ppm, which was higher compared to the
concentration of 399.8 ppm obtained when a stirring speed of 100 rpm was applied for the

calcium (Ca®") extraction time of 120 min.

Figure 4.21 shows that a higher stirring speed (rpm) results in an increase in the calcium (Ca®")
extraction because the maximum calcium (Ca®*) concentration extracted at 400 rpm after 120
min of extraction was 422.23 ppm and was higher than the maximum calcium (Ca?*) extracted
of 399.8 ppm at 100 rpm for the same calcium (Ca®") extraction time of 120 min (see Figure
4.9). The results depicted in Figure 4.21 for leaching before carbonation of the leachate, which
show that the concentration of calcium (Ca?*) in the leachate increased with increasing time
(min) at 400 rpm, were consistent with findings from the study conducted by Jo, Kim, et al.
(2012), who found that leaching over a longer time (min) resulted in higher calcium (Ca?*)

extraction efficiency.

4.3.6.3 Effect of pressure (Mpa) over time (min) on CE (%) achieved for indirect aqueous

carbonation

For indirect aqueous carbonation, the leaching was done for 30 min, 90 min, and 120 min,
with the leaching time (min) equivalent to the time used to carbonate the leachate. Figure 4.22
displays results obtained for the calculated CE (%) from the indirect aqueous carbonation
process over 30 min, 90 min, and 120 min of carbonation at 70 °C, using a S/L ratio of exactly

0.5 g/mL, and the optimum stirring speed of 400 rpm obtained from leaching experiments:
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Figure 4.22: Effect of pressure (Mpa) over time (min) on CE (%) (70 °C, 0.5 g/mL, 400 rpm)
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For the indirect aqueous carbonation process, the carbonation efficiency (CE %) showed an
increase with increasing initial CO, pressure (Mpa) as expected. This was due to the higher
concentration of CO, molecules dissolved in the liquid phase that could react with calcium
(Ca?") for a higher CO2 pressure (Mpa). The higher availability of CO, molecules in solution
resulted in an increased rate of carbonation and higher CO, consumption due to the reaction
with calcium (Ca?*) ions for the precipitation reaction to form pure CaCOs. Therefore, the
higher rate of CO, consumption and higher overall pressure drop (see Table B16 in Appendix
B) due to the reaction of CO, with calcium (Ca?*) to form precipitated CaCOs at higher initial
CO- pressures (Mpa) explains the higher CE (%) reported for higher CO- pressures (Mpa) in

all cases.

Over the 120 minutes carbonation of the leachate, the CE (%) at 3 Mpa was 17.6 % and when
the CO, pressure was increased to 4 Mpa, the CE (%) achieved increased to 35.2 %. This
meant that increasing the initial CO, pressure to 4 Mpa had a significant effect on the CE (%)
over the 120 min reaction. The significant increase in the CE (%) at the highest initial CO-
pressure of 4 Mpa over the same reaction time of 120 min can be explained by the higher
concentration of calcium (Ca?*) over the 120 min reaction and the higher amount of CO,

molecules available at a pressure of 4 Mpa.

Given that the results from Figure 4.22 indicate that lower initial CO- pressures of 1 Mpa and
2 Mpa had a minor effect on the CE (%) over the same reaction time (min) for most cases and
that the significant effect of pressure on CE (%) started to be apparent at the highest CO,
pressure, this, therefore, indicates that a higher CO, pressure (Mpa) was required for the
indirect aqueous carbonation process to obtain the maximum CE (%). The effect of using a
higher initial CO, pressure to obtain maximum CE (%) for the indirect carbonation process
was consistent with findings from the study conducted by Dananjayan et al. (2016), whereby
for their CO, sequestration process, using a higher initial CO. pressure of up to 0.4 Mpa

resulted in a higher CO; sequestration capacity.
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From Figure 4.22, the effect of reaction time (min) on the overall CE (%) can be observed,
wherein an increase in the reaction time (min) resulted in an increase in the CE (%) achieved
at 1 Mpa to 4 Mpa. The increase in CE (%) achieved over time (min) can also be attributed to
the calcium (Ca®") extraction. Figure 4.21 shows that the extraction of calcium (Ca?*) from
leaching experiments before carbonation of the calcium (Ca?*) rich leachate increased with

increasing time (min) as previously stated.

This explains the slightly higher CE (%) achieved over 120 min of indirect aqueous carbonation
compared to the CE (%) achieved after 30 min and 90 min of carbonation and also the slightly
higher CE (%) over 90 min compared to 30 min at 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa because
there was higher calcium (Ca*") extracted for the 120 min and the 90 min reactions compared
to the 30 min reactions, as suggested by the results obtained for the calcium (Ca?*) extraction
over time (min) presented in Figure 4.21. Essentially, there was a higher overall pressure drop
over the indirect aqueous carbonation reaction, especially over 120 min, which resulted in a
higher rate of CO, consumption compared to the total CO2 consumption achieved after 30 min
and 90 min thus resulting in a higher CE (%) achieved over the 120 min reaction compared to

the CE (%) obtained after 30 min and 90 min of carbonation.

Due to the increase in calcium (Ca?*) extraction over time (min), the effect of time (min) on the
CE (%) was apparent for indirect aqueous carbonation unlike in the case of direct aqueous
carbonation. This was because the gradual increase in the calcium (Ca®*) concentration over
the longer reaction time (min) for indirect aqueous carbonation meant that once the leachate
was separated from the solid residues and subjected to carbonation more calcium (Ca?*)
reacted with the CO2 and thus more CO2 was consumed due to the carbonation reaction which
led to a higher overall pressure drop and hence CE (%) which also explains the slightly higher
maximum CE (%) of 35.2 % which was achieved for indirect aqueous carbonation compared

to the maximum CE (%) of 29.4 % achieved for direct aqueous carbonation.

The calcium (Ca?*) extraction for direct aqueous carbonation did not change significantly after
30 min which meant that the CE (%) achieved remained similar after 30 min, 90 min and finally
120 min at 1 Mpa to 4 Mpa, whereas in the case of indirect aqueous carbonation, because the
calcium (Ca?*) extraction gradually increased over the time (min), the effect of time (min) could
be observed because the longer the reaction time (min) was, the more CO, was consumed

due to the higher calcium (Ca?*) availability over a longer reaction time (min).

112



Jo, Kim, et al. (2012) in their study using indirect aqueous carbonation found the carbonation
efficiency (CE %) to be directly related to the calcium (Ca®") extraction efficiency and that the
higher the calcium (Ca*") extraction efficiency, the higher the carbonation efficiency (CE %).
This agrees with the findings from this study because higher carbonation efficiencies were
achieved when there was a higher concentration of calcium (Ca?*) in the leachate. Considering
that the leaching and carbonation for this work were done over the same amount of time (min),
Figure 4.21 shows that the highest amount of calcium (Ca?*) leached was after 120 min when
stirring at 400 rpm, and with the highest CE (%) from Figure 4.22 also achieved after 120 min
of carbonation, this showed the correlation between the calcium (Ca?*) concentration in the
leachate and CE (%).

This indicated that the higher the amount of calcium (Ca?*) extracted, the higher the degree of
CO, consumption due to the reaction between calcium (Ca**) and CO- for the precipitation to
form pure CaCOs3 which resulted in a higher CE (%). Essentially, the maximum CE (%) was
achieved when there was a higher amount of calcium (Ca?*) in the leachate and for a higher
initial CO2 pressure (Mpa) due to an increase in the rate of carbonation under these conditions

which resulted in higher pressure drop and therefore a higher CE (%).

Hosseini et al. (2014) also found that the availability of calcium (Ca?*) ions in the leachate was
one of the main factors influencing the efficiency of carbonation through the indirect method
and in their study, they found that as the percentage (%) leaching of calcium (Ca?*) increased,
so did the carbonation percentage (%) and it reached a maximum of approximately 90 %. The
results obtained by Han et al. (2015) also showed a similar trend wherein an increase in the
leaching efficiency of calcium (Ca*") resulted in an increase in the overall CO, sequestration

capacity with the highest capacity being 0.031 kg CO2/kg fly ash.
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4.4 Further process optimization

As mentioned previously, due to calcium (Ca?*) extraction being identified as the rate-limiting
step from direct aqueous experiments, certain process parameters were varied during the
experimental work to improve the calcium (Ca*") extraction and therefore potentially optimize
on the % CaCOs formed and CE (%).

4.4.1 Effect of S/L ratio on % CaCO; formed

Figure 4.23 presents results obtained from Chittick tests for examination of the effect of using
a lower S/L ratio on the % CaCO3; formed during direct aqueous carbonation over the reaction
times of 30 min, 60 min, 90 min, and 120 min, at the optimum pressure of 4 Mpa and optimum

stirring speed of 400 rpm:
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Figure 4.23: Effect of lower S/L ratio on CaCOs formed from Chittick tests

The effect of using a lower S/L ratio of 0.2 g/mL compared to the original S/L ratio of 0.5 g/mL
on the % CaCOs formed was considered with results obtained presented in Figure 4.23. The
experiments were conducted over reaction times of 30 min, 60 min, 90 min, and 120 min for
an initial CO, pressure of 4 Mpa. The reaction time of 60 min was still considered in this case
in order to have a clearer observation of the effect of time (min) on the % CaCOs; formed when
the S/L ratio was lowered to 0.2 g/mL. As the time increased at the S/L ratio of 0.2 g/mL, the
% CaCOs3 formed also increased to reach a maximum of 3.5 %. It is evident that for a lower
S/L ratio, a higher % CaCOs3 can be achieved when considering that the maximum % CaCO3

formed when a S/L ratio of 0.5 g/mL was used was 2.43 (see Figure 4.14).
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Back et al. (2008) also achieved the highest degree of % CaCOs; formed at the lowest S/L ratio
(0.025 g/mL) which shows that through the dilution effect, a lower S/L ratio produces a higher
volume of water which increases the solubility and hence the availability of calcium (Ca?*) ions
in solution causing a higher rate of CO. consumption due to CaCOs formation and hence more
CaCOs formed over time (min). Although a higher % CaCOs was achieved for a lower S/L
ratio, it is important to consider that the higher % CaCO3 reported for the lower S/L ratio of 0.2
g/mL can also be attributed to the use of a higher stirring speed (i.e., 400 rpm) compared to

the stirring rate of 100 rpm, used when a S/L ratio of 0.5 g/mL was originally used.

4.4.2 Effect of S/L ratio on CE (%)

Figure 4.24 presents results obtained for the determination of the effect of using a lower S/L
ratio on the calculated CE (%) from direct aqueous carbonation over reaction times of 30 min,
60 min, 90 min, and 120 min, at the optimum pressure of 4 Mpa and optimum stirring speed
of 400 rpm:
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Figure 4.24: Effect of lower S/L ratio on CE (%)

The results from Figure 4.24 show that the CE (%) achieved increased for a lower S/L ratio of
0.2 g/mL as time increased from 30 min to 120 min at an applied CO, pressure of 4 Mpa. The
reaction time of 60 min was still considered in this case to have a clearer observation of the
effect of time (min) on the CE (%) as the S/L ratio was lowered to 0.2 g/mL. The maximum CE
(%) achieved for a lower S/L ratio of 0.2 g/mL was 52.9 % and was higher compared to the

29.4 % attained for the higher S/L ratio of 0.5 g/mL originally used.
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The higher CE (%) achieved for the lower S/L ratio of 0.2 g/mL can also be attributed to the
effective solubility of calcium (Ca?*) at a lower S/L ratio. Given that the pressure drop due to
CaCO; formation also depends on the concentration of calcium (Ca?"), a higher CE (%) over
time (min) was expected for a lower S/L ratio of 0.2 g/mL compared to that of 0.5 g/mL because
of the effective solubility of calcium (Ca?*) during the direct aqueous carbonation reaction
through the dilution effect. The effective solubility of calcium (Ca?*) over time (min) at a lower
S/L ratio, therefore, resulted in a higher degree of CO.> consumption and a higher overall
pressure drop over a longer reaction time (min) due to a higher amount of calcium (Ca?*) being
available over time (min) at a lower S/L ratio. Essentially, the higher availability of calcium
(Ca®") over time (min) at a lower S/L ratio meant that there was a faster rate of carbonation as
more calcium (Ca®*) was available to react with CO. which led to a higher degree of CO,
consumption as mentioned, and a higher overall pressure drop over time (min), which then

resulted in a higher CE (%) achieved over time (min) as seen in Figure 4.24.
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CHAPTER 5

5. Results and Discussion

This results section provides results for direct and indirect carbonation with acid mine drainage
(AMD) wastewater used as a reaction solvent. It provides discussions based on the results
obtained from the direct and indirect carbonation studies when AMD wastewater was used,
with the viewpoint of comparing the results from the direct and indirect carbonation
approaches. The results are also compared to the results obtained in Chapter 4 when water
was used as the reaction solvent, with the viewpoint of ascertaining which process was more

effective for CO; storage.

5.1.1 Characterisation of AMD wastewater

Before conducting carbonation experiments involving AMD wastewater, the wastewater was
first analysed to determine the concentration of elemental species present in the wastewater.

through ICP-OES analysis with results presented in Table 5.1:

Table 5.1: Elemental composition of AMD wastewater from ICP-OES analysis

oH 2.63
Element Concentration (ppm)
S04* 990.1
Fe 1899
Ca 362.5
Mg 329.9
Mn 65.7
Mg 61.2
Si 36.4
K 33.7
Na 18.3
Zn 7.8

Ni 0.81
Co 0.76
Cu 0.39
Sr 0.35
Li 0.22
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Element Concentration (ppm)
Se 0.16

Pb 0.1

Cd 0.058

Ti -0.017

As -0.021

Mo -0.041

Cr -0.063

P -0.095

Table 5.1 shows the concentration of major elements (i.e., Al, Fe, Mg, Mn, Ca), minor elements
(i.e., Na, Si, Zn), and trace elements in the AMD wastewater used. From the viewpoint of CO-
sequestration, the presence of metals such as Ca?*, Fe?*, and Mg?* could all contribute to the
overall CO- stored in mineral carbonate form as CO. can interact with these metals to form
mineral carbonates in the form of CaCOs, FeCOs, and MgCO:s. Therefore, it was important to
determine which of these elemental species was predominantly responsible for the overall
CO, storage in mineral carbonate form. The pH of the AMD was reported as 2.63 and was
within the expected range for typical AMD. The neutralization of the acidic pH coupled with
the removal of toxic elements from the wastewater was achieved through the carbonation
process using fly ash and was important to ensuring that the AMD wastewater met TWQR

standards.
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5.1.2 Determination of the measure of CO; uptake from carbonation using AMD

To determine the carbonation performance measure that could be used for CO; storage, the
concentration of species that could contribute to the overall amount of CO, stored in mineral
carbonate form, namely Fe?*, Mg®*, and also Ca?*, before and after the carbonation process

was also considered for the CO, sequestration using AMD wastewater as the reaction solvent.

5.1.2.1 Leaching of elements with AMD wastewater as a solvent

This section provides results from leaching experiments using AMD wastewater with the
experimental details given in Chapter 3, Section 3.3.2.1.2. The leaching using AMD
wastewater as a reaction solvent was conducted over 30 min, 60 min, 90 min, and 120 min at
70 °C using the optimum S/L ratio and stirring speed of 0.2 g/mL and 400 rpm, respectively,

as shown in Figure 5.1:
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Figure 5.1: Concentration of Ca?*, Fe?*, Mn?* after leaching using AMD wastewater (70 °C, 0.2 g/mL,
400 rpm)
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Figure 5.1 shows the concentration of the elements Ca?*, Fe?* and Mg®" after leaching with
AMD wastewater. Considering the initial concentration of 1899 ppm for Fe** and 329.9 ppm
for Mg?*, the results presented in Figure 5.1 indicate that there was a significant decrease in
the concentration of Fe?* and Mg?* after leaching in all cases investigated, as concentrations
of 0.0549 ppm, 0.05 ppm, 0.0389 ppm, and 0.007 ppm over 30 min, 60 min, 90 min, and 120
min, respectively, for Fe?* were reported, while the concentrations of Mg** were 0.0081 ppm,
0.0079 ppm, 0.0073 ppm, and 0.0068 ppm over 30 min, 60 min, 90 min, and 120 min,
respectively. This was possibly due to hydrolysis (redox reactions), which resulted in the
precipitation of Fe** as well as Mg®* into insoluble metal hydroxides. On the other hand, the
results show that there was a higher calcium (Ca®") concentration than the 362.9 ppm present
in the AMD after leaching in all cases, and this can be attributed to the extraction of the readily
available calcium (Ca?*) from the fly ash that resulted in the dissolution of Ca(OH). in solution,

thus causing an increase in the calcium (Ca?*) concentration over time (min).

5.1.2.2 Concentration of elements after carbonation with AMD wastewater as a solvent

The concentration of the elemental species that could potentially contribute to the overall CO,
uptake in mineral carbonate form namely iron (Fe**), magnesium (Mg?*), and calcium (Ca?*)
was considered after indirect carbonation in order to observe the extent to which the
concentration of these species would decrease upon interaction with CO, after carbonation of
the leachate. The experimental details for indirect carbonation were given in Chapter 3,
Section 3.3.2.3. Figure 5.2 shows the concentrations of Fe?*, Mg?*, and Ca?* after indirect
carbonation over 120 min from 1 Mpa to 4 Mpa, at 70 °C, using a S/L ratio of 0.2 g/mL and a
stirring speed of 400 rpm:
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Figure 5.2: Concentration of Ca?* , Fe?*, and Mg?* after carbonation with AMD wastewater (120 min,
70°C, 0.2 g/mL, 400 rpm)

Figure 5.2 displays the concentration of Ca®*, Fe?*, and Mg*" after 120 minutes of carbonation
to illustrate how the indirect carbonation approach was employed to provide the key measure
of CO; uptake in mineral carbonated form when AMD was used as a reaction solvent. From
the results obtained after leaching for 120 min presented in Figure 5.1, the concentrations of
Fe?* and Mg?* of 0.007 ppm and 0.0068 ppm, respectively, decreased to concentrations below
the detection limit of the ICP-OES instrument after carbonation for all cases of CO, pressure
(Mpa) considered. The further reduction of Fe?* and Mg?* although minor, was possibly due to
the interaction with COx. In the case of calcium (Ca?*), the concentration of 1268 ppm obtained
after 120 min before carbonation decreased to 410 ppm, 544 ppm, 532 ppm, and 294 ppm at
1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa, respectively. This shows that there was a higher decrease
in calcium (Ca*") concentration after carbonation compared to other elements such as Fe?
and Mg*". The higher reduction in calcium (Ca*") after carbonation suggests that the calcium
(Ca?*) was mostly responsible for the CO; stored in mineral form, hence the use of % CaCOs

as the main measure of CO. storage for carbonation with AMD.

121



5.1.2.3 Effect of time (min) on the calcium (Ca?*) extraction with water compared to AMD

wastewater

Given that it was demonstrated that calcium (Ca**) was the element predominantly responsible
for CO; capture in mineral carbonate form from the concentrations obtained before and after
indirect carbonation with AMD wastewater, it was also important to highlight the leaching
behaviour of calcium (Ca®") over time (min) when AMD was used as the reaction solvent.
Figure 5.3 shows a comparison between the concentration of calcium (Ca?*) leached over
time (min) first when deionized water was used and subsequently when AMD wastewater was
used as the reaction solvent. The comparison could be used to highlight the importance of the
concentration of calcium (Ca?*) on the overall carbonation performance for the carbonation
experiments involving AMD. Figure 5.3 provides a comparison between the calcium (Ca®")
extraction over extraction times of 30 min, 60 min, 90 min, and 120 min when water was used
and when AMD wastewater was used. Again, the experimental detail for the leaching was
presented in Chapter 3 Section 3.3.2.1.2. The experimental conditions for the leaching when
water was used were: 70 °C, using a S/L ratio of 0.5 g/mL and stirring speed of 100 rpm while
those for AMD wastewater were: 70 °C, using a S/L ratio of 0.2 g/mL and a stirring speed of

400 rpm as shown in Figure 5.3:
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Figure 5.3: Effect of time on the leachability of calcium (Ca?*) with water and AMD wastewater
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The comparison provided in Figure 5.3 between the calcium (Ca?*) extraction when water was
used compared to when AMD wastewater was used as the reaction medium shows that there
was a higher calcium (Ca?*) concentration present in the leachate over time (min) when AMD
was used in all cases. The concentrations of calcium (Ca*") leached when AMD was used
were 951 ppm, 1125 ppm, 1263 ppm, and 1286 ppm over 30 min, 60 min, 90 min, and 120
min respectively while the concentrations obtained when water was used were 327.4 ppm,
376.7 ppm, 386 ppm, and 422.23 ppm over 30 min, 60 min, 90 min, and 120 min respectively.
The higher calcium (Ca®") concentrations obtained when using AMD wastewater were mainly
due to the initial concentration of 362.5 ppm available in the AMD wastewater as well as the
total calcium (Ca?*) extracted from the fly ash because there was an increase of 261.2 ppm,
385.8 ppm, 513.5 ppm, and 480.3 ppm from the experiments involving the AMD wastewater
over 30 min, 60 min, 90 min, and 120 min respectively compared to when water was used
when the calcium (Ca?*) concentration of 362.5 ppm originally found in the AMD wastewater
was not considered. The additional calcium (Ca®") extracted from the fly ash material can be
attributed to the lower S/L ratio of 0.2 g/mL used for AMD leaching which meant that the
calcium (Ca?") extraction from the fly ash was therefore more effective compared to when the

S/L ratio of 0.5 g/mL was used for leaching experiments with water.

From Figure 5.3, It is important to note that the calcium (Ca*") extraction slowed down after
30 min of extraction because the calcium (Ca?*) concentration leached in the first 30 min was
588.5 ppm while the concentrations reported after 60 min, 90 min, and 120 min increased by
174 ppm, 312 ppm and 335 ppm respectively. The decrease in the rate of calcium (Ca*)
extraction was possibly due to the reaction of calcium (Ca?*) with phases such as the sulfates

(SO4?) present in the AMD wastewater.
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5.2. Direct carbonation with AMD wastewater

This section provides results from the direct carbonation process using AMD wastewater, with
detailed discussions of the results in relation to previous studies. The experimental detail for

direct carbonation was provided in Chapter 3, Section 3.3.2.2.

5.2.1 Effect of pressure (Mpa) over time (min) on % CaCO; formed

The % CaCOs; formed using Chittick tests was determined for direct carbonation using AMD
wastewater as a reaction solvent. The experimental detail for the Chittick test was given in
Chapter 3 Section 3.2.4. The results presented in Figure 5.4 show the % CaCO3 formed from
direct carbonation with AMD over 30 min, 60 min, 90 min, and 120 min of carbonation, at 70

°C, using a S/L ratio of 0.2 g/mL and stirring speed of 400 rpm:
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Figure 5.4: Effect of pressure (Mpa) over time (min) on the % CaCOs formed (70 °C, 0.2 g/mL,
400 rpm)

Figure 5.4 shows results from direct carbonation with AMD wastewater. The reaction times of
30 min, 90 min, and 120 min were selected for the purpose of comparison with direct aqueous
carbonation results. Results from direct carbonation with AMD show that the % CaCOs3 formed
increased with increasing initial CO, pressure (Mpa) in all cases as expected due to the
increase in the availability of dissolved CO2 molecules that could react with calcium (Ca?*) in

solution.
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The results also indicate that there was a significant increase in the % CaCOs3 formed for the
120 min direct carbonation reaction when the initial CO, pressure was increased from 2 Mpa
to 3 Mpa. For an initial CO- pressure of 2 Mpa after 120 min, the % CaCOs achieved was 2.70
% and when the pressure was increased to 3 Mpa, the % CaCOs3 formed increased to 4.37 %
meaning that increasing the initial CO2 pressure to 3 Mpa had a significant effect on the %

CaCOs; formed over the 120 min reaction.

The significant effect of pressure (Mpa) on the increase in the % CaCOs achieved over the
same reaction time of 120 min for a higher initial CO, pressure of 3 Mpa can be attributed to
the higher amount of CO, molecules available and the continual increase in the calcium (Ca?*)
extraction until 90 min when AMD wastewater was used (see Figure 5.3). The increase in
calcium (Ca*") extraction for the most part of the 120 min reaction meant that an effective
rate of carbonation and CaCOs formation was maintained over the course of the carbonation
reaction and considering the higher concentration of CO. that was available at 3 Mpa
compared to 2 Mpa, this ensured an effective rate of carbonation hence the significant effect

of increased pressure on the % CaCOs observed in Figure 5.4.

Due to the higher rate of calcium (Ca?*) extraction in 30 min observed in Figure 5.3, this meant
that there was effective calcium (Ca?*) extraction in the first 30 min of the 120 min carbonation
reaction, and for a higher initial CO, pressure of 3 Mpa, more CO; could be dissolved under
the alkaline conditions in the initial stages of the direct carbonation reaction due to the higher
concentration and hence availability of CO2 molecules at higher pressure (Mpa). In addition,
there was still a significant increase in the calcium (Ca?*) extraction even after 30 min of the
120 min reaction until the rate of calcium (Ca?*) extraction reached a plateau after 90 min,
meaning the rate of carbonation was still effective enough even after 30 min of the 120 min
reaction and the overall CO» consumption at higher initial CO, pressure was higher, hence the
significant effect of the initial CO, pressure on the % CaCOs formed especially for a higher
initial CO, pressure of 3 Mpa and 4 Mpa over the same reaction time (min) as observed in
Figure 5.4.
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Although results from Figure 5.4 show that increasing the pressure to 3 Mpa and 4 Mpa from
2 Mpa had a significant effect on the % CaCOs3 formed over 120 min, the results also indicate
that increasing the pressure beyond 3 Mpa (i.e., to 4 Mpa) had a minor effect on the % CaCO3
formed as the % CaCOs; of 4.37 % at 3 Mpa was similar to the % CaCO; formed of 4.53 % at
4 Mpa. The minor increase in the % CaCOs; can be attributed to the decrease in the rate of
CaCO:s precipitation at a higher pressure of 4 Mpa. Due to the increase in solubility of calcium
(Ca?") at a higher pressure, this meant that as CaCO3 was forming over the 120 min reaction,
at a higher CO. pressure of 4 Mpa, its dissociation was also potentially favoured meaning that
as CaCOs was forming, it possibly dissociated during the reaction because of the increase in

solubility of calcium (Ca?*) and calcium (Ca?*) re-dissolved in solution.

This, therefore, decreased the rate of CaCOs; precipitation at 4 Mpa hence the similar %
CaCOs found at 3 Mpa and 4 Mpa. This implies that because increasing the pressure beyond
3 Mpa did not favour an increased rate of CaCOs; precipitation and thus did not have a
significant effect on the % CaCOs; and when also considering the potential additional energy
(MW) due to pressurization at 4 Mpa, the pressure of 3 Mpa can be considered the optimum

pressure for CaCOs precipitation when using AMD wastewater as the solvent.

Jo, Ahn, et al. (2012) found that for lower CO, pressures (Mpa), the precipitation to CaCOs3
was preferred as the highest % CaCOs in their study was achieved at 0.1 Mpa. lizuka et al.
(2004) also found that CaCOs precipitation was favoured at a lower initial CO, pressure. In
this study, although a slightly lower pressure than 4 Mpa was favoured for precipitation, the
pressure of 3 Mpa, however, was still high enough to promote an effective rate of carbonation

but not too high to hinder CaCOs precipitation.

This indicates that a balance between pressure conditions that promote an effective rate of
carbonation without hindering the precipitation process to form CaCQOs is critical for ensuring
an effective carbonation process because results from Figure 5.4 indicate that although a high
% CaCOs; was achieved at 4 Mpa, there was no significant increase in the % CaCOs; formed
when the initial CO, pressure was increased from 3 Mpa to 4 Mpa as the % CaCO; formed
was 4.37 % and 4.53 % respectively. As mentioned previously, this was possibly due to the
fact that over the reaction time of 120 min at the highest pressure of 4 Mpa, the solubility of
calcium (Ca?*) increased as higher pressure creates a more acidic environment, which favours

the solubility of calcium (Ca?*) but not the CaCOs precipitation.
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As the solubility of calcium (Ca®") was favoured at a higher pressure, this meant that calcium
(Ca®") from the CaCO; formed could dissolve back into solution causing a decrease in the rate
of CaCOs formation. This implies that the rate of CaCOs formation decreased at a higher
pressure as expected because higher pressure does not favour the precipitation of carbonates
as observed by Ji & Yu (2018). Ultimately, the CaCO3 precipitation was favoured at a slightly
lower pressure which was 3 Mpa and as mentioned, the pressure of 3 Mpa can thus be
considered the optimum pressure for CaCOs precipitation as it was high enough to promote
an effective rate of carbonation but did not hinder the precipitation of CaCOs. Overall, the
effect of pressure on the total amount of % CaCO; formed for direct carbonation with AMD
was consistent with the effect of initial CO. pressure (Mpa) observed in the studies previously
mentioned including the study conducted by Dananjayan et al. (2016), whereby a slightly
higher initial CO, pressure (Mpa) of up to 0.4 Mpa resulted in a higher sequestration capacity

compared to lower initial CO, pressures of 0.1 Mpa, 0.2 Mpa and 0.3 Mpa used in their study.

The effect of the reaction time (min) on the % CaCOs formed can also be observed from Figure
5.4 whereby a higher amount of CaCO3; was formed over the longer reaction time of 120 min.
This can also be attributed to calcium (Ca?*) extraction. The calcium (Ca?*) extraction results
obtained when AMD was used (see Figure 5.3), show that there was a higher rate of calcium
(Ca?*) extraction in the first 30 min as the calcium (Ca*") concentration increased from the
initial concentration of 362.5 ppm to 951.1 ppm, however, there was still a significant increment
in the calcium (Ca?*) concentration beyond 30 min as the concentration between 30 min and

120 min increased from 951.1 ppm to 1265 ppm.

This means that there was still a significant rate of calcium (Ca?*) extraction after 30 min which
resulted in more consumption of CO. to form more CaCO3 after 30 min of the 120 min long
carbonation reaction. This, therefore, explains the higher amount of % CaCO3 formed over
120 min because the rate of carbonation and rate of CO2 consumption were consistently high
throughout the 120 min reaction, hence the significantly higher amount of % CaCO; formed
after 120 min.
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This shows that because there was high enough calcium (Ca**) extraction throughout the
reaction, a significant rate of carbonation was maintained throughout the 120 min carbonation
reaction and thus more CaCOs could form over 120 min of direct carbonation. Therefore, for
the current work, when effective calcium (Ca?*) extraction was achieved over time (min), it was
expected that a higher % CaCO3 would form after the longest reaction time of 120 min and at
a higher initial CO, pressure (Mpa) because the calcium (Ca?*) extraction was the rate-limiting
step. When considering the effect of reaction time (min), the study by Dananjayan et al. (2016)
also found that a higher reaction time of 600 min resulted in an increase in the sequestration

capacity.

Although there was a higher % CaCO3 formed after 120 min, the % CaCOs formed after 90
min was still close to the % CaCOs3 formed after 120 min for most cases and this was due to
the minor amount of calcium (Ca?*) extracted after 90 min (see Figure 5.3). In addition, results
from Figure 5.4 show that due to the higher calcium (Ca*") concentration obtained from AMD
leaching, the solution during the carbonation process was highly saturated, therefore, more
CaCOs could form through precipitation under the highly saturated conditions. The results from
direct carbonation with AMD indicate that there was more effective storage of CO, as CaCOs
compared to direct aqueous carbonation. This result was expected because of the additional
calcium (Ca?*) concentration provided by the AMD wastewater. Furthermore, using a lower
S/L ratio of 0.2 g/mL for AMD carbonation experiments ensured better solubility of calcium
(Ca?") and a faster degree of CO, consumption due to a higher concentration of calcium (Ca?*)

available. This explains the higher % CaCO3 formed for direct carbonation with AMD.

The higher amount of CaCOs formed as a result of using AMD wastewater as a reaction
medium was consistent with findings from the study such as the one conducted by Lee et al.
(2016) where a high % CaCOs of 33.46 % was achieved when AMD wastewater was used for
the CO; storage process. The use of a higher stirring speed of 400 rpm was also an important
contributing factor to the higher % CaCOs3 formed for direct carbonation with AMD wastewater
compared to direct aqueous carbonation as it improved mass transfer of CO, and diffusion of

calcium (Ca®") for more effective CaCO; formation.
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Overall, for direct carbonation with AMD wastewater, the effect of a higher initial CO. pressure
(Mpa) and a longer reaction time can be observed to have a significant effect on the amount
of % CaCOs3 formed. The highest increase in the % CaCO3; formed was found to be 4.53 % at
4 Mpa after 120 min of direct carbonation and this was higher than the maximum % CaCOs3 of
2.43 % formed for direct aqueous carbonation for the same conditions of CO; pressure (Mpa)

applied and reaction time (min).

Again, this can be attributed to additional calcium (Ca?*) provided by the AMD wastewater and
more effective calcium (Ca?*) extraction achieved due to the optimization process of certain
parameters. However, although the % CaCOgzachieved was higher for carbonation using AMD
wastewater compared to when water was used, the CO. stored as CaCO3z was possibly slightly
reduced due to the small concentration of other elemental species such as Fe?* and Mg?
present in the AMD, as these elements also contain the ability to be converted into mineral
form thereby storing CO,. The total % CaCOsformed was also influenced by the formation of
mineral phases, such as gypsum and ettringite, as shown in the results obtained from XRD
analysis as the formation of these phases resulted in a reduced amount of calcium (Ca®")

available for the reaction with CO., which resulted in a reduced amount of % CaCOQO; formed.
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5.2.2 Effect of pressure (Mpa) over time (min) on CE (%)

The CE (%) (refer to Appendix A for calculation) was also considered for direct carbonation
with AMD wastewater over 30 min, 60 min, and 120 min, at 70 °C, using a S/L ratio of 0.2

g/mL and a stirring speed of 400 rpm, as shown in Figure 5.5:
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Figure 5.5: Effect of pressure (Mpa) over time (min) on the CE (%) (70 °C, 0.2 g/mL, 400 rpm)

The effect of initial CO, pressure (Mpa) after a reaction time of 30 min, 90 min, and 120 min
is shown in Figure 5.5, and the CE (%) shows a similar trend to the one observed from previous
results, whereby the CE (%) increased with increasing initial CO, pressure (Mpa) for the same
reaction time (min). The CE (%) can be seen to increase considerably from 3 Mpa to 4 Mpa
for the 120 min and 90 min reactions. The higher increase in the CE (%) for increasing CO>
pressure after 120 min and 90 min compared to the CE (%) obtained after 30 min, was due to
higher concentration of CO, molecules available and also the calcium (Ca®") extraction (see
Figure 5.3) as there was still a significant amount of calcium (Ca?*) extracted after 30 min of
the 120 min and 90 min reaction which meant that because more calcium (Ca?*) was still being
extracted into solution, the solution was still relatively alkaline after 30 min for both these
reactions meaning more CO, could dissolve and react with calcium (Ca?*) thus promoting a
faster degree of CO, consumption, higher overall pressure drop and hence the higher CE (%)
observed for increasing CO; pressure after 120 min and 90 min of direct carbonation. Due to
the insignificant increase in the calcium (Ca®") concentration after 120 min and 90 min (see
Figure 5.3), the maximum CE (%) achieved over 120 min and 90 min was not significantly

different as shown in Figure 5.5.

130



The maximum CE (%) achieved after 120 min and 90 min were significantly higher compared
to the maximum CE (%) achieved after 30 min of direct carbonation at 3 Mpa and 4 Mpa.
Given that CO; dissolution is promoted under alkaline conditions and there was a continual
increase in the calcium (Ca?*) concentration for the 120 min and 90 min reactions, more CO,
could still be dissolved especially at the higher initial CO; pressures of 3 Mpa and 4 Mpa as
more CO, molecules were available meaning that the rate of carbonation, as well as CO-
consumption were still relatively high after 30 min of the 120 min and 90 min reaction for a
pressures of 3 Mpa and 4 Mpa. This explains the higher CE (%) achieved at 3 Mpa and 4 Mpa
over the 120 min and 90 min because there was a higher overall pressure drop due to the

total CO2 consumption for a higher CO:2 pressure over the same reaction time (min).

The effect of the reaction time (min) on the CE (%) formed can also be observed from Figure
5.5 wherein a higher amount of CE (%) was achieved over the longer reaction times of 120
min and 90 min compared to 30 min at 3 Mpa and 4 Mpa. This can also be attributed to the
calcium (Ca?*) extraction, as the calcium (Ca*") extraction results obtained when AMD
wastewater was used (see Figure 5.3), show that there was still a significant increment in the
calcium (Ca?*) concentration beyond 30 min as the concentration between 30 min and 120
min increased from 951.1 ppm to 1265 ppm. This means that there was still a significant rate
of calcium (Ca®") extraction after 30 min, which resulted in the consumption of CO, to form
more CaCOs after 30 min of the 120 min and 90 min direct carbonation reaction. This,
therefore, resulted in a significantly higher overall pressure drop, hence the significantly higher
CE (%) obtained over the 120 min and 90 min reactions compared to the 30 min direct

carbonation reaction for all cases.

This shows the benefit of a longer reaction time (min) when the calcium (Ca*") extraction is
effective over time (min) because for a longer reaction time (min), the overall pressure drop
due to CaCOs formation was higher and subsequently the CE (%) increased. In addition, the
highest CE (%) of 63 % observed after 120 min was when an initial CO2 pressure of 4 Mpa
was used, which was the highest initial CO- pressure used. This was expected because of the
higher availability of CO, molecules that could react with calcium (Ca*") in solution over the
longer reaction time (min) which resulted in a faster rate of carbonation and overall a higher
pressure drop due to CaCO3 formation, hence the higher CE (%) reported after 120 min at a

pressure of 4 Mpa.

131



This also agrees with the results for the % CaCOs as the highest % CaCO3 was formed at the
same conditions (i.e., 120 min at 4 Mpa) which again shows the correlation between the two
carbonation performance measures (i.e., % CaCO3 formed and the CE %). The highest CE
(%) achieved of 63 % for direct carbonation using AMD wastewater was notably higher than
the CE (%) of 29.4 % and 35.2 % achieved for direct and indirect aqueous carbonation
respectively and this was due to the AMD wastewater providing an additional source of
calcium (Ca?*). The increase in calcium (Ca®*) concentration when AMD wastewater was used
thus promoted a faster rate of carbonation and CO2 consumption resulting in a higher overall
pressure drop due to CaCO3 formation and hence the higher CE (%) reported for reactions
involving AMD wastewater. As mentioned previously the increase in the stirring speed up to
400 rpm and the lower S/L ratio for experiments with AMD wastewater were also contributing

factors to the higher CE (%) achieved for direct carbonation with AMD wastewater.

Additionally, the CE (%) achieved for direct carbonation with AMD wastewater of 63 % was
higher than the CE (%) of 53.9 % achieved for indirect carbonation with AMD. The reason for
the higher CE (%) achieved for direct carbonation using AMD was that calcium (Ca?*) could
still be leached from the fly ash during direct carbonation, whereas for indirect carbonation,
the process relies on only the calcium (Ca®*) extracted with no additional extractable calcium

(Ca?") from the fly ash over the course of the reaction.

132



5.3 Maximum CO: storage capacity (kg/kg fly ash)

The theoretical maximum CO- storage capacity for this work was found to be 0.042 kg/kg fly
ash. Theoretically, if all oxides react to form carbonates, the sequestration capacity of the
Durapozz fly ash is 4.2 %. This means that for every 1 tonne or kg of fly ash, 0.042 tonnes or
kg of CO2 can be sequestered by the fly ash. From the theoretical CO, storage capacity and
considering the highest carbonation efficiency (CE %) of 63 % achieved in this study from
direct carbonation with AMD, the maximum CO- storage capacity was found to be 0.026 kg/kg
fly ash and was similar to the storage capacity achieved by Montes-Hernandez et al. (2009).
Given that the actual maximum amount of CO; that can be sequestered depends on the CaO
(wt. %) content of the material, the storage capacity reported in this study was similar to the
storage capacity reported by Montes-Hernandez et al. (2009) due to similar CaO (wt. %)
content. The fly ash used in this study contains a CaO (wt. %) content of 4.06 % while the
CaO (wt. %) from the study conducted by Montes-Hernandez et al. (2009) was 4.1 %.

Muriithi (2009) found that for Secunda fly ash, the maximum CO. storage capacity for the
Secunda fly ash was 0.062 kg/kg fly ash which was higher than the 0.026 kg/kg fly ash
obtained for this work. The maximum CO, storage capacity of the Secunda fly ash was higher
than the Durapozz fly ash that was used for this work due to the higher CaO (wt. %) content
of 9.198 % that was available in the Secunda fly ash. The Durapozz fly ash used in this study
had a lower CaO (wt. %) content of 4.06 %, hence the maximum CO; storage capacity was
lower than the one found by Muriithi (2009).

Dananjayan et al. (2016) also achieved a slightly higher CO, storage capacity of 0.05 kg/kg
fly ash compared to the 0.026 kg/kg fly ash obtained in this study and this was due to the
higher CaO (wt. %) content in the coal fly ash (CFA) used in their study which was 6.74 %
compared to the lower 4.06 CaO (wt. %) content in the fly ash used in this work. The study
conducted by Jo, Ahn, et al. (2012) also showed the importance of the CaO (wt. %) content
on the CO. storage capacity as a higher CO. storage capacity of 0.071 kg/kg fly ash was
achieved in their work due to the higher CaO (wt. %) content of 15 % found in the fly ash used

in their study.
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5.4 Characterisation of carbonated solid residues for direct carbonation with AMD
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Figure 5.6: XRD pattern from direct carbonation with AMD (70 °C, 4 Mpa, 0.2 g/mL, 400 rpm)
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5.4.1 Results from XRD analysis

The results from Figure 5.6 show the XRD pattern for carbonated solid residues after 30 min,
90 min, and 120 min of direct carbonation with AMD wastewater at an initial CO; pressure of
4 Mpa, at 70 °C, using a S/L ratio of 0.2 g/mL at a stirring speed of 400 rpm. The XRD pattern
for the fresh fly ash shown in Figure 4.1 shows that the fly ash was originally composed of
crystalline phases in the form of quartz and mullite with weaker peaks identified for magnetite.
The XRD pattern displayed in Figure 5.6 shows newly identifiable phases for the solid residues
after carbonation with AMD wastewater, and while the XRD pattern still showed the presence
of major crystalline phases such as quartz and mullite, which were contained in the raw fly
ash sample, new phases in the form of gypsum (CaSOQs), hematite (Fe203), and calcite
(CaCOs3) were present as well. The presence of gypsum (CaSO4) was further confirmed by
the decrease in the concentration of sulfate (SO4*) from its original concentration of 990.1
ppm (see Table 5.1), to lower concentrations of 210.1 ppm, 189.9 ppm, and 151.2 ppm over
30 min, 90 min, and 120 min, respectively, after carbonation at 4 Mpa, which therefore
suggests that calcium (Ca**) reacted with SO4%, thus resulting in the formation of the new

phase, namely gypsum.
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5.4.2 Results from XRF analysis

XRF analysis of carbonated solid residues was conducted to determine the concentration of

species after direct carbonation with AMD wastewater as shown in Table 5.2:

Table 5.2: Analysis of elemental compositions from XRF analysis for direct carbonation with AMD

Element Composition (wt. %)
SiO; 52.2
Al203 33.67
Cr203 3.9
CaO 3.35
Fe 03 3.2
TiO; 1.7
MgO 0.81
K20 0.67
P20s 0.44
Na2O 0.31
MnO 0.04
Total 100

Table 5.2 shows results from XRF for direct carbonation with AMD wastewater after 120 min
at 4 Mpa. The results indicate that there was a decrease in the CaO content in the solid residue
as there was an amount of 3.35 wt. % after carbonation compared to the original 4.06 wt. %
found in the raw fly ash. This can be attributed to the calcium (Ca®") extraction step during the
precipitation to form CaCOs; during the carbonation reaction which resulted in a reduced CaO

(wt %) content.,
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5.5 AMD neutralization by direct carbonation

The neutralization of AMD wastewater through the direct carbonation process was considered.
This section provides results for the neutralization of AMD wastewater under various

conditions.

5.5.1 pH neutralization

Figure 5.7 presents the pH results obtained after direct carbonation of with AMD wastewater
over 30 min, 90 min, and 120 min at 70 °C, using a S/L ratio of 0.2 g/mL and a stirring speed
of 400 rpm:
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Figure 5.7: Effect of pressure on pH measured

Given that an autoclave system was used for this work, it was difficult to track the pH of the
solution over the duration of the experiments. However, the behaviour of the pH over the
course of the reaction was postulated from results obtained from the calcium (Ca?*) extraction
(see Figure 5.3) and also from the known effect of CO; pressure on the pH. Figure 5.7 shows
that the initial pH of the AMD wastewater used was 2.63, which was within the expected range

for AMD wastewater.
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As the fly ash was stirred with the AMD, the pH increased, and based on leaching experiments
(see Figure 5.3), there was a higher increase in alkalinity of the solution during direct
carbonation with AMD in the initial stages of the reaction as there was a high rate of calcium
(Ca?") extraction in the first 30 min of the reaction. It is worth noting that over the course of the
reaction, the hydrolysis of AMD components such as Fe?* and AI** caused an offset in the pH
increase. Given that the rate of calcium (Ca®") extraction decreased over time (min) and with
CO; present in the system, the pH decreased due to the dissolved CO. and generation of H*
ions in solution. From results obtained in Figure 5.7, the solution pH approaches neutrality for
all cases as the initial CO, pressure (Mpa) increases however for a higher initial CO- pressure,
the pH was driven slightly more closer to neutral pH and this can be attributed to the higher

concentration of CO2 molecules present for a higher CO, pressure.

For a higher initial CO, pressure (Mpa), more CO, was dissolved under alkaline conditions at
the initial stages of the reaction therefore at the latter stages of the reaction as calcium (Ca*")
extraction decreased, for a higher COz pressure, the higher concentration of CO, meant that
there was still more CO; available at the latter stages of the reaction and more H.CO3 was
available that dissociated to form HCO3™ and 2H" thus causing a decrease in solution pH until

it approached neutrality.

The closest pH to a neutral pH was 7.1 and was achieved after 120 min at 4 Mpa which shows
that for a longer reaction time (min) and higher initial CO2 pressure (Mpa), more effective
neutralization of pH was achieved. The pH variation over the different conditions of pressure
considered for the present work was similar to the trend observed by Lee et al. (2016). In their
feasibility study of CO. storage through the neutralization process of AMD, they found the pH
to increase sharply in the initial stages of the reaction but approached a more neutral pH over

time upon carbonation.
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5.5.2 % Removal of metal ions from direct carbonation with AMD

Figure 5.8 shows the % removal of metal ions in solution during direct carbonation with AMD

over 120 min, at 70 °C, using a S/L ratio of 0.5 g/mL and a stirring speed of 400 rpm:
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Figure 5.8: % Removal of various metal ions from AMD wastewater

Figure 5.8 shows the effect of the direct carbonation process on the % removal of certain metal
ions from AMD wastewater. Overall, there was effective removal of all metal ions as a high %
removal was achieved in all cases over 120 min. However, the increase in pressure (Mpa) did
not seem to have a significant effect on the % removal of metal ions. The % removal of metal
ions was mainly due to the precipitation of metal hydroxides. The hydrolysis of AI**, Fe?*, Mg®*,
and Mn?* resulted in the precipitation of these metals to form insoluble hydroxides which led
to their removal. Gitari et al. (2018) also found that the hydrolysis of metal ions such as AI**,
Fe?*, Mg?*, and Mn?* causes the precipitation of these metal ions as insoluble hydroxides thus
leading to their removal. The high % removal of close to 100 % for all elements considered
suggests that the concentration of these elements after treatment was within the target water

quality range.
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5.6 Indirect carbonation with AMD

This section presents results related to indirect carbonation with AMD wastewater with the

experimental detail given in Chapter 3, Section 3.3.2.3.

5.6.1 Effect of time (min) on calcium (Ca?*) leaching with AMD before carbonation

The calcium (Ca®") extraction was done as required before carbonation of the leachate for
indirect carbonation with AMD wastewater and the leaching was done over 30 min, 60 min,
90 min, and 120 min, at 70 °C, using a S/L ratio of 0.2 g/mL and at a stirring speed of 400 rpm

as shown in Figure 5.9:
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Figure 5.9: Effect of time (min) on calcium (Ca?*) extraction from ICP-OES analysis

Figure 5.9 shows the results from leaching experiments when AMD wastewater was used.
The results indicate that there was a higher rate of calcium (Ca*") extraction in the first 30 min
as the concentration increased significantly from the initial calcium (Ca®*) concentration of
362.5 ppm present in the AMD to 951.1 ppm. Notably, there was still an increment in the
calcium (Ca®*) concentration after 30 min as the concentration between 30 min and 120 min
increased from 951.1 ppm to 1265 ppm. This means that there was still a relatively high rate

of calcium (Ca?*) extraction after 30 min.
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5.6.2 Effect of pressure (Mpa) over time (min) on CE (%)

Similar to experiments done using water, the % CaCOs formed could not be considered for
CO, storage using AMD wastewater as there was not enough solid recovered, however, the
CE (%) was considered for the process and the results presented in Figure 5.10 were for the
calculated CE (%) from indirect carbonation with AMD over 30 min, 90 min, and 120 min, at a
temperature of 70 °C, using a S/L ratio of 0.2 g/mL and a stirring speed of 400 rpm as shown

in Figure 5.10:
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Figure 5.10: Effect of pressure (Mpa) on the CE (%) achieved (70 °C, 0.2 g/mL, 400 rpm)

Figure 5.10 exhibited a similar trend to results reported previously for the CE (%). For indirect
carbonation with AMD wastewater, the CE (%) increased with increasing initial CO, pressure
(Mpa) in all cases, with the highest CE (%) of 53.9 % obtained after 120 min of carbonating
the leachate at 4 Mpa. The results indicate that as expected, the CE (%) was dependent on
the amount of CO3* molecules that were available in solution and could react with calcium
(Ca®") to form precipitated CaCOs and that the higher the CO. pressure, the higher the
concentration of CO, molecules available for the reaction with calcium (Ca®*) which resulted
in a faster rate of carbonation and hence a higher CE (%). The CE (%) obtained from indirect
carbonation with AMD wastewater was notably higher than that obtained for both direct and

indirect aqueous carbonation processes.
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Similar to the indirect aqueous carbonation process, the CE (%) for indirect carbonation with
AMD wastewater was a function of the calcium (Ca*") content in the leachate and given the
additional calcium (Ca*") provided by AMD wastewater to enhance the carbonation process,
it was expected that a higher carbonation efficiency CE (%) of 53.9 % would be achieved for
the indirect carbonation route involving AMD wastewater compared to the lower CE (%) of

29.4 % and 35.2 % achieved for direct and indirect aqueous carbonation respectively.

The significant increase in the CE (%) at the highest initial CO2 pressure of 4 Mpa over the
same reaction time of 120 min observed in Figure 5.10 can be attributed to the higher calcium
(Ca?*) concentration in the leachate for the 120 min carbonation reaction. Given that CO,
dissolution is promoted under alkaline conditions, more CO- could still be dissolved especially
at the higher initial CO; pressure of 4 Mpa as more CO, molecules were available meaning
that the rate of carbonation, as well as CO, consumption, was consistently higher throughout
the 120 min carbonation of the leachate at 4 Mpa, hence the significant effect of pressure
(Mpa) on the CE (%) at 4 Mpa after 120 min observed in Figure 5.10.

The effect of the reaction time (min) on the CE (%) can also be observed from Figure 5.10
whereby a higher CE (%) was achieved over the longer reaction time of 120 min at 4 Mpa.
This was also due to the calcium (Ca?*) concentration present in the leachate for the 120
minute reaction. As mentioned previously, from the calcium (Ca?*) extraction results obtained
when AMD was used (see Figures 5.3 and 5.9), there was higher calcium (Ca?*) extraction in
the first 30 min as the calcium (Ca?*) concentration increased from the initial concentration of
362.5 ppm to 951.1 ppm, however, there was still a significant increment in the calcium (Ca®")
concentration after 30 min as the concentration between 30 min and 120 min increased from
951.1 ppm to 1265 ppm.

This, therefore, explains the higher CE (%) achieved over 120 min at 4 Mpa because the rate
of carbonation and rate of CO, consumption were consistently high throughout the 120 min
reaction which led to a higher overall pressure drop, hence the significantly higher amount of
CE (%) achieved over 120 min at a CO. pressure of 4 Mpa. The results in Figure 5.10 indicate
that there was similar CE (%) observed at 2 Mpa after 30 min, 90 min and, 120 min and this

was possibly due to the lower CO; initial pressure (Mpa) applied.
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This meant that the carbonation reaction was possibly not fast enough for the lower initial CO>
pressures as less CO, molecules were available to react with calcium (Ca?*). This implies that
even though calcium (Ca?*) extraction is the rate limiting step for the process, a lower pressure
(Mpa) can still affect the rate of carbonation and hence CE (%). When considering the increase
in calcium (Ca?") extraction over time (min) when AMD was used as the reaction solvent and
the fact that the pressure at 3 Mpa was high enough, the overall CE (%) achieved was

expected to increase over time at 3 Mpa.

However, the results presented in Figure 5.10 show that there was a similar CE (%) achieved
at 3 Mpa after 30 min, 90 min and 120 min. This deviation was possibly caused errors in the
experiment which could have possibly been from the leakage of CO, from the reaction system
when the experimental runs were carried out as well as incorrect recording of the final pressure

reading after the experiment was conducted.

5.7 AMD neutralization by indirect carbonation

The neutralization of AMD wastewater through indirect carbonation was also considered. This

section provides results for the neutralization of AMD wastewater for various conditions.

5.7.1 pH neutralization after carbonation

Figure 5.11 presents the pH results obtained after carbonation of the leachate for the indirect
carbonation process with AMD wastewater over 30 min, 90 min, and 120 min, at 70 °C, using

a S/L ratio of 0.2 g/mL and a stirring speed of 400 rpm:
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Figure 5.11: Effect of pressure (Mpa) on pH measured
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Figure 5.11 shows the results of solution pH after the carbonation of the leachate for indirect
carbonation with AMD wastewater. The results indicate that an effective neutralization of AMD
wastewater was achieved in all cases for increasing initial CO- pressure (Mpa). For the indirect
carbonation process with AMD wastewater, the pH obtained from the leachate after the initial
step which was the calcium (Ca®") extraction step over 30 min, 90 min, and 120 min was 8.55,

8.20, and 8.22 respectively.

When considering that the pH obtained after carbonation at 4 Mpa after 30 min, 90 min, and
120 min was 7.95, 7.15, and 7.1 respectively, this shows that the carbonation with CO; for the
sequestration step was effective in neutralizing the AMD wastewater used. The closest pH to
a neutral pH which was 7.1 was obtained for the highest pressure of 4 Mpa and this was
expected because given that for a higher initial CO, pressure (Mpa), more CO, was dissolved
under alkaline conditions at the initial stages of the reaction, meaning there was still more CO-
available at the latter stages of the reaction to form H>CO3 that dissociated to form HCO3 and

2H" thus causing a decrease in solution pH until it approached neutrality.

The reaction time also had an effect on the neutralization process as the closest pH to a
neutral pH was achieved after 120 min which shows that for a longer reaction time (min) and
higher initial CO. pressure (Mpa), more effective neutralization of pH can be achieved. Maleka
(2015) also conducted a carbonation study following the neutralization process of AMD and
found the pH to decrease from 9.85 to 7.72 upon carbonation. This was attributed to the

dissociation of aqueous CO: to carbonic acid (H2CO3).
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5.7.2 % Removal of metal ions after carbonation

Figure 5.12 shows the % removal of metal ions in solution during carbonation of the leachate
from the indirect carbonation process with AMD wastewater over 120 min, at 70 °C, using a

S/L ratio of 0.5 g/mL and a stirring speed of 400 rpm:
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Figure 5.12: % Removal of various metal ions

Figure 5.12 shows the effect of the indirect carbonation process on the % removal of certain
metal ions from AMD wastewater. The % removal obtained was close to a 100 % in all cases
and the results were similar to the % removal achieved for Fe?*, A**, Mn?*, Mg?®* for direct
carbonation with AMD. Overall, there was effective removal of all metal ions as a high %

removal was achieved in all cases over 120 min.

However, the increase in pressure did not have a significant effect on the % removal of metals.
Again, as observed with direct carbonation with AMD, the % removal of metal ions can be
attributed to the precipitation of metal hydroxides. The hydrolysis of AP**, Fe**, Mg®*, and Mn?*
resulted in the precipitation of these metals to form insoluble hydroxides which led to their
removal and again, this was consistent with findings from Gitari et al. (2018) who also found
that the hydrolysis of metal ions such as AI**, Fe**, Mg?*, and Mn?* causes the precipitation of
these metal ions as insoluble hydroxides thus leading to their removal. Maleka (2015) also
achieved a high % removal of some of the major elements present in Kundalila Gold Mine
water as a 100 % removal of AI**, Fe**, Mg?*, and Mn?* was achieved after 210 min during the

various treatment combinations.
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5.8 Results Summary

The results obtained for the various carbonation performance measures used in this study

were summarised. Table 5.3 shows a summary of results for the highest percentage CaCOs3

formed from direct aqueous carbonation and direct carbonation with AMD wastewater

achieved after 120 min of direct carbonation for CO; at a pressure of 4 Mpa. Table 5.3 also

presents results for the maximum carbonation efficiency (CE %) achieved from direct aqueous

carbonation, direct carbonation with AMD wastewater, indirect aqueous carbonation, and

indirect carbonation with AMD wastewater after 120 min at 4 Mpa. The maximum CO, storage

capacity (kg/kg fly ash) was also presented, as were the pH values that were closest to

reaching neutrality obtained from the AMD neutralization process using direct and indirect

carbonation.

Table 5.3: Results Summary

Direct aqueous

Indirect aqueous

Direct

Indirect

carbonation carbonation carbonation with | carbonation with
AMD AMD

% CaCOs; 2.43 - 4.53 -
CE (%) 294 35.2 63 53.9
Maximum CO- - - 0.026 -
storage capacity
(kgr’kg fly ash)
pH 71 71
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When considering the % CaCQOs, results from Table 5.3 indicate that there was a maximum %
CaCOs; formed of 2.43 % from the direct aqueous carbonation process while there was a
maximum % CaCOs formed of 4.53 % from direct carbonation with AMD wastewater. It was
found that the higher % CaCOs formed for direct carbonation with AMD wastewater was due
to the lower S/L ratio used for the process which led to higher extraction of calcium (Ca®"), the
additional calcium (Ca?*) concentration of 362.5 ppm which was originally present in the AMD

wastewater and the higher stirring speed used for experiments involving AMD wastewater.

The highest CE (%) was 63 % and was achieved from direct carbonation with AMD wastewater
after 120 min of direct carbonation at 4 Mpa. This was followed by the second highest CE (%)
of 53.9 % achieved from indirect carbonation with AMD under the same process conditions.
The higher CE (%) through the direct route was possibly due to the continued extraction of
calcium (Ca®") from the fly ash during the direct carbonation reaction. There was a notably
lower CE (%) achieved when pure water was used as the solvent compared to when AMD
wastewater was utilized. The carbonation efficiency CE (%) from direct aqueous carbonation
was 29.4 % while the CE (%) achieved from the indirect aqueous route was 35.2 % after 120
min of carbonation at 4 Mpa. This can also be attributed to the lower S/L ratio applied for the
AMD carbonation study, the additional calcium (Ca®*) concentration provided by the AMD

wastewater as well as the higher stirring speed of 400 rpm for the AMD carbonation study.

The higher CE (%) achieved from the indirect aqueous route compared to the CE (%) achieved
from the direct aqueous route was due to the higher stirring rate (rpm) used for indirect
aqueous carbonation which improved the calcium (Ca?*) extraction. Considering the higher
CE (%) achieved for the indirect aqueous carbonation route, the increase in the stirring speed
from 100 rpm to 400 rpm before indirect aqueous carbonation experiments were conducted
was justifiable because the total energy consumed due to the increase in the stirring speed
did not significantly affect the total energy output of the process. The maximum CO. storage
which gave an indication of the maximum CO, storage potential of the fly ash per 1 kg of fly
ash used was also measured and it was found to be 0.026 kg/kg fly ash. It was in the expected
range for fly ash material with a CaO (wt. %) of 4.06 %. A pH of 7.1 was achieved for direct
and indirect carbonation with AMD wastewater after 120 min and for CO; pressure of 4 Mpa.

The pH under these conditions was close to a neutral pH of 7.
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CHAPTER 6

6.1 Material balance: CO2 mass balance

From the general mass balance

Input + Generation = Accumulation + Consumption + Output

The molecular species balance was considered for the process:

~ Generation =0

Steady-state was assumed for the carbonation reaction as there was no material build-up

within the system over time:

~ Accumulation = 0

Therefore the mass balance reduces to:

Input = Consumption + Output

The CO2 mass balance was used to account for the CO uptake in the reaction system. It was
assumed that the CO: fed into the reaction system (i.e., Input: Y. CO,(;,)) Was equivalent to
the sum of the CO. consumed due to the carbonation reaction (i.e., Y. COz(consumption)) @and
the unreacted CO- from the carbonation process (i.e., Output: Y CO5out)). The CO2 mass

balance was therefore given as:

% COZ(in) =2 COZ(consumption) + X Coz(out)

The optimum conditions from the direct aqueous carbonation process were also used for the
material balance instead of the optimum conditions from direct carbonation with AMD
wastewater because they provided a more accurate estimate of the total energy output from
the process and because the physical properties of pure water are known. This was because
the total mass of CO; used for the energy balance was determined from material balance

considerations, therefore, the conditions used for both calculations needed to be consistent.
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Therefore, by using the optimum process conditions for direct aqueous carbonation of 120 min

and 4 Mpa, the mass of CO- fed was calculated as:

% COy(iny:

PV =nRT

where V is the reactor volume of 600 mL;

and;

PCOZ = 4Mpa

For the calculation the pressure (Mpa) was converted to bar, hence:

PCOZ = 40 baI‘

n= (40 bar)(0.6 L)
T (0.08314472 L bar /K mol) (343.15 K)

“ Mo, = 0.84mol

~ Grams of CO, = 0.84 mol X 44.01 g/mol =3697 g

Z COZ (consumption)*

_ Pcarbonation_pressure dropV

- RT

n= (15.2 bar)(0.6 L)
T (0.08314472 L bar /K mol) (343.15 K)

“ Mo, = 0.32mol

~ Grams of CO, = 0.32mol X 44.01 g/mol = 14.08 g
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Z COZ (out)*

2 COz00ut) = X CO033in) — X COz(consumption) (Dissolved CO, + CO, stored as CaCO3)

3. COyoury = 3697 g — (12.0 g + 2.08 g) = 22.89 g

The material entering and leaving the system after the carbonation reaction were accounted

for in Figure 6.1:

Where;

M represents the total mass entering and leaving the system

X represents the mass fraction of each component within each stream

W reprents the weight fraction of water

The mass of CO- entering the system, which was MCO., was the total mass of CO; fed into
the system, and was calculated from the material balance. The mass of water fed, which was
MH-O was determined from the S/L ratio and was 200 g. The mass of water leaving the system
was 186 g, meaning that the fraction of water leaving the system (i.e., X1H.0) was equivalent
to a fraction of 0.93. This means that there was a fraction of water that remained in the solid
residue, before drying of the solid and this fraction was X2H.0 and was equivalent to 0.07.
The fractions of elemental species in fly ash entering and leaving the system were obtained
from the XRF results before and after direct aqueous carbonation, while the input and output
fractions of CaCOs (i.e., XCO2 as CaCO3) were determined from the Chittick test.
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MCO2 =36.97 ¢ >

XCOo2=1

MH20 =200 g »

XH20=1

MFA=100g >

XFA=1

XCO2 (as CaCO3) = 0.0035

XCaO =0.046
XAI203 = 0.342
XCrO3 = 0.00041
XFeO3 = 0.0312
XK20 = 0.0064
XMgO = 0.009
XMnO = 0.0003
XNa20 = 0.0038
XP205 = 0.0047
XSi02 =0.544
XTiO2 = 0.0175

wH20 =1

Reactor

—

e

wH20 =1

E——

XCO2 (as CaCO3) = 0.021

MCO2 =36.97¢g
XCo2=1
X1C02 =0.62
X2C02 =7
X3C02 = 0.056

MH20 =200 g
XH20=1
X1H20=0.93

X2H20 = 0.07
MFA = 100 g
XFA=1

XCaO = 0.038
XAI203 = 0.35
XCro3 = 0.00041
XFeO3 = 0.0308
XK20 = 0.0064
XMgO = 0.009
XMnO = 0.0003
XNa20 = 0.0034
XP205 = 0.0043
XSiO2 = 0.54
XTiO2 = 0.0165

Figure 6.1: PFD for input and output material for carbonation reaction
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From the CO, component balance:

(Xcoz)(Mcoz) = ((X1coz)( M1coz) + (choz)(Mzcoz) + (X3coz)(M3coz)

= To determine the fraction of unreacted CO: (i.e., X;¢o,), We can substitute for the relevant

mass and mass fraction values for input CO,, CO, consumed and CO; out:

=~ (1)(36.97 g) = ((X1c0,)(36.97 g) + (0.32)(36.97) + (0.056)(36.97)

%3697 g—11.83 g —2.07 g = (Xi¢0,)(36.97 g)

23.07 g
“Xico, = 3657 4

o XlCOZ = 062

From material balance considerations, the mass and mass fraction of CO. that did not react
were 22.89 g and 0.62, respectively. This was higher than the total mass obtained for the CO,
that was consumed of 14.08 g, which was able to participate in the precipitation reaction to
form calcium carbonate (CaCOs). This means that there was a higher amount of CO, that was
undissolved from the process, and given that the main interest for this work was to determine
the amount of CO2 permanently stored in mineral carbonate form as CaCOs, the highest
percentage of CaCOs3 obtained from direct aqueous carbonation of 2.43 % was low, which
means that more CO; needed to dissolve. To improve the dissolution of CO; so that there are
more CO3* ions available to react with calcium (Ca?*), fly ash material with a higher CaO (wt.
%) content could be used because, due to Le Chatelier’s principle, higher dissolution of CO-
is normally favoured under alkaline conditions. Therefore, using coal fly ash material with a
higher CaO (wt. %) concentration would create a more alkaline environment during the
carbonation reaction, thus increasing the dissolution of CO2, which could benefit the formation
of more CaCO:s.
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6.2 Energy balance (Required power)

The energy balance was conducted to determine the power requirement of the process using
the optimum conditions for direct aqueous carbonation. As mentioned previously, the reason
for using the optimum conditions from the direct aqueous carbonation process instead of the
optimum conditions from direct carbonation with AMD was because the physical properties of
pure water that are required for the energy balance calculation are known and would thus give
a more reliable estimation of the total energy consumed. The energy balance focused mainly

on the power requirement due to the carbonation reaction.
From the general energy balance:
A‘Esystem = Q + W

Where Q for the Ca-H,O-CO; system is the power required for heating (Qpeq:) and W is the

power required for stirring and pressurization Wsystem.

Power for heating

Qheat = Qwater + Qfly ash T QCOZ

Qwater = meAT

Given that the mass of water and fly ash for the S/L of 0.5 g/mL (100 g fly ash: 200 mL water)
was 200 g and 100 g respectively, it follows that:

Owater = (200 ¢)(4.182 ] /g °C)(70 °C) = 58548 ] /s

Qf1y ash = (100 g)(0.9497] /g °C)(70 °C) = 6650 ] /s

The mass of CO; determined from the CO, mass balance was 36.97 g, therefore;
Qco, = (36.97 g)(0.84 /g °C)(70 °C) = 2173.8 J/s

. ] )i J J _0.067M]
 Qnear = 58548 ~+ 6650 ~+ 2173.8 ~ = 67371.84 = ———— = 0.067 MW
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Power for stirring

Energy consumption for stirring at 100 rpm is given by:
W = N,pn3d® where;

W = energy consumption from stirring

N, = power number (dimensionless)

p = density of fluid (kg/m?)

n (rps) = stirring rate per second (s™)

d = diameter of paddle (m)

Calculating the power number N, form Nagata’s equation:

v A (1000 +1.2 Re°'66>P (Z

= —+ —) 035 +%sin91'2
P Re 1000 + 3.2 Re0-66 D

Calculating the Reynold’s number (Re):
Given: n = 100 rpm =1.67 rps and;
Diameter of paddle = 0.035 m

and;

u : Viscosity of fluid

pnd? _ (1000 kg/m3)(1.67 s~1)(0.035 m)?

s Re = —
u 4,04 x 10~% kg/ms

= 5058.73
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2

A—14+b 670 d 0.6) + 185
B D (D )

b = height of paddle = 0.13m

D = diameter of reaction vessel = 0.063 m

d = diameter of paddle = 0.035m

2
cA=14+ ﬁ (670 (&25—06) + 185) = 3985

logB =13 —4(" 052 14(%
095 =% (D ) '<D>

a5 =13 —4(223 _o15) — 1142035 13.98
095 = (0.063 ' ) (0063) '

~B=10"13% =105 x 107

p=1.1+4(b)—25(——05) —7(%)4

“P=11+4 (%) —25 (m - 0.5)2 —7 (ﬁf = —117.57

0.063 0.063

Given Z = height of reactor vessel = 0.147 m and 6 is the paddle gradient:

N = 398.5
P~ 5058.73

1000 + 1.2 (5058.73)°66\ 77 10.147
+(1.05 x 10714

0.13
035+ 50635190012
1000 + 3.2 (5058.73)046 0.063) sin

= 0.079

= (0.079)(1000-2)(1.67 s71)3(0.035 m)* = 1.93 x 1071 MW
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Power for pressurization

P1
P = nRTlog 77

30 bar
40 bar

P = (0.84 mol) (8.314§mol) (343.15 K)log =299.4 é = 0.000299 MW

Total power consumption

ABgystem = 0.067 MW + 1.93 x 1071 MW + 0.000299 MW = 0.068 MW

The energy output determined from the energy balance was 0.068 MW, and the power due to
heating contributed largely to this total energy (MW) consumption, meaning that the power
due to heating contributed largely to the calcium (Ca?®*) extraction for the process. The 0.068
MW consumed after 120 min of direct aqueous carbonation at an applied CO; pressure of 4
Mpa was lower than the total energy consumption of 420 kW h/t of CO, stored for the CO-
treatment from the study conducted by lizuka et al. (2004). This was attributed to the energy
requirement of 89 kW hr/t of CO- stored for CO; separation from flue gas as well as the energy
required for pulverization of 104 kW hr/t of CO, stored, which was not considered in this work

as pure CO; was used with no pre-treatment of the fly ash required.

Power for stirring at 400 rpm

Given that the stirring speed was increased to 400 rpm at the start of indirect aqueous
carbonation experiments, which were part of process optimization, the energy output at 400

rpm was also considered.

-~ Energy consumption for stirring at 400 rpm is given by:
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Firstly calculating the Reynold’s number (Re):

Given: n =400 rpm = 6.68 rps

pnd? _ (1000 kg/m3)(6.68 s~1)(0.035 m)?

~ Re = u 4.04 x 10~* kg/ms
= 20234.92
398.5 1000 + 1.2 (20234.92)°66\ "7 10.147 0.13 12
= 4 (1.05 x 107 _) 035+ 506350900
» = 2023292 T ¢ )<1000 + 3.2 (20234.92)066 0.063 st

= 0.0197

. _ kg - _ -
~ W =(0.0197)(1000 ﬁ)(6.68 s71)3(0.035 m)> = 3.08 x 1071° MW

Total power consumption

o MEgygrem = 0.067 MW + 3.08 x 10710 MW + 0.000299 MW = 0.068 MW

There was an observable increase of 2.89 x 1071° MW in power due to stirring when the
stirring speed was increased from 100 rpm up to 400 rpm, although this had a negligible effect
on the total energy (MW) consumption for the carbonation process. This means that
considering the trade-off between increasing the stirring speed (rpm) and the potential benefit
this increase would have to the carbonation performance, increasing the stirring speed (rpm)
was justifiable, especially considering that the highest carbonation efficiency (CE %) for the
aqueous process at 100 rpm was 29.4 % during direct aqueous carbonation, while this
increased to 35.2 % once a stirring speed of 400 rpm was applied during indirect aqueous

carbonation.
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CHAPTER 7

7.1 Conclusions

Carbon Capture and Storage (CCS) through accelerated MC is among the most practical
methods sought for the effective capture and storage of CO: in efforts to create a decarbonized
society, however, the energy consumption, and in turn, the costs associated with the process
continue to hinder its widespread implementation. Hence, the main focus of this study was the
optimization of several process parameters, which included the temperature (°C), reaction
time (min), particle size (um), the S/L ratio, CO; pressure (Mpa), and the stirring speed (rpm)
and also the use of an alkaline rich industrial waste feedstock in the form of fly ash to improve
the carbonation performance thereby reducing the energy consumption (MW) of the MC

process.

The carbonation performance for this work was measured through the % CaCOs3; formed, the
CE (%) achieved, and also the maximum CO- storage capacity (kg/kg fly ash). Given that the
overall carbonation performance depends on the extraction and dissolution of calcium (Ca*"),
the CO; dissolution in the liquid phase and precipitation to form calcium carbonate (CaCO3),
the dissolution behaviour of calcium (Ca?*), and the leachability of calcium (Ca?*) from the fly
ash used in this study were initially investigated and formed part of a preliminary/baseline
study to determine how effectively calcium (Ca?*) dissolved in water and how much calcium
(Ca®") was leachable from the fly ash. From the preliminary study, it was found that calcium
(Ca?") did not dissolve completely in water when using pure Ca(OH), due to the notable
discrepancy between the theoretical saturation concentration of calcium (Ca®*) of 1 g/L and
the actual calcium (Ca*") that was dissolved. The actual calcium (Ca*") concentration
dissolved for the S/L ratio of 1000 mg/L was 272 mg/L. The leachability of calcium (Ca?*) from

fly ash was then investigated.

The parameters investigated for the calcium (Ca®") extraction study were the temperature (°C),
time (min), and particle size (um). Conditions leading to the highest concentration of calcium
(Ca?*) leached were considered the optimum conditions from the leaching study and were
subsequently used for carbonation experiments. The optimum temperature was found to be
70 °C and the optimum reaction times were 30 min, 90 min, and 120 min due to the lower
concentration obtained after 60 min, which from the Dixon’s Q-Test proved to be an outlier

potentially caused by errors while conducting the experiment.
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Given that coal fly ash is a finer material and also considering the potential additional energy
consumption (MW) due to the sieving process, the trade-off between the maximum calcium
(Ca®") extracted at 125 (um) made it unjustifiable to conduct subsequent experiments (i.e.,
carbonation experiments) using particle sizes of 25 (um), 45 (um), and 125 (um) which

required sieving that would result in an added energy requirement.

Considering that there were other mineral phases in fly ash such as Fe;O3 and MgO that could
possibly contribute to the overall CO; stored in mineral carbonate form, results from leaching
which was before carbonation and after the carbonation process indicated that the % CaCOs3
formed provided the best indication of the amount of CO, stored in mineral carbonate form.
This was based on the higher amount of calcium (Ca*) concentration depleted after the direct
aqueous carbonation and indirect carbonation processes with AMD wastewater, which
indicated that the CO. fixed as CaCO3 gave a better indication of the amount of CO; stored in

mineral carbonate form. This also corroborated the initial assumption made.

Given that the main interest of the present work was to determine the potential of fly ash to
permanently store CO,, the % CaCO; formed was considered the most important carbonation
performance measure as it demonstrated the amount of CO- that could be fixed in the fly ash
in mineral carbonate form or could form precipitated CaCO3; from the recovered leachate. The
% CaCO3 formed was thus considered first. The maximum % CaCO3 of 4.53 % formed through
the direct carbonation route with AMD wastewater was higher than that formed through the
direct aqueous route as a maximum % CaCOs; of 2.43 % was achieved for direct aqueous
carbonation for the same reaction time of 120 min and CO- pressure of 4 Mpa. This was mainly
attributed to the lower S/L ratio used for AMD carbonation experiments, the additional calcium
(Ca?") provided by the AMD wastewater, and the increase in the stirring speed up to 400 rpm
upon process optimization for the AMD carbonation study. The maximum % CaCOs; formed of
4.53 % from direct carbonation with AMD wastewater was comparable with the maximum
amount of % CaCOs formed of 6.5 % from the study conducted by Muriithi (2009) even though
the CaO (wt.%) content in the fly ash used in this study was lower than Secunda fly ash used
by Muriithi (2009). Although Muriithi (2009) made use of brine which also has an additional
concentration of calcium (Ca?*), the higher concentration of calcium (Ca®") in AMD wastewater
explains the comparable amount of % CaCO3 achieved in this study to the one achieved by
Muriithi (2009).
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The calcium (Ca*") extraction step was found to be the rate-limiting step from direct aqueous
carbonation and had a significant role in the % CaCOg3 formed. For direct aqueous carbonation,
there were similar amounts of % CaCOs3 formed after 30 min, 90 min, and 120 min due to most
calcium (Ca?*) being extracted in 30 min, whereas in the case of direct carbonation with AMD,
the % CaCOs; increased over time (min) in some cases due to more effective extraction of
calcium (Ca?*) and in turn, the higher calcium (Ca?*) concentration obtained over time (min).
The highest % CaCOs; formed for direct carbonation utilizing AMD wastewater of 4.53 % for
120 min at 4 Mpa compared to the 2.43 % achieved for direct aqueous carbonation was
therefore due to the effective calcium (Ca?*) extraction including the additional calcium (Ca*")

concentration of 362.5 ppm found in the AMD wastewater.

Parameters such as the S/L ratio and stirring speed had a significant effect on the calcium
(Ca®") extraction and hence the % CaCO; formed. The higher % CaCOs formed in this work
for direct carbonation with AMD can be attributed to the lower S/L ratio used which improved
the solubility of calcium (Ca®") and as mentioned previously, the higher stirring rate of 400 rpm
compared to the 100 rpm used for direct aqueous carbonation which improved the diffusion of
metal ions from the fly ash into solution thus increasing the concentration of calcium (Ca*") in
solution. There was a minuscule amount of CaCOs recovered from the indirect carbonation
route to measure the % CaCOs; formed and this was possibly due to the small volume of the
leachate used due to the small volume of the autoclave reactor used (i.e., 600 mL) in this
study. Also, the conditions were possibly not effective enough to form a considerable amount

of the desired polymorph of CaCO3 which in this case is calcite.

Apart from the % CaCOs formed, which gave the best indication of the amount of CO. actually
stored permanently from the process, the CE (%) which gave a measure of the CO, consumed
due to the reaction with calcium (Ca?*) was still measured. The highest CE (%) achieved in
this study was 63 % and was achieved for direct carbonation with AMD wastewater. This was
comparable to the CE (%) of 67.3 achieved by Dananjayan et al. (2016) despite their fly ash
having a slightly higher CaO (wt. %) compared to the CaO (%) content from the fly ash used
in this study, which showed the benefit of the additional calcium (Ca**) provided by AMD
wastewater. The highest CE (%) of 63 % achieved from direct carbonation with AMD was then
followed by the second highest CE (%) of 53.9 % achieved through indirect carbonation with
AMD wastewater for the same reaction time of 120 min and CO; pressure of 4 Mpa. The
higher CE (%) through the direct route was possibly due to the continued extraction of calcium

(Ca?") from the fly ash during the direct carbonation reaction.
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There were lower carbonation efficiencies CE (%) reported when water was used as a solvent
compared to when the AMD wastewater was utilized. The carbonation efficiency CE (%) from
direct aqueous carbonation was 29.4 %, while the CE (%) achieved from the indirect aqueous
route was 35.2 % for the same reaction time of 120 min and CO- pressure of 4 Mpa. Again,
this can be attributed to the additional calcium (Ca®") concentration of 362.5 ppm provided by
the AMD wastewater, the lower S/L ratio of 0.2 g/mL employed for experiments involving AMD

wastewater as the solvent, as well as the higher stirring speed (rpm) of 400 rpm.

The higher CE (%) achieved from the indirect aqueous route compared to the CE (%) achieved
from the direct aqueous route was due to the higher stirring speed of 400 rpm used for indirect
aqueous carbonation which improved the calcium (Ca?*) extraction. Considering the higher
CE (%) achieved for the indirect aqueous carbonation route, the increase in the stirring speed
from 100 rpm to 400 rpm for indirect aqueous carbonation experiments was justifiable because
the total energy (MW) consumed due to the increase in the stirring speed did not significantly
affect the total energy output (MW) as only 3.08 x 10719 MW at 400 rpm was due to increase
in stirring at 400 rpm. The maximum CO- storage capacity was also measured and it gave an
indication of the maximum CO; storage potential of the fly ash per 1 kg of fly ash used. The
maximum CO; storage potential of 0.026 kg/kg fly ash achieved in this study was the same as
the CO- storage potential of 0.026 kg/kg fly ash achieved by Montes-Hernandez et al. (2009)

due to the similar CaO (wt. %) content in the fly ash.

From material balance considerations, there was a considerable amount of undissolved CO,
in the liquid phase because from the total mass of CO; introduced into the reaction system
(i.e., X COy(iny) Of 36.97 g, it was found that the total mass of undissolved CO: (i.e., X CO5out))
was 22.89 g which meant that the fraction of undissolved CO, was high and was 0.62. The
total mass of dissolved CO; was lower and was 14.08 g with only 2.08 g stored as CaCOz3 in
total. To improve CO, dissolution, a feedstock of higher calcium (Ca®") content could be used.
The energy balance indicated that a total of 0.068 MW was consumed from the process and
a high amount of the energy from the total energy output was due to the power for heating.
The energy consumed of 0.068 MW was relatively lower compared to the total energy output
of 420 kW hr/ t CO, found by lizuka et al. (2004) and was mostly due to the non-pre-treatment

(i.e., crushing, grinding, sieving, etc) of the fly ash.
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Overall, considering the lower CaO (wt.%) in the fly ash used in this study, the CO; storage
process using Durapozz fly ash was effective because the highest % CaCOs achieved was
4.53 %, the highest CE (%) achieved was 63 % and the maximum CO- storage obtained was
0.026 kg/kg fly ash, which was all comparable with other studies. This was mostly due to the
additional calcium (Ca?*) concentration from the AMD wastewater and given that the amount
of calcium (Ca?*) available in solution had a significant effect on the carbonation performance,
the sequestration potential of Durapozz fly ash was improved by using AMD wastewater as
the reaction solvent. However, considering that a higher reaction time (min) and CO- pressure
(Mpa) were required to achieve optimum results, the overall efficiency of the process remains
questionable and perhaps can be further improved by using calcium (Ca?*) extraction agents

or fly ash material with higher CaO (wt. %) content.

The initial CO, pressure (Mpa) was also seen to influence the rate of the carbonation process.
However, although an increase in pressure improved the rate of carbonation and hence the
CE (%) due to higher CO, consumption, increasing the pressure (Mpa) did not favour the
precipitation to form CaCOs as the highest % CaCOs; of 4.53 % achieved at 4 Mpa was
considerably similar to the % CaCOs of 4.37 % achieved at 3 Mpa, which suggests that the
increase in pressure possibly decreased the rate of CaCO; formation due to the increase in
the solubility of calcium (Ca?*). This, therefore, implies that a slightly lower pressure of 3 Mpa
was more suitable for the carbonation reaction because a pressure of 3 Mpa was high enough
to ensure an effective rate of carbonation, but was not too high to hinder the precipitation of
CaCO:s. Also, when considering the additional energy due to pressurization, a slightly lower

pressure of 3 Mpa can be considered the optimum operating pressure for the process.

The process was also quite successful in the neutralization and treatment of AMD wastewater
as effective neutralization of the AMD wastewater was achieved after 120 min of carbonation
for CO; pressure of 4 Mpa for both direct and indirect carbonation with AMD wastewater. A
pH of 7.1 was achieved under these conditions which was close to a neutral pH of 7. The
percentage (%) removal of most elements was close to 100 % which suggested that most of

the concentrations after treatment met the target water quality range (TWQR).
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7.2 Recommendations and Implications

Given that calcium (Ca®") was mostly responsible for the storage of CO, in mineral carbonate
form and that its extraction and dissolution had a significant effect on the overall carbonation
performance of the process investigated, materials with a higher CaO (wt.%) content should
be considered more for the CO, storage process, as this can result in better overall
carbonation performance. The use of materials with higher CaO (wt. %) content could also be
beneficial towards improving the dissolution of CO; in the liquid phase, as there was a high
amount of undissolved CO; found in this process. However, when considering the abundance,
low pre-treatment costs, etc., the use of fly ash as a feedstock for this process is still
worthwhile. The use of coal fly ash (CFA) for the CO, storage process would also minimize
the environmental hazard caused by stockpiled coal fly ash. Considering the significance of
the calcium (Ca?*) extraction step for the current process, the use of effective metal-extracting
reagents such as recyclable ammonium salts (i.e., CH3COONHy,) can be considered in future
studies. However, there is an additional process cost coupled with recovery issues associated
with extraction agents. The dissolution behaviour of calcium (Ca®") in water can be better

understood by using salts that are more soluble than Ca(OH)..

The use of CO; pressure that is not too low to achieve an effective rate of carbonation but not
too high to hinder the precipitation process to form precipitated CaCOs; would be more
recommended for the CO, storage process through MC when also considering the potential
additional energy due to pressurization, even though a slightly higher% CaCOs and
significantly higher CE (%) could be achieved at the highest pressure (Mpa). Using lower
temperatures (°C) is recommendable for the process and could also be beneficial as a high
amount of the energy consumed from this process was due to the power from heating. In
addition, lower temperatures (°C) have been known to favour the precipitation that forms

CaCOs3 more than higher temperatures.
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The use of AMD wastewater as a reaction solvent for the process of CO; storage should be
investigated more, given the higher carbonation performance achieved compared to when
pure water is used. Also, given that South Africa has experienced problems with water
shortages, the use of alternative reaction mediums such as AMD for such a process is
recommendable in order to prevent such shortages. However, considering that the CaCOs
produced from this process has a potential market value that can help offset the energy output
and costs associated with the mineral carbonation process, the use of AMD wastewater as a
solvent can be disadvantageous because the toxic metals that are removed from the
wastewater through precipitation into metal hydroxides could potentially result in a CaCOs3
product of lesser purity that does not meet the purity standards for industries that have the
potential to use the CaCOs3 product from this process. Given the proven benefit and advantage
of using AMD wastewater for the carbonation performance of this process, using indirect
carbonation when using AMD wastewater as the solvent would be more recommendable, as
the wastewater would first be neutralized and treated in the initial stage which is the calcium
(Ca?") extraction step, with the leachate then carbonated, which could result in a purer CaCOs
product. Future work should, therefore, consider the use of indirect carbonation for CO-
storage through MC and focus closely on strategies to minimize the energy consumption for
this process route. Reactors of bigger volumes such as a jet loop system should be
considered, when investigating the indirect carbonation process route to recover enough

precipitated CaCOs; for measuring the percentage CaCO3 formed.

CO2 emitting industries such as the cement industry could benefit from this process, and it is
thus recommendable that the CaCOs product from MC processes is used in industries such
as the cement industry. Apart from the benefit of the CO, capture that this process would offer
in such industries, the reuse of the CaCQ; from this process in such industries would ensure
that the cement industry saves on the cost of mining limestone for their cement production
process. However, it is also important to consider that the process of reusing CaCOs in the
cement industry could present the potential issue of releasing CO, back into the atmosphere
as CaCOs would require heating to retrieve the active ingredient for cement production, which
is limestone. This would prove counterproductive for the process of CO, storage, as CO-
would be reemitted. Although the aim of this study was to demonstrate the CO, storage
potential of fly ash, future studies should also focus on the emission of CO; from the process
in order to have a holistic evaluation of the efficiency of the CO, storage process. This is
because if the amount of CO, stored is not significantly higher than the CO. emitted, then the
entire storage process would prove ineffective. Future work should also consider the use of
synthesised flue gas instead of pure CO: to carry out the process under more realistic

conditions.
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Policies should be developed towards enforcing the implementation of CCS in parallel with
other capture and storage methods, such as geological storage. This will be more practical
and effective in ensuring a larger capacity of CO, capture and storage on a global scale. This
will also work well towards creating a decarbonised society and will also ensure small- and
large-scale emitters save on the considerably high amounts paid towards carbon tax while

gaining green credibility in the process.

However, future work must consider the economic feasibility of retrofitting CCS facilities into
CO- emission sources and the possibility of re-emitting CO-, while for large scale emitters, the
environmental issues surrounding geological storage need to be addressed. Furthermore, to
create an even more decarbonised society to meet the net zero CO, global emission target by
2050, less reliance should be placed on non-renewable energy sources such as coal, natural
gas, etc. Policies should be in place to ensure the phasing in and integration of renewable
energy sources such as solar energy to ensure that there is an energy mix and hence less
reliance on non-renewable energy sources, which, in turn, would reduce net global CO-
emissions. Finally, the widespread implementation of this process on a larger scale should be
considered, as it will advance the effort towards the implementation of a circular economy in
South Africa.
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Appendix A

Sample Calculations:

1. Elemental compositions from XRF without LOI

Sum without LOI = Sum of elemental compositions for all elements present in sample (%) — LOI (%)

o ] Composition of element with LOI (%)
Elemental composition (without LOI) = Sum without LOI (%) x 100
0

CaO (wt. %) in raw fly ash

Sum without LOI = 97.23 % — 0.73 %

=96.5%

392%
96.50 %

Elemental composition (without LOI) = x 100 = 4.06 wt. %

2. Theoretical maximum CO- storage capacity

CO, (%) = 0.785 X (% Ca0 — 0.7 % SO3) + 1.09 % Na,0 + 0.93 % K,0
€0, (%) = 0.785 x (4.06 — 0.7(0)) + 1.09(0.38) + 0.93( 0.64) = 4.2 %

~ 0.042 tommes of CO, is sequestrated/ tonne of fly ash
2. Dixon’s Q-Test

Considering the following data set from preliminary experiments for the effect of time (min)

on leachability of calcium (Ca*"):

293.4 ppm, 375.1 ppm, 378.3 ppm, 399.8 ppm

The Dixon’s Q-Test was used to determine whether there was an outlier in the data set. The

null and alternative hypothesis were as follows:

Ho There are no outliers present in the data set

H: There is one outlier present (i.e., the lowest value 293.4 ppm)
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The test statistic for the procedure was given by:

Gap

QTS

- Range

Gap = Difference between the outlier and the next value

~ Gap = 375.1 — 2934 =81.7

Range = Difference between the maximum and minimum value
~ Range = 399.8 — 293.4 = 106.4

_ 817 0768
Qrs = 106.4

From Table C1 (see Appendix C), the critical value (Q.y) at 90 % confidence level for n = 4

is 0.765. The 90 % confidence level was chosen because of the small data set.

If the test statistic is greater than the critical value Qs > Q. we reject the null hypothesis.

Otherwise, we fail to reject the null hypothesis.

Given that Q5 > Q¢y (i.e., 0.768 > 0.765), we reject the null hypothesis therefore there was

enough evidence to suggest that there was an outlier in the data set which was 293.4 ppm.
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3. Maximum CO- storage capacity

Given that the highest CE (%) achieved in the study was 63 %, it follows that the maximum

CO, storage capacity (kg/ fly ash) of the fly ash used was given by:

Maximum CO, storage capacity = 63 % X 0.042
= 0.026 tonnes of CO, [/ tonne of fly ash of fly ash
4. % CaCOs; formed for direct aqueous carbonation

To determine the % CaCOs formed, correction factors were calculated for each reading and

subsequently used to determine the % CaCOs3 formed:

_ WxT
f‘1.22><v

W = 0.10 g of pure CaCO;3

T = 29295K
V = €0, evolved after 1 min (R,) for pure CaCO5 + CO, evolved after 20 min (R,,) for pure CaCO;
= 39+71mL

= 11mL

_(0.10)(292.95)
— (1.22)(11D)

= 2.18

The correction factor was used to calculate the % CaCOs (based on 1.7 g of fly ash samples).
Given that F = CR; — (0.04) (CR,, — CR; ) and % CaCO; = 0.232F

Where;

CR, = R, (reading after 1 min) X f

CR,o = Ry, (reading after 20 min) X f

179



The % CaCOs formed using the optimum conditions of 120 min at the initial CO- pressure of
4 Mpa for direct aqueous carbonation:

R;(reading for volumetric CO, evolved after 1 min) = 4.8

R, (reading for volumetric CO, evolved after 20 min) = 4.7

~ CRy =48 x 2.18

=10.48

CR,y = 4.7 x 2.18
=10.26
~ F =10.48 — (0.04) (10.26 — 10.48)
=10.49
% % CaC0; = (0.232) (10.49)
=243 %
The same method was used to calculate % CaCOs for direct carbonation with AMD
wastewater.
5. Carbonation Efficiency (CE %) for direct aqueous carbonation

The CE (%) calculation in this study was adopted from the study conducted by Muriithi (2009).

The pressure drop due to CaCOs formation (i.e., Pcgrponation_pressure arop) Which gave an

indication of the amount of CO stored in mineral form was used to determine the number of

moles of CO; (n¢p,) consumed due to CO2 mineralization and was assumed to be dependent

on the initial and final CO, pressure (Mpa).

Therefore;

nco,Mco,

Given that CE% = x 100

and;

_ Pcarbonation_pressure dropV

Nco, = RT
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Using optimum conditions of 120 min at the initial CO. pressure of 4 Mpa (converted to bar for

the purpose of the CE (%) calculations) for direct aqueous carbonation:
Initial pressure (bar) = 40 bar
Final pressure (bar) = 24.8 bar

" Pearbonation_pressure arop = Final pressure (bar) — initial prssure (bar)

Pcarbonation_pressure drop ~— 40 bar — 24.8 bar

= 15.2 bar

In this study, the reaction system used was similar to the reaction system utilized by Muriithi
et al. (2009). Given that the reactor steel jacket and the teflon liner were not a tight fit, the

volume of gaseous CO- for this work was also given as:

Volume of the steel jacket - volume of the teflon liner - the volume occupied by the solid and liquid mixture

in the teflon liner

e Volume of the steel jacket = mr*h

Given that the height of the steel jacket is given as:
Hgteer jacket = 14.7 cm;

with the steel jacket internal diameter given as:

d(i)steeljacket = 6.3 cm,;

The radius (r) therefore becomes:

Tsteel jacket = E X d(i)steel jacket)

Tsteel jacket = 5 X 6.3cm

=3.15cm

181



- Volume of the steel jacket = m(3.1 cm)?(16.38 cm)

= 458.24 cm3
o Volume of the teflon liner

The volume of the teflon liner was calculated by a displacement experiment where the volume

displaced by the teflon liner in water was taken to be its volume:
Volume of the teflon liner = 160 cm3

o Volume occupied by the solid and liquid mixture in the teflon liner

Volume occupied by the solid and liquid mixture = nr2h

Given that the height of the solid and liquid mixture was:
Hsotia liquid mixture = 11.75cm;

with the teflon liner internal diameter given as:

dtefion = 5.3 cm;

The radius (r) therefore becomes:

Tteflon = E X dteflon

Tteflon = 5 X 5.3 cm

= 2.65cm

. Volume of solid and liquid mixture = m(2.65 cm)?(11.75 cm)

= 259.22 cm?
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&~ V = 458.24 cm3 — 160 cm3 — 259.22 cm?3
=39.02 cm3

=0.04L

S (15.2 bar)(0.04 L)
€02 ™ (0.08314472 L bar/K mol) (343.15 K)

= 0.0213 mol

=~ From CE (%) = ni‘;z& x 100

(W _)MCOZ
MCaO

M¢o, = 44.01 g/mol (molecular weight of CO2) and;
Weao (Wt %) = 4.06 % (CaO (wt. %) content in fly ash) and;
Mcqo = 56.007 g/mol (molecular weight of calcium (Ca*"))
The carbonation efficiency then CE (%) becomes:

(0.0213 mol)(44.01-2-)

CEY% = : mol_ % 100
(56.0047(;/mol) (44.01 %)

=294%
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6. Carbonation Efficiency (CE %) for direct carbonation with AMD wastewater

Given that a lower S/L ratio of 0.2 g/mL was used for experiments with AMD wastewater, the
height of the solid and liquid mixture was different and therefore the volume occupied by the
solid and liquid mixture was also different. Therefore, the calculation for CE (%) in this case

was given as:

Using the optimum conditions of 120 min at the initial CO- pressure of 4 Mpa (converted to

bar for the purpose of the CE (%) calculations) for direct carbonation with AMD wastewater:
Initial pressure (bar) = 40 bar
Final pressure (bar) = 18.6 bar

" Pearbonation_pressure arop = Final pressure (bar) — initial prssure (bar)

Pcarbonation_pressure drop — 40 bar — 21.4 bar

= 18.6 bar

And;

Volume of the steel jacket - volume of the teflon liner - the volume occupied by the solid and liquid mixture

in the teflon liner
e Volume of the steel jacket = mr*h

Given that the height of the steel jacket is given as:
Hgteer jacket = 14.7 cm;

with the steel jacket internal diameter given as:
d(i)steeljacket = 6.3 cm,;

The radius (r) therefore becomes:

Tsteel jacket = E X d(i)steel jacket)
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Tsteel jacket = E X 6.3cm

=3.15cm
- Volume of the steel jacket = m(3.1 cm)?(16.38 cm)

= 458.24 cm3
o Volume of the teflon liner

The volume of the teflon liner was calculated by a displacement experiment where the volume

displaced by the teflon liner in water was taken to be its volume:
Volume of the teflon liner = 160 cm3

o Volume occupied by the solid and liquid mixture in the teflon liner

Volume occupied by the solid and liquid mixture = nr2h
Given that the height of the solid and liquid mixture was:

Hsolid,liquid mixture — 10.5 cm;

with the teflon liner internal diameter given as:
dtefion = 5.3 cm;

The radius (r) therefore becomes:

Tteflon = E X dteflon

Tteflon = 5 X 5.3 cm

= 2.65cm

- Volume of solid and liquid mixture = m(2.65 cm)?(10.5 cm) = 231.7 cm?
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~ V = 45824 cm3® — 160 cm3 — 231.7 cm?®
= 66.54 cm?
=0.07L

(18.6 bar)(0.07 L)
(0.08314472 L bar/K mol) (343.15 K)

< Nco, =

= 0.0456 mol

- From CE (%) = —02tlc0z_ » 100

WCao)
Mco
(M Cao 2

Given;

M¢o, = 44.01 g/mol (molecular weight of CO2) and;
Weao (Wt. %) = 4.06 % (CaO (wt. %) content in fly ash) and;
Mcqo = 56.007 g/mol (molecular weight of calcium (Ca*"))
The carbonation efficiency then CE (%) becomes:

0.0456 mol)(44.01-5-
CEYy = 250moDEX050D o 100

___ 406 9
(56.007 g/mol) (44.01 mol)

=63%
The same method was used to determine the CE (%) for indirect aqueous carbonation and
indirect carbonation with AMD wastewater using a height of 10.4 cm for the leachate which

meant that the height when calculating the volume of the solution was 10.4 cm.

7. % Removal of metal ions from AMD treatment

conc.of ionic species inraw AMD—conc.of species after reaction time (hr)

Fe?* % removal = ( ) x 100

concentration of ionic species in raw AMD

_ 1899-(-0.5480) 100
1899

= 100 %
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Raw Data:

Table B 1: Baseline experiment: Dissolution of calcium (Ca?*) from Ca(OH).

Appendix B

Theoretical Ca®* | Actual Ca?* Averaged Ca®* | Mass of Mass of Mass of
concertation concentration concentration Ca(OH), Ca(OH) from | undissolved
(mg/L) from ICP-OES | from ICP-OES weighed | ICP-OES Ca(OH)2 (9)
results (ppm) results (ppm) (9) results (g)
200 168.5 169 0.37 0.31 0.06
170.7 0.37 0.32 0.05
166.7 0.37 0.31 0.06
400 233.4 226 0.73 0.43 0.30
226.8 0.73 0.42 0.32
219.2 0.73 0.41 0.33
600 256.6 254 1.1 0.47 0.63
253.5 1.1 0.47 0.64
250.7 1.1 0.46 0.65
800 272.8 269 1.48 0.50 0.98
268.5 1.48 0.50 0.98
266.6 1.48 0.49 0.98
1000 273.7 272 1.85 0.50 1.34
271.0 1.85 0.50 1.35
270.3 1.85 0.50 1.35
1200 2751 275 22 0.50 1.71
277.2 2.2 0.51 1.71
272.5 2.2 0.50 1.71
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Baseline Experiments: Effect of temperature (°C)

Table B 2: ICP-OES Raw Data (Dup: Duplicate)

ppm 30°C 30°C 50 °C 50°C 70°C 70°C 90 °C 90°C 110°C 110°C
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 118.9 201.5 253.1 226.3 301.7 285.1 43.12 288 6.05 294.5
Al 7.07 4,00 3.93 4.02 1.85 0.71 0.06 15.67 6,04 1.15
Si 7.15 2.82 2.08 3.17 3.12 1.70 0.58 0.42 0,16 1.06
Mg 2.07 0.14 0.01 0.07 0.01 0.32 0.02 0.92 0,19 0.20
Na 2.04 10.84 9.28 14.27 11.43 16.22 2.33 19.67 0,08 20.57
Pb 0,01 0.14 -0.02 0.00 -0.03 0.00 -0.03 0.00 0,09 0.07
Cu 297 0.00 0.00 0.01 -0.00 0.01 0.02 0.02 -0,02 0.01
As 6.42 -0.06 -0.02 0.46 -0.02 -0.74 0.00 -0.8 -6,32 -0.02
Zn 0.02 -0.14 -0.01 0.07 -0.01 -0.16 0.03 -0.10 9,97 -0.15
Mo -0.00 -0.12 0.34 0.21 0.51 -0.32 0.11 -0.39 0,02 0.27
Co -0.00 -0.29 -0.00 0.35 -0.00 -0.28 0.02 -0.21 0,00 -0.26
Cr 0.00 0.12 0.92 0.82 1.36 1.26 0.26 0.20 0,00 0.00
Ni -0.01 -0.29 0.00 0.01 0.00 0.00 0.03 0.01 0,00 0.00
Ta 0.25 3.25 6.32 5.23 3.68 2.88 -0.63 0.00 -0,01 0.00
Se -0.01 -0.07 0.09 0.08 0.10 0.09 0.00 0.00 0,10 0.00
P 0.65 -0.09 -0.01 0.00 -0.01 0.00 0.00 0.00 -0,01 0.00
Cd -0,01 0.21 0.00 0.01 0.01 0.00 0.06 0.04 0,21 0.10
Be 0,15 4.00 0,00 0.02 0.00 0.00 0.03 0.00 -0,01 0.00
Mn -0,01 -0.07 0.00 0.06 -0.00 -0.15 0.03 -0.06 0,37 -0.07
Ti -0.00 -0.09 -0.00 0.00 -0.00 -0.09 0.03 -0.09 0,05 -0.05
Sr -0.00 5.15 3.61 3.00 5.57 8.93 0.03 8.08 0,03 10.12
Fe 1.10 0.12 -0.00 0.00 -0.00 -0.08 1.09 0.09 -0,01 0.28

188




Table B 3: XRF Raw Data

% Raw FA 30°C 30°C 50°C 50 °C 70°C 70°C 90°C 90 °C 110 °C 110 °C
(Run) | (Dup) | (Run) | (Dup) (Run) | (Dup) | (Run) (Dup) (Run) (Dup)
Fe203 3.01 3.00 3.01 3.01 2.96 2.98 3.00 3.05 3.05 3.01 2.98
MnO 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Cr203 0.04 0.04 0.05 0.05 0.05 0.05 0.06 0.04 0.05 0.05 0.05
V205 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.06 0.04 0.05 0.05
TiO2 1.69 1.71 1.73 1.71 1.65 1.70 1.70 1.70 1.71 1.67 1.70
CaOo 3.92 3.83 3.84 3.77 3.76 3.82 3.77 3.81 3.76 3.74 3.75
K20 0.62 0.63 0.63 0.59 0.60 0.63 0.60 0.62 0.60 0.60 0.58
P20s 0.45 0.43 0.45 0.43 0.43 0.44 0.43 0.42 0.43 0.44 0.44
SiO2 52.46 52.74 52.78 52.55 52,65 52,72 53.10 53.30 52.97 52.36 52.55
Al2O3 32.99 33.52 33.38 33.46 33.87 33.64 33.91 33.91 33.50 33.16 32.99
MgO 0.87 0.90 0.81 0.82 0.91 0.95 0.91 0.97 0.94 0.94 0.93
Naz0 0.37 0.23 0.37 0.19 0.64 0.56 0.19 0.40 0.35 0.36 0.37
LOI 0.73 0.42 0.88 0.49 0.96 0.25 0.91 0.26 0.89 0.21 0.80
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Baseline Experiments: Effect of time (min)

Table B 4: ICP-OES Raw Data (Brackets: negative concentration; ND: not detectable)

ppm 30 min 30 min 60 min 60 min 90 min 90 min 120 min 120 min
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 384.4 372.2 301.68 285.05 374.6 369.6 396.7 403
Al 10.5 11.6 1.85 0.71 4.2 4.1 2.1 24
Mg 1.9 1.7 0.01 0.32 0.1 0.1 0.1 0.1
Na 16.2 15.3 11.43 16.32 19.4 18.8 12.6 131
Pb 0.1 0.1 (0.03) 0.01 ND ND ND ND
Cu ND ND (0.00) 0.01 ND ND ND ND
As ND ND (0.02) (0.74) ND ND ND ND
Zn ND ND (0.01) (0.16) ND ND ND ND
Mo ND ND (0.51) (0.32) ND ND ND ND
Co ND ND (0.00) (0.28) ND ND ND ND
Cr 5.7 55 1.36 1.35 2.1 2.1 29 3.0
Ni ND ND 0.00 0.00 ND ND ND ND
P 0.6 0.7 (0.01) 0.00 ND ND ND ND
Cd ND ND 0.00 0.00 ND ND ND ND
Be ND ND (0.00) 0.00 ND ND ND ND
Mn ND ND (0.00) (0.15) ND ND ND ND
Ti 0.6 0.6 (0.00) (0.09) ND ND ND ND
Sr 124 12.0 5.57 8.93 8.4 8.1 8.7 8.9
Fe 1.3 1.8 (0.00) (0.08) ND 0.00 0.1 0.1
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Table B 5: XRF Raw Data

% 30 min 30 min 90 min 90 min 120 min 120 min
(Run) (Dup) (Run) (Dup) (Run) (Dup)
Fe203 2.91 2.95 2.93 2.90 2.94 2.89
MnO 0.03 0.03 0.02 0.03 0.03 0.03
Cr203 0.04 0.05 0.04 0.05 0.04 0.05
V205 0.05 0.06 0.04 0.05 0.07 0.04
TiO2 1.66 1.68 1.66 1.65 1.68 1.67
CaO 3.80 3.82 3.82 3.76 3.76 3.78
K20 0.63 0.66 0.61 0.62 0.63 0.62
P20s 0.47 0.43 0.43 0.44 0.42 0.41
SiO: 53.23 53.35 53.27 53.12 53.10 53.32
Al:03 33.39 33.55 33.40 33.13 33.52 33.40
MgO 0.96 0.90 0.91 1.00 0.93 0.77
Na20 0.23 0.10 0.40 0.35 0.48 <0.01
LOI 1.04 1.01 1.13 1.13 0.95 0.96
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Direct aqueous carbonation: Effect of pressure (Mpa) over time (min)

Table B 6: ICP-OES Raw Data

ppm 30min | 30min | 30min | 30min | 30min | 30min | 30 min | 30 min 90 min 90 min 90 min 90 min 90 min 90 min 90 min 90 min 120min 120min 120min 120min 120min 120min 120min 120min
1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa 1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa 1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa
(Run) | (Dup) | (Run) | (Dup) | (Run) | (Dup) | (Run) | (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 123.6 119.0 155.8 145.0 201.2 195.0 211.9 208.3 140.0 142.6 1741 178.1 198.2 202.0 220.2 224.0 188.2 192.0 215.2 229.0 279.0 281.2 320.0 300.2
Al (0.05) 0.06 (0.01) 0.02 (0.03) (0.05) (0.02) (0.04) (0.05) (0.04) (0.04) (0.03) (0.04) (0.04) (0.06) (0.05) 0,02 0.01 0.03 0.03 (0.001) | (0.002) 0.08 0.05
Si 13.86 13.45 24.33 24.45 11.64 13.34 19.38 18.47 18.24 17.02 12.23 11.08 12.89 12.89 15.40 13.97 13.51 12.47 21.10 21.10 12.31 12.06 21.50 18.19
Mg 11.23 9.14 14.71 16.11 7.48 11.38 13.71 17.84 15.32 15.39 10.81 11.65 13.60 13.60 12.63 9.35 0.001 0.001 0.0014 0.0014 0.03 0.03 0.05 0.05
Na 1.19 1.15 3.45 0.24 (0.03) 217 0.84 (2.77) (0.68) (1.88) 0.28 0.79 (0.36) (0.36) 2.76 2.52 1.13 (2.53) 2.79 2.79 2.31 1.82 1.80 4.24
K 10.94 9.70 15.05 15.62 11.25 9.50 10.91 15.38 12.34 13.29 13.15 14.70 13.58 13.58 11.56 10.26 14.09 17.11 14.32 14.32 12.07 14.07 12.85 16.45
Pb 0.00 0.00 0.01 0.04 0.01 0.04 0.03 0.00 (0.01) 0.02 (0.01) 0.01 0.01 0.01 0.01 0.00 0.01 0.03 0.01 0.01 0.01 0.00 (0.01) 0.03
Cu 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
As 0.23 0.23 0.32 0.32 0.19 0.22 0.34 0.28 0.30 0.28 0.08 0.08 0.10 0.10 0.07 0.06 0.13 0.11 0.30 0.30 0.80 0.03 0.30 0.22
Zn (0.01) 0.01 (0.01) (0.01) (0.01) (0.01) 0.07 (0.00) (0.01) (0.01) 0.01 0.20 (0.01) (0.01) (0.01) 0.01 0.01 (0.01) 0.08 0.08 0.00 0.00 (0.01) (0.01)
Mo 0.38 0.31 0.50 0.51 0.25 0.39 0.39 0.39 0.44 0.40 0.37 0.35 0.45 0.45 0.53 0.46 0.39 0.34 0.55 0.55 0.24 0.81 0.47 0.41
Co 0.00 0.00 (0.00) 0.00 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) 0.00 (0.00) 0.00 0.00 0.03 0.00 0.00 0.00
Cr 1.20 0.98 1.47 1.46 0.75 1.26 1.15 1.18 1.27 1.17 0.95 0.89 1.19 1.19 1.44 1.19 1.03 0.91 1.63 1.63 1.05 0.24 1.09 0.93
Ni 0.01 0.01 0.02 0.03 0.01 0.02 0.01 0.03 0.03 0.04 0.01 0.02 0.03 0.03 0.01 0.01 0.03 0.03 0.01 0.01 0.05 0.03 0.04 0.06
Ta 0.70 0,63 1.03 0.67 1.07 1.05 0.93 0.63 0.80 0.54 0.54 0.38 0.55 0.55 1.05 1.05 0.13 0.20 1.55 1.55 0.44 0.80 0.87 0.47
Se 0.29 0,26 0.26 0.41 0.19 0.28 0.20 0.46 0.44 0.51 0.23 0.34 0.37 0.37 0.26 0.22 0.38 0.39 0.37 0.37 (0.00) 0.05 0.28 0.41
P (0.04) 0.04 1.39 1.24 0.77 1.04 1.06 0.81 0.96 0.86 (0.05) 0.08 0.20 0.20 (0.01) (0.01) 0.41 0.29 2.09 2.09 1.99 0.40 1.68 1.21
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 (0.00) 0.00 (0.00) 0.00 0.00 0.00 0.00 0.00 (0.00)
Li 1.16 0.94 1.56 1.71 0.80 1.10 1.32 1.63 1.60 1.63 1.47 1.55 1,57 1,57 1.53 1.38 1.82 1.75 1.69 1.69 1.99 2.09 1.73 1.83
Be 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (0.00) 0,00 0.06 0.06 0.04 0.06 0.04 0.04 0.04 0.04 0.01 0.02 0.02 0.02 0.00 (0.00) 0.05 0.04 0.06 0.06 0.06 0.06 0.05 0.05
Ti (0.00) 0,00 0.00 (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0,00) 0,00 (0.00) (0.00) (0.00) 0.00 0.00 0.00 0.00
Sr 1.97 1.66 3.20 3.44 1.38 242 2.07 2.55 2.55 2.56 1.98 2.10 2.49 2.49 219 1.74 2.43 212 2.29 2.29 2.66 2.68 2.62 2.56
Fe (0.02) 0,02 (0.00) (0.02) (0.02) (0.02) (0.02) (0.02) (0.02) (0.02) (0.02) (0.02) (0.01) (0.01) (0.02) (0.02) (0.0187) | (0.0147) | (0.0120) | (0.0126) | (0.002) | (0.016) | (0.0021) | (0.0081)
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Table B 7: XRF Raw Data

% “vipa Upa | awps | 2wpa Svipa e T e
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Fe20s3 3.02 3.02 3.02 3.00 3.03 2.99 3.04 3.04
MnO 0.06 0.03 0.04 0.04 0.03 0.03 0.03 0.03
Cr203 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
TiO2 1.64 1.64 1.63 1.62 1.64 1.63 1.63 1.63
Ca0 3.76 3.75 3.72 3.71 3.71 3.71 3.73 3.74
K20 0.72 0.61 0.68 0.66 0.61 0.68 0.61 0.66
P20s 0.43 0.42 0.42 0.42 0.43 0.43 0.43 0.42
SiOz 53.44 53.55 53.40 53.29 53.55 53.30 53.50 53.29
Al203 34.55 34.65 34.40 34.47 34.54 34.28 34.50 34.56
MgO 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89
Na20 0.32 0.33 0.31 0.32 0.33 0.34 0.31 0.37
LOI 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31
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Indirect aqueous carbonation: Effect of time (min) on leaching

Table B 8: ICP-OES Raw Data

ppm 30 min 30 min 60 min 60 min 90 min 90 min 120 min 120 min
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 340 314.71 370.2 383.1 380.2 393.14 420.23 42423
Al 0.63 0.60 0.68 0.65 5.85 5.80 13.86 13.81
Si 1.06 1.00 0.94 0.90 0.78 0.70 0.85 0.80
Mg 0.02 0.00 0.02 0.00 0.18 0.10 0.25 0.20
Na 28.51 26.97 30.29 30.01 25.41 25.01 36.82 36.77
Pb 0.29 0.10 0.25 0.20 0.24 0.21 0.26 0.21
Cu (0.00) (0.01) 0.00 0.01 (0.00) 0.01 0.0004 (0.05)
As (0.02) (0.03) 0.02 0.02 0.03 0.03 (0.01) (0.06)
Zn (0.00) (0.00) 0.02 0.01 (0.00) 0.00 (0.005) (0.06)
Mo 0.77 0.66 0.74 0.70 0.73 0.71 0.95 0.90
Co (0.01) (0.01) 0.01 0.00 (0.01) 0.00 (0.009) (0.06)
Cr 1.86 1.70 1.79 1.80 1.91 1.70 2.70 2.65
Ni (0.01) (0.00) 0.01 0.00 (0.01) 0.00 (0.009) (0.06)
Ta 0.40 0.30 0.38 0.20 0.55 0.50 0.58 0.60
Se 0.20 0.15 0.15 0.10 0.14 0.14 0.30 0.25
P (0.02) (0.01) 0.02 0.01 (0.01) 0.00 (0.04) (0.09)
Pb (0.02) (0.00) 0.01 0.00 (0.02) 0.00 (0.004) (0.05)
Cd (0.00) (0.01) 0.00 0.01 (0.00) 0.02 (0.0008) (0.005)
Li 2.07 2.06 2.04 2.00 2.18 2.20 2.58 2.53
Be (0.00) (0.01) 0.00 (0.00) (0.00) (0.01) (0.0014) (0.05)
Mn (0.00) (0.00) 0.00 0.01 (0.00) 0.001 (0.0007) (0.05)
Ti (0.00) (0.00) 0.00 0.01 (0.00) 0.00 0.009 (0.04)
Sr 6.95 6.01 6.77 6.07 6.26 6.76 6.14 6.09
Fe (0.05) (0.01) 0.05 0.04 (0.05) 0.00 (0.04) (0.09)
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Direct carbonation with AMD: Effect of pressure (Mpa) over time (min)

Table B 9: ICP-OES Raw Data

ppm 120 min 120 min 120 min 120 min 120 min 120 min 120 min 120 min
1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 1411.8 1452.08 1241.6 1431.8 1393.6 1350 1978 1785.6
Al 4.9 4.8 4.7 5 5.3 5.6 4.41 4.4
Si 191.4 190.4 182.3 180.2 179.3 189.2 145.3 140.2
Mg 6.2 6.5 7.1 8.5 7.3 8.6 7.7 7.98
Na 15.1 141 16.2 16.1 141 13.9 13.59 13.40
Pb 45.8 40.9 34.5 324 30.1 29.0 22.01 22.0
Cu (0.21) (0.01) 0.02 0.01 0.00 0.01 (0.04) (0.02)
As (0.10) 0.10 0.22 0.21 0.4 0.45 (0,09) 0.00
7n 0.18 0.16 0.89 0.70 0.15 0.14 0.15 0.20
Mo 0.73 0.70 1.2 1.3 1.1 1.5 0.74 0.78
Co 1.87 1.85 1.62 1.60 1.59 1.50 1.94 1.80
Cr (0.09) (0.08) 0.01 0.012 0.89 0.80 (0.06) (0.01)
Ni 0.28 0.20 0.21 0.21 0.34 0.35 0.6 0.5
Ta 20.86 19.8 19.67 13.4 13.1 12.3 11.9 11.7
Se 1.96 1.80 1.60 1.50 1.40 1.30 1.29 1.20
p (0.21) (0.01) 1.21 1.42 1.76 1.56 2.81 2.87
Pb 0.09 0.08 0.67 0.65 0.57 0.50 0.42 0.41
cd 4.99 5.1 5.6 5.8 9.1 9.5 10.1 10.3
Be 0.09 0.10 0.11 0.15 0.20 0.25 0.90 0.91
Mn 0.5 0.5 0.64 0.66 0.68 0.69 0.76 0.77
Ti (0.10) 0.10 0.60 0.50 0.12 0.01 (0.09) (0.01)
Sr (0.65) (0.78) 0.34 0.45 0.67 0.50 0.59 0.71
Fe 6.5 6.7 6.2 6.5 6.44 6.40 6.45 6.5
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Table B 10: XRF Raw Data

% 120 min 120 min 120 min 120 min 120 min 120 min 120 min 120 min

1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa

(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Fe203 3.24 3.25 3.24 3.25 3.23 3.23 3.17 3.16
MnO 0.04 0.03 0.03 0.03 0.03 0.04 0.04 0.04
Cr20s 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
TiO2 1.64 1.64 1.64 1.64 1.64 1.63 1.64 1.63
CaO 3.24 3.23 3.18 3.17 3.35 3.38 3.30 3.31
K20 0.63 0.65 0.63 0.63 0.65 0.65 0.66 0.66
P20s 0.42 0.42 0.42 0.43 0.43 0.43 0.43 0.44
SiO2 53.36 53.58 53.64 53.36 53.48 53.51 53.0 53.31
Al2O3 34.6 34.68 34.4 34.59 34.51 34.62 34.93 34.93
MgO 0.79 0.79 0.79 0.79 0.78 0.78 0.78 0.81
Na20 0.32 0.30 0.34 0.30 0.29 0.30 0.32 0.30
LOI 1.54 1.52 1.74 1.76 1.71 1.67 1.67 1.65
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Indirect carbonation with AMD: Effect of time (min) on leaching

Table B 11: ICP-OES Raw Data

ppm 30 min 30 min 60 min 60 min 90 min 90 min 120 min 120 min
(Run) (Dup) (Dup) (Run) (Dup) (Run) (Dup) (Dup)
Ca 940 962.1 1110 1140.2 1262 1264 1285 1286
Al 0.41 0.40 0.39 0.30 0.12 0.13 0.12 0.05
si 0.54 0.55 0.43 0.40 0.34 0.30 0.23 0.20
Mg 0.0081 0.008 0.01 0.015 0.0071 0.0074 0.0067 0.0069
Na 11.5 11.4 10.4 10.3 8.4 8.3 7.2 4.5
Pb 0.19 0.18 0.017 0.016 0.001 0.00 (0.001) 0.00
Cu 0.01 0.02 0.001 0.0012 ND ND ND ND
As 0.009 0.008 0.007 0.006 0.005 0.004 0.002 0.003
7n 0.019 0.018 0.017 0.018 0.019 0.013 0.014 0.015
Mo 0.24 0.23 0.17 0.16 0.03 0.02 0.01 0.00
Co 0.012 0.011 0.0012 0.0011 0.00 0.00 ND ND
cr 0.94 0.94 0.93 0.92 0.80 0.79 0.56 0.51
Ni (0.02) 0.00 ND ND ND ND ND ND
Ta 0.34 0.32 0.28 0.27 0.26 0.25 0.27 0.23
Se 0.15 0.14 0.13 0.12 0.14 0.13 0.12 0.11
P 0.05 0.04 0.03 0.02 0.01 0.00 ND ND
Pb 0.005 0.004 0.005 0.004 0.003 0.004 0.005 0.003
Li 0.61 0.60 0.059 0.058 0.040 0.031 0.020 0.019
Be (0.05) (0.04) ND ND ND ND ND ND
Mn 0.008 0.009 0.008 0.007 0.005 0.004 0.003 0.002
T 0.006 (0.007) 0.005 0.004 0.003 0.002 0.001 0.00
Sr 1.24 1.23 1.01 1.00 0.99 0.89 0.20 0.21
Fo 0.054 0.054 0.05 0.04 0.038 0.039 0.007 0.006
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Indirect carbonation with AMD: Effect of pressure (Mpa) over time (min)

Table B 12: ICP-OES Raw Data

ppm 120 min 120 min 120 min 120 min 120 min 120 min 120 min 120 min
1Mpa 1Mpa 2Mpa 2Mpa 3Mpa 3Mpa 4Mpa 4Mpa
(Run) (Dup) (Run) (Dup) (Run) (Dup) (Run) (Dup)
Ca 410 409 542 546 531 532 589 588
Al 0.018 0.017 0.016 0.015 0.014 0.013 0.012 0.013
Si 1.80 1.79 1.70 1.69 1.60 1.50 1.30 1.29
Mg (0.002) (0.0021) (0.0035) (0.0034) (0.0043 0.0044) 0.004 0.0045
Na 58.1 57.9 40.2 40.1 39.8 37.2 371 38
Pb 0.062 0.061 0.059 0.059 ND ND ND ND
Cu 0.0074 0.0073 0.0069 0.0060 0.0058 0.0055 0.0040 0.0039
As 0.0014 0.0013 0.0012 0.0011 0.0010 0.0011 ND ND
Zn 0.0023 0.0024 0.0020 0.0019 0.0018 0.0017 0.0015 0.0014
Mo 0.14 0.13 0.11 0.10 0.09 0.08 0.05 0.04
Co 0.011 0.011 0.09 0.08 0.07 0.06 0.05 0.04
Cr 0.51 0.50 0.049 0.045 0.040 0.039 0.037 0.030
Ni 0.0063 0.0062 0.0061 0.0062 0.0052 0.0040 0.0039 0.0037
Ta 0.40 0.39 0.30 0.29 0.028 0.27 0.20 0.19
Se 0.019 0.018 0.017 0.015 0.015 0.012 0.011 0.010
P 0.024 0.023 0.011 0.010 0.009 0.008 0.006 0.006
cd 0.62 0.61 ND ND ND ND ND ND
Be 0.0082 0.0080 0.0079 0.0078 0.0070 0.006 0.005 0.004
Mn ND ND ND ND ND ND ND ND
Ti 0.0067 0.0066 0.0064 0.0060 0.0059 0.0054 0.0053 0.005
Sr 1.28 1.26 1.02 1.00 0.90 0.85 0.56 0.70
Fe (0.002) (0.001) (0.0035) (0.0034) (0.0043) (0.0044) 0.0045 0.0046
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Chittick test

W = 0.10 grams weighed of pure CaCOs

T (temperature of measurement in K) = 292.95 K

V (mL produced CO2): R1=3.9mLand R =71mL~V=39mL+7.1mL=11mL

Table B 13: Raw data from Chittick test (direct aqueous carbonation)

Conditions R1 R2
30 min, 1 Mpa 1 2.4
30 min, 2 Mpa 1.5 1.7
30 min, 3 Mpa 3.2 2.7
30 min, 4 Mpa 4.3 4.1
90 min, 1Mpa 0.9 21
90 min, 2 Mpa 1.4 2.8
90 min, 3 Mpa 1.5 2.8
90 min, 4 Mpa 3.5 3.9
120 min, 1 Mpa 1.2 1.1
120 min, 2 Mpa 2.3 3.5
120 min, 3 Mpa 3.5 3.6
120 min, 4 Mpa 4.8 4.7

Table B 14: Raw data from Chittick test (direct carbonation with AMD)

Conditions R1 R2
30 min, 1 Mpa 2 0.8
30 min, 2 Mpa 3.2 1.1
30 min, 3 Mpa 4 1.5
30 min, 4 Mpa 4.8 2.6
90 min, 1Mpa 3.3 0.7
90 min, 2 Mpa 3.5 3.2
90 min, 3 Mpa 5.9 1.5
90 min, 4 Mpa 3.5 3.9
120 min, 1 Mpa 3.9 1.5
120 min, 2 Mpa 5.3 4.6
120 min, 3 Mpa 8.5 5.4
120 min, 4 Mpa 8.8 5.1
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Pressure drop

Table B 15: Raw data for initial and final pressure (direct aqueous carbonation)

Conditions Initial pressure (Mpa) Final pressure (Mpa) Pressure drop (Mpa)
30 min, 1 Mpa 1 0.83 0.17
30 min, 2 Mpa 2 1.72 0.28
30 min, 3 Mpa 3 2.41 0.59
30 min, 4 Mpa 4 3.24 0.76
90 min, 1 Mpa 1 0.55 0.45
90 min, 2 Mpa 2 1.38 0.62
90 min, 3 Mpa 3 2.07 0.93
90 min, 4 Mpa 4 3.03 0.97
120 min, 1 Mpa 1 0.62 0.38
120 min, 2 Mpa 2 1.38 0.62
120 min, 3 Mpa 3 2.07 0.93
120 min, 4 Mpa 4 2.48 1.52

Table B 16: Raw data for initial and final pressure (indirect aqueous carbonation)

Conditions Initial pressure (Mpa) Final pressure (Mpa) Pressure drop (Mpa)
30 min, 1 Mpa 1 0.9 0.1
30 min, 2 Mpa 2 1.79 0.21
30 min, 3 Mpa 3 2.76 0.24
30 min, 4 Mpa 4 3.52 0.48
90 min, 1 Mpa 1 0.83 0.17
90 min, 2 Mpa 2 1.65 0.35
90 min, 3 Mpa 3 2.62 0.38
90 min, 4 Mpa 4 3.38 0.62
120 min, 1 Mpa 1 0.76 0.24
120 min, 2 Mpa 2 1.52 0.48
120 min, 3 Mpa 3 2.48 0.52
120 min, 4 Mpa 4 2.96 1.04
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Table B 17: Raw data for initial and final pressure (direct carbonation with AMD)

Conditions Initial pressure (Mpa) Final pressure (Mpa) Pressure drop (Mpa)
30 min, 1 Mpa 1 0.9 0.1
30 min, 2 Mpa 2 1.59 0.41
30 min, 3 Mpa 3 2.48 0.52
30 min, 4 Mpa 4 3.45 0.55
90 min, 1 Mpa 1 0.55 0.45
90 min, 2 Mpa 2 1.03 0.97
90 min, 3 Mpa 3 2 1

90 min, 4 Mpa 4 2.67 1.33
120 min, 1 Mpa 1 0.69 0.31
120 min, 2 Mpa 2 1.17 0.83
120 min, 3 Mpa 3 1.59 1.41
120 min, 4 Mpa 4 2.14 1.86

Table B 18: Raw data for initial and final pressure (indirect carbonation with AMD)

Conditions Initial pressure (Mpa) Final pressure (Mpa) Pressure drop (Mpa)
30 min, 1 Mpa 1 0.9 0.1
30 min, 2 Mpa 2 1.38 0.62
30 min, 3 Mpa 3 2.07 0.93
30 min, 4 Mpa 4 2.96 1.04
90 min, 1 Mpa 1 0.69 0.31
90 min, 2 Mpa 2 1.38 0.62
90 min, 3 Mpa 3 2.07 0.93
90 min, 4 Mpa 4 29 1.1
120 min, 1 Mpa 1 0.62 0.38
120 min, 2 Mpa 2 1.38 0.62
120 min, 3 Mpa 3 2.07 0.93
120 min, 4 Mpa 4 2.41 1.59
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Appendix C

Table C 1: Critical values for the rejection quotient, Q (Q-test)

N 80 % 90 % 95 % 96 % 98 % 99 %
0.679 0.765 0.829 0.846 0.889 0.926
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Figure C 1: Saturation concentration of calcium (Ca?*) for a Ca-H20-CO: at various pressures (Mpa)
(Stumm, W. and Morgan, 1996)
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[Fite: bgnd_50C.raw - Type: 2ThiTh locked - Start: 5.04@ * - End: 80.007 * - Step: 0.034 * - Step time: 38.4 s - Temp.: 25 °C (Room) - Time Started: 7 s - 2-Theta: 5.049 ° - Theta: 2.500 * - Chi: 0.00 * - Phi: 0.00 * - X: 0.0 mm - Y: 0.0
Operations: Displacement -0.084 | Import

[Bl01-083-03 (C) - Quartz - Si02 - Y: 82.43 % - d x by: 1. - WL: 1.5406 - 0 - lflc PDF n.a. - Ulc User n.a. - S-Q n.a. - F26=1000(0.0001.28)

[#]01-084-1205 (C) - Mulite - A4 45i1.208.6 - Y: 7124 % - d x -WL: 15408 - 0 - llc PDF n.a. - Ulc User n.a. - S-Q n.a. - F30=1000(0.0001.31)

[5]00-033-0884 (") - Hematite, syn - Fe203 - Y: 5.78 % - d x by: 1. - WL: 1.5408 - 0 - Ulc PDF n.a. - lflc User n.a. - S-Q n.a. - F30= 89(0.0111,39)

[2]00-005-0586 (*) - Calcite, syn - CaCO3 - Y: 2.08 % - d x by: 1. - WL: 1.5406 - 0 - lflc PDF n.a. - Uic User n.a. - S-Q n.a. - F30= 57(0.0150.33)
01-084-0708 (C) - Microcline - from Pike's Peak batholith, Colorado, USA - - KAISI308 - Y- 4.17 % - d x by: 1. - WL: 1.5406 - 0 - Vlc PDF n.a. - Ulc User n.a. - 5-Q n.a. - F30=123(0.0067.43)

Figure C 2: XRD pattern for solid residue at 50 °C
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[#]o1-084-1205 (C) - Muilite - Al4.45i1.209.6 - Y- 83.11 % - d x by: 1. - WL: 1.5406 - 0 - I/ic PDF n.a. - V/ic User n.a. - S-Q n.a. - F30=1000(0.0001,31)
SDDJW(')»M,M- Fe203 - Y:5.78 % - d x by: 1. - WL: 1.5406 - 0 - I/ic PDF n.a. - ic User n.a. - S-Q n.a. - F30= 69(0.0111,39)
00-005-0586 (*) - Calcite, syn - CaCO3 - Y: 4.85 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/ic PDF n.a. - fic User n.a. - S-Q n.a. - F30= 57(0.0159,33)

Figure C 3: XRD pattern for solid residue at 90 °C
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[®]01-083-053¢ (C) - Quartz - Si02 - Y: 107.62 % - d x by: 1. - WL: 1.5406 - 0 - Uic PDF n.a. - Vlc User n.a. - 5-Q n.a. - F20=1000(0.0001.28)

Em-ﬂ&l»(?ﬂﬁ (C) - Mullite - Al4.4Si1.200.6 - 12.95 % - d x by: 1. - WL: 1.5406 - 0 - Vic PDF n.a. - Vic User n.a. - S-Q n.a. - F30=1000(0.0001,31)

[]00-033-0864 (*) - Hematite, syn - Fe203 - Y: .73 % - d x by: 1. - WL: 1.5408 - 0 - lic PDF n.a. - Uc User n.a. - S-Q n.a. - F30= 69(0.0111.39)

[4]00-005-0586 (') - Calcite, syn - CaCO3 - Y: 2.43 % - d x by: 1. - WL: 1.5406 - 0 - Iic PDF n.a. - flc User n.a. - S-Q n.a. - F30= 57(0.0150.33)
01-084-0709 (C) - Microcline - from Pike's Peak batholith, Colorado, USA - - KAISIi308 - Y: 1.82 % - d x by: 1. - WL: 1.5406 - 0 - I/ic PDF n.a. - lic User n.a. - 5-Q n.a. - F30=123(0.0057 43)

Figure C 4: XRD pattern for solid residue at 110 °C
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