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Abstract 

Carbon dioxide (CO2) mineralisation by industrial wastes can mitigate carbon emissions safely and 

permanently with low cost. Disadvantages of coal fly ash-based CO2 mineralisation are low 

CO2 removal efficiency, slow reaction kinetics and low capacity, which restrict application of this 

technology. My research (i) explores mechanisms in coal fly ash-based CO2 mineralisation; and (ii) 

develops innovative approaches to enhance carbonation reactions and make them more technically 

and economically feasible. Five Chinese or Australian coal fly ashes were selected for carbonation 

experiments to understand fly ash properties affecting CO2 sequestration capacity and kinetics of 

carbonation reactions. A Chinese ash with 16 % CaO displayed the fastest kinetics while an 

Australian ash with 32 % CaO and 29 % MgO exhibited the largest CO2 capacity. Carbonation 

experiments investigated effects of temperature (20−220 °C), solid to liquid ratio (50−200 g/L), 

and additives (Na2CO3, NaHCO3 and NaCl) on CO2 capacity and reaction kinetics, and 

mechanisms involved in carbonation reactions. Parameter optimization and introduction of 

additives can improve carbonation efficiency and enhance carbonation reactions between fly ash 

and CO2, and the carbonation efficiency could become stable within 1.5 h, but it was still slow for 

further application. Integrated CO2 absorption−mineralisation, that integrates amine scrubbing, 

CO2 mineralisation and amine regeneration in a single process, was developed. Regeneration of 

amines by calcium oxide and fly ash was investigated. Results show that after carbonation 

reactions with calcium oxide and fly ash at 40 °C  in 15 min, amine solutions can be regenerated to 

a similar CO2 loading compared to traditional thermal regeneration method, and that the 

CO2 absorbed by amine solutions can be precipitated as calcium carbonate with fast kinetics. 

Key Words: fly ash, CO2 mineralisation, chemical regeneration, IAM, low-energy consumption 
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Chapter 1 Introduction 

1.1 CO2 capture technologies 

CO2 emissions resulting from human activity are widely accepted as a major greenhouse gas (GHG) 

contributing to global warming [1-3]. Among the human activities that generate CO2, fossil fuel 

combustion is the largest emission source accounting for 37 % of total anthropogenic carbon 

emissions [4]. Driven by rapid population growth and industrialisation, the average atmospheric 

CO2 concentration has increased significantly from 280 ppmv in pre-industrial times to 413 ppmv 

in January 2019 [5] while the average temperature of the global surface increased by 0.6−1.0 °C  

[6]. Without considerable efforts to reduce GHG emissions, the atmospheric CO2 concentration 

will continue to increase to 750−1300 ppmv by 2100 [6] and will lead to a rise of global surface 

temperature of around 3.7−4.8 °C by 2100 compared to pre-industrial temperatures. To deal with 

this serious environmental problem, governments and researchers around the world have been 

making great efforts to reduce the global atmospheric concentration of CO2.  

There are several possible strategies to reduce CO2 emissions: (i) increasing energy conversion 

efficiency, (ii) increasing the use of low carbon fuel/renewable energy, and (iii) developing CO2 

capture and storage (CCS) technologies. Of these, CCS technology is a promising route to directly 

reduce CO2 emissions in the short to intermediate term. A typical CCS technology consists of three 

steps: CO2 separation from the emitters, CO2 compression and transportation to a storage site, and 

long-term isolation from the atmosphere. Currently, there are three primary CO2 capture options 

suitable for commercial application in the near to medium term: pre-combustion, oxy-fuel 

combustion and post-combustion [7]. The pre-combustion process is normally implemented in 

coal-based integrated gasification combined cycle (IGCC) power stations. Feeding coal is 

pretreated with steam and oxygen/air to generate the synthesized gas which is mainly carbon 

monoxide (CO) and hydrogen (H2). The synthesized gas is then reacted with water steam to produce 

CO2 and more H2. The CO2 concentration of the resulting gas can be more than 20 % [1]. The 

produced carbon-free energy H2 is ready to be combusted for heat/power generation. The energy 

efficiency penalty of coupling a pre-combustion process to an IGCC power station is 7−8 % or 

more [8]. In oxy-fuel combustion processes, the fuel is combusted in high purity oxygen (O2) gas 

(>95 %) instead of air, producing a flue gas with high CO2 concentration (>80 %) [1]. After 

combustion, minor components such as sulfur dioxide (SO2) can be removed from the flue gas by 

a traditional desulfurization process. The treated flue gas with very high CO2 concentration can 

then be compressed to remove moisture, prior to transport for sequestration. Energy consumption 
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by the oxy-fuel process is mainly from high purity O2 gas making in an air separation unit, which 

results in an energy penalty of >7 % [1, 2]. In the post-combustion process, CO2 is directly separated 

from the flue gas by adsorbents, absorbents or membranes and then released to produce high purity 

CO2 gas (>99 %) for subsequent compression, transportation and sequestration [9]. Compared with 

the other two technologies, post-combustion CO2 capture technology (PCC) is easier to apply to 

existing plants, which require only a few modifications [10]. Although PCC also suffers from a 

great energy penalty (>7 %) due to CO2 desorption [11-13], it is the most suitable option for the 

large-scale removal of CO2 in existing fossil fuel-based power stations and other industries [14]. 

1.2 Post-combustion CO2 capture technologies  

The low CO2 partial pressure in flue gas leads to a limited thermodynamic driving force of CO2 

separation and thus requires a strong interaction between sorbents and CO2. Various PCC 

technologies have been developed, including adsorption, absorption, and mineralisation. 

Adsorption technology involves CO2 adsorption and release by solid adsorbents in a non-aqueous 

system. Adsorbents can be categorized into three kinds by their working temperature: low 

temperature (<200 C), intermediate temperature (200−400 C) and high temperature (>400 C) 

[15-17]. Low temperature adsorbents are normally porous materials and amine-grafted porous 

materials, including carbon materials (e.g. silica, carbon nanotube), zeolites (e.g. X, Y, ZSM), metal 

organic frameworks, and graphite/graphene [15]. The ability to capture CO2 can be mainly 

attributed to their high surface areas and nano-sized pores, but their selectivity towards CO2 is low. 

In order to improve their CO2 capture capacity and selectivity, several approaches have been 

developed, such as microstructure and morphology control, composition optimization, cation 

exchange, surface modification, and hybrid materials. Grafting certain types of solid amines onto 

the porous materials is also a promising approach. Layered double hydroxides (LDHs), also known 

as hydrotalcite-like compounds (HTs) or anionic clays are typical intermediate-temperature 

adsorbents [15]. They are layered alkaline solids, in which the high surface area and abundant basic 

sites on the surface are favorable for CO2 absorption. These adsorbents display great potential for 

CO2 adsorption, but there are still many problems to be solved before commercial use, especially 

high material cost. Calcium oxide (CaO) is a typical high temperature adsorbent. CO2 capture 

occurs in the carbonator to form calcium carbonate (CaCO3), then CaCO3 is passed to a calciner, 

where the sorbent material is regenerated producing high purity CO2. This process integrates very 

well with cement manufacture [2]. 
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In the absorption method, sorbents for CO2 capture can be amine solutions, ionic liquids, or aqueous 

ammonium. Amine scrubbing is the leading technology for large-scale CO2 capture and has been 

commercially realised in coal-fired power stations, such as the Boundary Dam (Saskatchewan, 

Canada) and Washington Parish (Texas, USA) power plants [18-20]. It is a continuous, cyclic 

process involving CO2 absorption and desorption. The solvent selectively absorbs CO2 from the 

flue gas in an absorber at low temperatures (40−80 C). CO2 desorption and absorbent regeneration 

is conducted at elevated temperatures (100−140 C) to produce high-purity CO2 and lean-CO2 

loading solvent to re-absorb CO2. The amino group of amines enable highly efficient removal of 

CO2 from flue gas over aqueous ammonium [21]. Compared to ionic liquids, amine solvents have 

the advantage of much lower material cost. Despite commercial applications, the amine-based 

technology still suffers from a significant energy penalty and high capital cost. For example, 

installing the current monoethanolamine (MEA) capture process in a coal-fired power plant would 

result in a loss of overall thermal efficiency of 25−40 % and a rise in the cost of electricity of 

70−100 % [22, 23]. Amine degradation during absorption and desorption is another major challenge 

involved in amine scrubbing technology [24-26]. For instance, degradation causes a solvent loss 

rate of 0.35-2.0 kg-MEA/t-CO2, increasing operating costs [27].  

Although adsorption and absorption display high CO2 removal efficiency from flue gas and produce 

a high purity CO2 product, the product needs to be compressed and transferred to a geological 

storage site, resulting in large additional energy costs [23]. Also, geological CO2 storage has great 

uncertainties in terms of quantifying storage potential, monitoring injected CO2 and engineering 

challenges to ensure that the injected CO2 remains in the subsurface for hundreds or thousands of 

years. Some countries, such as Finland and India, have insufficient storage capacity or lack suitable 

geological storage formations, and hence cannot sequester CO2 in this manner [28]. In this case, 

CO2 mineralisation is a viable alternative to adsorption/absorption-based CO2 capture by targeting 

small and medium emitters (<2.5 Mt-CO2/a) [28]. 

CO2 mineralisation can capture and store CO2 permanently and safely without long-term 

monitoring [29]. It is the accelerated process of natural rock weathering, where carbonic acid from 

the dissolution of CO2 in rainwater is neutralised with alkaline metal minerals, minerals rich in 

calcium (Ca) and magnesium (Mg), to form carbonate minerals. CO2 mineralisation technologies 

can be categorised into in-situ (below ground) and ex-situ (above ground). In-situ CO2 

mineralisation involves the injection of CO2 into underground reservoirs to promote reaction 

between CO2 and alkaline-minerals present in the geological formation to form carbonates [30]. 

Considering this route still needs a CO2 capture step prior to mineralisation, the ex-situ route is 
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attracting more attention recently. The ex-situ process employs direct reaction between minerals 

and CO2/flue gas. It was initially developed to use natural silicate minerals from the serpentine 

group (e.g. Mg3SiO5(OH)4), olivine group (e.g. Mg2SiO4) or wollastonite (CaSiO3) as feedstocks 

to react with CO2, due to their effectiveness and high world-wide abundance. Natural reserves of 

calcium and magnesium silicates near Earth’s surface are capable of sequestration of the CO2 that 

can be produced from recoverable fossil-fuel reserves [28]. But the effectiveness of CO2 

mineralisation using natural minerals has been limited by the slow kinetics of carbonation reactions 

between CO2 and silicates [31]. Energy intensive mechanical, chemical, or thermal pre-treatments 

are normally needed prior to carbonation reaction to increase the feedstock reactivity. Moreover, 

since the CO2 emission source and mineral deposit location normally do not coincide, the 

requirement for additional ore mining and transport increases the energy consumption of 

CO2 mineralisation. These drawbacks of mineralisation of natural minerals can be avoided by use 

of industrial wastes such as fly ash, carbide slag and steel slag as a feedstock [32-35]. They have 

low material costs, high reactivity, do not require pre-treatment, and are readily available near CO2 

emission sources.  

1.3 CO2 mineralisation by coal fly ash  

Coal fly ash is a by-product of coal combustion power plants. The coal fly ash that is rich in 

CaO/MgO and has high alkalinity is a promising material for CO2 sequestration, because of its high 

alkalinity and particularly large volume production worldwide [36]. Specifically, it normally 

contains alkaline oxides such as CaO and MgO which are ideal feedstocks for CO2 sequestration 

because of their high reactivity [37]. Also, fly ash is fine enough with the particles at micron or 

even submicron size, and grinding is not required prior to carbonation. In 2010, the global 

generation of coal fly ash was approximately 780 Mt [38]. As a hazardous waste, fly ash without 

proper disposal can pollute water and soil, disrupt ecological cycles and pose other environmental 

hazards. Technologies have been developed to recycle this residue and use it as construction 

materials in cement, reclamation of low-lying areas, roads and embankments, mine filling and 

agricultural activities, but only 53 % of fly ash was utilised in the world in 2010. The annual 

generation of fly ash is increasing, with unused fly ash frequently stored in waste piles or landfills 

[38]. The application of CO2 mineralisation by fly ash can not only reduce CO2 emissions, but also 

increase the stability of fly ash by reducing its alkalinity through carbonation reactions, and thus 

reduce the potential hazard of fly ash disposal and expand further use.  

Extensive studies have been made to investigate the technical feasibility of CO2 mineral 

carbonation, as well as the underlying mechanisms [39-69]. Mineral carbonation processes can be 
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divided into two routes: indirect and direct. Indirect mineral carbonation refers to any mineral 

carbonation process that takes place in more than one stage. The process is initiated by dissolution 

of mineral species in an aqueous medium to extract the alkaline-earth metals, mainly Ca and Mg. 

After liquid-solid separation, the leachate which is rich in alkaline-earth metal cations is 

subsequently carbonated by CO2 gas, or by carbonates (e.g. NaHCO3/Na2CO3, 

NH4HCO3/(NH4)2CO3) obtained from other capture systems. One of the advantages of indirect 

carbonation is that it allows valuable pure carbonates such as MgCO3 to be produced because 

impurities, such as silica and iron, can be removed prior to carbonate precipitation. Previous studies 

on indirect route have investigated the dissolution of fly ash in different leaching agents [39-43]. 

Sun et al. [39] investigated the extraction of Ca2+ and Mg2+ from Victorian brown coal fly ash using 

6% acetic acid (CH3COOH) at 20-80 C and the carbonation of the leachate with pure CO2 gas. 

The results also indicated that the CO2 suquestration capacity of indirect route was ten-folds larger 

than that of direct route using the same fly ash. Hosseini et al. [40, 41] developed a closed-loop, 

multistep process to study the leaching and precipitation of Ca2+ and Mg2+ as carbonates from two 

Victorian brown coal fly ashes using ammonium chloride (NH4Cl) as a leaching agent. He et al. 

[42] compared the extraction effect of NH4Cl, ammonium nitrate (NH4NO3) and ammonium acetate 

(CH3COONH4) on a Chinese lignite-fired fly ash. High dissolution (>80%) and carbonation 

efficiency (>60%) could be achieved at moderate temperature (<100°C). Hosseini et al. [43] 

investigated the effect of Mg2+/Ca2+ on the kinetics and efficiency of carbonates formation. When 

Mg2+/Ca2+ ratio is 2, carbonation efficiency could be 100% in 30 min. The CO2 suquestration 

capacity of indirect route is much larger than that of direct route using the same fly ash, but the 

difficulty in recycling the leaching agents is hindering the application of this technology on a large 

scale. In addition, considering Ca2+ and Mg2+ are already partially present as carbonates in some 

fly ashes, leaching agents react with these carbonates and release CO2 before they are re-carbonated. 

For direct carbonation, the carbonation reaction takes place in a single reactor. It can be achieved 

through both gas-solid carbonation route or wet/aqueous carbonation route. The advantages of 

direct route are the simplicity of process and the minimal use of chemical reagents, which makes it 

the most promising technology of CO2 sequestration by fly ash. The direct reaction of gaseous CO2 

with fly ash at suitable temperatures and pressures is the most basic process of direct mineral 

carbonation. Previous studies confirmed that the gas-solid carbonation of dry fly ash under low 

pressure conditions was technical viable [44-46]. However, due to the slow reaction kinetics, 

elevated temperatures and pressures are normally required in gas-solid carbonation. Faster kinetics 

and higher CO2 capacity could be achieved in the presence of moisture in the CO2 gas feeding or 
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by adding water into the fly ash [46]. For example, for the dry route, 65 % calcium conversion was 

achieved in a few minutes at 400°C under a 10% CO2 atmosphere, while for the wet route a similar 

clacium conversion was obtained at 30°C [44]. The enhanced carbonation was attribute to the fact 

that the moisture and water could help extract Ca2+ and Mg2+ ions from the solid matrix of fly ash 

particles. Thus, the wet/aqueous route proved to be more effective than the gas-solid method. 

Extensive studies [47-65] investigated the technical feasibility of wet/aqueous route and compared 

carbonation capacities and efficiencies of different fly ashes at various operating conditions. 

Montes-Hernandez et al. [50] determined the CO2 sequestration capacity of a French fly ash under 

various conditions (25−60 C, CO2 gas pressure 1−4 Mpa, solid/liquid ratio 50−150 g/L, stirring 

rate 450 rpm), and investigated the reaction pathways using scanning electron microscopy and X-

ray diffraction (XRD). Back et al. [49, 53] verified the carbonation mechanism of a German lignite 

fly ash in aqueous system by analysing the variation of pH, electrical conductivity and CO2 

conversion rate during the carbonation reaction. Ukwattage et al. [55, 57] investigated the CO2 

sequestration capacity of three Australian fly ashes in an autoclave reactor under various conditions 

(20−80 C, liquid/solid ratio 0.1−1, CO2 gas pressure 3 Mpa). The results indicated that the 

carbonation performance of fly ash was significantly affected by operation conditions, such as 

temperature, CO2 pressure, solid to liquid ratio, stirring rate, and reaction time. The carbonation 

capacity and efficiency can be improved by optimisation of experimental parameters. Apart from 

the operating parameters, carbonation reactions are also affected by solid material properties 

(particle size, porosity and surface area, and mineralogy) and liquid agent (carbonate concentration 

or additional Ca2+ and Mg2+ concentration). Soong et al. [66] investigated the carbonation of fly 

ash in oil and gas production wastewater rich in metal ions (Mg, Ca, and Na) and claimed that the 

CO2 sequestration capacity of the ash-wastewater mixture was higher than that of ash-water slurry 

and wastewater seperately. Calcium from both the wastewater and fly ash contributed to the 

formation of calcium carbonate. Likewise, Nyambura et al. [67] suggested that the carbonation 

conversions of solid wastes were higher in the brine−solid residues system, compared to the 

water−solid residues. The carbonation efficiency in the fly ash/brine system under a pressure of 4 

MPa at 30 °C was 86%, which was superior to the water/brine system (i.e., 68 %). A maximum 

capture capacity of 283 g CO2 per kg slag, corresponding to a carbonation conversion of 89%, can 

be achieved in alkaline wastewater with a reaction time of 120 min at 25 °C and an L/S ratio of 20. 

Pei et al. [68] found that the leaching concentration of calcium ions in metalworking wastewater 

was higher than that in deionized water, thereby resulting in a greater carbonation reaction rate and 

higher CO2 sequestration capacity. The presence of inorganic ionic species in wastewater, such as 

sodium and chloride, can promote the dissolution of calcium and magnesium from the matrix of 
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fly ash particles due to the formation of surface complexes, leading to the reductive (and oxidative) 

dissolution of minerals.  

1.4 Knowledge gaps  

Previous studies have discussed the technical feasibility of direct CO2 mineral carbonation with fly 

ash via gas-solid and aqueous routes. Mineral carbonation conducted by the aqueous route proved 

to be more effective than other methods. The carbonation performance of fly ash is significantly 

affected by operation conditions, such as temperature, CO2 pressure, solid to liquid ratio, stirring 

rate, and reaction time, or liquid agents. However, different fly ash samples displayed different 

optimal conditions. The relationships between fly ash properties and oprating conditions are still 

not clear. Also, the mechanisms involved in carbonation reactions are not fully understood. Fly ash 

properties, especially mineralogy, may have considerable effects on carbonation efficiency [69]. 

Due to different raw coal sources, coal combustion processes, fly ash collection methods, and 

implementation of environmental hazard mitigation techniques, different fly ashes show different 

particle size distributions, morphologies, elemental compositions and mineralogies. Even for fly 

ashes with similar elemental compositions, the distributions of elements in a range of minerals can 

be very different. Further studies should investigate how fly ash properties affect carbonation 

performance and to determine optimal conditions for mineralisation. Also, given that the reaction 

rate of mineralisation is too slow (several hours of reaction duration) for large-scale application 

under current operating conditions, further studies of the reaction kinetics of carbonation with fly 

ash are also required to promote carbonation reactions.  

1.5 Research structure 

Corresponding to the identified problems, this research will explore the mechanisms involved in 

coal fly ash-based CO2 mineralisation, and develop innovative approaches to enhance carbonation 

reactions and make the process more technically and economically feasible. This thesis is presented 

as a series of six published papers which are in chapters 2 to 7. Descriptions of each chapter are as 

follows: 

Chapter 1: This chapter briefly introduces the current research status of CO2 mineralisation by coal 

fly ash and point out critical challenges. The objectives and structure of this thesis will be 

summarised in this chapter.  
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Chapter 2: This chapter reviews the literature of CO2 mineralisation by coal fly ash, including fly 

ash properties, technical routes and process chemistry. Also, the enhancement of carbonation 

reactions will be reviewed in detail. 

Chapter 3: This chapter investigates fly ash properties affecting CO2 sequestration capacity and 

kinetics of carbonation reactions, such as particle size, morphology, elemental and mineralogical 

compositions. Five coal fly ashes will be selected as exemplar of a range of fly ash compositions 

for carbonation experiments under various operating conditions.  

Chapter 4: In this chapter, the effects of temperature, solid to liquid ratio, gas flow rate, and initial 

CO2 pressure on the CO2 sequestration capacity of ash from Beijing (BJ) will be systematically 

investigated. Apart from parameter optimization, the effects of additives including Na2CO3, 

NaHCO3 and NaCl for carbonation efficiency will be investigated. The reaction mechanisms 

involved will also be discussed. 

Chapter 5: In this chapter, the CO2 sequestration capacity and the carbonation kinetics of HW ash 

will be investigated at various temperatures, stirring rates and initial CO2 pressures to identify rate-

limiting steps. A wide range of kinetic models will be introduced and compared to investigate the 

effects of various parameters on carbonation rate and efficiency. A selected model will then be used 

to predict maximum carbonation efficiency. The morphology of fresh and carbonated fly ash will 

be characterized to promote understanding of carbonation mechanisms. 

Chapter 6: This chapter will propose an integrated CO2 absorption−mineralisation (IAM) process, 

which integrates amine scrubbing, CO2 mineralisation and amine regeneration in a single process. 

The technical feasibility of IAM will be investigated by adding calcium oxide into CO2-loaded 

amine solutions, including five commonly used amines: monoethanolamine, diethanolamine, 

piperazine (PZ), N-methyldiethanolamine and 2-Amino-2-methyl-1-propanol. The performance 

stability of the optimised amine will be verified in multicycle experiments. The technical feasibility 

of IAM in practical applications using fly ash as a feedstock for absorbent regeneration will also 

be conducted with BJ ash.  

Chapter 7: This chapter selects the benchmark MEA absorbent to further investigate the technical 

performance and reaction mechanisms of the IAM process. Given the highly heterogeneous nature 

and diverse components of the wastes, the reaction-active chemical calcium oxide, sodium 

hydroxide and calcium chloride will be used to gain insights into carbonation mechanisms and 

fundamental reaction pathways. The performance of MEA in the IAM process, including cyclic 
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CO2-loading and regeneration efficiency, will be systematically investigated at various CO2-

loadings and reaction times. The performance stability of MEA will also be investigated in 

multicycle IAM experiments. Further experiments will be conducted using fly ash as a feedstock 

to demonstrate the technical feasibility of IAM in practical applications. Finally, comparison with 

traditional thermal absorbent regeneration will be conducted to determine the energy and cost 

savings of IAM. 

Chapters 8 and 9: These chapters will discuss (Ch 8) and give the main conclusions (Ch 9) of this 

research. Recommendations and identification of possible future research directions will be made 

to further advance CO2 mineralisation by coal fly ash. 
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Chapter 8 Discussion 

Five coal fly ashes were selected for carbonation studies in Chapter 3. Experiments were 

performed in a batch reactor at 40 and 140 °C with 20 bar initial CO2 pressure, 200 g/L solid to 

liquid ratio, 450 rpm stirring rate to compare the carbonation capacities and efficiencies of the 

selected ashes, and the effects of temperature and fly ash properties on carbonation reactions. 

Particle size distributions, and elemental and mineralogical compositions of the selected ashes were 

measured to determine the fly ash properties affecting carbonation efficiencies and capacities, and 

investigate the process chemistry. The results show that the D90 of BJ, YA, LY, WH and HW ashes 

were 7.9, 24.1, 31.9, 9.9 and 14.6 µm , respectively, indicating that the particle diameters of these 

ashes were very fine. A previous study indicated that grinding can be avoided, and the sample 

particle size had very limited effect on carbonation reactions when the particle size of the feedstock 

was < 100 µm  [1]. HW ash displayed the highest carbonation capacity at 40 and 140 °C, being 103 

and 102 g-CO2/kg-FA, respectively, followed by YA, BJ, WH and LY ashes. The carbonation 

capacities and efficiencies of different ashes were significantly affected by their mineralogical 

properties. X-ray diffractometry indicated that the reactants were lime, portlandite and 

brownmillerite for BJ ash, srebrodolskite, gypsum, basanite, brucite and periclase for HW ash, and 

diopside, spinel, srebrodolskite and periclase for YA ash. The highest carbonation capacity of HW 

ash was due to its largest fraction of Ca/Mg-bearing phases available for carbonation. But the 

carbonation efficiency of HW was low (about 24 %) at 40 °C, which indicated that most of the Ca-

/Mg-bearing phases cannot react with CO2. Increasing the reaction temperature to 140 °C  did not 

promote the carbonation efficiency. The reason might be that un-reacted phases were stable in this 

temperature range (40-140 °C). Although the carbonation capacity of BJ ash was much smaller 

than HW ash, being 35.9 and 43.2 g-CO2/kg-FA at 40 and 140 °C respectively, BJ ash displayed 

the highest carbonation efficiency, of 36.8 % and 44.4 % at 40 and 140 °C, respectively. Given that 

the reactants of BJ ash were mainly lime and portlandite while the reacted phases of HW ash 

included both Ca-bearing phases (srebrodolskite, gypsum and basanite) and Mg-bearing phases 

(brucite and periclase), the Ca-bearing phases might be more reactive with CO2. Lime and 

portlandite phases of BJ ash were almost completely converted to calcite after carbonation. YA ash 

behaved differently to BJ and WH ash: the YA ash exhibited a significant increase of carbonation 

capacity from 33.3 to 93.1 g-CO2/kg-FA when the temperature was elevated from 40 to 140 °C, 

probably because the elevated temperature made more phases reactive with CO2. ΔG of Ca/Mg-

oxide/hydroxides with CO2 confirmed that Mg oxide/hydroxide displayed lower reactivity in 

carbonation reactions than Ca hydroxide. YA presented a low weight fraction of Ca-bearing phases 
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but a high weight fraction of Mg-bearing phases. This explains the obviously improved carbonation 

capacity of YA ash at 140 °C. Compared to the above three ashes, LY and WH ash displayed much 

lower carbonation capacities at the same conditions, which was attributed to the small fraction of 

CaO/MgO phases identified in their fresh samples.  

To further investigate the effects of temperature on carbonation capacities and efficiencies of 

different ashes. BJ, YA and HW ashes were then selected for experiments in a wide temperature 

range (40−220 °C). The three ashes exhibited the same trend of the carbonation rate decreasing as 

reaction time elapsed. The carbonation capacity/efficiency increased rapidly in the first 20 min and 

reached a maximum value after 120 min. More than 80 % of the maximum carbonation efficiency 

was achieved in 20 min. This is attributed to the exhaustion of the reactant on the surface of the ash 

particles, and the formation of a precipitate layer at the early stage of carbonation, which hindered 

diffusion of the reactant inside the particles. This explanation can be confirmed by analyses which 

showed that the reacted particles displayed larger particle sizes and lower porosities and pore areas 

than the fresh samples due to the new precipitates not only depositing on the active surface, but 

also filling the pores of the fly ash particles, which was responsible for the reduced kinetics with 

time. Also, particle sizes of carbonated samples were strongly affected by carbonation reactions 

and were related to carbonation efficiencies. Compared to YA and HW ashes, BJ ash displayed 

faster carbonation kinetics because the reactant phases of BJ ash were mainly Ca-bearing phases 

which have higher reactivity with CO2 than Mg-bearing phases. The three fly ashes displayed 

different trends of carbonation efficiency within the temperature range (40−220 °C). Specifically, 

the carbonation efficiency of BJ ash within 120 min at different temperature decreased in the order: 

220 C ＞ 180 C ＞ 140 C ＞ 40 C ＞ 60 C ＞ 100 C ＞ 80 C. When the temperature 

increased from 40 to 220 C, carbonation efficiency decreased first and then increased, due to the 

complex effects of temperature on carbonation. Elevated temperatures can increase reaction rates 

by improving mass transfer rates in liquid phase, promoting thermal motion of molecules and 

increasing their average kinetic energy which helped speed up carbonation. Raising reaction 

temperature also reduced the solubility of carbon dioxide in the solution and the precipitation of 

the carbonate product. Thus, the kinetic results of BJ ash indicated that the reduced CO2 solubility 

had a larger effect on carbonation resulting in a low carbonation efficiency in the temperature range 

40 to 80 C, while the enhanced mass transfer rate at elevated temperatures might have a larger 

effect in the temperature range 80 to 220 C. Similar to BJ ash, the carbonation efficiency of HW 

ash decreased first from 40 to 80 C and then obviously increased when the temperature increased 

from 80 to 220 C. However, the carbonation efficiency increase of HW ash is much larger than 
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BJ ash when temperature was elevated from 80 to 220 C. In addition, the carbonation efficiency 

of YA ash decreased from 40 to 60 C and then increased thereafter which is different from BJ and 

HW ashes. Considering the same operating parameters used in the carbonation experiments, the 

different carbonation efficiency trends of the three ashes within the temperature range used, results 

from their different mineralogical properties. The main reacted minerals of BJ ash, Ca-bearing 

minerals, have very low ΔG which means high reactivity with CO2, and thus leads to its fast kinetics 

and large carbonation efficiency in low temperature. For YA ash, it was difficult for srebrodolskite, 

spinel and diopside phases to react with CO2 at low temperature due to their low reactivity.  

In Chapter 4, the effects of operating conditions (temperature, solid to liquid ratio, gas flow rate, 

initial CO2 pressure and additives) on carbonation efficiency of BJ ash and reaction mechanisms 

involved were systematically investigated to find the optimized conditions. The experimental 

results at moderate temperatures (60, 70, 80 and 90 C) and ambient pressure show that carbonation 

rates decreased as the reaction time elapsed. In the first 30 min, carbonation efficiency increased 

rapidly and reached a maximum value after 90 min. X-ray diffractometry showed that after 90 min, 

there was no lime or portlandite detected in the carbonated ashes, which means that the dissolution 

of lime and portlandite occurred very fast and was not the rate limiting step for carbonation. The 

X-ray diffractometry also showed anhydrite, brownmillerite and an amorphous phase partially 

reacted with CO2 to form calcite during the carbonation reaction. As mentioned in Chapter 3, the 

reactivity of anhydrite, brownmillerite and an amorphous phase with CO2 were much lower than 

lime and portlandite, thus the limited carbonation efficiency was due to the consumption of reactive 

calcium available. The solid to liquid ratio and gas flow rate had very limited effects on carbonation 

efficiencies. To further increase carbonation efficiency, it is necessary to raise the carbonation 

temperature to activate the unreactive Ca-bearing phases and produce more Ca2+ and to increase 

the concentration of CO3
2- to precipitate CaCO3. However, the elevated temperatures hindered the 

carbonation reaction by reducing the solubility of CO2 in the liquid phase and the solubility of 

Ca(OH)2. Elevated initial CO2 pressure and additives such NaHCO3 or Na2CO3 were thus used to 

maintain the CO2 or CO3
2- concentration in the liquid phase while increasing the temperature. The 

carbonation efficiency increased with temperature at 10 bar and 20 bar initial CO2 pressure 

respectively, and the carbonation efficiency at 20 bar was higher than that at 10 bar under the same 

temperature. According to Henry’s law, CO2 pressure plays a critical role in the mass transfer of 

CO2 molecules from gas into water. At high pressures, the amount of CO2 molecules dissolved into 

the water increases, leading to more carbonate ions available for carbonation. Although increasing 

temperature decreases CO2 solubility in water, carbonation efficiency can be improved through the 
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combined effects of increased temperature and initial CO2 pressure. Carbonation efficiency in the 

presence of Na2CO3 was much higher than in its absence. X-ray diffractometry confirmed that the 

increased carbonation efficiency is mainly contributed by the conversion of calcium from the 

amorphous phase of BJ ash. Elevated temperatures can effectively make more unreactive calcium 

available for carbonation, and a high concentration of calcium and carbonate ions benefits the 

precipitation of calcium carbonate. The carbonation efficiency can therefore be significantly 

improved by the combination of increased temperature and Na2CO3.  

In Chapter 5, experiments were conducted in a vessel reactor at low temperatures (40, 50, 60, and 

70 C), stirring rates (900, 1050, 1200 and 1350 rpm) and CO2 pressures (3, 4, 5, 6 and 7 bar) to 

investigate the carbonation kinetics of HW ash and to identify the rate-limiting steps of carbonation. 

The results show that both the carbonation rate and the maximum carbonation efficiency could be 

improved by optimizing parameters and by the introduction of NaHCO3. The complex effects of 

the operating parameters on the carbonation rate and the maximum carbonation efficiency of HW 

ash were investigated. The carbonation efficiency within 2 h at different temperatures increased in 

the following order: 60 C ＞ 70 C ＞ 50 C ＞ 40 C. But the carbonation efficiency after 2 h 

displayed a reverse trend that the carbonation efficiency decreased with the elevated temperature 

from 40 C to 70 C. This is due to the complex effects of temperature on carbonation reactions. 

The elevated temperature increased reaction rate by improving the mass transfer rate, promoting 

the thermal motion of molecules and increasing their average kinetic energy which helped speed 

up the carbonation reaction. Raising the reaction temperature also reduced the solubility of carbon 

dioxide in the solution. The equilibrium concentration of dissolved CO2 in solution follows Henry’s 

law: 

[𝐻2𝐶𝑂3] = 𝑃𝐶𝑂2/K𝐻  (equation 12 in Chapter 5) 

The concentration of the CO3
2- in the solution can be evaluated by:  

log[𝐶𝑂3
2−] = logKa2Ka1PCO2/KH + 2pH  (equation 13 in Chapter 5) 

Given that Ka1, Ka2, KH and pH values were functions of temperature, and increased with elevated 

temperatures, the overall impact of elevated temperatures was to increase the concentrations of 

carbonate ions in the solution slightly, which benefited the carbonation reaction. This result is 

consistent with findings in the literature. On the other hand, elevated temperatures also influenced 
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the precipitation of the product. The precipitation of the CaCO3 and MgCO3 products was related 

to the solubility product constant of Ca/Mg-carbonate, Ksp: 

Ksp = [𝐶𝑎2+/𝑀𝑔2+] × [𝐶𝑂3
2−]  (equation 14 in Chapter 5) 

where [Ca2+/Mg2+] is the concentration of calcium or magnesium ions, and [CO3
2-] is the 

concentration of carbonate ions. The elevated temperature can lower the Ksp of Ca/Mg-calcite, 

which promotes the precipitation of Ca/Mg-carbonate. The solubility of the Ca/Mg-carbonate 

product also decreased with the increase in temperature. More newly formed precipitates might 

deposit on the surface of the fly ash particles at higher temperatures than that at lower temperatures, 

which would hinder the reaction of the reactant inside the particles. This explains the lower 

maximum carbonation efficiency at 70 C than at 40 C. Thus, it can be concluded that the 

enhanced mass transfer rate at elevated temperatures might have a dominating effect on the 

carbonation reaction in the first 2 h of the carbonation reaction, while the fast precipitation of the 

Ca/Mg-carbonate product at elevated temperatures lowered the carbonation rate thereafter. Due to 

the rapid carbonation reaction at elevated temperatures, the fly ash particles were quickly covered 

by the rapidly formed product layer, which resulted in a low maximum carbonation efficiency at 

elevated temperatures.  

As the initial CO2 pressure increased from 3 to 7 bar, both the carbonation rate and the maximum 

carbonation efficiency increased, indicating the significant impact of CO2 pressure on the 

carbonation reaction. Similar results were observed by Ukwattage et al. [3], in which fly ash was 

subjected to aqueous carbonation, with the CO2 pressure ranging from 20 to 60 bar. It is well known 

that increased CO2 pressure lowers the pH value, and this would help to leach calcium and 

magnesium from the fly ash particles. According to Henry’s law (equation 12 in Chapter 5), 

increasing CO2 pressure also increases the CO2 solubility in the solution, and thus increases the 

carbonate ions available for the carbonation reaction. Since elevating the CO2 pressure was highly 

energy intensive, 0.5 mol/L NaHCO3 was introduced into the solution to accelerate carbonation. 

The introduction of NaHCO3 increases the concentration of the carbonate ion (CO3
2-) in the aqueous 

system. Addition of NaHCO3 can significantly increase carbonation efficiency at 40, 50 and 60 C. 

Compared with carbonation without additive, the maximum carbonation efficiency in the presence 

of 0.5 mol/L NaHCO3 was improved from 27.7 % to 33.4 %, with the CO2 sequestration capacity 

improved from 71.0 g-CO2/kg-FA to 85.6 g-CO2/kg-FA under the same operating conditions. 
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The kinetic data can be well fitted by the surface coverage model with R2≥0.98, indicating that the 

carbonation of fly ash can be physically expressed by this model. The model assumed that the 

precipitates formed in a carbonation reaction would coat the active site of the surface of the reactant 

particles, which would hinder the reactant inside the particles from diffusion and reaction. The 

maximum carbonation efficiency of fly ash could also be well predicted by the model. In addition, 

the assumed mechanisms of the carbonation reaction were validated by particle size, surface area 

and porosity changes of the fly ash particles after carbonation reactions. The particle size results 

show a strong relationship between the particle size change and the carbonation efficiency achieved. 

The increased particle size after carbonation reactions was attributed to the newly formed 

precipitates that covered the fly ash particles. The increase in the average pore size of the particles 

indicates that the precipitates formed in the carbonation reaction probably filled the small pores. 

Observations using a scanning electron microscope equipped with energy-dispersive X-ray 

spectrometer before and after carbonation also confirmed that the newly formed precipitates were 

not only deposited on the active surface, but also filled the pores of the fly ash particles.  

Although parameter optimization can enhance carbonation reactions between fly ash and CO2, the 

1.5 h carbonation duration is still not suitable for the large-scale application of CO2 mineralisation 

by fly ash. To deal with this problem, a novel process ─ integrated CO2 absorption−mineralisation 

(IAM) ─ that integrates amine scrubbing, CO2 mineralisation and amine regeneration in a single 

process was developed in Chapter 6. The technical feasibility of IAM and the associated 

mechanisms were investigated by adding CaO or fly ash into CO2-loaded amine solutions, 

including five commonly used amines: MEA, DEA, MDEA, PZ and AMP. The stability of cyclic 

capacity and kinetics of the optimised amine was verified in multicycle experiments. The technical 

feasibility of IAM in practical applications using fly ash as a feedstock for absorbent regeneration 

was also investigated. The CO2 absorption and mineralisation experiments were performed in a 

bubble column and a stirred reactor respectively. Acid titration was used to measure the CO2-

loading of solid and liquid samples. FT-IR spectroscopy was used to analyse the species changes 

in the amine solutions during regeneration. The crystalline phases present in fresh and carbonated 

fly ash samples were determined by X-ray diffractometry. The results indicate that CO2 absorbed 

by the five amine solutions was sequestered into carbonate precipitates at a moderate temperature 

(40ºC) and the amine absorbents were regenerated after carbonation reactions within 15 min. PZ 

exhibited the largest cyclic loading (0.72 mol/mol) and regeneration efficiency (91%) among the 

five amines. PZ also achieved stable cyclic loading, regeneration efficiency and kinetic 

performance over five cycles of IAM experiments. When the industrial waste, fly ash was used, PZ 
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displayed a cyclic loading of 4.2 mol/mol, lower than that of CaO but still 1.1 times higher than 

that of the thermal regeneration-based process. Compared with traditional thermal regeneration-

based CO2 capture, the IAM process has great advantages in energy reduction and capital savings 

due to a larger cyclic CO2 capacity, a requirement for less energy for amine regeneration and no 

need for CO2 compression and pipeline transport.  

Although the technical feasibility of IAM was confirmed in the experiments using five different 

amines and fly ash, the detailed reaction mechanisms were still unclear. Thus, the benchmark 

solvent MEA was selected to deeply investigate the reaction mechanisms of IAM in Chapter 7. 

Since CaO provides two types of ions (Ca2+ and OH−) into the MEA−CO2−H2O system, they have 

different action mechanisms in the reactions with the species in MEA solution. This makes it very 

difficult to monitor the behaviour of both ions at the same time. To address this issue, NaOH and 

CaCl2 was separately added into CO2-loaded MEA solutions to clearly investigate the action 

mechanism of Ca2+ and OH−. The performance of MEA in the IAM process, including cyclic CO2-

loading and regeneration efficiency, was systematically investigated at various CO2-loadings and 

reaction times. The performance stability of MEA was verified in multicycle CO2 

absorption−mineralisation experiments. The technical feasibility of using fly ash as a feedstock for 

absorbent regeneration was also investigated. The results show that MEA can be regenerated after 

a carbonation reaction with both calcium oxide and fly ash at 40 C, and that the CO2 absorbed by 

MEA is precipitated as calcium carbonate. The released OH– from CaO increases the pH value in 

the MEA solution when MEACOO– was converted into HCO3
– and then CO3

2–. OH– also reacts 

with MEAH+ to form fresh MEA. Ca2+ from CaO reacts with CO3
2– to formed CaCO3, thereby 

sequestering CO2. In our study, MEA had 0.20 mol/mol cyclic loading and 40 % regeneration 

efficiency after a 15 min carbonation reaction. Five successive experiments confirmed the stability 

of IAM with respect to cyclic loading, regeneration efficiency and CO2 absorption kinetics. The 

industrial waste of fly ash had 0.20 mol/mol cyclic loading, which is similar to that of the MEA-

based scrubbing process using thermal regeneration. 

Compared with the traditional thermal regeneration-based CO2 capture, IAM has great advantages 

in energy reduction and capital saving due to larger cyclic CO2 capacity, less energy requirement 

of amine regeneration and no need for CO2 compression and pipeline transport. This technology 

has great potential for industrial application, particularly with CaO-containing wastes, such as fly 

ash and carbide slag. However, further detailed study is required to investigate potential problems. 

For example, various amines should be analysed to find a more suitable absorbent for IAM. The 

technology is also likely to require a new amine-CO2 contactor instead of a packing column, 
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because the carbonation of the calcium ions in lean solutions may block the traditional packing 

column. In addition, the leaching behaviour of the metals from fly ash and their effect on amine 

degradation should be studied in detail. 
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Chapter 9 Conclusions and future work 

9.1 Conclusions 

This research provides insights to the mechanisms involved in coal fly ash-based CO2 

mineralisation and develops a parameter optimization approach, additives and innovative IAM 

process to enhance carbonation reactions. 

The rate of mineral carbonation decreases, and carbonation efficiency increases with reaction time. 

In the early stage, carbonation efficiency increases rapidly, and becomes stable thereafter. The 

kinetics of mineral carbonation fits to a surface coverage model. Carbonation reactions occur on 

the surface of fly ash particles and are controlled by both reaction and diffusion. Active surface 

sites of coal fly ash would be gradually covered by newly formed precipitates (calcite, aragonite 

and magnesite) during carbonation reaction. Once reaction products form a layer covering the 

surface of fly ash particles, the diffusion of reactants would be hindered, and this layer would 

become the rate-limiting step for carbonation. The formation of this coating hinders the fly ash 

particles from further carbonation and helps to define the maximum carbonation efficiency. Also, 

the porous structure of the fly ash particles would be filled by reaction product during carbonation, 

which would further reduce surface area and reactant diffusion.  

The mineral compositions of coal fly ash have significant effects on carbonation performance. 

Reactants can be Ca/Mg-bearing minerals or amorphous phases rich in Ca/Mg, such as lime and 

portlandite in BJ ash, periclase and srebrodolskite in YA ash, and periclase and brucite in HW ash. 

These minerals are present in different amounts in different coal fly ashes, creating differing 

reactivities in carbonation reactions. For example, BJ, YA and HW ashes displayed much higher 

CO2 sequestration capacity than LY and WH ashes due to the low fraction of reactive Ca/Mg-

bearing minerals in the latter two ashes. BJ ash displayed faster carbonation reaction kinetics 

because the reactant phases of BJ ash were mainly Ca-bearing phases which have higher reactivity 

with CO2 than Mg-bearing phases. Also, calcium in brownmillerite and amorphous phase(s) 

partially react with CO2, but the reactivity of the Ca-bearing amorphous phase is much lower than 

that of lime and portlandite. Large CO2 sequestration capacity and fast kinetics can be achieved by 

selecting suitable coal fly ash as the feedstock. 

Carbonation performance can also be improved by parameter optimization and introduction of 

additives. Specifically, the carbonation efficiency of carbonation reactions increases as the stirring 

rate increases to about 1050 rpm. A further increase in stirring rate leads to a reduction in 
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carbonation efficiency. Both carbonation rate and maximum carbonation efficiency increase with 

elevated initial CO2 pressure. Operating temperature has complex effects on carbonation reactions. 

Elevated temperature increases the reaction rate by improving the mass transfer rate, promoting the 

thermal motion of molecules and increasing their average kinetic energy which helps increase the 

speed of the carbonation reaction. Raising the reaction temperature also reduces the solubility of 

CO2 in the solution. The introduction of additives such as Na2CO3 can significantly promote 

carbonation efficiency by increasing the CO2 concentration in the solution. However, reaction 

kinetics were still too slow for further application.  

The IAM process developed in this research can solve this problem, integrating amine scrubbing, 

CO2 mineralisation and amine regeneration in a single process. The CO2 concentration in the 

absorbents can be very high, normally 0.5 mol-CO2/mol-absorbent. After carbonation reaction, the 

absorbents can be regenerated and recycled for another round of CO2 capture. The regeneration 

performance of five commonly used amines (MEA, DEA, MDEA, AMP and PZ) by CaO and fly 

ash has been confirmed. Another advantage of IAM is that, compared with the traditional thermal 

regeneration-based CO2 capture, IAM has better energy reduction and capital saving due to larger 

cyclic CO2 capacity, less energy requirement of amine regeneration and no need to compress and 

transport CO2.  

9.2 Future work 

Despite the contributions of this research make towards the carbonation mechanisms and 

carbonation enhancement approaches, much more work is needed to gain further development of 

CO2 sequestration by mineralisation in the future. 

(1) The chemical compositions of fly ash particles with different size should be analysed, as well 

as the carbonation capacities and efficiencies of these particles.  

(2) A wider range of fly ash samples should be collected and analysed. The key findings of 

relationships between carbonation capacities and mineralogical properties in this research can be 

used to assess the application potential of the target samples in CO2 sequestration. 

(3) The application of carbonated samples should be further investigated. The carbonated ash has 

great potential to be used as construction materials, such as cement, concrete, aggregate, and 

geopolymer materials. The changes in physico-chemical properties of carbonated fly ash may be 

be beneficial to sequential uses in cement and concrete. After the carbonation reaction, the potential 

for heavy metal leaching and uncontrollable expansion should be eliminated. Also, the carbonated 
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ash has a larger surface area. The larger surface area means greater mechanical strength of cement. 

In addition, the formation of the fine CaCO3 precipitates can provide a favourable surface for 

nucleation and growth of hydration products in cement/concrete, which is beneficial to the strength 

development of blended cement. 

(4) Further research is required to identify potential problems in IAM. For example, a wider range 

of amines should be considered and tested to determine whether there are more suitable absorbents 

for IAM. The technology is also likely to require a new amine-CO2 contactor instead of a packed 

column, because the carbonation of the calcium ions in lean solutions may block the traditional 

packed column. The leaching behaviour of metal ions from fly ash, and their effects on amine 

degradation, should also be studied in detail. 




