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Abstract 

Most of the world’s energy production is still mainly achieved by the combustion of coal in 

power stations. Coal fly ash is the inevitable waste product that accumulates to metric ton 

volumes each year. These vast volumes pose a problem in the disposal of the coal fly ash 

which conventionally is loaded onto ash dumps located near the coal power stations. 

Alternatives need to be investigated for the use of the coal fly ash in applications that would 

make the coal fly ash useful and thereby help to mitigate the environmental strain imposed by 

conventional ash dump disposal. 

This study focussed on investigating the extraction of Si and Al from CFA. The investigation 

into the removal of the magnetic iron oxide content and calcium content from coal fly ash 

was also carried out to enhance the extraction of the Si and Al from CFA e.g. the removal of 

calcium was attempted to promote the leaching of aluminium from the ash. The rationale for 

this process was that by removing and recovering these major constituent elements from the 

ash, it would be easier to concentrate and isolate the trace elements especially the rare earth 

elements that are present in the CFA.  

Coal fly ash sourced from Matla coal power station was characterised using x-ray diffraction 

to determine the mineral phases present in the raw coal fly ash and elemental composition 

determined by x-ray fluorescence and laser ablation ICP-MS. The main mineral phases in 

coal fly ash were determined to be quartz, mullite, magnetite and lime (CaO).  

Magnetic extraction was initially carried out on the coal fly ash to remove the iron rich 

magnetic material. Extraction tests were then performed on the coal fly ash using alkaline and 

acidic media namely; NaOH, HCl and H2SO4. The extraction tests were assessed and a 

sequential extraction experimental procedure developed to achieve the highest extraction 

yield for Si, Al, Fe, Ca, and Mg from the coal fly ash. Lastly the rare earth element content in 
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coal fly ash was tracked from the beginning till the end of the sequential extraction procedure 

to ascertain whether the rare earth elements partitioned to the leachates or the solid residues.  

The total element recoveries for Al, Si, Ca Fe, Mg were 53.36 %, 39.96 %, 93.8 %, 25.6 % 

and 67.3 % respectively using the sequential extraction procedure developed in this study. 

The rare earth elements contents were not affected by the sequential extraction procedure and 

on the whole remained in the solid residues at the completion of the sequential extraction, 

resulting in a residue with enriched levels of recoverable or extractable REE content after the 

removal of the major oxides from the CFA.The lowest enrichment being approximately 5 % 

for Thulium and the highest being approximately 76 % for Erbium 
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Chapter One 

1. Introduction 

This chapter provides details about the background of the work that is undertaken in this 

research. This chapter is divided into sub headings describing the rationale of the study, the 

problem statement and the aims and objectives. The research approach is given followed by 

the research questions addressed by the study. The scope and delimitations of the study are 

set so as to provide a guideline of what experimental results will be presented. Lastly, brief 

descriptions of the subsequent chapters to follow are outlined. 

 

1.1 Background 

Coal fly ash (CFA) is the inorganic remainder and end product of the coal burning process 

that is used to produce electricity at coal power stations worldwide. It is generally considered 

to be a waste product. CFA is actually an inorganic particulate matter of varying micron sizes 

ranging from 0.5 µm to 300 µm that becomes airborne due to the convection air currents 

created by the heat energy of coal burning. This is typically called the flue gas 

(Ahmaruzzaman, 2010). Due to the large volumes of coal that are burnt to produce electricity 

for our daily use, these particulates being released to the atmosphere contribute a great deal to 

air pollution levels and eventually ground pollution in our environment.  

Electricity power stations are fitted with bag filters or electrostatic precipitators that are used 

to control the release of these CFA particulates into the atmosphere and prevent their release 

into the local environment. These bag filters or electrostatic precipitators trap the particulates 

before the flue gases are released through the smoke stacks of the power plant. The inorganic 

content of coal solidifies rapidly while suspended in the flue gases after being released from 

the burning coal. The result of this rapid cooling is that only a few minerals have time to 
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crystallise and mainly amorphous glassy material forms. Not all mineral phases in the coal 

will melt entirely and thus a portion of the inorganic content will remain in its original 

crystalline form. CFA is thus a heterogeneous material. 

The appearance of CFA is a grey, fine, powdery material that is mainly spherical in shape and 

can be solid or hollow and mostly glassy (amorphous) in nature. The main chemical 

composition of CFA is SiO2, Al2O3, Fe2O3, CaO and TiO2. Moreover many trace elements are 

present in the ash.  

 
1.2 Rationale of the Study 

This study was undertaken to develop an effective method to extract the silicon, aluminium, 

iron and calcium components from CFA. Since CFA is a general waste product containing a 

range of elements, it can be seen as a potential raw material source for applications currently 

being researched. Reclaimed silicon has use in research applications such as the production of 

nano silica with one of its uses being in self-compacting concrete. It was seen to increase the 

mechanical and durability properties of the self- compacting concrete (Quercia et al., 2014). 

Reclaimed silicon has also been used as an anti-reflection coating for solar cells ( Liu et al., 

2013) and silicon in its amorphous form has use in photonic devices (Corte et al., 2013). 

Reclaimed aluminium in the form of Al2O3 can be used for production of adsorbents of toxic 

metals such as lead, zinc and cadmium (Asencios et al., 2012). Aluminium as metal has a 

high strength to weight ratio making it suitable to be used in the automotive as well as 

aviation industry (Simcoe, 2014). Reclaimed Al2O3 also has potential use in the manufacture 

of ceramic fibres that provide increased heat shielding capabilities as part of the manufacture 

of modern aircraft and gas turbines (Grashchenkov, 2012). In general iron is used to make 

alloys that are used in the construction industry and in the manufacture of machinery 

components and tools. Reclaimed iron has use in the production of iron based sorbent 
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materials used for toxic element removal from water (Ilavský, 2015). Reclaimed calcium 

compounds can potentially be used for wastewater treatment. CaSO4 has been tested as an 

alternative for aluminium sulphate in the treatment of wastewater (Vázquez-Almazán et al., 

2012). 

A secondary rationale for this process is that by removing and recovering these major 

constituent elements from the ash, it would be easier to concentrate and isolate the trace 

elements that are present in the CFA. These trace elements, especially the rare earth elements, 

also have various industry applications. The rare earth elements (REEs) are used in the 

manufacture of high strength permanent magnets, catalysts in petroleum refining, in metal 

and glass additives and also in additives for phosphors used in electronic displays (Jordens et 

al., 2013).  

 

1.3 Problem Statement  

The disposal of the ash in itself is an environmental problem due to the large volumes 

generated. Since the volumes are so vast, it would be very useful if the CFA could be 

recycled for other purposes instead of being disposed of on landfill sites. 

Currently CFA is being used in the building and civil engineering industry for concrete 

production as a substitute for portland cement and sand, structural fillers, road construction 

etc. (Manz, 1999; Sumner, 2000). It is also being used to manufacture geo-polymers (Nyale, 

2013), the treatment of acid mine drainage (Madzivire, 2015) and as a raw material for 

zeolite production on a small scale (Musyoka, 2012).    

If the useful components of CFA can be extracted, it could be used as an alternative resource 

and in effect conserve our natural resources. 
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1.4 Aims and Objectives   

The aim is to recover the useful major constituents of CFA as an alternative to normal 

disposal. The secondary aim is to track the solubility behaviour of the rare earth elements so 

that they could be recovered as well.  

The objectives would be, 

 to find a way to selectively extract the silicon, aluminium, iron and calcium from the 

CFA  

 To determine the best way to recover the elements of interest 

 to up concentrate trace elements  

 

1.5 Research Questions 

As explained previously, the CFA is mainly an amorphous glassy phase where some of the 

crystalline structure of the coal is not entirely broken down and remains in its original 

crystalline form. Since the glassy phase is formed by rapid cooling, these crystalline 

structures containing the trace minerals would be trapped inside the glassy phase and its 

removal would allow access to these metals. The questions that would be considered in the 

study are as follows: 

 What percentage of the major constituents of CFA can be recovered by removing 

the amorphous glassy phase of the CFA? 

 Can major elements be selectively extracted from CFA? 

 Do REEs and trace elements partition to the liquid extract or remain entrapped in 

the solid residues? 
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Since the main focus is the selective recovery of the major constituents of CFA and tracking 

the behaviour of the REEs and trace elements, these questions will be reviewed at the end of 

the study. 

 

1.6 Hypothesis 

Selective extraction of the major constituents from CFA would allow their recovery for reuse 

and would make it possible to up concentrate REEs or the trace elements present in CFA. 

 

1.7 Research Approach 

The selective extraction of the major constituents in CFA is the main focus of this study. The 

trace elements would only be tracked during the process to see whether these elements could 

be concentrated for their possible recovery. The research approach was to adopt the processes 

that have previously been used for extraction of major elements from other types of CFA but 

also track how trace elements behave in the extraction systems. Not many studies have 

actually looked at the mineral association of the trace elements since they constitute a very 

small percentage of the CFA composition and most studies investigated removing a single 

major element at a time. Elements such as Al, Si, Fe, Ca, and Mg were targeted by process of 

leaching and sequential extraction directly from the raw CFA. 

The first method was a physical extraction of the magnetic fraction in CFA using de-ionised 

water as a solvent. The ash residue from this step was used as the starting material for the 

experimental methods that were applied for extraction of Si and Al using strong acid and 

alkaline solutions. 

This study also explored a sequential extraction route in which Ca was removed with HCl, 

whereafter H2SO4 was used to recover Al, Mg and residual Fe. Lastly NaOH was used to 

selectively recover Si.  
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The problem is not an easy task because any liquid to solid contact with the CFA would leach 

some elements however small its effect is (Akinyemi et al., 2011; Eze et al., 2013b; Nyale, 

2014). Therefore this study employs a step by step analysis procedure to track how the 

elements partition between the liquid and solid phases. Analysis of solids was done using 

XRD, XRF and laser ablation ICP-MS and extracts were analysed using ICP-OES, ICP-MS 

or UV-Vis. At the end of the study it could also be determined at what step the highest 

amount of each element could be recovered. At the end of this study, an optimum extraction 

procedure where the highest amount of each element could be recovered will be developed. 

 

1.8 Scope and Delimitations of the Study 

Many studies have been carried out on Si and Al removal as their main focus but such studies 

were not concerned about the selective recovery of each element in sequence. The tracking of 

the trace elements were also not of concern and the oversight could be attributed to low 

concentrations needing expensive equipment for accurate determination. Therefore this study 

will focus on selective recovery of silicon, aluminium, iron and calcium. It will also entail a 

comparative study between different methods of extraction of the respective elements. The 

extracted Si and Al were not converted to solid compounds for the study. The percentage 

element extractions from the CFA were the main determinations with regard to the leaching 

of the CFA. 

Although the study also has a focus on quantifying the movement of REEs and trace elements 

during extraction, their recovery is beyond the scope of this study.   

 

1.9 Outline of thesis chapters 

The chapters to follow in the study are: 
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Chapter 2: The literature review on the methods that have been performed related to the 

subject matter 

Chapter 3: The description of the experimental procedure that was selected for the study. The 

analytical methods are included as well. 

Chapter 4: The presentation of the results obtained from the experiments.  

Chapter 5: The conclusions that can be drawn from the study. Finally, the study is evaluated 

for how effectively the goals were achieved and recommendations are made. 
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Chapter Two 

2. Literature Review 

This chapter provides information on the origin of coal fly ash (CFA) and the uses thereof. 

The extractive removal behaviour of the various elements in CFA is discussed as well as the 

methods that are used for their recovery. Techniques used for characterisation and analysis 

are reviewed and the chapter ends with a critical assessment of the relevant gaps that made 

this study necessary. 

 

2.1 Origin of coal fly ash  

Coal fly ash (CFA) originates from the combustion of coal to generate electricity. Coal is a 

fossil fuel source that is excavated on a large scale from coal deposits in beds or seams. These 

coal seams can reach up to hundreds of metres in thickness. Coal is in effect a solid 

carbonaceous rock that is brittle and combustible. It was formed from the decomposition and 

alteration of vegetation by compaction, temperature and pressure over geological time. Coal 

varies in colour from brown to black and is usually stratified (Speight, 2005). 

In coal combustion power stations, coal is firstly pulverised before it enters a boiler where the 

flame temperatures reach up to 1500 °C. After combustion of the coal, during the cooling 

down process, the residual inorganic matter changes from the vapour state to the liquid and 

solid state. This is a rapid process and it is here that individual, spherical particles, commonly 

called coal fly ash (CFA) are formed. CFA is a fine particulate material, less than 0.05 mm in 

diameter, composed largely of silicious material which is trapped by electrostatic 

precipitators or bag filters prior to the release of flue gases from the coal power station’s 

smoke stacks (Sumner, 2000). The CFA particles are therefore collected by the electrostatic 

precipitators or bag filters and stored in ash dumps. The CFA is tested for physical properties 
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such as fineness, loss on ignition and moisture. In U.S.A., 25 % of CFA is reused as a cement 

additive, in structural fills, roadbases and other engineering applications. The remainder is 

stored onsite in lagoons or landfills (Sumner, 2000). 

CFA forms as a result of chemical changes that take place in the mineral matter of coal 

during the ashing process, i.e. combustion. Loss of water from silicate materials, loss of 

carbon dioxide from carbonate materials, oxidation of pyrite (iron sulphide, FeS) to iron 

oxide and formation of oxides from Ca, Mg etc. are some of the chemical changes that occur 

during combustion (Speight, 2005). 

The composition of CFA differs significantly from wood ash solely due to the nature of the 

fuel. Coal has greater ash content as a result of mineral inclusion in the coal as it was 

deposited and modified over geological time. Clay minerals deposited in the bearing strata 

result in high Si and Al content of the coal. Iron deposited as pyrite (FeS, iron sulphide) 

within the coal also adds Fe and a range of trace metals as well. The two types of minerals in 

coal are called extraneous mineral matter and inherent mineral matter. Extraneous mineral 

matter is calcium, magnesium, ferrous carbonate, pyrites, marcasite, clay, shale, sand and 

gypsum. Inherent mineral matter is the combination of inorganic elements and organic 

components of coal that originated from the plant material from which the coal was formed 

(Sumner, 2000).  

CFA can be divided into two classes as per the American Standard of Testing and 

Measurement (ASTM). CFA is classified according to ASTM C618, (2008) as either being a 

Class F or Class C type. The differentiation is made by the amount of calcium, silica, alumina 

(Al2O3) and iron present in the ash. CFA having a total silica, alumina and iron content of 70 

% with lime content (CaO) less than 15 % is defined as Class F CFA. Class F CFA is also 

described as being pozzolanic in nature. A pozzolan is defined by Mehta, (1987) as a 
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siliceous or a siliceous and aluminous material that on its own has no cementitious value but 

when mixed in its finely divided form with water and CaOH at room temperature, forms 

compounds that exhibit cementitious properties according to ASTM C618. 

Bituminous coals have high sulphur content and produce acidic to neutral pH ash. 

Bituminous ash also has higher Fe content with lower Ca and Mg content. Sub-bituminous 

coal fly ash has low sulphur content, lower Fe and associated metals and is classified as Class 

C CFA. Class C CFA has higher lime content in the range of 15 % to 30 %. This factor gives 

Class C CFA a more pozzolanic nature with a unique irreversible, self-hardening 

characteristic that gains strength over time. This characteristic is similar to portland cement 

and therefore makes it very suitable as a cement additive (Sumner, 2000). 

Originally CFA was seen as a waste product from electricity production and was dumped on 

land nearby the power stations. Eventually it was realised to be a problem due to the sheer 

volumes that were being generated over time and a means had to be found to deal with this 

ever growing problem. 
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2.1.1 Matla Power Station 

The CFA utilised in this study was obtained from Matla power station, which is situated 

approximately 30 km from Secunda in the Mpumalanga province in the Republic of South 

Africa. It has six 600 megawatt (MW) units giving it an installed generating capacity of 3600 

MW.  

 

 

 

 

 

 

 

 

Figure 2.1 Matla Power Station 

(http://www.construction.murrob.com/projects/MatlaPowerStation.htm) 

Matla power station was the first of the giant 3600 MW coal fired power stations started in 

the late 1980s. Its construction was started late in 1974 and by July 1983 it was fully 

operational. It is one of the few power stations in the world with a concrete boiler house 

superstructure. Its outward appearance is therefore very different from other power stations in 

South Africa. The use of concrete reduced the construction time as well as capital costs at the 

time when there was a steel shortage (Eskom, 2016a)  
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2.2 General overview of CFA utilisation 

2.2.1 Global generation of CFA 

In 2011, coal power generation made up 29.9 % of the world’s electricity supply and is 

estimated to increase to 46 % by 2030. CFA makes up 5 – 20 wt % of feed coal and typically 

is found in the form of coarse bottom ash and fine fly ash that represents 5 – 15 % and         

85 – 95 % respectively (Yao, 2013). 

The high prices for oil and natural gas make coal power generation more economically 

favourable especially in coal resource rich nations such as China, US and India (Lior, 2010). 

China with 50.2 % of coal consumption makes it the world’s largest consumer of coal 

followed by the US (11.7 %), India (8 %), Japan (3.3 %), Russian Federation (2.5 %), South 

Africa (2.4 %), South Korea (2.2 %), Germany (2.1 %), Poland and Indonesia (1.4 %) (Yao 

et al., 2015). An estimate of the annual worldwide generation of CFA for 2012 was 

approximately 750 million tonnes (Blisset et al., 2012; Izquierdo et al., 2012). As per the 

Eskom Generation Communication CO 0007 Revision 14 report, updated February 2016, 

(Eskom, 2016b) coal combustion covers approximately 72.1 % of the annual electricity 

demand in South Africa. Approximately 224 million tons of coal is produced annually in 

South Africa of which 25 % is exported internationally. As per the Eskom Generation 

Communication CO 0004 Revision 12 report, updated February 2016, (Eskom, 2016c), 

approximately 109 million tons of coal per annum is used to produce the country’s annual 

electricity demand. This coal combustion results in an annual production of 25 million tons of 

coal fly ash with only approximately 1.2 million tons being sold and used mainly by the 

cement and construction industry  
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2.2.2 Global use of CFA 

Approximately 20 % of CFA produced is used in concrete production. Other uses include 

road construction, soil amendment, zeolite synthesis, fillers in polymers etc. (Cho et al., 

2005). These applications are not sufficient to utilise all the CFA produced globally. The 

unused CFA is treated as waste and stored in ash ponds, lagoons or landfills. This creates an 

exponentially growing problem where the availability of disposal areas will eventually 

decrease and this is coupled with an increase in disposal costs. The only viable way to 

alleviate this problem is to develop additional recycling processes of CFA (Yao et al., 2015).      

The following sub-headings will provide some insight on a few of these applications 

mentioned above. 

 

i) Agriculture 

Lime and dolomite is commonly used to ameliorate soil. However it is not always economic 

and environmentally friendly. The amelioration time is also considerably longer using lime 

and dolomite as opposed to CFA to improve the physical properties of the soil structure (Ram 

et al., 2006). The physiochemical properties of CFA makes it a suitable soil ameliorant due to 

it having silt and clay particle sizes, low bulk density, higher water holding capacity, 

favourable pH and also trace elements present in CFA can serve as a source of plant nutrients 

(Ram et al.,2007; Pandey et al., 2010).  

The addition of CFA as a soil amendment has proved to increase crop yields. CFA was 

shown to increase porosity, water holding capacity, pH, and conductivity due to dissolved 

SO4
2-

, CO3
2-

, Cl
-
 and basic cations such as Ca

2+
, Mg

2+
, Na

+
, H

+
, NH4

+
 and K

+
 in high clay 

soils. Field and lab trials have also showed that after adding CFA to the soil, the vegetative 

yield had been maintained for several years well above those of other treatments. The various 

crops treated were corn, beans, legumes, grasses etc., (Palumbo, 2007). 
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However, Class F ashes have low soil nutrient value. Major nutrient concentrations are low 

and availability studies indicated that potassium, in particular, is not readily soluble in water. 

It also has a low CCE (calcium carbonate equivalent) content, 1 – 10% making it overall a 

limited quality fertiliser with limited potential as lime substitute (Sumner, 2000). 

CFA has also been used to pasteurise sewage sludge with the sludge product shown to be an 

excellent soil ameliorant (Reynolds et al., 1999). Although it has not been commercialised in 

South Africa similar technologies have been successfully applied elsewhere in the world 

where CFA was blended with a variety of organic and inorganic materials such as lime, 

gypsum, farmyard manure, sewage sludge and composts. This serves to enhance the soil 

ameliorant properties of the CFA (Adriano et al., 1980; Haynes, 2009; Belyaeva et al., 2012).    

Additionally, preliminary results from field and laboratory experiments indicate CFA to aid 

in CO2 sequestration in soil (Amonette et al., 2003; Palumbo, 2004, Muriithi, 2011). This 

could serve to be of great help in minimising and mitigating CO2 emissions.    

The growing concern with the use of CFA as a soil amendment agent is the potential leaching 

of hazardous metals which, although not significant in small amounts, is raised exponentially 

when higher volumes of ash are used (Adriano et al., 2002; Adamson, 2010). This cumulative 

effect of using large amounts of ash has caused an increase in the toxic element levels in 

crops. Investigations conducted by Sharma et al., (2006) have confirmed that there were 

increased uptake levels of boron, molybdenum, aluminium and selenium in maize crops.   

 
ii) Construction 

CFA has mainly been used as a substitute in the construction industry either in the form of a 

raw material or additive in the cement industry. CFA is either called cementitious or 

pozzolanic depending on its CaO content. Class C CFA having high CaO content has both 

 

 

 

 



CHAPTER 2 LITERATURE REVIEW 

 

15 

cementitious and pozzolanic properties according to ASTM, (2008). Class F CFA is mainly 

pozzolanic due to its lower CaO content (Yao et al., 2013).  The silica in CFA reacts with 

calcium hydroxide to produce calcium silicate hydrate (Nonavinakere et al., 1995). The 

pozzolanic properties make it suitable for cement replacement and other building applications 

(González et al., 2009). Partial addition of class F CFA as a binder in concrete reduces the 

heat of hydration and minimises crack development in the concrete’s early curing stage 

(Sarker et al., 2009). CFA also adds value by improving the long term durability properties of 

concrete by reducing the ingress of aggressive agents such as chloride ions (Nath et al., 

2011). CFA containing concrete also exhibits increased strength with low permeability 

(Taylor, 1997; Maroto-Valer et al., 2001). The partial replacement of cement with fly ash 

reduces production costs. Generally, 15 to 35 wt. % CFA is used for concrete mixing. It can 

increase up to 70 wt. % for concrete constructs such as pavements, walls and parking lots 

(Dilmore et al., 2001). CFA based geopolymer has emerged as a promising new cement 

alternative in the field of building and construction materials (Yao et al., 2015). Research is 

still ongoing with regard to the use of geopolymers and there are various types that are being 

produced each having varying physical properties. Geopolymers can be used for various 

applications in the construction industry (Temuujin et al., 2010; Sarker, 2011; Sarker et al., 

2012; Nyale, 2014; Böke et al., 2015). 

 

iii) Raw material source 

The use of CFA as a raw material source for developmental research is ongoing. CFA 

research includes small scale synthesis of zeolites from CFA. Zeolite X, Zeolite P and Zeolite 

A has been synthesised and tested (Musyoka et al., 2012). Hydrotalcites and zeolite NaX, 

NaY has been synthesised from CFA for use in CO2 sequestration (Muriithi, 2013b). Zeolite 

NaX prepared from CFA has also been used as a solid base catalyst to produce biodiesel 

(Babajide et al., 2012). CFA has also been utilised to counteract acid mine drainage 
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(Madzivire et al., 2015). CFA also contains valuable metals such as germanium (Ge), gallium 

(Ga), vanadium (V), titanium (Ti) and aluminum (Al). All these elements are potentially 

extractable provided an acceptable and economically viable process can be obtained. Ge is a 

valuable element used in the manufacture of light-emitting diodes, infrared optics, fibre 

optics, photovoltaic cells and as a polymerization catalyst for polyethylene terephthalate 

(Font et al., 2005). 

 

2.3 Chemical Composition of CFA 

CFA contains three different types of macro constituents: crystalline minerals (quartz, 

mullite, spinel, etc.), unburnt carbon particles and non-crystalline alumina-silicate glass. Most 

of the ash is typically made up of glassy material (Ward et al., 2005). Due to its poorly 

ordered atomic structure, porous nature and overall abundance, the glassy phase is usually the 

main constituent involved in chemical reactions associated with ash utilisation in the cement 

industry. The same applies to geopolymer and zeolite production. The glass also appears to 

be a major host within the ash for adsorbed trace elements. These trace elements may be 

loosely bound on the glassy surface thus increasing the potential for their release into the 

surrounding environment.  

Silicon in CFA exists in forms of amorphous SiO2, quartz crystals and mullite, also known as 

the aluminosilicate component. The mullite phase is produced from the combination of Al2O3 

and SiO2 that is formed under the high temperatures to which the coal is subjected during the 

coal burning process (Bai et al., 2010). 

From studies conducted it was determined that the micron surface layer of CFA particles 

contains a significant amount of leachable material that is deposited during the rapid cooling 

phase after combustion (Wibberley et al., 1982). The leaching of elements from CFA has 

been extensively reviewed (Mattigod et al., 1990) and studies conducted around the 
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behaviour of CFA with water, as a simulation of how CFA is exposed in the environment, 

have shown that the main cations present in water extracts are calcium, sodium, potassium, 

magnesium and barium (Fatoba, 2007). The anions are sulphates, hydroxides and carbonates 

(Fatoba, 2007; . Lecuyer et al., 1996; Elseewi, et al., 1980)) 

The mineral and glass phases of CFA are formed over a large temperature range in the 

furnace environment and are unstable (Iyer, 2002). These phases dissolve and precipitate as 

stable and less soluble secondary phases. The dissolution and hydrolysis of the CaO and 

MgO oxide components of CFA causes the pH of CFA to increase. This is represented by: 

CaO + H2O ⇌ Ca(OH)2 ⇌ Ca
2+ 

+ 2 OH
− 

(1) 

MgO + H2O ⇌ Mg(OH)2 ⇌ Mg
2+ 

+ 2 OH
− 

(2) 

This increase in pH is offset by the dissolution of soluble acid anhydrides such as B2O3 

(boron trioxide) and salts that contain hydrolysable entities such as Fe2(SO4)3 and Al2(SO4)3 

(Iyer, 2002). 

 

2.4 Elements of interest 

The following sub-sections will discuss the elements of interest that could be extracted from 

CFA. It discusses the background of the elements and the knowledge base gained from 

research conducted over a span of many years. 

 

2.4.1 Silicon 

More than half the chemical composition of CFA consists of SiO2 depending on its coal 

source. SiO2 itself consists of approximately 47 % elemental silicon. The mineral forms 

containing silica in CFA are quartz, amorphous silica and aluminosilicate minerals (mullite) 

(Blisset et al., 2012). Amorphous silica is the more reactive form while quartz is an extremely 

hard mineral that is very difficult to dissolve (Iler, 1979). Even though silicon has rather low 
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solubility, it tends to have quite a bit of interaction with H2O molecules when dissolved in 

water. The soluble form of silica is monomeric, meaning it only contains 1 Si atom and is 

generally formulated as Si(OH)4. It is called monosilicic acid or orthosilicic acid. Its state of 

hydration is not known but at high pressure there is some indication that one water molecule 

is probably linked to each OH group by hydrogen bonding. The hydrated molecule was 

represented as Si(OH:OH2)4 (Willey, 1974).  

Reactive silica is achieved by the hydrolysis of SiO2 in excess H2O to create the compound 

monosilicic acid, H4SiO4, represented as follows; 

SiO2 + 2 H2O ⇌ H4SiO4 (3) 

It can be re-arranged as follows; 

SiO2 + 2 H2O ⇌ Si(OH)4  (4) 

and is represented graphically as;  

 

 

 

 

where Si(OH)4 is termed monomer to represent soluble silica. The structure of monosilicic 

acid is assumed to have Si co-ordinated with 4 oxygen atoms as in amorphous vitreous silica 

(clear, gel like silica) and in crystalline quartz (Ilyer, 1979). The stishovite (Lyon, 1962) and 

thaumasite (Mitsyuk et al., 1966) forms have 6 co-ordinated oxygen atoms but the common 

majority is 4 oxygen atoms. All these forms are essentially non-ionic in neutral and weakly 

acidic solutions and not transported by electrical current unless ionised in alkaline solution. 

H2O.OH 

HO.H2O 

H2O.OH 

HO.H2O Si Monosilicic acid 
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These species cannot be salted out of water nor can they be extracted by neutral organic 

solvents. Soluble silica can remain in the monomeric state for long periods of time in H2O at 

25°C as long as the concentration is < 2x10
-3

 M whereas polymerisation occurs rapidly at 

higher concentrations to firstly form low molecular weight polysilicic acids and then larger 

polymeric species recognisable as colloidal particles (Ilyer, 1979). In pure H2O, pure 

amorphous silica dissolves to give monosilicic acid of 100 – 110 ppm. However if polyvalent 

ions such as Fe, Al etc. are present, then colloidal silicates are formed with much lower 

solubility than that of monosilicic acid. Iler, (1973) showed that soluble aluminium decreases 

the solubility of amorphous silica from about 110 ppm to 10 ppm. 

Quartz (SiO2) is the anhydride form of monosilicic acid (H4SiO4). For this reason, in general, 

quartz will not react or be attacked by acids since it can be seen to be an acid itself. 

Hydrofluoric acid (HF) is the only acid exception that decomposes quartz to initially form 

silicone fluoride (SiF4) that converts to hydrofluorosilicic acid; 

SiO2 + 6 HF → H2SiF6 + 2 H2O (6) 

HF volatises silicon but it can be overcome by having the reaction vessel environment 

contained or have the volatile gas trapped in a scrubber type system set-up. 

Silica is relatively un-ionised at most natural pH levels. At pH of 8.5 approximately 10% of 

monosilicic acid is ionised and at pH 9-10, only about 50 % is ionised. 

pKa = 
[H3SiO4][H

+
]

[H4SiO4]
 = 9-10 (being concentration dependent) (7) 

 

2.4.1.2 Amorphous Silica 

Frondel, (1962) stated that amorphous silica is not truly amorphous but consists of regions of 

local atomic order or crystals of extremely small size that was shown to have a cristobalite 
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(polymorph of quartz) structure by careful XRD studies. Under ordinary diffraction 

procedures the material gives a broad band without multiple peaks such as those obtained 

with macroscopic crystals and is thus termed amorphous. Precipitated amorphous silica is an 

important chemical made from the chemical reaction between a solvable silicate and an acid 

under certain conditions. It is widely used in plastics or as filler in rubber and paper products, 

coating materials, anti-sticking agents, printing ink, electronic materials etc. (Gaoxiang et al., 

2009). It is also an important catalyst in the chemical industry and used as the raw material 

for the production of silicone (Mittal, 1997). Soluble silicates produced from silica are widely 

used in glass or ceramics as a major component in cement, pharmaceuticals, in cosmetics, in 

the detergent industry and as a bonding agent in the adhesives industry (Laxamana, 1982). 

Silica is also used as a precursor for a variety of inorganic and organo-metallic materials 

having application as catalysts in synthetic chemistry and in thin films/coatings for electronic 

and optic materials (Lender et al., 1990; Brinker et al.; 1990). 

The silicate used in various applications is obtained via chemical means. Firstly SiO2 in a 

primarily amorphous state is obtained from an acid leached residue. This amorphous silica is 

then reacted with NaOH to form sodium silicate. The reaction is represented as; 

     nSiO2 + 2 NaOH → Na2O.nSiO2 + H2O     (8) 

where n represents the modulus ratio between SiO2 and Na2O. The modulus needs to be 

controlled between 3.0 and 3.4 to prepare SiO2 of a superfine size with high specific area 

(Gaoxiang et al., 2009). 

The solubility of amorphous silica is very low at a pH <10 and increases sharply at pH >10. 

This unique solubility behaviour enables reclamation of silica from rice hull ash in pure form 

by solubilising under alkaline conditions and subsequently precipitating at a lower pH (Iler, 

1979; Kamath et al.,1998). This solubility behaviour also has relevance to CFA. Studies 
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conducted showed that there was increased solubility of amorphous silica at 40 °C using 

various strengths of 0.1N – 2N NaOH, KOH, Na2CO3 and K2CO3 (Dmitrevski et al., 1969). 

There is an increase in the solubility of amorphous silica from pH 9 to 10.7. This is attributed 

to the formation of silicate ions together with the monomer, Si(OH)4, that is in equilibrium 

with the solid phase. Since the silicate ion is almost instantly converted to monomer in acid, 

both the monomer and silicate ion are therefore included in the determination of soluble silica 

by the molybdate reagent (an acid in itself). In this pH range amorphous silica is in solubility 

equilibrium with neutral monomer as well as silicate ions, 

(SiO2)x + 2 H2O  ⇔ Si(OH)4 + (SiO2)x-1 (9) 

Si(OH)4 + OH
_

 ⇔ Si(OH)5

_
 (or HSiO3

_
)  (10) 

Above pH 10.7 all of the amorphous silica present in its solid phase dissolves to form soluble 

silicates. This occurs due to the decrease in the concentration of Si(OH)4. At this higher pH 

range, the Si(OH)4 is converted to ionic species thereby upsetting the equilibrium so that no 

amorphous solid can remain in equilibrium (Iler, 1979). 

 

2.4.1.3 Colloidal Silica and Silica Gel 

Colloidal silica comprises suspensions of silica in a liquid and it forms a charged species. 

They are dense, amorphous silica units that have polymerised with one another. The colloidal 

particle diameters size range from 10 Å to 50 Å. If the particle sizes increase then the silica 

will precipitate out of the colloidal solution. Studies carried out by Goto et al., (1953) proved 

the negative charge carrying capability of colloidal silica. Electrophoresis and transport 

studies were carried out in a mixture of monosilicic acid, Si(OH)4, in equilibrium with 

colloidal silica particles at pH 7-8. It was determined that the colloidal particles carry the 

negative charge and not the molecularly soluble monosilicic acid. 
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Silica gel is a rigid 3-d network of colloidal silica and is classified as an aquagel having its 

pores filled with water. If the aqueous phase is removed via evaporation it is termed a xerogel 

and an aerogel if the solvent is removed via supercritical extraction. Xerogel gels are used to 

prepare dense ceramics. Its high porosity and surface area leads to applications such as 

catalytic substrates, ultra filters and chromatography column packing materials (Brinker et 

al., 1990). Relatively purer forms of silica are however needed for these applications. 

2.4.1.4 Silicate chemistry 

(i) Dissolution of silica 

The dissolution of silica is influenced by various factors but the overall requirement for 

dissolution is a catalyst. The dissolution can therefore be described as a depolymerisation 

through hydrolysis with the solubility being the concentration of Si(OH)4 reached in the 

depolymerisation-polymerisation equilibrium (Iler, 1979). The catalyst is described as the 

material that is chemosorbed onto the silicon atom. It therefore increases the co-ordination 

number of the silicon atom on the surface to more than four thereby weakening the oxygen 

bonds between the silicon and oxygen (Iler, 1979). 

The hydroxyl ion (OH
−

) is a unique catalyst in alkaline solutions. The structure of 

amorphous silica has a more open arrangement than that of cristobalite (to which it is closely 

related) and on the surface there are large enough spaces between oxygen atoms to 

accommodate hydroxyl ions (Ilyer, 1979). The surface then acquires a negative ionic charge 

and silica is constantly being exchanged in equilibrium between solution and surface 

according to the following steps: 

Step 1: Absorbtion of OH
−
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Step 2: Si goes into solution as silicate ion. If the pH is below 11, the silicate ion hydrolyses 

to soluble silica Si(OH)4 and OH
−

  ions and the process repeats 

Figure 2.2: Hydrolysis of silicate ion (Ilyer, 1979) 

Above pH 11, OH
− 

converts Si(OH)4 to silicate ions and if the solution is kept unsaturated 

the silica continues to dissolve. Below pH 11 to pH 3, OH
−

 is the only rate controlling 

catalyst for the silica dissolution till the solution reaches saturation (Ilyer, 1979).  

HF acts in the same way as depicted in Figure 2.2. There is initially chemisorption of the F−  
 

ion, which is approximately the same size as the OH
−

  ion. The catalytic effect of F− is not 

identical to OH
−

 as proven by silica dissolving in NaOH but not NaF. It requires the presence 

of H
+
 and F

-
 for the catalytic effect to occur. Stöber (1963) made this important observation 

with stishovite, the only form of silica where Si is surrounded by 6 instead of 4 oxygen 

atoms, being insoluble in HF but dissolves in even weak alkali. In his observation of 

stishovite he saw that HF firstly converts the SiOH surface to a SiF group. The SiOH surface 

is hydrophilic and since the SiF group has no H atoms to bond with H2O it renders the surface 

hydrophobic. Stishovite, that is much denser than quartz, has its surface converted to a close 

packed monolayer of hydrophobic fluorine atoms making it similar to a fluorocarbon surface. 

The exclusion of H2O from the surface does not allow for dissolution to take place. Quartz on 
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the other hand, has a more open structured surface where the fluorine atoms are not as closely 

packed and water is not excluded from its surface. There is therefore still room for F− to 

penetrate the surface thereby raising the co-ordination number and allowing dissolution to 

occur. 

Certain impurities such as Al in minute amounts reduce the dissolution rate of silica. 

Chemisorption of Al onto the surface of silica, even if it is a monolayer reduces the solubility 

of silica at equilibrium. Jephcott and Johnston, (1950) showed that the apparent solubility of 

amorphous finely divided silica in water decreased from 0.017% at 37 °C to 0.003-0.0097 % 

when Al2O3 was added to the system. It decreased to less than 0.0001 % if powdered Al was 

used instead. 

 

(ii) Silicate formation 

Above pH 11, all silica will dissolve as soluble silicate. Active silica is defined by Rule, 

(1951) as silica that depolymerises completely to soluble silicate in 100 min at 30 °C in an 

excess of pH 12, 0.01M NaOH solution. Silica particles are negatively charged in alkaline, 

neutral or weakly acidic solutions and therefore electrostatically repel each other. When the 

levels of monomeric silica are too high, it polymerises with itself forming larger silica 

particles or nuclei onto which the silica will deposit (Iyer, 1979). This process is called a 

condensation process and eventually a uniform, 3-dimensional gel network of these 

agglomerated silicate particles are formed (Hamouda et al., 2014). Self-condensation of the 

monomer catalysed by OH
-
 ions is commonly written as  

2 Si(OH)4 
OH-

→  (HO)3SiOSi(OH)3 + H2O (11) 

The silanol (Si-OH) group contained in the polymers condense and build up larger particles. 

At first the newly formed sodium silicate solution is transparent but over time the solution 

 

 

 

 



CHAPTER 2 LITERATURE REVIEW 

 

25 

becomes cloudy and thickens as the silica gel develops The polymerisation rate of the silica 

gel depends on pH, silica concentration, temperature and concentration of divalent cations 

(Hamouda et al., 2014). 

The formation of a gel in the silicic acid system is brought about by the condensation of 

Si(OH)4 into siloxane chains. These then branch out by cross-linking to form a 3-d molecular 

network. This siloxane gel network might be obtained under conditions where 

depolymerisation is least likely to occur thereby ensuring that condensation is irreversible and 

the siloxane bonds cannot be hydrolysed once formed. Another way of saying that the 

siloxane bonds are not readily broken is that the condensation polymer of siloxane chains 

cannot undergo re-arrangement into particles. The reaction steps for the condensation 

reaction to form the siloxane bond chains of the silica gel are presented in Figure 2.3 below. 

The mechanism requires a transition state to form oxo bridges between the Si atoms via an 

oxolation process.  

 

 

 

 

 

 

Figure 2.3: Condensation reaction for silica gel polymerisation (Trinh et al., 2006) 

At low pH silica polymerises in stages to nuclei of silica that increase in size to 2 – 3 nm. 

These nuclei of silica then aggregate into chains to form higher molecular weight polymers. 
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Above pH 6-7 the behaviour is entirely different. The ionisation of polymeric species is much 

higher so that the monomer polymerises and decreases in concentration very rapidly. 

Simultaneously the particles grow rapidly to a size that is temperature dependent. Only above 

pH 7 can silica particles of suitable size be prepared and concentrated for industrial use. In 

the pH 8 - 10 range monomer polymerises to colloidal silica particles that form quickly and 

grow spontaneously to recognisable size (Ilyer, 1979).  

As stated previously, colloidal silica consist of stable dispersions or sols of discrete particles 

of amorphous silica. This term excludes solutions of polysilicic acid in which the polymer 

molecules or particles are so small that they are not stable. These colloidal solutions can be 

obtained by acidifying sodium silicate solutions till neutral pH range. The colloidal solutions 

are used as precursors for the formation of colloidal particles (Ilyer, 1979). 

Colloidal silica particles dry irreversibly to insoluble silica. Once the siloxane bond Si-O-Si is 

formed it cannot be broken by acid. Primary particles of colloidal silica are generally non-

porous if formed or grown in alkaline solution and especially if formed at temperatures above 

60 °C. Silica can be modified by the attachment of different atoms or groups to modify the 

physical and chemical behaviour. If the silica surface is completely covered with a layer of 

alumina, even as thin as 1 to 2 molecules thick, it acts as though it were a solid aluminium 

particle that bears a positive charge and is stable at low pH (Ilyer, 1979). Si and Al can both 

assume a co-ordination number of 4 or 6 toward oxygen with both having approximately the 

same diameter. Since the aluminate ion, Al(OH)4
-
, is geometrically similar to Si(OH)4, an ion 

can be inserted or exchanged into the SiO2 surface and thus create an aluminosilicate site 

having a fixed negative charge.  Destabilisation of the sol can be achieved by leaching Al
3+

 

from the surface at very low pH (Ilyer, 1979). Traces of aluminium are present in all 

commercial silicates and may still be present as SiAlO4
-
H

+
 sites on the silica surface in 

sufficient amounts to contribute to the stability at pH 3.  
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2.4.1.5 Uses of colloidal silica 

One of the earliest proposed uses of colloidal silica produced from Na silicate by ion 

exchange was to improve the strength of ceramic cement (Carter, 1943). Colloidal silica is 

used to make silica gels having surface area, pore size and mechanical strength determined by 

the particle size of the colloidal silica e.g. catalyst bases and adsorbents. As mentioned earlier 

colloidal silica particles dry irreversibly to insoluble silica. This property makes it suitable for 

stiffening and binding inorganic fibres and granular powders. It is used to increase the 

friction of surfaces (“invisible sand”) for e.g. railway racks, waxed floors and textile fibres. It 

provides anti-sticking, anti-blocking and anti-static effect on organic films. These anti-soiling 

treatments also provide an ultrasmooth, oleophobic surface on porous materials by filling 

micopores to exclude dirt particles e.g. textiles, paper and painted surfaces. Colloidal silica 

forms a component of thin refractory electrically insulating films on conducting surfaces e.g. 

laminations in transformer cores, conducting films on insulating materials e.g. graphite 

coatings on paper. It is used as a polishing agent for silicon wafers used in the electronics 

industry. It has application in biological research where it is used in culture media and as a 

centrifuging medium. It is also best suited as a source of chemically reactive silica (Ilyer, 

1979). 

 

2.4.1.6 Approaches to silica removal 

From the review of most of the previous work done on CFA pertaining to silicon removal, 

alkaline leaching seems to be the best method to extract the largest amounts of Si from CFA.  

Panagiotopoulou et al., (2007) determined that Si dissolution was higher when NaOH in used 

as the leaching reagent. For this study it was thus decided to use NaOH as the test alkaline 

reagent. 

Extraction of Si from CFA in the form of sodium silicates is also advantageous since sodium 

silicate itself has a myriad of uses. SiO2 and Al2O3 are soluble in NaOH and in the studies 
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done by Bai et al., (2010) their experimental results showed that only SiO2 is soluble in 

NaOH when the temperature is below 160 °C. This information will also be applied in the 

extraction tests of CFA as done by Bai et al., (2010), to try and extract Al and Si separately 

from CFA. 

Al2O3 and SiO2 are both soluble in NaOH under certain conditions as represented by;  

SiO2 + 2 NaOH → Na2SiO2 + H2O          (12) 

Al2O3 + 2 NaOH → 2 NaAlO2 + H2O         (13) 

Their solubilities depend upon NaOH concentration, temperature, phase composition and the 

dissolution competition between the two ions. Various experiments conducted yielded results 

that indicated Al2O3 is insoluble in NaOH when the temperature was below 160 °C under 

standard atmospheric pressure (Bai et al., 2010). Bai and co-workers achieved a maximum 

SiO2 extraction yield of 62.5 % leaching with a 30 % NaOH solution at 100°C for 30-60 

minutes. Increasing the time to 120 min slightly decreased the SiO2 extraction efficiency 

which was deduced to be an effect of the formation of insoluble aluminosilicate compounds. 

The time limit for silicon extraction for this study was therefore limited to two hours only and 

time was not considered as a variable in the leaching experiments. 

Since alkaline leaching will be used to dissolve the silicon present in CFA and thereby 

extracting it, the sodium silicates formed in solution could be separated from the CFA solid 

residue and then precipitated with an acid medium. The reaction would be stopped when the 

pH range is around 7. The solution could then be slowly filtered off from the silica gel 

formed and the gel allowed to air dry. 
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2.4.2 Iron  

Iron is present in CFA in its oxide form that originates from the oxidation of iron sulphides 

such as pyrite and marcasite present in coal during coal combustion for electrical power 

generation. The crystalline phases of the CFA iron oxide are magnetite, hematite and 

maghemite. Iron oxide is present in CFA in the range of 2 % - 12 % depending on where the 

coal was sourced from. Iron is also introduced from the degradation of the iron grinding balls 

used in the coal milling process.  

2.4.2.1 Approaches to iron recovery 

Iron can be extracted from CFA via the conventional acid leaching treatments. However since 

the ash contains a multitude of components, it is actually possible to remove the magnetic 

component of CFA via magnetic extraction techniques without chemically altering the CFA 

to a great degree (Gilbert, 2013). This method is a physical separation process that does not 

require costly corrosive acid lixiviants but instead the magnetic component is removed by 

magnetic stirring. This method also proves to be non-destructive in that the CFA residue after 

magnetic treatment could be re-used for another waste recycling process such as Si or Al 

extraction.  

Magnetic extraction could be undertaken under dry conditions that require special apparatus 

specifically tailored for the process. Electromagnets are usually used to provide the strong 

magnetic fields necessary to execute the dry extraction (Shumkov, 2002; Shumkov 2004). 

The CFA is normally passed around a magnetic drum where the particulate magnetic material 

is removed and suspended onto the drum. The non-magnetic CFA ash residue is re-collected 

for possible secondary waste recycling. An alternate method of magnetic extraction would be 

a wet technique. The CFA is mixed with water and stirred at high rpm to agitate the CFA 

particles to form a slurry. The slurry is then stirred while subjected to a strong magnetic field 

that retains the magnetic material and allows for the non-magnetic CFA residue to be 
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decanted (Gilbert, 2013). On a large scale it is stirred in a magnetic drum. Non-magnetic 

crystalline phases such as quartz, aluminium and calcium silicates are also removed along 

with the magnetic components. This is due to the micro sized CFA particles that remain in 

the magnetic extract. Shoumkova, (2006) extracted magnetic material from Bulgarian CFA 

and the main iron containing crystalline phases were determined to be impure maghemite, 

hematite and Ca – Fe oxide. The different iron crystalline phases differ in magnetic strength 

from each other. Maghemite and magnetite are strongly magnetic while hematite and goethite 

are weakly magnetic. There are non-magnetic fractions such as FeS (pyrite), iron containing 

aluminosilicate crystals and glassy phase iron compounds also present in the CFA which 

would make it difficult to achieve 100 % extraction of Fe containing species in the CFA 

using magnetic extraction. The biggest advantage of using the magnetic extraction step, for 

the greater effect of isolating Fe containing compounds in the CFA, is that it minimises 

chemical and to an extent physical degradation of the CFA. This makes it possible for the 

CFA to be recycled again for extraction of components of value; which otherwise would have 

been damaged/ degraded or altered by chemical extractions. Trivalent iron oxides are 

sparingly soluble in 4 M – 5 M alkaline solutions having approximate solubility of 100 ppm 

at temperatures between 120 °C and 220 °C. The solubility is much lower, approximately 1 

ppm if the alkaline leaching takes place at 60 °C (Basu, 1983; Hudson et al., 2000). This very 

low solubility results in the trivalent iron oxides being highly non-leachable under 

atmospheric pressure and elevated temperatures in highly alkaline solutions of sodium 

hydroxide (Mazzocchitti et al., 2009). This additional knowledge will help minimise iron 

contamination when the alkaline leaching for silicon extraction from CFA is performed.  

2.4.2.1.1 Potential uses of reclaimed iron oxide from CFA 

Another interesting point that was noted was that silica or waste reclaimed silica modified 

with FeO can be used as a low cost absorbent for metal removal (Unob et al., 2007). Due to 
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iron oxides having high surface area and surface charge, it has been previously used in water 

treatment as flocculant for organic compounds and for metal removal in its hydroxide form 

(Eckenfelder, 2000). 

Silica gel is commonly used in the purification and separation of organic mixtures because of 

its absorption properties, high surface area and its porosity (Unob et al., 2007). Zeng, (2003), 

proposed a method for preparing silica containing iron (III) oxide adsorbent to remove 

arsenic from water. Unob and co-workers, (2007) determined that Fe2O3 coated silica had 

higher absorption efficiencies for metal ions Pb
2+

, Cu
2+

, Cd
2+

, Ni
2+

 than uncoated silica. The 

optimal pH for recovery was between 6 and 7 and the presence of salt decreased removal 

efficiency. Potentially the magnetically removed iron oxides from CFA could be re-

introduced into the extracted silica from CFA and be used as a metal absorbent.  

 

2.4.3 Aluminium  

Al2O3 occurs naturally in its mineral ore bauxite and is the main source of aluminium in the 

world. CFA generally contains 26 – 31 % Al2O3 with bauxite containing 30 – 60 % Al2O3 

(Authier-Martin et al., 2001). This makes CFA suitable as bauxite substitute. However the 

higher silica content of CFA and the aluminium occurring mainly in the chemically stable 

mullite form leads to lower aluminium yields and high operating costs if the commercial 

Bayer process is used (Yao et al., 2014).  

An important property of aluminium is that it is amphoteric, meaning that it is soluble in an 

acidic or alkaline medium and is recoverable by chemical as well as hydrometallurgical 

means (Shemi et al., 2012). Aluminium recovery from bauxite makes use of the 

hydrometallurgical method since the ore has less silica content and impurities compared to 

CFA. This just means that the aluminium extracted from CFA is more susceptible to 

contamination from other elements e.g. iron, calcium etc. due to co-dissolution and co-
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precipitation. The mineralogical composition of CFA also determines the ease of metal 

content leaching from its matrix (Soroczak et al., 1987). 

Earlier investigations into the possibility of recovering aluminium from CFA were conducted 

by Grzymek in Poland during the 1950s (Hosterman et al., 1990), mainly driven by the 

economic sanctions imposed on bauxite trading during the cold war. The developed process 

initially comprised of forming a CFA sinter containing calcium aluminates and dicalcium 

silicate. The sinter was then mixed with sodium carbonate and after a series of chemical 

reactions, that included carbonisation and water scrubbing, produced alumina (Al2O3) and 

portland cement (Grzymek, 1976). The USA also began to realise the concept of CFA as an 

aluminium resource during the late 70s and early 80s since the stockpile of CFA was growing 

steadily and could serve as a good substitute for the shortage of aluminium from domestic 

sources (Kelmers et al., 1981; Felker et al., 1982). Their recovery process used direct acid 

leaching (DAL) in relatively strong acid conditions of 6 – 8 N (Kelmers et al., 1981; Kelmers 

et al., 1982). 

CFA has two aluminium containing phases, the amorphous phase and the mullite crystal 

phase (Nayak et al., 2009; Matjie et al., 2005). The crystalline mullite phase is not directly 

soluble in acidic media but the non-crystalline amorphous phase is, making its recovery 

relatively easier. Indirect acid leaching involves a pre-conditioning step where the CFA is 

sintered with an alkaline or carbonate compound at high temperatures in the region of      

1000 °C. The sintered end product is then leached with acid media to extract the aluminium 

content of both the amorphous and crystal mullite phases (Shemi et al., 2014). Direct acid 

leaching has the advantages of having low running costs, milder processing conditions and 

lower energy demand. Indirect acid leaching has the disadvantage of higher energy 

consumption but the advantage of higher aluminium recovery efficiencies (Shemi et al., 

2014). 
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2.4.3.1 Approaches to Aluminium recovery 

Research has been conducted since the 1980s using CFA as an alternative source to bauxite 

and to development new ways for aluminium recovery (Yao et al., 2014). There are three 

main methods of recovering aluminium from CFA. A brief overview of these three methods 

will be discussed and provides an account of the research that contributed to the development 

of these methods.  

Aluminium can be extracted via  

i) Indirect acid leaching, more accurately known as lime sinter processing that may 

be further upgraded to lime - soda sintering  

ii) direct acid leaching and 

iii) the Hichlor process 

(i) Lime - Sinter Processing/ Indirect acid leaching 

Lime sinter processing is a modification of the Pederson process, (Pederson, 1924; Pederson 

1927), that is used to manufacture pig iron and calcium aluminate slags from a mixture of 

bauxite, iron ore, coke and limestone (Yao et al., 2014). The Pederson process for aluminium 

recovery can be described briefly as leaching the metal oxide slag with a sodium carbonate 

solution. In the lime - sinter process, limestone (a sedimentary rock form of calcium 

carbonate) is added to CFA and reacted in the temperature range of approximately 1100 °C to 

form a sintered end product containing calcium aluminate and dicalcium silicate. The sintered 

end product is mixed with a liquid extractant of either H2O or a dilute alkaline solution of 

Na2CO3 or NaOH (Padilla et al., 1985a; Padilla et al., 1985b). The effectiveness of the 

separation is based on the advantage of calcium aluminate being soluble in the liquid 

extractant while the insoluble calcium silicate remains in the solid residue. After the 

extraction, CO2 is bubbled through the leachate to precipitate the aluminium as Al(OH)3 and 
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thereafter calcining the precipitate to produce α-Al2O3 and γ-Al2O3. The solid residue 

obtained after the leaching step, rich in calcium silicates, is sintered again and then mixed 

with gypsum (CaSO4) during a grinding process to manufacture cement (Yao et al., 2014).  

The chemical process of the sinter step serves to activate the CFA. The limestone is 

decomposed to CaO at high temperature and reacts with the inactive mullite and quartz of the 

CFA to form 12 CaO.7Al2O3 (calcium aluminate) and 2 CaSiO2 (calcium silicate). The 

formation of 12 CaO.7Al2O3 is an essential requirement in the recovery process because it 

dissolves very readily in a liquid extractant to form NaAlO2 (sodium aluminate) while 2 

CaSiO2 is insoluble. This makes the isolation of the aluminium species of CFA possible. The 

chemical reactions for the sinter step are as follows, (Yao et al., 2014) ; 

CaCO3  
∆
→  CaO + CO2            (14) 

7 (3Al2O3.2SiO2) + 64 CaO 
∆
→  3 (12CaO.7Al2O3) + 14 (2CaO.SiO2)     (15) 

3 Al2O3.2SiO2 + 5 CaO 
∆
→ 3 (CaO.Al2O3) + 2 (CaO.SiO2)      (16) 

2 CaO +SiO2 
∆
→ 2 CaO.SiO2           (17) 

A phenomenon termed auto-disintegration occurs when the sintered product cools to < 500 

°C. The sintered matrix literally shatters to form a fine powder thereby mitigating the need to 

grind the sinters. The auto-disintegration phenomenon has been ascribed to occur from the 

transformation of the metastable monoclinic β – polymorph of 2 CaO.SiO2 to its 

orthorhombic γ - polymorph form. The transformation entails an 11 % volume increase which 

results in the matrix self-shattering (Eriksson et al., 2004; Guzzon et al., 2007). 

The cooled sinter leaching reactions, using Na2CO3 solution as the extracting medium, are 

represented as follows; 
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12CaO.7Al2O3 + 12 Na2CO3 +5 H2O → 14 NaAlO2 + 12 CaCO3 + 10 NaOH  (18) 

3CaO.Al2O3 + 3 Na2CO3 + 2 H2O → 2 NaAlO2 + 3 CaCO3 + 4 NaOH    (19) 

CaO.Al2O3 + Na2CO3 → 2 NaAlO2 + CaCO3        (20) 

2CaO.SiO2 + 3 Na2CO3 + H2O → 2 CaCO3 + 2 Na2SiO3 + 2 NaOH    (21) 

2CaO.SiO2 + 2 NaOH + H2O  → 2 Ca(OH)2 + Na2SiO3      (22) 

As can be seen some from chemical equations (21) and (22) above, the dissolution of small 

amounts of silicon during leaching is unavoidable. The lime sinter process therefore includes 

an aluminium purification step before it is precipitated as Al(OH)3 (aluminium hydroxide) 

(Yao et al., 2014). De-silication is achieved by adding Ca(OH)2 (calcium hydroxide) and 

precipitating calcium aluminosilicates of relatively low solubility. The chemical reactions are 

represented as follows; 

2 Na2SiO3 + 2 NaAlO2 + Ca(OH)2 +2 H2O → CaO.Al2O3.2SiO2 + 6 NaOH (23) 

Na2CO3 + Ca(OH)2 → CaCO3 + 2 NaOH  (24) 

Carbonisation of the desilicated NaAlO2 solution is carried out by blowing CO2 gas from the 

bottom of the solution while stirring vigorously. The NaAlO2 is hydrolysed to precipitate 

Al(OH)3 as the solution pH changes. The chemical reactions are represented as follows; 

2 NaAlO2 + CO2 + 3 H2O → Na2CO3(l) + 2 Al(OH)3 (ppt)  (25) 

2 NaOH + CO2 → Na2CO3 + H2O (26) 

The precipitated Al(OH)3 is then calcined to form alumina; 

2 Al(OH)3 

∆
→  Al2O3 + 3 H2O           (27) 

(Yao et al., 2014) 
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The lime - soda sintering process was first patented by Kayser in 1902 to separate Si from Al 

(Yao et al., 2014). It differs from the lime sinter process by the inclusion of sodium carbonate 

soda (Na2CO3) in the lime sintering step to form the same soluble sodium aluminate and 

insoluble calcium silicates. The sintered end product is then also leached with either H2O, 

dilute NaOH or sodium carbonate solution.  A similar de-silication step to refine the sodium 

aluminate solution is included before precipitation of Al(OH)3 and lastly calcining it to form 

alumina. The inclusion of the soda helps to increase the aluminium extraction efficiency. 

The US Oak Ridge National laboratory developed the calsinter process (Yao et al., 2014). In 

the calsinter process CFA is mixed with gypsum (CaSO4) and limestone prior to sintering at 

1000 °C – 1200 °C. The sinter end product is then leached with dilute acid and the metals of 

value recovered from the filtrate. Goodboy, (1976) reported a study of alumina extraction 

from coal waste products and clays mixed with limestone and CaSO4. 90 % Al extraction was 

achieved after sintering at 1200 °C for 5 minutes. 

The sinter process has been modified and tested for various mixtures and conditions. Salt-

soda sinter, ammonium sulphate sinter and fluoride sinter have been tested. In the salt-soda 

sinter process, a NaCl - Na2CO3 - CFA mixture was sintered and thereafter the sinter 

quenched in water before being leached with a dilute acid solution. Decarlo et al., (1978) 

studied the effect of individual component sintering of the salt- soda sinter process for 

aluminium recovery. In their study CFA was sintered with NaCl at 1050 °C for 2 hours and 

leached with Na2CO3 and nitric acid solutions. An aluminium recovery of 27 % was reported. 

When the CFA was sintered with Na2CO3 at 1050 °C for 2 hours an aluminium recovery of 

66 % was reported. Decarlo and co-workers also reported a sinter mixture of CFA - CaCl2 - 

Na2CO3 and another sinter mixture of CFA - NaCl - CaCO3. Both mixtures were sintered at 

1050 °C for 2 hours and thereafter leached with H2O and HNO3. The aluminium recovery 

yields were 78 % and 74 % respectively. Another study conducted by Decarlo and co-
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workers tested a CaCl2 - CaSO4- NaCl - CFA sinter mixture at 700 °C and thereafter leached 

with 2N H2SO4. An aluminium recovery yield of 30 % was reported. 

In US patent 4254088, McDowell et al., (1981), sintered a NaCl - Na2CO3 - CFA mixture at 

700 °C - 900 °C. The sintered product was then leached with either nitric or sulphuric acid 

and a 90 % - 99 % aluminium recovery was achieved. Nehari et al., (1996) did a study using 

hydrated CaCl2 for the CFA sinter mix. The sintering temperature was 1000 – 1100 °C and 

the sintered end product was leached with HCl to recover the aluminium in the form of 

crystallised AlCl3. Tong et al., (2008) sintered a CFA-KF mixture at 800 °C. The sintered end 

product was then leached with HCl to attain a 96 % aluminium recovery.  

 

(ii) Direct acid leaching 

Direct acid leaching avoids the sintering step and uses H2SO4, HCl and HNO3 in the leaching 

of CFA. However, direct acid leaching is not recommended at ambient temperature using low 

acid concentrations since the Al yields are very low (Kelmers et al, 1982; Seidel et al., 1998). 

Acid leaching is primarily the method of choice for aluminium recovery since it helps to 

alleviate the high silica content problem of CFA. It uses the advantage of silica being 

relatively insoluble in acidic media as opposed to alkaline media that is capable of dissolving 

both silica and aluminium material (Nayak et al., 2009; Shcherban et al., 1995). 

Direct acid leaching uses the chemical mechanism of proton attack to achieve the aluminium 

recovery. However, it is unfortunately not specific since it also leaches other components 

present in the CFA as well viz. iron, titanium, calcium, magnesium etc. Seidel et al., (1998) 

stated that the dissolution of Al and Fe from CFA with a H2SO4 lixiviant is assumed to be an 

irreversible, heterogenous non- catalytic reaction.  The hydronium ion, H3O
+
, displaces the 

cation from the ash particle matrix to induce dissolution of the metals. The hydronium ions 

react with the solid aluminium, iron and other metal compounds that are progressively 
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exposed on the surface and within the pores of the CFA particles as the leaching proceeds.  

The chemical reactions describing the dissolving of the major element compounds in CFA 

that include Al and Fe are represented as follows;  

3 H2SO4 + 2 H2O⇌ 2 H3O
+ 

+ SO4
2-

    (28) 

MO + 2 H
+ ⇌ M2+

 + H2O where (M = Ca, Mg, Fe, etc.)   (29) 

J2O + 2 H
+
 ⇌ 2 J

+ 
+ H2O where (J = Na, K, etc.)        (30) 

Al2O3 + 6 H
+
 ⇌ 2 Al

3+ 
+ 3 H2O    (31) 

Al
3+ 

+ 3 H2O ⇌ Al(OH)3↓ + 3 H
+           

(32) 

Fe2O3 + 6 H
+
 ⇌ 2 Fe

3+
 + 3H2O           (33) 

Fe
3+ 

+ 3H2O ⇌ Fe(OH)3↓ + 3 H
+           

(34) 

Ca
2+

 + SO4
2- ⇌ CaSO4             (35) 

Seidel et al., (1998), obtained lower aluminium extraction yields when higher amounts of 

CFA were present in the sulphuric acid leaching medium. This was due to CaSO4 deposition 

originating from the reaction between leached calcium ions from the CFA and sulphate ions 

from the H2SO4. The CaSO4 deposits within and around the active leaching sites of the CFA 

particle matrix. This lowers the reaction mass transfer between the CFA particles and acid 

media (Seidel et al 1998). It was coined as the self-inhibiting effect of CFA. 

To alleviate this problem, Seidel et al., (1998) used a pre-conditioning step before sulphuric 

acid leaching. The CFA was pre-leached with a hydrochloric acid solution maintained at pH 

4 for 24 hours to partially remove calcium ions from the ash matrix. The kinetics of the 

aluminium leaching increased when it was leached with sulphuric acid thereafter. However 

the calcium extraction step was also not specific since iron, calcium, as well as aluminium 

were present in that HCl pre - leach matrix. It has been proposed that the glassy phase of 

CFA easily dissolves while the more stable quartz and mullite phases remain or dissolve 
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extremely slowly. Attempts have thus been made to enhance and increase the efficacy of the 

aluminium recovery process by acid leaching of CFA. Wu et al., (2012) conducted acid 

leaching under high pressure. Their optimum experimental conditions were determined to be 

a 50 % H2SO4 solution maintained at a temperature of 180 °C and a four hour leaching time. 

The aluminium recovery yield was 82 %.  

Industrial applications of the acid leach processes have not been readily pursued due to the 

excessive use of acid and fluoride. A method to overcome this limitation was to calcine the 

CFA and then leach with sulphuric acid under heated conditions. Matjie et al., (2005) 

calcined a CFA – CaO mixture at 1000 °C – 1200 °C. The optimal parameters for their 

aluminium leaching study were determined to be a 6.12 M H2SO4 solution maintained at a 

temperature of 80 °C for 4 hours to achieve an aluminium recovery yield of 85 %. 

Ji et al., (2007) carried out a study where a CFA – soda mixture was calcined at 900 °C to 

form soluble aluminates to be leached with sulphuric acid. The aluminium extraction yield 

reached approximately 90 %.  Bai et al., (2011) and Liu et al., (2012) omitted the addition of 

lime and soda to the CFA in the sinter step. Instead they used  an acid sinter leaching process 

where a  CFA - concentrated H2SO4 sinter mixture was calcined in order to convert most of 

the aluminium in the CFA into Al2(SO4)3. This aluminium sulphate was then extracted with 

hot water and thereafter calcined to form alumina. An aluminium recovery of 70 % - 90 % 

was achieved with lower processing temperatures and less solid residue.  

(iii) Hichlor process 

The third recovery method, the hichlor process, provides an alternative to extract aluminium 

as well as other metals from CFA and was first investigated by Burnet et al., (1977). The first 

step was to subject the CFA to a magnetic separation. In that study, approximately a third of 

the iron remained with the non-magnetic fraction and about 10 % of the total aluminium 
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content in the CFA was removed along with the magnetic fraction. The non-magnetic fraction 

was then mixed with carbon and chlorinated in a fixed bed to convert the aluminium in the 

CFA to AlCl3. This aluminium chloride was then electrolytically decomposed to aluminium. 

Compared to the electrolysis step in the bauxite process, the hichlor process used 

approximately 30 % less energy. However, the aluminium extraction efficiency of the hichlor 

process was only maximised at 25 %.   

Another extraction method was carried out by Shemi et al., (2012). They tested the recovery 

of aluminium from CFA via a gas phase extraction technique using acetylacetone, a metal 

chelating beta diketone ligand, as the extractant. The acetylacetone was vaporised and passed 

through a 50 g bed of CFA. The extraction efficiency was 17.9 % after 6 hours at 250° C 

using an acetyl acetone flowrate of 6 ml/min. Shemi et al., (2012) also conducted a direct 

acid leaching test of aluminium using sulphuric acid. Their optimium experimental 

parameters gave 23.5 % aluminium extraction after 8 hours 45 min at 75° C using 50 g CFA 

samples.  

The leaching process of CFA described by Cussler, (1984) was considered to be a shrinking 

core model framework of heterogenous, non-catalytic reactions. The shrinking core model 

assumes that the reaction products and/or the inert matter remaining in the solid phase form 

an ash coating that encapsulates the unreacted core (Cussler, 1984). In the Perry’s chemical 

engineers handbook, Kuang-Hui Lin, (1984) made the assumption that the continual 

formation of a solid reaction product as well as inert material coinciding with the reduction of 

the unreacted core material size would leave the particle size unchanged. The degree of 

aluminium recovery was found to decrease when more CFA was used in the leaching 

medium. The result could not be explained by mass action laws of dissolution reactions but 

instead by mass transfer concerns. It was shown by Seidel et al., (1999) that the leaching 

process exhibited a self- inhibiting mechanism where the precipitation of CaSO4 on the 
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surface and within the pores of the CFA particles blocks the reaction between the H2SO4 

lixiviant and the unreacted core of the CFA particle. 

 

2.5 Characterisation methods 

XRF and XRD analytical techniques are useful in characterising the solid samples in respect 

of determining the major and minor elements levels as well as the mineral phases present in 

CFA. Laser ablation ICP-MS is used to characterise the trace metals present and ICP-OES 

and UV-Visible spectroscopy is used to measure elements leached elements from CFA. 

2.5.1 X-Ray Fluorescence Spectrometry 

X-Ray Fluorescence (XRF) spectrometry is a useful rapid analytical technique which is 

relatively inexpensive for the determination of the major and minor element composition in 

soils, rocks and other materials. (Sumner, 2000). The basis of the XRF analytical technique is 

to measure the secondary characteristic x-rays emitted by the elements present in the sample 

after being irradiated with white x-rays ( x-rays of continuous energy distribution) generated 

from a primary x-ray producing source commonly an x-ray tube but it could also be a 

synchrotron (a type of particle accelerating device that uses bending magnets to accelerate 

charge particles in a circular path to produce x-ray radiation) or a radioactive source. The 

secondary fluorescent x-rays are diffracted by a rotating analysing crystal that separates the 

fluoresced x-rays into the various x-ray wavelengths present. The x-ray wavelengths detected 

are characteristic (specific) to each element and are used to determine what element is present 

as well as quantifying the amount of element present in the sample (Sumner 2000, Brouwer, 

2010). 
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2.5.2 Inductively Coupled Plasma Optical Emission Spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a popular analytical 

tool for elemental analysis. The ICP-OES technique involves the uptake of a liquid sample 

that has been aspirated via a sample delivery system called a nebuliser. The aspirated sample 

mist is injected by the nebuliser into argon gas plasma that is maintained by a radio frequency 

(RF) source. The core of the plasma maintains a temperature of approximately 10 000 K 

(9727 °C) and allows quick vaporisation and drying of the sample mist particles. This process 

releases free atoms of the analyte elements in the gaseous state which are excited to higher 

energy states by the collisions between these particles due to the high plasma temperature. 

There is ample energy available to also convert the atoms to ions that are in turn promoted to 

higher energy states. These atoms and ions then release photons upon return to the ground 

state characteristic to that specific element. These characteristic photons have wavelengths 

that can be measured to identify the elements and the total number of photons is directly 

proportional to the concentration of the element present in the sample (Hou et al., 2000). The 

concentrations of the analyte elements are then determined from known calibration standards. 

 

2.5.2.1 Laser ablation Inductively Coupled Plasma (ICP) Mass Spectrometry 

Laser ablation ICP-MS spectrometry uses a solid sampling technique of laser ablation to 

introduce the sample into the inductively coupled plasma mass spectrometer. 

2.5.2.1.1 Laser Ablation 

LASER is an acronym that stands for light amplification by stimulation of emitted radiation. 

Due to its light amplifying property, a laser is able to produce spatially narrow and very 

intense beams of radiation all having identical frequency, phase, direction and polarisation 

properties These lasers are focussed onto a sample and the photons are converted to thermal 

energy due to the irradiation of the spot where the laser is focussed. This thermal energy 

 

 

 

 



CHAPTER 2 LITERATURE REVIEW 

 

43 

causes vaporisation of the sample and this entire process is called laser ablation, the removal 

of sample material from a sample’s surface by means of laser vaporisation. The ablated 

material is then carried away by an argon gas stream into the ICP-MS instrument. The laser 

ablation thus acts as the nebuliser described in Section 2.5.2. The actual interaction between 

the laser and the sample material is a complex process. It consists of;  

(1) ablation (vaporisation)  

(2) ejection of atoms, ions, molecular species and particulates  

(3) shock waves  

When the laser strikes the sample’s solid surface, electronic excitation occurs inside the solid 

sample material. Electrons are ejected from the sample surface through photoelectric and 

thermionic emission (heat energy induced electron emission from the sample material). At 

the same time the energetic electrons in the bulk of the solid material transfer energy to the 

sample’s lattice through a variety of scattering mechanisms to cause the sample target spot 

melt and vaporise. Ionisation takes place and an expanding plasma plume consisting of the 

sample constituents interacts with the surrounding gas to form a shock wave. This shock 

wave further ionises the surrounding air and exerts a force back onto the sample target spot 

that flushes out the melted volume to be swept away to the ICP-MS (Borisov et al., 2000).  

 

2.5.2.1.2 Inductively Coupled Plasma (ICP) Mass Spectrometer 

ICP-MS was commercially introduced in 1983 and it combines an ICP source with a mass 

spectrometer. The plasma of the ICP is used to make positively charged ions that are sent to 

the mass spectrometer via an interface region that is maintained under vacuum at 1 – 2 Torr 

by a mechanical pump. The interface region is comprises of two metallic cones usually made 

of nickel, named a sampler and skimmer cone that are spaced a small distance apart parallel 

to each other. The first sampler cone has an orifice 0.8 - 1.2 mm wide and the second 

 

 

 

 



CHAPTER 2 LITERATURE REVIEW 

 

44 

skimmer cone has an orifice size of 0.4 – 0.6 mm wide. These interface cones act as a filter to 

limit the amount of total dissolved solids that can be introduced into the mass spectrometer. A 

grounded metal disk called a shadow stop is placed inline. Its purpose is to block particulate 

matter, neutral species and photons emitted from the intense energy plasma source from 

reaching the detector (Thomas, 2004). The commonly used mass spectrometer is the 

quadrupole mass filter and its function is to separate the ions by their mass to charge ratio. It 

consists of 4 rods, 10 mm in diameter and 150-200 mm long, in a 2 x 2 parallel arrangement. 

The rods are conductive and are made from either gold coated ceramic or molybdenum. AC 

and DC voltages are applied to each set of opposing rod pairs. These voltages are rapidly 

switched with an RF field to form an electrostatic field that acts as a filter allowing only the 

passage of ions with a single mass to charge (m/e) ratio through the rods to the detector at any 

given time. The settings on the quadrupole are changed for each specific m/e ratio at a time. 

The quadrupole therefore acts as a sequential filter working at a very rapid rate due to the 

switching voltages (Thomas, 2004).  

 

2.5.3 X-Ray Diffraction Spectroscopy 

In 1912, Maz von Lue found that crystals could diffract x-rays (Malainey, 2011). X-ray 

diffraction technique can be described using the analogy of a light microscope. In light 

microscopy, light is either reflected from or transmitted through an object. The overall effect 

in both instances is that the scattered light is focused by a series of lenses to form an image of 

the object. The image can be magnified infinitely but the maximum resolution is tapered to 

0.2 microns, the wavelength of visible light (van Holde, 1998). 

Diffraction is the scattering of x-rays by the ordered crystal structure of the material. As the 

x-rays strike the surface of a sample, one part of it is scattered and the other part of it 
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transmitted to the next layer of atoms present in the sample. The process repeats again where 

part of the x-ray is scattered and the other part transmitted to the next layer of atoms.  

In XRD instrumentation the angle of incidence, theta (θ), of the incoming x-ray beam is 

changed by moving the x-ray source in a clockwise arc direction and the detector in an ant-

clockwise arc direction while the sample remains stationary. The arc rotational movement of 

the x-ray source and detector are done by the goniometer which is the central part of the XRD 

diffractometer. 155° 2θ is the maximum angle that the detector can read without the detector 

and x-ray source knocking into each other (Birkholz, 2006). When the x-ray beams that are 

diffracted between the layers are in phase, constructive interference takes place and a 

diffraction peak is obtained. If it is out of phase then destructive interference takes place and 

no diffraction peak is obtained. Since the x-rays cannot be focused by lenses as in light 

microscopy to form an image of the object, mathematical calculation is used as the lens to 

transform the diffraction pattern back into the original structure (van Holde, 1998). The x-

rays scattered from the repeating array of molecules from the ordered crystal structure give a 

pattern representing the macromolecular order and structure of the crystal. Since a crystal 

structure is needed to scatter the x-rays, non-crystalline amorphous materials will not exhibit 

prominent diffraction peaks for amorphous material. The XRD technique is therefore limited 

to materials that have crystal forms. XRD also has size limitations in that it is more accurate 

for measuring large crystalline structures where often nanosized structures present in trace 

amounts will go undetected by XRD analysis (Malainey, 2011).  

 

2.5.4 Ultraviolet – Visible Spectroscopy 

Ultraviolet – visible spectroscopy, commonly abbreviated as UV-Vis spectroscopy, is used to 

measure and provide information about the transition of the external electrons of atoms. It has 

application in physical and analytical chemistry to identify substances through the amount of 
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the spectrum absorbed by the particular substance of interest. The ultraviolet (UV) region is 

situated from 100 nm to 350 nm wavelengths on the electromagnetic spectrum. The visible 

(Vis) region is situated form 350 nm to 800 nm on the electromagnetic spectrum. Light in the 

UV-Vis region is able to excite electrons in low energy molecular orbitals to high energy 

anti-bonding molecular orbitals. Routine UV-Vis spectroscopy use wavelengths greater than 

200 nm since it is useful for measuring molecules containing conjugated bonds, carbonyl 

compounds, metal complexes and aromatic groups that absorb energy with longer 

wavelengths. The substance of interest can therefore be quantified by this method using the 

Beer – Lambert law that relates the absorption of radiation to the properties of the material 

through which it is passing. The Beer – Lambert law states that there is a logarithmic 

dependence between the transmission, T, of light through a substance and the product of the 

absorption co-efficient of the substance, α; and the distance the beam travels through the 

material (i.e. the path length, l). The absorption co-efficient can then be written as the product 

of molar absorptivity (ε) and concentration (c) of absorbing species in the material. For 

liquids the relation is written as:  

log T= log
I

I0
 =  𝜀𝑙      (36) 

where I and I0 are the intensity of incident and transmitted light respectively. Transmission 

can also be expressed in terms of absorbance (A), as A = -log T. This translates into the Beer 

– Lambert equation being written as A= εlc (Malainey, 2011). 

UV-Vis spectroscopy was used to measure Si in this study since the method is specific to Si 

and does not suffer potential interference from aluminium present in the sample when 

analysed by ICP-OES. The silicomolybdic spectrophotometric method makes use of silicic 

acid forming silico-12-molybdic acid, a heteropolyacid, in an acidified ammonium 

heptamolybdate medium. It is represented as; 
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               7 Si(OH)4 + 12 H6 Mo7 O24∙4H2O + 17 H2O ⇔  7 H4SiMo12O40∙29H2O (37) 

The resulting molybdic silicic acid is a yellow compound that can be measured 

spectrophotometrically in the visible region of the electromagnetic spectrum at 400 ± 10 nm. 

There are two isomeric forms of molybdate silicic acid, the alpha (α) and beta (β) isomers, 

which differ only by their degree of hydration and their formation is pH dependent. The α-

form is present between pH 3.8 and 4.8 and very stable once formed while the less stable β-

silicomolybdate form is present between pH 1.0 and 1.8 (Truesdale, 1975). 

 

 

 

 

 

Figure 2.4: Silicomolybdic acid cluster (Coradin et al., 2004) 

The silicomolybdic acid is a cage-like structure as illustrated in Figure 2.4 above. The silicon 

atom is located in a tetrahedral cavity of oxygen atoms belonging to four of the twelve MoO6 

octahedra of the heteropolyacid (Feist et al., 1980). Since only one Si atom is able to be 

incorporated into the silicomolybdic cluster only monomeric silicic acid Si(OH)4 can form 

the yellow compound. 

The disadvantage of the yellow molybdic silicic acid compound is that if phosphate ions are 

present in the analyte solution, yellow phosphomolybdic polyacid will also be formed that 

measures at the same wavelength as silicomolybdic acid. The intensity of the yellow colour 

of the silicomolybdic acid is also too low. It was shown by Schwartz, 1942 that oxalic acid 

Si atom 
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can be used to break the phosphomolybdic complex. This was therefore adopted into the 

method and it also prevents any excess molybdate from reacting further (Coradin et al., 

2004). The yellow silicomolybdic acid complex is then reduced with a suitable reducing 

agent that yields an intense blue coloured complex commonly named the molybdenum blue 

complex. Ascorbic acid is used but other reagents such as p-methylaminophenol sulphate and 

sulphite could be used as well (Mullin et al., 1955; Truesdale, 1975). Care has to be taken to 

add the reductant reagent directly after adding the oxalic acid since the silico complex has 

very limited stability in oxalic acid. The blue complex stabilises 30 minutes after the oxalic 

and reducing agent are added to the heteropoly acid and remains stable for a few hours 

(Grasshoff et al., 1999). The absorption maximum of molybdenum blue complex reads at 810 

nm and has an extinction co-efficient, ε, of 44700 ± 150 L mol
−1

 cm
−1

. This allows 

concentrations as low as 5 × 10
−6

 mol L
−1

 to be accurately measured (Isaacs, 1924; Coradin 

et al., 2004).  

Since the silicomolybdate complex is only formed from one Si(OH)4, it is important to dilute 

the sample to an acceptable level where Si remains in the monomer state and does not start 

co-agulating together to form dimers, trimers, oligomers and the gel network of silica that 

forms when the solution is allowed to stand. The monomer would be stable till about 200 

ppm, therefore dilution of the leach solution would need to be diluted immediately to this 

range and stored till the analysis can be undertaken. The samples should be stored in 

plasticware (polycarbonate, polyethylene or polypropylene) to prevent interference from 

silica glass. 

 

2.6 Literature review assessment for this study 

From the background information and review of aluminium extraction it was seen that the 

sinter methods use extremely high temperatures and require labware that can withstand these 
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test conditions. Specialised equipment would also need to be designed for the pressure 

leaching tests which would increase the costs if up scaling of the process would be 

considered. The sinter projects, although having very good extraction yields, also pose the 

question of energy consumption which ultimately may add to the costs of production of CFA 

by increasing the need for increased electricity supply. However, due to improvements in 

industrial and electronics applications, induction principle based furnaces using less energy to 

provide high temperatures should become cheaper over time. The main advantage of the 

sinter method is that the solid residue remaining after aluminium extraction can be used in the 

cement industry thereby making 100 % reuse of the CFA. The calcium content of Matla CFA 

is in the range of 5 % - 7 % total composition. The other major metals such as magnesium 

and titanium are present at less than 2 % total composition of CFA. Since these metals are 

susceptible to leaching, they need to be monitored along with the extraction of the major 

silicon and aluminium components as well. Pre-leaching of CFA to remove calcium has been 

done in order to enhance the leaching of the major aluminium component (Seidel et al., 

1998). This information has been applied in this study as well especially with regard to acidic 

leaching of CFA with sulphuric acid.  

For the silicon extraction the literature has made use of alkaline reagents, mainly NaOH, to 

remove and reclaim silica from CFA as well as other materials such as rice hull ash and 

siliceous rocks. It is therefore best suited to make use of these methods to extract silicon from 

CFA since NaOH as a reagent is not too expensive. There are advantages in the use of NaOH 

because many of the metals will not be dissolved at high pH besides aluminium and iron in 

the Fe
2+ 

state. This can be used in this study for the attempts at removing the components in 

CFA separately. 

This study was necessary because it not only addresses a method to remove elements of value 

such as Si, Al, Fe, Ca from CFA but also adds to the collective studies by tracking the rare 
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earth element behaviour during these extractions. Tracking of the rare earth elements is not 

looked at when Si and Al extractions are normally undertaken on CFA nor has a sequential 

extraction been carried out to try and isolate single elements in solution from CFA. 

In the following chapter 3, the approach to the removal of the iron, calcium, aluminium and 

silicon from CFA is presented and the approach taken to design an experimental protocol that 

will allow the highest possible extraction from the CFA.  
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Chapter Three 

3. Experimental and Analytical Methods 

This chapter serves to detail the experimental conditions and procedures selected for the 

extraction of the elements of interest including Si, Al, Fe, trace elements and monitoring of 

REEs from CFA. It also provides information with regards to the analytical methods used to 

measure the elements of interest in the study as well as the sampling procedure. 

 

3.1 Sampling 

Coal fly ash (CFA) was sampled from Matla power station in the Mpumalanga province in 

the Republic of South Africa. This fly ash was sealed in plastic bags and was placed in 

sealable 100 litre plastic drums. These sealed drums were stored in a designated storeroom 

that had no exposure to direct sunlight and chemicals. The CFA was lifted from bottom to top 

and stirred circularly with a wooden stick while in the drum. After this the coal fly ash for 

this study was transferred to a new plastic bag where it was stored for the duration of this 

study.  

 

3.2 Analytical Methods  

3.2.1 X-Ray Fluorescence Spectrometry 

The CFA and the resulting solid residues after leaching were analysed via X-ray fluorescence 

(XRF) spectrometry to measure the concentration of the major and minor elements present in 

the samples. XRF analysis reports the major and minor elements in their oxide forms as 

weight percentage (%). The major elements reported in the oxide forms are SiO2, Al2O3, 

Fe2O3, CaO, MgO, K2O, TiO, Cr2O3, MnO, P2O5 and Na2O. The reported weight percentage 

(%) values were converted to elemental concentrations using the online software calculator 

located at http://www.marscigrp.org/oxtoel.html 
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The samples were crushed to a fine powder of particle size < 70 µm with a jaw crusher and 

thereafter milled in a tungsten-carbide Zibb mill. The jaw crusher and mill were cleaned with 

uncontaminated quartz between samples to prevent cross contamination of the samples. 

Fused glass disks were then prepared for XRF analysis. It comprised of: 0.65 g of sample + 

5.60 g high purity trace element and rare earth element-free flux, where the flux consists of: 

66.67 % Li2B4O7, 32.83 % LiBO2 and 0.50 % LiBr. The final reported values are corrected 

for these dilutions. 

LOI (loss on ignition) was determined by weighing and recording ± 2 g of sample in a pre-

weighed crucible and heating in a muffle furnace for 4 hours at 900 °C. The LOI was 

provided in the final reported values but all reported elemental values were calculated on a 

dry weight basis for the experimental work carried out in this study since the LOI can vary 

due to volatile carbon content as well as residual moisture, both of which are not part of the 

CFA inorganic matrix. 

A Pananalytical PW2400 WD (wavelength dispersive) XRF spectrometer type fitted with a 3 

kW end-window rhodium x-ray tube was used for the solid sample analysis. It was fitted with 

various analysing crystals comprising of LiF (200,220), Ge, PE & PX using appropriate kV 

and mA tube power settings to determine the common major elements.  

Table 3.1: Analysing crystals used for the major elements 

Analysing crystal Target element 

LiF 200 Mn and Fe 

LiF 220 Ca, Ti and K 

Ge P 

PE Al and Si 

PX Na and Mg 
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The instrument was fitted with a gas-flow proportional counter using a 90% Argon-10% 

methane gas mixture and a scintillation detector. 

Matrix effects in the samples were corrected by applying theoretical alpha factors and 

measured line overlap factors to the raw intensities using the SuperQ PANalytical software. 

Suitable certified reference materials were used to calibrate each element. Amongst these 

standards are NIM-G (Granite from the Council for Mineral Technology, South Africa) and 

BE-N (Basalt from the International Working Group).  

 

3.2.2 Inductively Coupled Plasma Optical Emission Spectrometry 

Inductively coupled optical emission spectrometry (ICP-OES) was used to measure the 

selected elements of interest present in the supernatants acquired from the extraction 

experiments. A Spectro Arcos ICP-OES was used for the analysis of liquid samples. The 

instrument was equipped with CCD detectors and a radial view plasma orientation to limit the 

matrix effects. The operating conditions are tabulated below; 

Table 3.2: ICP operating conditions 

Parameter Condition/ Type 

Plasma power (w) 1400 

Pump speed (rpm) 30 

Coolant flow (L/min) 14.00 

Auxiliary flow (L/min) 2.10 

Nebuliser flow (L/min) 0.80 

Nebuliser Crossflow 
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In addition, the sample injection mode was by continuous nebulisation and the signal 

processing or line measurement was based on the peak height. Polynomial plotting was used 

to correct for the background. 

The aqueous standards were prepared by dilution of 1000 ppm stock of individual standards. 

All standards contained 10 % (v/v) HNO3 for acidification. The samples were matrix matched 

with the standards by diluting in 10 % (v/v) HNO3. Plots of emission intensity, counts per 

second (cps), versus concentration were constructed via ICP-OES spectroscopy. A 7 point 

calibration on all elements was plotted to determine the unknown values. The ICP values 

were reported as ppm and the values were corrected to mg/g to represent the quantification of 

the element extraction content in relation to CFA mass. 

 

3.2.3 Laser Ablation/Inductively Coupled Plasma- Mass Spectrometry 

Inductively coupled plasma- mass spectrometry (ICP-MS) was used to analyse for trace 

element concentration present in CFA as well as in the CFA solid residues after the 

extraction tests. The elements analysed were scandium, vanadium; chromium, cobalt; 

nickel, copper; zinc, rubidium; strontium, yttrium; zirconium, niobium; molybdenum, 

caesium; barium, lanthanum; cerium, praseodymium; neodymium, samarium; europium, 

gadolinium; terbium, dysprosium; holmium, erbium; thulium, ytterbium; lutetium, 

hafnium; tantalum, lead; thorium and uranium. 

Laser ablation was used to introduce the sample into the plasma of the ICP-MS instrument. 

Laser ablation is the process of focussing a laser on a sample’s surface. This process removes 

the material from the sample area where the laser was focussed and allows it to be introduced 

into the plasma of the ICP-MS instrument. 

The sample preparation for laser ablation required fused glass disks to be made. The fused 

glass disks were prepared in the same manner as described in Section 3.2.1 for XRF analysis. 
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The fused glass disks were then coarsely crushed and a chip of sample mounted along with 

up to 12 other samples in a 2.4 cm round resin disk. The mount was mapped and then 

polished for analysis. 

A Resonetics 193 nm Excimer laser connected to an Agilent 7500ce ICP-MS instrument was 

used in the analysis of trace elements. Laser ablation was performed in helium gas at a flow 

rate of 0.35 L/min, mixed with argon (flow rate of 0.9 L/min) and nitrogen (flow rate of 

0.004 L/min) just before introduction into the ICP plasma. Two 173 µm diameter spots were 

ablated on each fused glass sample disk using a frequency of 10 Hz and 100 mJ energy. The 

trace elements were quantified by using standard – sample bracketing. The internal standard 

used for the standard – sample bracketing was the % SiO2 content of the sample’s XRF 

reported value. The standard NIST (National Institute of Standards and Technology) 612 was 

then used for the calibration. Two replicate measurements were made on each sample and the 

calibration standard was run after every 12 samples. A quality control standard was run in the 

beginning of the sequence as well as with the calibration standards throughout. BCR-2 or 

BHVO 2G, both basaltic glass certified reference standards produced by United States 

Geological Survey (USGS) (Dr Steve Wilson, Denver, CO 80225), were used for this 

purpose. A fusion control standard from certified basaltic reference material (BCR-2, also 

from USGS) was also analysed in the beginning of a sequence to verify the effective ablation 

of fused material. 

Data was processed using Glitter software, distributed by Access Macquarie Ltd., Macquarie 

University NSW 2109.  

 

3.2.4 X-Ray Diffraction 

X-Ray Diffraction (XRD) was used to check any changes in the mineral phase or removal of 

the mineral phases present in the CFA during the extraction experiments. The main phases of 
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interest would be the quartz (SiO2) and mullite phases of CFA. Mullite is an aluminosilicate 

compound containing both the elements Si and Al. 

Samples should generally be finely ground or in powdered form because x-rays can only 

penetrate the uppermost atomic layers of the sample particles. The powdered sample residues 

were placed on a sample holder that had been previously cleaned with acetone to ensure that 

no contamination of sample readings occurred between different samples. Qualitative XRD 

analysis was done using a Bruker AXS (Germany) D8 Advance diffractometer coupled with 

a (position sensitive detector) PSD Vantec-1 detector. The radiation source tube provided Cu-

Kα radiation for the XRD analysis. 

Table 3.3: XRD instrument settings for qualitative analysis of CFA and solid residues 

Radiation source Cu-Kα 

Radiation wavelength αKα1=1.5406Å 

Voltage 40 kV 

Tube current 40 mA 

2θ 6° ≤ θ ≥  90° 

Step increment 0.02 

Variable Slit V20 variable slit 

 

The XRD data were analysed and corrected for background using EVA software from 

Bruker. The mineral phases were identified using ICDD: PDF database 1998 (ICDD = 

International Center for Diffraction Data, PDF = powder diffraction file) 
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3.2.5 Ultraviolet – Visible Spectroscopy 

The UV-Vis method used to measure Si was developed by Grasshoff in 1964 and modified 

by Koroleff in 1971 where he used ascorbic acid as the reducing agent in the method 

(Grasshoff et al., 1999). The necessary precaution to be adhered to is that only plasticware be 

used for all calibration standards and sample dilutions. De-ionised water conductivity 

readings should measure ≤ 0.5 μS/cm. This provides a positive indication of low silicate 

content in the de-ionised water. The analyte samples were sequentially diluted X1000 times 

prior to storage with de-ionised water. 

The reagents required were made up as follows: 

4.5 M Sulphuric acid: 250 mL concentrated H2SO4 was added to 750 mL of de-ionised 

water in a plastic beaker. It was allowed to cool and made up to 1 

litre in a 1000 mL volumetric plastic flask 

Acid molybdate reagent: 

(0.0512 M) 

38 g (NH4)6Mo7O24.4H2O (ammonium heptamolybdate 

tetrahydrate) was dissolved in 300 mL de-ionised water. This acid 

molybdate solution was added to 300 mL of the made up 4.5 M 

H2SO4 solution. [Note: Do not add in reverse order, i.e. do not add 

acid to the molybdate solution]. The total volume was therefore 

600 mL and it was stored away from direct sunlight. It remains 

stable for several months. 

Oxalic acid solution: 

(0.7937 M) 

 

10 g oxalic acid dihydrate, (COOH)2.2H2O was quantitatively 

transferred to an approximate 50 mL volume of de-ionised water 

in a 100 mL volumetric flask. It was dissolved and made up to the 

100 mL mark with de-ionised water. This saturated solution was 

stored in a plastic container at room temperature. It is stable 
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indefinitely. 

Ascorbic acid: 

(0.1637 M) 

2.8 g ascorbic acid, C6H3O6, was quantitatively transferred to 

approximate 50 mL volume de-ionised water in a 100 mL 

volumetric flask. It was dissolved and thereafter made up to the 

100 mL mark with de-ionised water. The solution was kept in a 

dark container at a temperature under 8 °C. The solution remains 

suitable for use as long as it remains colourless. 

Standard stock solution: 

(0.0361 M) 

1000 ppm Si solution was prepared by quantitatively transferring 

4.3459 g Na2SiO3, (sodium metasilicate), to an approximate 500 

mL volume of de-ionised water in a 1000 mL plastic volumetric 

flask. It was dissolved and thereafter made up to the 1000 mL 

mark with de-ionised water. The stock solution is stable for at 

least a year.  

Working standards: Freshly prepared calibration standards were prepared for each 

analysis run from the standard stock solution. Serial dilutions 

were done till the desired working standards were obtained. 

Dilutions were done with de-ionised water as well. 

The calibration standards and samples were prepared for measurement as follows: 

The 1000 ppm Si stock solution was sequentially diluted to 10 ppm. Firstly a 100 ppm Si 

standard was made by adding 5 mL of the 1000 ppm stock solution to a 50 mL plastic 

volumetric flask and made up to volume with de-ionised water. 5 mL of the 100 ppm Si 

standard was then added to another 50 mL plastic volumetric flask and made up to volume 

with de-ionised water. Working standards of 0.1, 0.3, 0.5, 0.7 and 1 ppm Si was then made by 

adding 0.5, 1.5, 2.5, 3.5 and 5 mL respectively of the 10 ppm Si standard to 50 mL plastic 
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volumetric flasks. The working standards were then made up to volume with de-ionised 

water. 

8 mL of the X1000 times diluted analyte samples were added to plastic 50 mL volumetric 

flasks to bring the dilution factor up to X6250 times. 50 mL of blank sample solution (de-

ionised water used to prepare working standards), analyte sample solution and working 

standards were then each transferred to its own plastic container. 2 mL of the prepared 0.0512 

M molybdate acid solution was added to each solution container. The solutions were swirled 

and allowed to stand for 10 - 20 min. 2 mL of the prepared 0.7937 M oxalic acid followed 

directly by 1 mL of the prepared 0.1637 M ascorbic acid was then added to each solution 

container. The solution was swirled again and left to stand for 20-30 minutes. This was to 

allow the blue colour of the silicomolybdate complex to fully develop. If the blue colour of 

the analyte samples were darker than the calibration standards, then it could be suitably 

diluted with acidified zero water (ZW). ZW is made by adding 1 mL of the 4.5 M H2SO4 to 

each 100 mL of de-ionised water used. It will not disturb the complexed Si since oxalic acid 

is already present in the sample preparation. The blank solution, standards and samples were 

measured at 810 nm wavelength or 660 nm for higher concentrations. In this study 660 nm 

wavelength was used. A calibration line was plotted to determine the concentration of the 

measured samples. The measured concentration was corrected for dilution by multiplying the 

measured concentration by the factor  
(6250)(50)

55
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3.3 Experimental Methods for Extraction  

Table 3.4: Table of Chemicals and Lab Equipment used for experiments: 

Reagent Manufacturer 

HCl 32 % Merck 

HNO3 55% Merck 

H2SO4 min. 95% Merck 

NaOH (CP) Kimix chemical & lab suppliers 

Labware Manufacturer 

Hotplate magnetic stirrer 34532 Snijders Scientific, Tillburg Holland 

Glassware Schott Duran 

Hot air oven Memmert 

Magnetic stirrer bars Kimix chemical & lab suppliers 

Buchner Funnel Kimix chemical & lab suppliers 

 

3.3.1 Magnetic Extraction 

The first step in the extraction process utilises magnetic extraction. This step provides the 

removal of the magnetic component from CFA which is predominantly iron oxide (hematite) 

content from the coal combustion process. 

The sampled coal fly ash was mixed with de-ionised water in a 1000 mL plastic beaker and 

stirred with a magnetic stirrer at 750 rpm for 1 hour. A strong bar magnet was placed at the 

base of the plastic beaker after stirring and the coal fly ash residue was poured off. The 
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magnetic extract remained adhered to the magnetic stirrer in the beaker and was washed with 

de-ionised water to remove as many fly ash particles as possible. The fly ash residue was 

stirred again with the magnetic stirrer and the process repeated. This was done until no visible 

amount of magnetic extract was retained on the magnetic stirrer in the plastic beaker after 

pouring off the fly ash residue. Thereafter the fly ash residue was filtered using a Buchner 

funnel and the filtrate containing readily soluble species was analysed by ICP-OES. The solid 

residue was dried in a hot air oven at 100 °C overnight. The dried CFA residue was analysed 

via XRF and laser ablation - ICP - MS. This dried CFA residue with low magnetic material 

and fewer soluble salts (due to water contact dissolution) was used as the starting CFA 

resource for all subsequent extractions.  

The insoluble magnetic extract was analysed by XRF for major and minor elements. The 

insoluble magnetic extract was also analysed for trace elements content by laser ablation - 

ICP – MS. Both the XRF and laser ablation - ICP – MS results for the insoluble magnetic 

extract are presented in Chapter 4, Section 4.2, Table 4.3 and Table 4.4. The CFA residue 

after magnetic extraction was also analysed by XRF and laser Ablation - ICP – MS and the 

results are presented in Chapter 4, Section 4.2, Table 4.5 and Table 4.6. The insoluble 

magnetic extract and CFA residue after magnetic extraction were analysed for mineral phases 

using XRD analysis. The results are presented in Chapter 4, Section 4.2, Figure 4.4 and 

Figure 4.7 respectively. 

 

3.3.2 Alkaline leaching tests 

Indirect leaching and direct leaching was carried out using sodium hydroxide (NaOH) as the 

alkali of choice. This test was targeted at removing silicon from the CFA matrix. 
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3.3.2.1 Alkaline leach method 1: NaOH sintering 

An indirect alkaline leaching method targeting Si extraction was done using NaOH as the 

alkaline reagent. The NaOH indirect leaching utilised a modification of the fusion method 

employed by Musyoka, (2012). A melt of the alkali and CFA was firstly formed and 

thereafter the sintered product was leached using de-ionised water as the leaching solvent 

while stirring. The sintered product was formed by heating a heterogeneous mixture of CFA 

and alkali at high temperature to form a homogenous fused melt mixture. 20 g CFA was 

mixed with 20 g NaOH pearls and heated in a furnace at 550°C for 2 hours. Once cooled, the 

fused sintered product was crushed and ground to a fine powder with a mortar and pestle. It 

was then mixed with 600 mL water and stirred rapidly for 2 hours at room temperature. 

Thereafter the mixture was filtered and the supernatant retained for ICP-OES analysis. The 

solid residue were not analysed at this test stage since the leached content in the filtrate were 

the main interest for these preliminary tests. The results are presented in Chapter 4, Section 

4.3., Figure 4.9 and Figure 4.10.  

 

3.3.2.2 Alkaline leach method 2: low temperature NaOH leaching 

The NaOH direct leaching method targeting Si extraction entailed mixing 20 g CFA with    

20 g NaOH dissolved in 600 mL de-ionised water. The mixture was then rapidly stirred for 2 

hours while temperature was maintained at 95 °C. Thereafter the mixture was filtered and the 

supernatant retained for ICP-OES analysis. The solid residues were not analysed at this test 

stage since the leached content in the filtrate were the main interest for these preliminary 

tests. All the supernatants were sequentially diluted to X10, X100 and X1000 dilution. X10 

dilution was done by adding 10 mL of the original supernatant sample into a 100 mL plastic 

flask and making up to volume with 2 % HNO3. Subsequently, X100 dilution was done by 

adding 10 mL of the X10 dilution into a 100 mL plastic flask and making up to volume with 

2 % HNO3. X1000 dilution was made in the exact manner by adding 10 mL of the X100 
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dilution into a 100 mL plastic flask and making up to volume with 2 % HNO3. The results are 

presented in Chapter 4, Section 4.3., Figure 4.9 and Figure 4.10. 

 

3.3.3 Acid leaching tests 

3.3.3.1 Acid leaching method 1: HCl leaching 

HCl leaching tests were adapted from a method used by Muriithi, (2013a) in which 10 g CFA 

was reacted with 200 mL HCl. In this study the leaching test was carried out using 20 g CFA 

and 400 mL of varying HCl molarities from 0 M – 10 M HCl. The mixture was stirred 

rapidly at a temperature of 100 °C for 2 hours. Thereafter the mixture was filtered and X10, 

X100 and X1000 sequential dilutions as described above in Section 3.3.2.2 were prepared 

using 2 % HNO3 prepared in de-ionised water as the diluent. The solid residues were not 

analysed at this test stage since the leached content in the filtrate was the main interest for 

these preliminary tests. The sequential dilutions were analysed by ICP-OES. The results are 

presented in Chapter 4, Section 4.4.1., Figures 4.16 - 4.21. 

 

3.3.3.2 Acid leaching method 2: H2SO4 indirect leaching 

A 2-step acidic leaching test was performed using sulphuric acid. The H2SO4 indirect 

leaching test was adapted from Lui et al., (2012). Varying concentrations of H2SO4 (5 M, 10 

M, 15 M and 18.2 M) were mixed with 20 g CFA in a liquid: solid ratio of 1:2. The mixture 

was then stirred at 450 rpm while heating on a hotplate at 220 °C. The reaction was allowed 

to proceed until all the liquid evaporated. The reaction vessel then remained on the hotplate at 

that temperature for a further 30 minutes. This was to allow time for the CFA residue to 

calcine. Once cooled, de-ionised water was added to the CFA residue in a solid: liquid ratio 

of 1:6. The mixture was stirred rapidly at a temperature range of 85 - 90 °C for 30 minutes. 

The purpose of this secondary step was to separate the leached Al, in the form of Al2SO4, 

from the CFA matrix. Thereafter the mixture was filtered and the supernatant retained for 
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ICP-OES analysis. The solid residues were not analysed at this test stage since the leached 

content in the filtrate was the main interest for these preliminary tests. The results are 

presented in Chapter 4, Section 4.4.2., Figure 4.23 and Figure 4.24. 

 

3.3.3.3 Acid leaching method 3: H2SO4 direct leaching 

Direct H2SO4 leaching was performed where 200 mL of varying concentrations of H2SO4       

(5 M, 10 M, 15 M and 18.2 M) were directly mixed with CFA. The mixture was then 

refluxed for 2 hours. The reaction vessel was removed and allowed to cool. De-ionised water 

was added to the experimental leach tests that were performed with H2SO4 concentrations 

higher than 5 M to bring down the concentration to approximately 5 M H2SO4.  This was 

needed to facilitate filtration of the leached solutions without dissolving the filter media. All 

the supernatants were sequentially diluted to X10, X100 and X1000 dilution. X10 dilution 

was done by adding 10 mL of the original supernatant sample into a 100 mL plastic flask and 

making up to volume with 2 % HNO3 prepared in de-ionised water. Subsequently, X100 

dilution was done by adding 10 mL of the X10 dilution a 100 mL plastic flask and made up 

to volume with 2 % HNO3 prepared in de-ionised water. X1000 dilution was made in the 

exact manner by adding 10 mL of the X100 dilution to 100 mL plastic flask and made up to 

volume with 2 % HNO3 prepared in de-ionised water. The solid residues were not analysed at 

this test stage since the leached content in the filtrate was the main interest for these 

preliminary tests. The supernatants were retained for ICP-OES analysis. The results are 

presented in Chapter 4, Section 4.4.2., Figure 4.25 and Figure 4.26. 

 

3.3.4 Optimisation Experiments 

Optimisation experiments were undertaken to find the optimum conditions that resulted in the 

greatest yield during extraction of each element from CFA. The optimisations would have 

 

 

 

 



CHAPTER 3  EXPERIMENTAL AND ANALYTICAL METHODS 

 

65 

one variable in its experimental plan changed at a time while keeping all the other 

experimental parameters constant.  

 

3.3.4.1 Alkaline leaching optimisation 

The method that yielded the best extraction for Si was optimised. Direct alkaline leaching 

was determined to be the best method and it was optimised by firstly setting the concentration 

of NaOH as the variable in the experimental procedure while the amount of CFA, solution 

volume and leaching temperature and leaching time remained constant. The NaOH was 

therefore varied from 0.83 M to 12.5 M while the solution volume was set at 600 mL, 

leaching time 2 hours and leaching temperature 100 °C. Once the optimal concentration of 

NaOH was determined (6.25 M NaOH), the amount of CFA was varied while the 

experimental parameters of time and temperature remained unaltered. The second 

optimisation step therefore used varied CFA ash amounts ranging from 5 g – 40 g while the 

600 mL of 6.25 M NaOH, 2 hour leaching time and 100 °C leaching temperature remained 

constant. The solid residues were not analysed at this test stage since the leached content in 

the filtrate was the main interest for these optimisation tests. The results are presented in 

Chapter 4, Section 4.3., Figures 4.11 – 4.14. The mineral phases present in the CFA residue 

after extraction with the 6.25 M NaOH was analysed using XRD analysis. The result is 

presented in Chapter 4, Section 4.3., Figure 4.15. 

 

3.3.4.2 Acidic leaching optimisation 

It was seen that calcium was more effectively removed with HCl but Al was extracted during 

the process as well. The HCl concentration was firstly optimised for the maximum removal 

of Ca by varying the concentration of the HCl from 0 M – 0.25 M. for the leaching process. 

The solution volume of 400 mL, leaching temperature of 100 °C and leaching time of 2 hours 

were kept constant. Once that was determined, then the amount of CFA reacting with the 
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optimal HCl concentration was varied. The CFA amounts were varied from 5 g – 40 g and 

reacted with the optimal determined concentration of 0.1 M HCl. The solution volume of 400 

mL, leaching temperature of 100 °C and leaching time of 2 hours were kept constant. Only 

the supernatants and not the solid residues analysed at this test stage since the leached content 

in the filtrate was the main interest for these optimisation tests. The results are presented in 

Chapter 4, Section 4.4.1, Figures 4.18 – 4.21. The mineral phases present in the CFA residue 

after extraction with the 0.1 M HCl was analysed using XRD analysis. The result is presented 

in Chapter 4, Section 4.4.1., Figure 4.22. 

Direct H2SO4 leaching gave a higher yield of Al and it was further investigated to find the 

optimal conditions for the extraction. The molarity of the acid was varied from 1 M - 15 M. 

The leaching time of 2 hours under reflux, the amount of CFA (20 g) and 200mL solution 

volume was kept constant as per the experimental method described in Section 3.3.3.3. After 

the optimum H2SO4 acid molarity of 15 M was determined, the amount of CFA was varied 

from 5 g – 50 g while solution volume of 200 mL and leaching time of 2 hours under reflux 

remained constant. Only the supernatants and not the solid residues were analysed at this test 

stage since the leached content in the filtrate was the main interest for these optimisation 

tests. The results are presented in Chapter 4, Section 4.4.2, Figures 4.27 - 4.31. The mineral 

phases present in the CFA residue after extraction with 15 M H2SO4 was analysed using 

XRD analysis. The result is presented in Chapter 4, Section 4.4.2., Figure 4.32. 

 

3.3.5 Sequential Extraction 

After all the optimisation tests were completed, an experiment was designed and performed 

to determine the amount of the desired elements that could be sequentially extracted from the 

CFA. The optimal reagent amounts were used to extract the Ca, Al and then the Si in 

sequence. The sequence was thus acidic leaching followed by alkaline leaching. 
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The first step of magnetic extraction targeted the iron content present in CFA as described in 

Section 3.3.1. Since it was seen that calcium could be targeted for removal with HCl, calcium 

was to be the second element extracted from CFA as detailed in Section 3.3.4.2. The third 

target element for extraction from CFA was aluminium. This was leached using direct H2SO4 

leaching as detailed in Section 3.3.4.2. The sequential extraction was designed with the initial 

removal of calcium so as to make aluminium extraction more amenable to H2SO4 leaching. 

The H2SO4 consumption would also be more available for aluminium extraction than when 

having to compete with calcium sulphate formation. Calcium sulphate (gypsum) precipitation 

serves to hinder the aluminium extraction process as explained in Section 2.4.3.1(ii). After 

calcium and aluminium extraction, silicon was removed using direct alkaline leaching as 

detailed in Section 3.3.2.2. At this stage of the experiment more Si should be able to be 

recovered since the simultaneous effect of Al co- leaching would be greatly minimised.  

The entire extraction sequence was therefore magnetic extraction of CFA followed by direct 

acidic leaching of the magnetically extracted residue and thereafter direct alkaline leaching of 

the acid leached residue.  

The process is outlined as follows; 
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3.3.5.1 Sequential Experiment flow diagram: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Sequential extraction experiment design 

 

All the supernatants were retained for analysis of Al, Ca, Fe and Mg using ICP – OES 

analysis and UV-Vis spectroscopy for Si analysis. The results are presented in Chapter 4, 

Section 4.5, Figures 4.34 and Figure 4.35. The CFA residues were analysed for major and 

minor elements using XRF analysis and for trace elements using laser ablation - -ICP – MS 

Raw CFA 

CFA residue 1 

Magnetic extraction 

HCl extraction to remove Ca 

CFA residue 2 HCl leachate 

H2SO4 extraction to remove Al 

H2SO4 leachate CFA residue 3 

NaOH extraction to remove Si 

CFA residue 4 NaOH leachate 

Magnetic extract 
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analysis. The results are presented in Chapter 4, Section 4.5, Tables 4.7 and Table 4.8. The 

final CFA residue was analysed with XRD analysis after the entire sequential leaching test 

was done to check the effect of the sequential leach test on the mineral phases of the CFA. 

The result is presented in Chapter 4, Section 4.5, Figure 4.36. 

 

3.3.5.2 Solubility Behaviour of Rare earth elements 

The solubility behaviour of the rare earth elements was tracked all the way from the start till 

the end of the sequential extraction process. It was measured using XRF and laser ablation 

ICP-MS spectroscopy analysis of the CFA solid residues and liquid leachates. The results are 

presented in Chapter 4, Section 4.5, Table 4.9, Table 4.10 and Figure 4.40. 

 

In the following chapter 4 the results of all the experiments done are presented and the details 

on how the sequential experimental sequence was decided upon are given.
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Chapter Four 

4. Results and Discussion 

This chapter documents the results from the experimental tests outlined in Chapter 3.3. The 

results will be discussed in a sequential manner so as to motivate the reasoning for choosing 

certain parameters during the progression of the study. XRD and XRF analytical techniques 

were used to characterise the solid samples which included the raw CFA, magnetic extract 

and CFA residues after extraction. ICP-OES, ICP-MS, and UV-Vis spectroscopy were the 

analytical techniques used to measure the elements of interest for all the liquid leachates. 

4.1 Matla raw coal fly ash 

The major and minor elemental composition present in raw CFA was analysed by XRF as 

described in Section 3.2.1. The trace elemental composition results obtained were analysed 

by laser ablation-ICP-MS as described in Section 3.2.3. The XRF % weight oxide results 

were converted to ppm using an online software conversion program located at 

[http://www.marscigrp.org/oxtoel.html]. The entire major, minor and trace element content is 

presented in Table 4.1 below. 
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Table 4.1: Major and Minor Elements in Raw Matla CFA 

Raw Matla CFA 

 (as is wet basis) 

Raw Matla CFA (dry basis: corrected and normalised for 

Loss on Ignition) 

Elemental 

Compound 

Weight 

% 

Elemental 

Compound 

Weight 

% 

Major & minor 

Elements 

mg/kg 

SiO2 51.07 SiO2 50.24 Si 234872 

Al2O3 31.08 Al2O3 30.57 Al 161776 

Fe2O3 3.23 Fe2O3 3.18 Fe 22241 

CaO 6.74 CaO 6.63 Ca 47385 

MgO 2.54 MgO 2.50 Mg 15080 

K2O 0.81 K2O 0.80 K 6641 

P2O5 1.08 P2O5 1.06 P 4626 

MnO 0.05 MnO 0.05 Mn 387 

Na2O 0.77 Na2O 0.76 Na 5638 

TiO2 1.77 TiO2 1.74 Ti 10431 

LOI 1.64 Total 99.13   

Total 100.77  

Table 4.2: Trace Elements in Raw Matla CFA 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Sc 30.84 Y 65.69 Nd 76.15 Yb 7.00 

V 193.86 Zr 404.35 Sm 14.87 Lu 1.04 

Cr 208.5 Nb 41.71 Eu 2.64 Hf 11.77 

Co 30.16 Mo 13.76 Gd 12.29 Ta 3.25 

Ni 89.31 Cs 12.32 Tb 2.06 Pb 79.22 

Cu 87.52 Ba 2535 Dy 11.74 Th 44.01 

Zn 78.89 La 99.29 Ho 2.59 U 13.80 

Rb 53.68 Ce 207.86 Er 6.99   

Sr 2477 Pr 21.4 Tm 1.05   
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Looking at the XRF results in Table 4.1 above, the sum total of SiO2, Al2O3 and Fe2O3 is 

greater than 70 % with the CaO content being less than 15 %. This confirms the Matla CFA 

used in his study as a Class F CFA according to the American Standard of Testing and 

Measurement, ASTM C618 (Mehta, 1987). The loss on ignition is relatively low at 1.64 % 

showing that the volatile content remaining in the CFA after the coal combustion process is 

not very high and the CFA was sufficiently dried before its use. The trace elements present in 

CFA confirm the presence of rare earth elements (REEs). The toxic elements, Ba and Sr are 

present at levels greater than 1000 mg/kg (refer to Table 4.2). The presence of radioactive 

elements U and Th in the CFA is in accordance with reported work carried out by Eze et al., 

(2013a). The reported values for Ba, Sr, U, Th and Pb were similar to the values Eze and co-

workers, (2013a) obtained for Matla CFA using the laser ablation ICP-MS analysing 

technique. 

The raw CFA was analysed for its mineral composition by XRD as described in Section 

3.2.4. The data scan was plotted and the mineral phases identified using ICDD: PDF database 

1998. The XRD spectrum of raw CFA is presented in Figure 4.1 below. 
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Figure 4.1: XRD spectrum of Matla raw coal fly ash 

 

Looking at Figure 4.1 above, the XRD spectrum showed the mineralogical phases present in 

CFA are magnetite (iron oxide), lime (calcium oxide), quartz (silicon dioxide), mullite 

(aluminosilicate) and halite (sodium chloride). These mineral phases are typically found in 

CFA but the presence of halite (sodium chloride) peaks is not usually seen and could be due 

to conditioning of the ash with process brine for dust suppression at the Matla ash site. 

 

4.2 Magnetic extraction 

The procedure for magnetic extraction of Fe was carried out as outlined in Chapter 3.3.2. The 

raw CFA was mixed with de-ionised water and stirred with a magnetic stirrer in a plastic 

beaker. A strong bar magnet was used to retain the magnetic fraction and the residues were 

decanted into another plastic beaker. The magnetic extract remained in the original beaker. 

The decanted solution consisting of CFA and de-ionised water was stirred again and the 

process repeated. This process was carried out until no visible magnetic extract could be seen. 
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The decanted solution was then filtered and the CFA residue was dried and stored. The 

magnetic extract was rinsed with de-ionised water to free it of any CFA particles and dried 

prior to analysis being carried out. 

The magnetic extract was analysed with XRF to measure the major and minor elemental 

composition as described in Section 3.2.1 and the trace elements by laser ablation-ICP as 

described in Section 3.2.3. The XRF % weight oxide results were converted to ppm using an 

online software conversion program located at [http://www.marscigrp.org/oxtoel.html]. The 

anion content was not measured to ascertain the presence of chlorides, sulphates etc. in the 

de-ionised water filtrate from the magnetic extraction procedure. The results obtained are 

presented in Table 4.3 and Table 4.4 below, 

Table 4.3: Major and Minor Elements in Magnetic Extract from Raw CFA 

 

 

Magnetic extract (as is wet 

basis) 

Magnetic extract (dry basis: corrected and normalised 

for Loss on Ignition) 

Elemental 

Compound 

Weight 

% 

Elemental 

Compound 

Weight 

% 

Major & minor 

Elements 
mg/kg 

SiO2 11.88 SiO2 11.98 Si 56007 

Al2O3 7.79 Al2O3 7.85 Al 41542 

Fe2O3 75.38 Fe2O3 75.98 Fe 531 

CaO 2.54 CaO 2.56 Ca 18296 

MgO 1.56 MgO 1.57 Mg 9470 

K2O 0.13 K2O 0.13 K 1079 

P2O5 0.45 P2O5 0.45 P 1964 

MnO 0.04 MnO 0.04 Mn 310 

Na2O 0.49 Na2O 0.49 Na 3635 

TiO2 0.46 TiO2 0.46 Ti 2758 

LOI -0.8 Total 100.72   

Total 99.92  
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Table 4.4: Trace Elements in Magnetic Extract from CFA 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Sc 7.76 Y 15.05 Nd 15.86 Yb 1.38 

V 149.06 Zr 87.16 Sm 3.06 Lu 0.21 

Cr 255.73 Nb 9.55 Eu 0.59 Hf 2.5 

Co 33.04 Mo 6.65 Gd 2.77 Ta 0.57 

Ni 114.86 Cs 1.08 Tb 0.45 Pb 12.74 

Cu 88.80 Ba 738.07 Dy 2.73 Th 8.96 

Zn 83.55 La 20.11 Ho 0.51 U 10.58 

Rb 4.69 Ce 43.63 Er 1.63   

Sr 581.46 Pr 4.28 Tm 0.22   

 

As can be seen from the major element content results in Table 4.3, Fe was the major bulk 

element present as expected. The formula below was used to calculate the percentage 

elemental content from its reported oxide value obtained from the XRF analysis of the 

magnetic extract: 

% Element = 
molecular weight  element x n

molecular weight element oxide
 × reported oxide value 

where n = stoichiometric number of element in element oxide  (Nyale, 2011) 

A negative loss on ignition (LOI) is reported for the magnetic extract (refer to Table 4.3). 

This is to be expected from iron containing samples since a gain in sample weight is obtained 

during the high temperature drying stage of XRF sample preparation. This is due to the 

oxidation of ferrous iron, as indicated in the half reaction below, 

2 FeO + 
1

2
 O2  →  Fe2O3 (Potts, 2013) 
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The iron oxide content made up 74.84 % of the total magnetic extract composition on a dry 

weight basis. This value equated to 52.33 % elemental iron. The magnetic extract showed a 

decrease in concentration for all the trace elements, including the REEs except for Cr, Co, Ni 

and Zn which showed an enrichment in concentration when compared to raw Matla CFA 

(refer to Table 4.1). It can therefore be seen that the bulk of the trace elements, including all 

of the REEs were partitioned into the CFA residue after magnetic extraction. The following 

graphical representations depict the enrichment trends and the decrease in radioactive and 

toxic element concentration between the raw CFA and magnetic extract from CFA. 

 

 

 

 

 

Figure 4.2: Cr, Co, Ni, Cu and Zn enrichment in magnetic extract from CFA 

 

 

 

 

 

 

Figure 4.3: Th and U radioactive element grouping and Sr and Ba toxic element 

grouping representation trend in magnetic extract from CFA 
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As can be seen in Figure 4.2, the Cr content is more enriched in the magnetic extract 

compared to Co, Ni, Cu and Zn which show slight enrichment. This is probably attributed to 

the interaction of these elements with the iron oxide content of the magnetic extract. Studies 

have been conducted by Bliem et al., (2015) where Ti, Mn, Co, Ni and Zn were deposited 

onto the surface of laboratory synthesised magnetite (Fe3O4). Bliem and co-workers came to 

the conclusion that when a non-noble metal is deposited onto the iron oxide surface it 

becomes oxidised and if it is heated it diffuses into the bulk of the iron oxide. They also 

concluded that this occurrence is not specific to only Ti, Mn, Co, Ni and Zn but also other 

metals that form a solid solution with iron oxide (Bliem et al., 2015). Fe is present as the 

mineral phase pyrite (FeS2) and marcasite (white pyrite) in coal. The combustion of coal 

allows for the conversion of these pyrite mineral phases into magnetite, hematite as well as 

maghemite (Akinyemi et al., 2012 and Demir et al., 2001). This conclusion stated by Bliem 

and co-workers provides a good explanation for what is seen in the magnetic extract since 

magnetite is one of the iron mineral phases, as well as maghemite and hematite, found in the 

magnetic extract as shown in the XRD spectrum (refer to Figure 4.4). As depicted in Figure 

4.3 the toxic elements Sr and Ba as well as the radioactive U and Th were decreased in the 

magnetic extract. This shows that these elements are not readily associated with the magnetic 

extract. 

The magnetic extract was analysed for its mineral composition by XRD as described in 

Section 3.2.4. The data scan was plotted and the mineral phases identified using ICDD: PDF 

database 1998. The XRD spectrum of the magnetic extract is presented in Figure 4.4 below. 
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Figure 4.4: XRD spectrum of magnetic extract from raw CFA 

The XRD spectrum, Figure 4.4 above, confirmed that hematite (α-Fe2O3), magnetite (Fe3O4) 

and maghemite (γ- Fe2O3) are the predominant Fe mineral phases present in the magnetic 

extract from CFA. However the XRF major analysis (refer to Table 4.3) showed that Si and 

Al were also present in the magnetic extract even though no mineral phases were detected 

from the XRD analysis (refer to Figure 4.4). The SiO2 content in the magnetic extract was 

11.80 % (that equated to 5.52 % Si) and Al2O3 content was reported as 7.73 % (that equated 

to 4.09 % Al). This is due to contamination of the magnetic extract by entrained finer CFA 

particles that are harder to remove using physical separation methods. Purification of the iron 

oxide could be achieved by dissolution with HCl and precipitating the Fe
3+ 

as Fe(OH)3. 

However, depending on the aluminium mineral phase of the CFA particles present in the 

magnetic extract, there is a possibility of aluminium dissolution in HCl. The magnetic extract 

also needs to be exposed to oxygen in the dissolution process in order to oxidise the part of 

the magnetic extract comprised of zero valent iron. This was not part of the study and was 

therefore excluded. CaO and MgO were the other two oxides that were higher than 1 % 
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abundance. CaO was reported at 2.52 % (that equated to 1.80 % Ca) and MgO was reported 

at 1.55 % (that equated to 0.93 % Mg). 

The CFA residue remaining after magnetic extraction was also analysed with XRF to 

measure the major and minor elemental composition after soluble and magnetic phases were 

removed, as described in Section 3.2.1, and the trace elements by laser ablation- ICP- MS as 

described in Section 3.2.3. The XRF % weight oxide results were converted to ppm using an 

online software conversion program that is found at [http://www.marscigrp.org/oxtoel.html]. 

The results obtained are presented in Table 4.5 and Table 4.6 below. 

Table 4.5: Major and Minor Elements in Matla CFA Residue after Magnetic Extraction 

Matla CFA residue (as 

is wet basis) 

Matla CFA residue (dry basis: corrected and normalised 

for Loss on Ignition)  

Elemental 

Compound 

Weight 

% 

Elemental 

Compound 

Weight 

% 

Major & minor 

Elements 
mg/kg 

SiO2 51.97 SiO2 50.76 Si 237303 

Al2O3 31.55 Al2O3 30.81 Al 163047 

Fe2O3 2.34 Fe2O3 2.29 Fe 16016 

CaO 6.51 CaO 6.36 Ca 46527 

MgO 2.56 MgO 2.50 Mg 15080 

K2O 0.81 K2O 0.79 K 6558 

P2O5 1.12 P2O5 1.09 P 4757 

MnO 0.04 MnO 0.04 Mn 310 

Na2O 0.80 Na2O 0.78 Na 5787 

TiO2 1.81 TiO2 1.77 Ti 10611 

LOI 2.38 Total 99.51   

Total 101.89  
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Table 4.6: Trace Elements in Matla CFA Residue after Magnetic Extraction 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Sc 29.66 Y 64.155 Nd 76.14 Yb 6.61 

V 184.59 Zr 395.09 Sm 14.46 Lu 1.03 

Cr 184.65 Nb 39.98 Eu 2.49 Hf 11.03 

Co 20.38 Mo 12.48 Gd 11.73 Ta 3.22 

Ni 84.09 Cs 11.64 Tb 2.07 Pb 68.90 

Cu 75.04 Ba 2392 Dy 12.06 Th 41.64 

Zn 70.47 La 96.07 Ho 2.46 U 13.01 

Rb 51.50 Ce 198.55 Er 6.75   

Sr 2362 Pr 20.36 Tm 1.07   

 

The following graphical representations depict the trends of particular elements of interest as 

well as the radioactive and toxic element concentrations between the raw CFA, magnetic 

extract and the CFA residue after magnetic extraction. These trace elements were analysed 

using laser ablation ICP-MS. The error bars represent duplicate experimental results. 

 

 

 

 

 

 

Figure 4.5: Cr, Co, Ni, Cu and Zn levels from magnetic extraction of CFA 
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As can be seen in Figure 4.5 above, Cr is quite enriched in the magnetic extract followed by 

Ni and lastly Co, Cu and Zn being slightly enriched. The CFA residue after magnetic 

extraction still has high levels of Cr, Co, Ni, Cu and Zn but lower than that of the raw CFA. 

 

 

 

 

 

 

 

Figure 4.6: Th and U radioactive element levels and Sr and Ba toxic element levels from  

magnetic extraction of CFA 

As can be seen in Figure 4.6 above, Th, U, Ba and Sr are more partitioned to the CFA matrix 

than to the magnetic extract fraction since their concentrations are relatively similar in both 

the raw CFA and the CFA residue after magnetic extraction. It is expected that the sum of the 

element in the magnetic extract and in the coal fly ash residue after magnetic extraction to 

equal the amount of said element in the raw CFA but it is not the case as seen in Figure 4.5 

and Figure 4.6. A reason for this could be that the magnetic extract content is a very small 

percentage of the raw CFA and its partial removal from the CFA would not affect the relative 

concentration of elements to a great degree. The CFA residue after magnetic extraction 

therefore showed similar values to the raw CFA for this reason. Since the magnetic extract is 

predominantly a Fe based extract and having a total element complement that is lower 

compared to raw CFA, the subsidiary elements present in the magnetic extract (Figure 4.5) 
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would show an upconcentration in the magnetic extract. Cr, Co, Ni, Cu and Zn elements also 

show an affinity for the magnetic extract as explained previously. 

The CFA residue after magnetic extraction was analysed for its mineral composition by XRD 

as described in Section 3.2.4. The data scan was plotted and the mineral phases identified 

using ICDD: PDF database 1998. The XRD spectrum of the CFA residue after magnetic 

extraction is presented in Figure 4.7 below. 

 

 

 

 

 

 

 

 

Figure 4.7: XRD spectrum of CFA residue after magnetic extraction 

The XRD spectrum of CFA residue after magnetic extraction (Figure 4.7) showed the 

presence of quartz (SiO2), mullite (aluminosilicate) and halite (NaCl) mineral phases. The 

XRD results showed no iron mineral phases. However the XRF results (Table 4.5) showed 

that Fe2O3 was still present at 2.35 % weight percentage on a dry basis. The XRF results 

showed that the Fe2O3 in the CFA residue after magnetic extraction (Table 4.5), decreased by 

27.91 % in relation to the raw Matla CFA (Table 4.1). The reason for this discrepancy could 

be retention of the finer magnetic particles being trapped between the CFA particles when the 
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bar magnet is applied to the CFA. Fe was therefore not completely removed from the raw 

CFA by magnetic extraction. Since the particles were also much finer, it was not strongly 

retained by the bar magnet. Fe could also be included in other mineral phases present in the 

CFA. The halite mineral phase also diminished and the lime mineral phase was removed 

when compared to raw CFA (Figure 4.1). A plausible reason for this would be removal by 

dissolution of soluble salts when the raw CFA was mixed with water for the magnetic 

extraction step. The halite mineral phase only underwent partial dissolution and this could be 

the result of an insufficient volume of de-ionised water used for the magnetic extraction to 

allow the complete dissolution of the halite mineral phase from the CFA. 

This CFA residue after magnetic separation was the starting material for all the alkaline and 

acid leaching tests that were further carried out in this study. The schematic flowchart of the 

initial treatment of CFA and its subsequent extraction is presented below 

 

 

 

 

 

 

Figure 4.8: Schematic flowchart of initial magnetic extraction treatment of CFA 
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4.3 Alkaline leaching 

As outlined in Chapter 3.3.2, a comparison was made between an indirect and direct alkaline 

leaching method using the magnetically extracted CFA as the starting material. Both methods 

used 20 g CFA and 20 g NaOH pellets. For the indirect method the CFA and NaOH were dry 

mixed to homogeneity and heated at 450 °C for 2 hours. The cooled fused sintered product 

was then crushed to a fine powder with a pestle and mortar This was to increase the surface 

area of the fused sintered product which was then stirred in 600 mL of deionised water for 2 

hours. In the case of the direct alkaline leaching method, 20 g NaOH was dissolved in 600 

mL de-ionised water and 20 g CFA added to this solution. The mixture was then stirred for 2 

hours while being maintained at a temperature of 100 °C and thereafter the solids were 

separated from the liquid by filtration. In both methods the filtrates were analysed using ICP-

OES and UV-Vis spectroscopy to compare the level of extraction efficiency. The results are 

presented below in Figures 4.9 and 4.10 below. The error bar represents 3 experimental 

replicates. 

 

 

 

 

 

 

 

Figure 4.9: Comparison of indirect and direct alkaline leaching (n=3) 

 

0

5

10

15

20

25

30

35

40

45

50

Direct alkaline leaching Indirect alkaline leaching

A
m

o
u

n
t 

e
le

m
e

n
t 

e
x

tr
a

c
te

d
 (

m
g

/g
) 

Leaching method 

Silicon Aluminium

 

 

 

 



CHAPTER 4 RESULTS AND DISCUSSION 

 

85 

Figure 4.9 above reports the amount of elements extracted from 20 g CFA. The percentage 

element extraction from the residue is presented graphically in Figure 4.10 below, 

 

Figure 4.10: Percentage element extracted from CFA via alkaline leaching (n=3) 

As can be seen in Figure 4.10 above, the direct leaching method provided a higher Si 

extraction yield compared to that of indirect alkaline leaching. The indirect alkaline leaching 

method allowed a higher Al extraction albeit a rather low yield compared to that of the direct 

alkaline leaching method. Since the extraction yield of Al was less than Si in the direct 

alkaline leaching method, it justified the choice of the direct alkaline extraction method for Si 

recovery as it gave a good yield of Si.  

Direct alkaline leaching was optimised by firstly setting the concentration of NaOH as the 
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solution volume was set at 600 mL, leaching time 2 hours and leaching temperature 100 °C. 

The result of varied NaOH concentrations is presented below in Figure 4.11.  

Figure 4.11: Effect of varied NaOH concentration on alkaline leaching (n=3) 

20 g CFA was used for all the varied NaOH concentration tests presented in Figure 4.11 

above. The leaching time was set at two hours since Bai, (2010), reported a decrease in the 

extraction of Si after that time. The temperature was also kept at 100 °C. The graphical 

presentation of Figure 4.11 above therefore presents the amount of Si and Al present in the 

filtrates after being extracted from the 20 g CFA experimental test samples. The percentage 

element extraction of the Si and Al is presented in Figure 4.12 below.  
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Figure 4.12: Percentage element extracted with varied NaOH concentration alkaline 

leaching (n=3) 

From the percentage extraction graph above (Figure 4.12) the optimal concentration for 

extraction of Si was chosen to be 6.25 M NaOH. The Si extraction yield is the highest at that 

NaOH molarity with a minimal amount of co-extraction of Al. The Si extraction difference 

between 6.25 M and 8.33 M NaOH was approximately 10 % compared to an approximate 47 

% difference for the Al extraction. It was also seen that Al extraction increased as the NaOH 

concentration increased and at the highest 12.5 M NaOH concentration mainly Al was 

extracted. A possible reason for this increased extraction efficiency could be the 

amphotericity of Al showing a greater dissolution effect at higher concentrations of NaOH. 

The increased aluminium dissolution would also hinder the dissolution of Si as described by 

Jephcott et al., (1950). The highest Si extraction for this study was approximately 55 % using 

8.33 M NaOH solution. This is equivalent to a 33 % NaOH solution (200 g NaOH pellets 

dissolved in 600 mL de-ionised water). Bai et al., (2010) achieved a maximum Si extraction 

of 62.5 % from a Class F CFA using a 30 % NaOH (equivalent to 7.5 M NaOH) solution for 

the alkaline leaching. The leaching time used by Bai and co-workers was 1 hour at a 
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temperature of 100 °C. The main difference between Bai and co-workers and this study was 

that 2 hours instead of 1 hour leaching time was used for the direct alkaline leaching process. 

Since the optimal concentration of NaOH was decided upon to be 6.25 M NaOH, the amount 

of CFA was varied while the experimental parameters of time and temperature remained 

unaltered. The second optimisation step therefore used varied CFA ash amounts ranging from 

5 g – 40 g while the 6.25 M NaOH concentration, 600 mL solution volume and 2 hour 

leaching time at 100 °C remained fixed. The results of these tests are presented in Figure 4.13 

below.  

 

 

 

 

 

 

 

Figure 4.13: Effect of varied CFA masses leached with 6.25 M NaOH (n=3) 

The graphical presentation of the percentage element extraction is presented in Figure 4.14 

below, 
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Figure 4.14: Percentage element extracted from varied CFA masses leached with 6.25 M 

NaOH (n=3) 

It can be seen from Figure 4.14 above that the highest extraction of both Si and Al can be 

achieved when a smaller amount of CFA is leached with NaOH. This could be attributed to 

increased mass transfer between the CFA particles and the NaOH. Since there are less CFA 

particles in the leaching system, more of the alkaline leach solution is able to make effective 

contact between the alkaline leach solution and CFA particles. This effect enhances the 

reaction to dissolve the target elements. As the mass of the CFA increased, as seen in the 20 g 

sample, the Si extraction increased to approximately 50 % and Al extraction considerably 

decreased. However, when 30 g or 40 g CFA samples were added to the 600 mL 6.25 M 

NaOH solution, a relatively viscous solution was formed and the CFA particles were 

subjected to resistance whilst being stirred around in solution. It becomes more difficult for 

all the particles to vortex in the viscous alkaline solution so as to effectively mix with the 

alkaline solution for leaching to take place. The CFA particles were also hydrated in solution 

and become heavier to move. Therefore the increased mass of CFA added to the leaching 
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system makes it difficult for extraction to proceed at a high solid to liquid ratio. An additional 

reason is that super saturation with respect to Si dissolution is reached and the dissolved Si 

goes back into solid phase CFA residue. The dissolved Si is therefore lower in the leach 

filtrates when 30 g or more CFA is leached with 600 mL of the 6.25 M NaOH solution 

From the optimisation tests, 20 g CFA was chosen as the optimal mass to be leached with 600 

mL of 6.25 M NaOH. It gave a relatively high Si extraction yield with low Al co-dissolution. 

The 20 g CFA residue after direct alkaline leaching with the chosen optimum concentration 

of 6.25 M NaOH was analysed via XRD. The XRD spectrum is presented in Figure 4.15 

below, 

 

 

 

 

 

 

 

 

Figure 4.15: XRD spectrum of CFA leached with 6.25 NaOH 

The XRD spectrum of the CFA residue remaining after direct alkaline leaching with the 

optimum chosen concentration of 6.25 M NaOH (Figure 4.15) showed that the mullite and 

quartz phases remained unaffected in the CFA residue after leaching. Hence the Si that was 
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extracted originated mainly from the glassy phase of CFA since the quartz and mullite peaks 

are still very prominent in the XRD scan. The halite (NaCl) mineral phase was removed 

during the direct alkaline leaching and there was the formation of calcite, calcium oxide and 

potassium nitrate mineral phases after the 6.25 M NaOH leaching of the CFA. An 

explanation for the new formed mineral phases in the residues could be that the components 

of these minerals phases were made available during leaching or during the magnetic 

extraction step and this allowed these mineral phases to form probably due to supersaturation 

in solution caused by dissolution of soluble Ca or K containing salts. The additional reaction 

of atmospheric carbon dioxide with Ca present in the CFA would also contribute to the 

formation of calcite mineral phases. 

4.4 Acidic Leaching 

As outlined in Section 3.3.3 three acidic leaching methods were tested. Two of the leaching 

methods used sulphuric acid and one used hydrochloric acid as the lixiviant. 

4.4.1 HCl leaching 

As described in Section 3.3.3.1, 20 g of the CFA residue that had previously undergone 

magnetic extraction was leached with 400 mL of HCl having molarities varying from 0.5 M 

to 10 M, while stirring rapidly at 100 °C for 2 hours. The results are presented in Figure 4.16 

and Figure 4.17 below.  
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Figure 4.16: HCl leaching of CFA (n=3) 

The percentage element extractions are presented in Figure 4.17 below, 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Percentage element extractions from HCl leaching (n=3) 
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The maximum Al extraction yield attained with HCl leaching was approximately 33 % using 

4 M HCl (Figure 4.17). The iron content that was still present in the CFA after the magnetic 

extraction was also extracted with HCl leaching and increased as the concentration of the HCl 

increased. Since it was seen that the calcium extraction remained relatively constant at 80 % 

from 0.5 M to 10 M HCl, the extraction tests were then extended to cover 0 M to 0.25 M HCl 

to see the effect on the Ca extraction efficiency, as shown in Figure 4.18 below, 

 

 

 

 

 

 

 

 

 

Figure 4.18: Extended HCl leaching of CFA for calcium extraction (n=3) 

The percentage element extractions are presented in Figure 4.19 below, 
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Figure 4.19: Percentage elements extractions for extended HCl leaching of CFA for 

calcium extraction (n=3) 

0.1 M HCl (400 mL solution volume) was seen to be the optimum concentration (Figure 

4.19) to extract calcium with minimal concurrent extraction of Al and Fe. The CFA mass 

used with 0.1 M HCl was then optimised for calcium extraction with minimal co-extraction 

of Al and Fe. The CFA amounts were varied from 5 g – 40 g and reacted with the optimal 

determined concentration of 0.1 M HCl. The solution volume of 400 mL, leaching 

temperature of 100 °C and leaching time of 2 hours were kept constant. Attempting to 

remove as much Ca as possible without any additional Al and Fe would help to enhance the 

H2SO4 leaching of Al from CFA. The results are shown in Figure 4.20 below, 
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Figure 4.20: Varied CFA masses leached with 0.1 M HCl for calcium extraction (n=3) 

The percentage element extractions are presented in Figure 4.21 below to provide a more 

synoptic view of the optimisation tests.  

 

 

 

 

 

 

 

 

 

Figure 4.21: Percentage element extractions from varied CFA masses in 400 mL 0.1 M 

HCl (n=3) 
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As can be seen in Figure 4.21 above, the calcium extractions are very high (± 100 %) with 

400 mL of 0.1 M HCl when lower amounts of CFA are used (5 - 10 g). There is also some 

co-extraction of Fe and Al. As the mass of CFA increases the calcium extraction starts to 

taper off. Minimal amounts of Al and Fe are co-extracted when more than 30 g of CFA is 

leached with 400 mL of 0.1 M HCl. This could be attributed to solution-particle mass transfer 

and also to the consumption of the H3O
+ 

ions of the hydrochloric acid by the calcium in the 

CFA. The 20 g CFA residue that had been leached with 400 mL of 0.1 M HCl was analysed 

by XRD and the XRD spectrum is presented in Figure 4.22 below. 

 

 

 

 

 

 

 

 

Figure 4.22: XRD spectrum of CFA leached with 0.1 M HCl 

The XRD result (Figure 4.22) for the chosen optimal 0.1 M HCl leaching of CFA showed 

that the mullite and quartz mineral phases of magnetically extracted CFA remained 

unchanged and the halite (NaCl) mineral phase (as seen in Figure 4.3) was removed. It can be 

seen from the XRD spectrum in Figure 4.22 that no secondary mineral phases are formed 
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when 0.1 M HCl is used as the lixiviant and Ca did not form secondary phases as was 

previously observed (Figure 4.15) when NaOH was used as the lixiviant. 

4.4.2 H2SO4 leaching 

The sulphuric acid leaching processes was investigated via an indirect and direct leaching 

approach. For the indirect acidic leaching process, as described in Section 3.3.3.2, varying 

concentrations of H2SO4 were mixed with 20 g of magnetically extracted CFA in a liquid: 

solid ratio of 1:2. Therefore 40 mL of the various H2SO4 solutions was mixed with the test   

20 g CFA samples. The mixture was then stirred at 450 rpm while heating on a hotplate at 

220 °C. The reaction was allowed to proceed until all the liquid evaporated. The reaction 

vessel then remained on the hotplate at that temperature for a further 30 minutes. This was to 

allow time for the CFA residue to calcine. Once cooled, de-ionised water was added to the 

CFA residue in a solid:liquid ratio of 1:6. 120 mL de-ionised water was therefore added to 

each CFA sample test. This mixture was then stirred rapidly at a temperature range of 85 - 90 

°C for 30 minutes to partition the extracted Al into the liquid medium. The result of indirect 

acidic leaching is presented in Figure 4.23 below.  

 

 

 

 

 

 

Figure 4.23: Indirect acidic leaching of CFA with varied H2SO4 concentrations (n=3) 
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The percentage element extractions for the indirect acidic leaching are presented in Figure 

4.24 below, 

 

 

 

 

 

 

 

 

Figure 4.24: Percentage element extractions of CFA using indirect acidic leaching (n=3) 

Looking at Figure 4.24, it can be seen that the indirect H2SO4 leaching method gave the 

highest Al extraction yield of 58 % at 15 M H2SO4. Fe extraction was also at its highest 

extraction yield of 54 % using 15 M H2SO4. Si extraction was extremely low to negligible 

when H2SO4 was used as the lixiviant. The use of concentrated H2SO4 did not give the 

highest extraction yield and a reason for this could be that concentrated H2SO4 solution is too 

viscous. This higher viscosity hinders the reaction with the CFA by decreasing the stirring 

speed.  

The direct H2SO4 leaching process, as described in Section 3.3.3.3, was performed where 

varying concentrations of H2SO4 were directly mixed with magnetically extracted CFA in a 

liquid: solid ratio of 10 mL:1 g CFA. 200 mL of the varied H2SO4 concentrations were 
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then refluxed for 2 hours. The reaction vessel was then removed and allowed to cool. De-

ionised water was added to the experimental leach tests using H2SO4 concentrations higher 

than 5 molar to dilute the concentration to approximately 5 M H2SO4 (makes filtration of the 

leached solution possible using standard filter paper). The result of the direct acidic leaching 

is presented in Figure 4.25 below, 

 

 

 

 

 

 

Figure 4.25: Direct acidic leaching of CFA with varied H2SO4 concentrations (n=3) 

 

The percentage element extractions for direct acid leaching are presented in Figure 4.26 

below, 

 

 

 

 

 

 

 

 

 

Figure 4.26: Percentage element extractions from CFA using direct acidic leaching 

(n=3) 
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The direct acid leaching and indirect acid leaching are plotted alongside each other to provide 

a comparative view of the results from the 2 acid leaching processes. The comparative plot is 

presented in Figure 4.27 below.  

 

 

 

 

 

 

 

 

 

 

Figure 4.27: Comparative view of Direct vs. Indirect H2SO4 leaching (n=3) 

Looking at Figure 4.27 above, the direct acid leaching method gave a maximum Al extraction 

yield of 63 % using 200 mL of 15 M H2SO4. The indirect leach method had a similar 

maximum extraction yield of 58 % at the same 15 M H2SO4 concentration. The indirect acid 

leaching method had an Al extraction yield of 43 % when 18 M (conc.) H2SO4 was used. This 

result is similar to that reported by Nayak et al., (2010) who achieved an Al extraction yield 

of 41.3 % from a Class F CFA. Nayak and co-workers used a 100 g CFA:100 mL 18 M 

H2SO4 ratio compared to this study’s ratio of 20 g CFA:40 mL H2SO4. The iron extraction 
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yield at 15 M H2SO4 (refer to Figure 4.27) was higher using indirect leaching when compared 

to direct acid leaching. The maximum extraction yield of iron was approximately 54 % using 

indirect 15 M H2SO4 leaching compared to 28 % using direct acid leaching at the same acid 

concentration. Ca extraction was also higher using direct acid leaching compared to indirect 

acid leaching and it could be attributed to the higher working solution volume being used in 

the leaching process i.e. the 200 mL solution volume of direct leaching compared to the final 

120 mL solution volume of indirect leaching.  

The results showed that H2SO4 leaching gave a higher Al extraction yield (58 % - 63 %), 

compared to HCl leaching’s extraction efficiency of approximately 30 % across the 4 M to    

6 M HCl concentration range (refer to Figure 4.17). Direct H2SO4 leaching was thus chosen 

as the extraction procedure for Al since it gave a higher Al extraction yield and lower Fe co-

extraction compared to indirect H2SO4 leaching. The higher Ca extraction from direct H2SO4 

leaching would be minimised by the Ca pre-leaching step that was optimised from the HCl 

leaching study in Section 4.4.1. Si extraction was extremely low and H2SO4 can therefore be 

said to be a selective lixiviant with regard to separating Al from Si. 

The direct H2SO4 leaching process was then optimised by extending the H2SO4 concentration 

over a wider test range by varying the molarity of the H2SO4 acid from 1 M - 15 M. The 

volume of acid was kept constant at 200 mL and 20 g CFA test samples were used. The 2 

hour leaching time under reflux heating conditions also remained unchanged. The results of 

these extended tests are presented in Figure 4.28 below, 
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Figure 4.28: Direct H2SO4 leaching of CFA with varied H2SO4 concentrations [extended] 

(n=3) 

The percentage element extractions are presented in Figure 4.29 below,  

 

 

 

 

 

 

 

Figure 4.29: Percentage element extractions of CFA using direct acid leaching with 

varied H2SO4 concentrations [extended] (n=3) 
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As can be seen from Figure 4.29 above there was no significant increase in Al extraction 

using lower molarities. The highest Al extraction yield was still obtained from 15 M H2SO4. 

Looking at 6 M H2SO4, it had a similar Al extraction yield of 18.75 % comparable to Matjie 

et al., (2005) who achieved an Al extraction yield of 18 %. However, Matjie and co-workers 

used a 100 g Class F CFA sample leached with a 400 mL solution volume of 6.12 M H2SO4 

and a leaching time of 4 hours maintained at 80 ° C where this study used 20 g CFA, 200 mL 

of 6 M H2SO4 and a leaching time of 2 hours maintained under reflux. The Fe extraction as 

seen in Figure 4.29 above was at its highest with 39 % extraction yield at 5 M H2SO4 but it 

was actually relatively similar across the entire acid concentration test range. Ca extraction 

was also similar across the entire acid concentration test range with the lowest extraction 

measured at 5 M H2SO4. The optimum concentration for direct H2SO4 leaching to extract Al 

as the element of interest was thus decided upon as 15 M H2SO4 and the amount of CFA 

reacting with the 15 M H2SO4 was then optimised. The mass of CFA was varied from 5 g – 

50 g. while the solution volume of 200 mL 15 M H2SO4 and leaching time of 2 hours under 

reflux remained constant. The results of the CFA mass optimisation is presented in Figure 

4.30 below,  

 

 

 

 

 

 

 

Figure 4.30: Varied CFA masses directly leached with 15 M H2SO4 (n=3) 
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The percentage element extractions are presented in Figure 4.31 below, 

 

 

 

 

 

 

 

 

Figure 4.31: Percentage element extractions from varied CFA masses using direct 

H2SO4 leaching (n=3) 

Looking at Figure 4.31 above, it can be seen that the smaller CFA mass of 5 g had the highest 

extraction yield for all the elements of interest except Al which was best extracted from 20 g 

CFA. This is mostly attributed to the mass transfer principle between the solution and CFA 

particles. The smaller CFA sample mass allows for greater surface interaction between the 

acid medium and CFA particles. The smaller CFA mass also offers less resistance to 

movement while it is being stirred thereby enhancing the leaching process. Ca and Mg are 

also generally easily soluble cations and their presence in the filtrates is to be expected. The 

observed effect of the Al extraction tapering off as the CFA mass increased above 20 g could 

be due to the precipitation of CaSO4 which would also decrease the mass transfer rate 

between the CFA and acid medium. Since the initial amount of Ca present in CFA will 

increase as the mass of CFA used increases, so will the probability of increased precipitation 

of CaSO4 from the interaction with H2SO4 occur. This would hinder the dissolution process of 
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the aluminium present in the CFA by restricting the leach solution contact with the CFA 

particles (Seidel et al., 1999). The Al extraction was relatively stable but low when 30 g, 40 g 

and 50 g was used. This could signify a dissolution maximum for the Al was reached when 

the Ca was converted to CaSO4 or more probably that supersaturation was reached with 

respect to the formation of gehlenite (Ca2AlSiO7) mineral phase (refer to Figure 4.32). The Fe 

extraction yields also help to substantiate this conclusion since it also has similar yields 

across the same CFA mass range of 30, 40 and 50 g. The following Section 4.5 will be able to 

help to test if this claim can be considered feasible. 20 g CFA was thus chosen as the 

optimum since it had the highest Al yield and the XRD analysis was done on the 20 g CFA 

residue recovered from the optimally chosen 15 M H2SO4 leaching conditions. The XRD 

spectrum is presented in Figure 4.32 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.32: XRD spectrum of CFA leached with 15 M H2SO4 
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The XRD result (Figure 4.32) for the 20 g CFA residue recovered from the chosen optimal 15 

M H2SO4 leaching of CFA showed that the mullite and quartz mineral phases of CFA still 

remained. Calcium silicate and aluminosilicate mineral phases are present after the sulphuric 

acid leaching due to dissolution of the Ca and further reaction with dissolved aluminium 

components of CFA. The XRD spectrum is also showing that dissolved Si is either re-

precipitating or recrystallizing into other Si containing mineral phases which would serve to 

explain why the Si does not leach out under acidic conditions. The gehlenite formation shows 

a 2 Ca to 1 Al ratio and sillimanite formation shows a 2 Al to 1 Si ratio. These secondary 

mineral phase formations could provide an explanation for the lowered Ca and Al leaching 

when larger amounts of CFA are leached with sulphuric acid. 
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4.5 Sequential Extraction 

The sequential extraction experimental plan outlined in Section 3.3.5 used the optimal 

conditions determined from the tests reported in Section 4.1 through Section 4.4. The final 

experimental plan was set out as depicted in Figure 4.33, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33: Final Sequential extraction experimental plan 
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Duplicate experiments were done where 20 g CFA sample masses were chosen for the 

sequential extraction process based on the direct 15 M H2SO4 leaching result obtained (refer 

to Figure 4.31). Firstly, 0.1 M HCl was chosen to selectively remove as much free Ca as 

possible from the CFA (refer to Figure 4.19) so as to minimise interference with Al 

extraction. Secondly, 15 M H2SO4 was then chosen to remove as much Al as possible from 

the CFA (refer to Figure 4.31). Lastly for the Si extraction, 6.25 M NaOH was chosen (refer 

to Figure 4.14). Al, Fe, Ca, Mg were measured via ICP-OES (refer to Section 3.2.2) and Si 

via the UV-Vis method (refer to Section 3.2.5). The result of the sequential extraction is 

reported in Figure 4.34 below. The error bar represents 2 experimental replicates.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34 Sequential extraction leaching steps of CFA (n=2) 

The percentage extraction yield for each step of the sequential extraction process outlined in 

Figure 4.33 is presented in Figure 4.34 above. As seen in Figure 4.34 above, the first 0.1M 
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the 0.1 M HCl leaching step was very low at 0.96 % and 1.22 % respectively. The second,  

15 M direct H2SO4 leaching step removed 43.3 % Al and also removed an additional 34.7 % 

Ca from the CFA. The second extraction step also removed 21.9 % Fe and an additional 21.7 

% Mg with very low to no silica removal. The third desilication step of the sequential 

extraction with 6.25 M NaOH treatment removed 37.98 % Si and an additional 9.1 % Al 

from the CFA. The third desilication step also removed an additional 3.7 % Fe from the CFA 

as well. The Si removal of 37.98 % from the alkaline leach step was not as high as expected 

from the preliminary tests (refer to Figure 4.12). The most probable reason for this could be 

due to the previous acidic leach step carried out on the CFA residue in this sequential 

procedure. Not all of the acidity from the H2SO4 leach step was removed with the additional 

wash step and a portion of the NaOH used for the alkaline leach step was probably 

neutralised. The effective NaOH leaching was thus decreased and was lower than when 

alkaline leaching was used directly on CFA after only the magnetic extraction step. The Si 

extraction yield for the desilication step via alkaline leaching in the sequential process is 

similar to Su et al., (2011) who achieved a 40 % Si extraction as their maximum from a 

Class F CFA using 8 M NaOH as their leach solution and a leaching time of 2 and a half 

hours. The NaOH concentration for this study was slightly lower at 6.25 M and the leaching 

time was 2 hours. 

The overall extraction yields are presented graphically in Figure 4.35 below by the 

summation of all the leaching steps carried out in the sequential extraction. The error bar 

represents 2 experimental replicates.  
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Figure 4.35: Overall percentage element recovery from sequential extraction of CFA 

(n=2) 

The aggregated CFA extraction values attained from the sequential extraction is presented in 

Figure 4.35 above. The total element extraction for Al, Si, Ca Fe, Mg were 53.36 %, 39.96 %, 

93.8 %, 25.6 % and 67.3 % respectively.  

The XRD analysis was done on the CFA residue remaining after all the sequential extraction 

steps were completed. The XRD spectrum is presented in Figure 4.36 below, 
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Figure 4.36: XRD spectrum of CFA residue obtained after sequential extraction 

Looking at Figure 4.36 above, the XRD spectrum of the final CFA residue after the 

sequential extraction shows that the quartz and mullite mineral phases of CFA remain 

generally unaffected by the leaching progressions. A possible explanation for the sodium 

aluminium silicate mineral phase present in the final CFA residue begins with the acidic 

leach step. The acidic leach step solubilises the aluminium content and possibly not all the 

dissolved aluminium was removed during the filtration and washing step. This free Al still 

present in the CFA residue reacts with the dissolved silicates from the final alkaline leach 

step to then form the sodium aluminium silicates. The Ca rich phases, as seen in Figure 4.32, 

when the CFA residue after magnetic extraction was directly leached with 15 M H2SO4, did 

not form since the free Ca was sufficiently removed from the CFA with the HCl pre-leach 

step.  
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The CFA residue after the completed sequential extraction was analysed for major and minor 

elemental content by XRF analysis. Laser ablation-ICP-MS was used for the trace elemental 

content analysis. The results are presented in Table 4.7 and Table 4.8 below. The results 

represent the average of 2 experimental replicates. 

Table 4.7: Major and Minor Elements in CFA Residue after Completed Sequential 

Extraction Treatment 

CFA residue after 

completed SET (as is wet 

basis) 

CFA residue after completed SET (dry basis: corrected 

and normalised for Loss on Ignition) 

Elemental 

Compound 

Weight 

% 

Elemental 

Compound 

Weight 

% 

Major & minor 

Elements 
mg/kg 

SiO2 37.49 SiO2 32.17 Si 150395 

Al2O3 26.18 Al2O3 22.47 Al 118911 

Fe2O3 1.06 Fe2O3 0.91 Fe 6365 

CaO 2.42 CaO 2.08 Ca 14866 

MgO 0.99 MgO 0.85 Mg 5127 

K2O 0.02 K2O 0.02 K 166 

P2O5 0.01 P2O5 0.01 P 44 

MnO 0.03 MnO 0.03 Mn 232 

Na2O 13.68 Na2O 11.74 Na 87094 

TiO2 2.00 TiO2 1.72 Ti 10311 

LOI 13.86 Total 83.88   

Total 97.74  
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Table 4.8: Trace elements in CFA residue after completed sequential extraction 

treatment 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Trace 

element 
mg/kg 

Sc 34.55 Y 77.95 Nd 94.13 Yb 8.35 

V 13.69 Zr 612 Sm 17.14 Lu 1.24 

Cr 64.81 Nb 50.27 Eu 3.17 Hf 16.33 

Co 9.41 Mo 0.52 Gd 14.48 Ta 5.88 

Ni 59.47 Cs 0.93 Tb 2.30 Pb 9.58 

Cu 18.80 Ba 3767 Dy 14.33 Th 62.15 

Zn 8.13 La 139.54 Ho 2.89 U 4.49 

Rb 1.02 Ce 296.64 Er 30.94   

Sr 2459 Pr 26.76 Tm 1.15   

 

Looking at XRF analysis results (refer to Table 4.7), it can be seen that the sodium content of 

the CFA after sequential leaching increased compared to raw CFA (refer to Table 4.1) and 

magnetically extracted CFA (refer to Table 4.5). This is expected since NaOH was the last 

reagent used in the sequential leaching treatment. The loss on ignition (LOI) was higher at 

13.86 % (refer to Table 4.7) compared to 1.64 % LOI of the raw CFA (refer to Table 4.1). 

This could be attributed to water content since no organic reagents were used in this study. 

The TiO2 content in the CFA residue after the completed sequential extraction remained 

relatively the same when compared to raw CFA (refer to Table 4.1). The CFA residue after 

sequential extraction treatment showed a decrease in concentration of all trace elements 

except Ba, Sr, Th and the rare earth elements (REEs) which showed upconcentration when 

compared to raw CFA. 
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The following graphical representations depict the trends of particular elements of interest as 

well as the radioactive and toxic element concentrations between the raw CFA, magnetic 

extract, CFA residue after magnetic extraction and the CFA residue after sequential 

extraction treatment (SET).  

 

 

 

 

 

 

 

 

 

Figure 4.37: Cr, Co, Ni, Cu and Zn element levels after the SET process on CFA  

 

 

 

 

 

 

 

 

 

 

Figure 4.38: Th and U radioactive element levels after SET process on CFA 
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Figure 4.39: Sr and Ba toxic element levels after SET process on CFA 

As can be seen from Figure 4.37, Cr, Co, Ni, Cu and Zn levels were decreased in CFA 

residue after SET when compared to raw CFA. From Figure 4.38, it was seen that radioactive 

Th content was upconcentrated in the CFA residue after SET while the U content was 

decreased. Figure 4.39 showed that the Sr content remained relatively similar between the 

raw CFA, CFA residue after magnetic extraction and the CFA residue after SET while the Ba 

content was upconcentrated in CFA residue after SET.   

Lastly, the leachate solutions from the sequential extraction treatment were analysed for rare 

earth element content. A comparative view of the rare earth element content in the raw CFA, 

magnetically extracted CFA residue, sequential extraction leachates and CFA residue after 

the completed sequential extraction are tabulated in Table 4.9. The standard error included 

represents 2 experimental replicates. 
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SET = sequential extraction treatment                                                                                                       nd = not detected 

 

Table 4.9: Rare earth element levels comparison between CFA and the sequential extraction leachates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rare 

Earth 

Element 

Matla Raw 

CFA 

Magnetic 

extract CFA 

residue 

0.1 M HCl 15 M H2SO4 6.25 M NaOH 
CFA residue after 

SET 

(µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) 

La 99.29 ± 0.11 96.070 ± 0.27 0.208 ± 0.004 0.577 ± 0.01 0.005 139.1 ± 3.97 

Ce 207.9 ± 1.28 198.5 ± 1.16 0.230 ± 0.002 nd nd 296.0 ± 9.53 

Pr 21.40 ± 0.31 20.36 ± 0.34 nd nd 0.082 ± 0.01 26.67 ± 0.87 

Nd 76.15 ± 0.004 76.14 ± 0.39 nd 0.338 ± 0.01 nd 94.13 ± 2.84 

Dy 11.74 ± 0.28 12.06 ± 0.03 0.072 ± 0.002 0.107 ± 0.001 0.007 ± 0.002 14.31 ± 0.590.34 

Sm 14.87 ± 0.43 14.46 ± 0.06 0.440 ± 0.02 0.131 ± 0.002 0.555 ± 0.01 17.19 ± 0.780.45 

Er 6.985 ± 0.04 6.75 ± 0.10 0.037 ± 0.01 0.081 ± 0.002 nd 30.89 ± 1.48 

Eu 2.640 ± 0.06 2.485 ± 0.09 0.013 ± 0.001 0.018 0.004 ± 0.001 3.168 ± 0.09 

Gd 12.29 ± 0.10 11.73 ± 0.11 nd 0.330 ± 0.01 0.036 ± 0.003 14.31 ± 0.28 

Ho 2.585 ± 0.04 2.460 ± 0.06 0.012 ± 0.002 0.060 ± 0.001 0.017 ± 0.001 2.896 ± 0.08 

Lu 1.035 ± 0.04 1.025 ± 0.03 0.009  ± 0.001 nd 0.003 ± 0.0001 1.245 ± 0.04 

Tb 2.055 ± 0.10 2.065 ± 0.07 0.026 ± 0.01 0.181 ± 0.01 0.0115 ± 0.005 2.280 ± 0.08 

Tm 1.050 ± 0.07 1.065 ± 0.07 0.006 ± 0.001 0.027 ± 0.0003 nd 1.157 ± 0.02 

Yb 7.000 ± 0.07 6.605 ± 0.22 0.031 ± 0.001 0.061 ± 0.0003 0.009 8.265 ± 0.09 

Y 65.69 ± 1.28 64.16 ± 0.36 0.351 ± 0.001 0.513 ± 0.001 nd 77.73 ± 1.95 
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The rare earth elements levels tabulated in Table 4.9 are graphed in Figure 4.40 below to 

graphically present the partitioning of the rare earth elements through the steps of the 

sequential extraction treatment.  

 

 

 

 

 

 

 

 

 

 

Figure 4.40: Rare earth element concentration level comparison between CFA and the 

sequential extraction leachates 

The leachates (Figure 4.40) showed very low to no detectable amounts of rare earth elements 

that were leached form the CFA. The graphical presentation of Figure 4.40 shows that the 

majority of the rare earth elements remain in the CFA residue through the progression of the 

sequential extraction leaching process and have become enriched due to the partial removal 

of the major Si and Al major matrix elements. The percentage enrichment of the rare earth 

elements in the CFA residue after the sequential extraction treatment was calculated against 

the rare earth element content of the raw CFA. The results are tabulated in Table 4.10 below. 
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The standard error included represents 2 experimental replicates with the calculated 

percentage enrichment incorporating the error range. 

Table 4.10: Percentage rare earth element enrichment in CFA 

Rare 

Earth Element 

Matla Raw 

CFA 

CFA residue after 

SET 

% Rare earth element 

enrichment 

(µg/g) (µg/g) (% range) 

La 99.29 ± 0.11 139.12 ± 3.97 26.62 – 30.53 

Ce 207.9 ± 1.28 296.0 ± 9.53 27.90 – 31.56 

Pr 21.40 ± 0.31 26.67 ± 0.87 18.26 – 21.20 

Nd 76.15 ± 0.004 94.13 ± 2.84 16.60 – 21.48 

Dy 11.74 ± 0.28 14.31 ± 0.34 17.93 – 17.98 

Sm 14.87 ± 0.43 17.19 ± 0.45 13.76 – 13.27 

Er 6.985 ± 0.04 30.89 ± 1.48 76.38 – 78.31 

Eu 2.640 ± 0.06 3.168 ± 0.09 16.13 – 17.15 

Gd 12.29 ± 0.098 14.31 ± 0.28 13.09 – 15.08 

Ho 2.585 ± 0.04 2.898 ± 0.08 9.70 – 11.82 

Lu 1.035 ± 0.04 1.245 ±  0.04 16.60 – 17.19 

Tb 2.055 ± 0.102 2.280 ± 0.07 8.35 – 11.49 

Tm 1.050 ± 0.07 1.157 ±  0.02 5.37 – 13.27 

Yb 7.000 ± 0.07 8.265 ± 0.09 15.30 – 15.32 

Y 65.69 ± 1.28 77.73 ± 1.95 15.96 – 15.01 

 

Looking at Table 4.10 above, there was an overall enrichment for all the rare earth elements 

measured in the CFA after sequential extraction. The percentage enrichment on the lower end 
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of the standard error variation varied approximately from 5.37 % for Yb to the highest being 

76.38 % enrichment for Er.  

 

The Si removal of 37.98 % from the sequential extraction alkaline leach step was not as high 

as expected from the preliminary tests (Figure 4.14). The most probable reason for this could 

be due to the previous acidic leach step carried out on the CFA residue. Not all the acidity 

was removed with the additional wash step and a portion of the NaOH used for the acidic 

leach step was probably neutralised thereby effectively decreasing the NaOH leaching. A 

slightly higher Si extraction would probably be achieved if the NaOH concentration were 

raised to the range of 8 M NaOH; however the Al co-extraction would also be increased. This 

shouldn’t pose a problem if the objective would be rare earth element enrichment. The acidic 

leaching step of 15 M H2SO4 did not effectively remove all possible free Al present in the 

CFA leaching system since the alkaline leach step managed to extract a further 9 % from the 

CFA. A probable explanation for this could be due to the alkaline conditions managing to 

free some of the Al attached to the siliceous material that the acidic leaching was not able to 

attack and allow dissolution to take place. The Si extraction yield attained for the desilication 

step via alkaline leaching was similar to Su et al., (2011) who achieved 40 % Si extraction as 

their maximum using 8 M NaOH as their leach solution and a leaching time of 2 and a half 

hours. The NaOH concentration for this study was slightly lower at 6.25 M and the leaching 

time was 2 hours. 

 

In the following chapter 5 the research questions asked in chapter 1 will be answered and the 

conclusions will be drawn from this study. 
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Chapter Five 

5. Conclusions and Recommendations 

This chapter answers the research questions asked in Chapter 1 and provides the conclusions 

and possible applications of the findings in this study. 

 

5.1 Conclusion 

5.1.1 Magnetic extraction 

The magnetic extraction of CFA achieved a magnetic extract where the iron oxide content 

made up 74.84 % of the total magnetic extract composition. This equates to 52.33 % 

elemental iron. All the trace elements (including rare earth elements) concentrations, when 

compared to the raw CFA, decreased in the magnetic extract except for Co, Ni and Zn which 

showed enrichment in the magnetic extract. The bulk of the trace elements and rare earth 

elements thus remained in the CFA residue after magnetic extraction and are thus not 

associated with the Fe fraction. The identified mineral phases of hematite, magnetite and 

maghemite detected by XRD analysis confirmed that the magnetic extract comprised 

predominantly of iron oxide. There were trace amounts of Si and Al that were also present in 

the magnetic extract mainly due to the fine CFA particulate matter that was trapped between 

the particles of the magnetic extract itself. Therefore further purification of the magnetic 

fraction may be desirable.  

 

5.1.2 Alkaline leaching 

Direct alkaline leaching was determined to be the best choice for extracting Si from CFA 

since it provided higher Si recovery compared to indirect alkaline leaching. The optimal 

NaOH concentration for direct alkaline leaching for Si extraction was determined to be 600 

mL of 6.25 M NaOH for the optimal leaching mass of 20 g CFA. This NaOH concentration 
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provided the highest Si yield of 49.8 % with minimal Al (4.92 % yield) being co-extracted 

when 20 g magnetically extracted CFA was leached. The mullite and quartz mineral phases 

in the CFA were unaffected by direct alkaline leaching and remained in the CFA residue as 

confirmed by XRD analysis. It could therefore be concluded that the Si was extracted mainly 

from the amorphous glassy phase of the CFA. To fully recover Si form CFA, the quartz and 

mullite phases would need to be digested. 

 

5.1.3 Acidic leaching 

Of the three acidic leaching methods tested, HCl leaching was best suited for the extraction of 

Ca and direct H2SO4 leaching for extracting Al from CFA compared to indirect H2SO4 

leaching.  

HCl leaching only achieved a maximum Al yield of 30 % across the 4 M to 6 M HCl 

concentration range but it was seen that HCl leaching managed to extract high amounts of Ca 

from the CFA even when lower concentrations of HCl were used. The optimum 

concentration of HCl for Ca leaching from 20 g of CFA was determined to be 400 mL of 0.1 

M HCl. When various amounts of CFA were leached it was seen that Ca extraction was 

higher when low amounts of CFA (5 g – 10 g) were leached but there was also co-extraction 

of Fe and Al. The Ca yields as well as Al and Fe co-extraction decreased when more than    

30 g CFA was leached with 400 mL of 0.1 M HCl. The best selective Ca extraction yield was 

55 % with Al and Fe co-extraction of 0.03 % and 0.16 % respectively from 20 g CFA. 

H2SO4 leaching was seen to be more effective at extracting Al when compared to HCl 

leaching. Direct H2SO4 leaching gave a higher Al extraction yield of 63 % from 20 g CFA 

when 200 mL of 15 M H2SO4 was used. The indirect H2SO4 leaching method gave a slightly 

lower Al extraction yield of 58 % from 20 g CFA. A higher Fe extraction yield of 54 % was 

obtained using indirect H2SO4 leaching compared to 28 % from direct H2SO4 leaching. Both 
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direct and indirect H2SO4 leaching were best performed using 20 g CFA. The direct H2SO4 

leaching gave a higher Ca extraction of 20.7 % compared to 7.73 % when indirect H2SO4 

leaching was used. Direct H2SO4 leaching was thus chosen as the extraction procedure for Al 

since it gave a higher Al extraction yield and lower Fe co-extraction compared to indirect 

H2SO4 leaching. The higher Ca extraction from direct H2SO4 leaching would be minimised 

by the use of a Ca pre- leaching step in the optimised HCl leaching procedure. In both direct 

and indirect H2SO4 leaching Si was not extracted and H2SO4 can therefore be regarded as a 

selective lixiviant for Al. 

 

5.1.4 Sequential extraction treatment 

The sequential extraction treatment (SET) sequence was formulated to firstly perform 

magnetic extraction on the CFA to remove the magnetic fraction from CFA residue and then 

use the magnetically extracted CFA as starting material for the rest of the sequential 

treatment. 20 g of the CFA residue after magnetic extraction was used as the optimum mass 

for subsequent extraction. The next step in the SET was removal of Ca from the 20 g 

magnetically extracted CFA by leaching with 400 mL of 0.1 M HCl for 2 hours at 100 °C. 

Ca removal was done first so as to minimise Ca interference with Al when acidic leaching is 

carried out on the CFA. The Ca extraction yield from HCl leaching was 59.1 % and 45.6 % 

Mg. The Ca extraction from the SET HCl leach step was higher than the optimum 

preliminary HCl leaching that gave a 55 % Ca yield. The next sequential leach step was to 

remove Al by direct acidic leaching of all the Ca depleted HCl leached CFA residue using 

200 mL of 15 M H2SO4 under reflux for 2 hours. The acidic leaching step was carried out 

before the alkaline leach step with the notion that the removal of Al would provide less 

interference of Al co-extraction when alkaline leaching is performed to recover Si. The 

direct H2SO4 leaching gave an Al yield of 43.3 % as well an additional yield of 34.7 % Ca. 

This Al yield from the SET leach step was low at 43.3 % compared to a 63 % Al extraction 
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yield obtained from the preliminary optimum direct H2SO4 leach test. The final SET step was 

to remove Si by direct alkaline leaching of the H2SO4 leached CFA residue using 600 mL of 

6.25 M NaOH at 100 °C for 2 hours. The Si yield from the direct alkaline leaching step of 

the SET removed 37.98 % Si, an additional 9.1 % Al and a further 3.7 % Fe from the CFA 

residue. The Si extraction yield from the SET alkaline leach test was also low at 37.98 % 

compared to 49.8 % obtained from the preliminary optimal direct NaOH leaching test. 

 

The total aggregate extractions of Si, Al, Ca, Fe and Mg from CFA for this study were 

therefore 53.36 %, 39.96 %, 93.8 %, 25.6 % and 67.3 % respectively. Overall the extractions 

for Si and Al are comparable to the individual optimised alkaline (6.25 M NaOH) and acidic 

(15 M H2SO4) optimised leach tests.  

 

5.1.5 Rare Earth Element Enrichment 

The leachates from the SET, i.e., 0.1 M HCl leachate, 15 M H2SO4 leachate and 6.25 M 

NaOH leachate showed very low to no detectable amounts of rare earth elements that were 

leached from the CFA. The majority of the rare earth elements remained in the CFA residues 

throughout the entire progression of the SET leaching process. The rare earth elements are in 

effect enriched in the CFA residue as a result of the partial removal of the major Si and Al 

CFA matrix elements. The enrichment achieved ranged from the lowest at 5.37 % for Tm to 

the highest of 76.38 % for Er.  

5.1.6 Conclusions to the research questions 

Referring to Chapter 1 the following research questions were asked, 

 What percentage of the major constituents of CFA will be recovered by dissolving the 

amorphous glassy phase of the CFA? 
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The total element extraction for Al, Si, Ca Fe, Mg were 53.36 %, 39.96 %, 93.8 %, 

25.6 % and 67.3 % for each element respectively. 

 Will removing the amorphous glass phase of CFA make it easier to recover the trace 

elements, particularly rare earth elements, present? 

Yes and the removal of this glassy phase as seen by the reclaimed Si and Al, results in 

the enrichment of the rare earth elements present in the residues of CFA which 

indicates that rare earth elements are associated with quartz and mullite. 

 

 Will breaking the alumina-silicate mineral compounds increase the yield of 

aluminium and silicon recovery while not affecting the trace element partitioning 

from the CFA? 

Neither the alumina- silicate mineral compounds (mullite) nor the quartz mineral 

phases in the CFA were able to be broken down into its simpler constituents or 

removed during the SET leaching process. This was confirmed by the XRD analysis 

of the CFA residue after the SET leaching process and therefore it can be concluded 

that the SET leaching conditions were not sufficient to increase the extraction 

efficiency of the elements of interest. Although it would theoretically cause an 

increase in the Si and Al extraction yields, if mullite and quartz mineral phases could 

be removed from the CFA matrix, it could not be assessed by this study if the trace 

element partitioning would be affected. 

 

 Do the trace elements remain in the solid residues after extracting Si and Al to be 

removed at a later stage? 

The trace elements Sc, V, Co, Ni, Cu, Zn, Rb, Mo, Cs, Pb and U were decreased in 

the CFA residue after SET leaching process while Ba, Sr and Th levels were enriched. 

All the rare earth elements viz, La, Ce, Pr, Nd, Dy, Sm, Er, Eu, Gd, Ho, Lu, Tb, Tm, 
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Yb and Y were enriched in the CFA residue after the SET leaching process. This 

means that the SET process managed to upconcentrate the REEs for future use. 

Overall in conclusion it can be said that this study showed that the removal (albeit partial) of 

Si, Al, Fe, Ca etc. from CFA makes it possible to enrich the rare earth element content in the 

CFA residue matrix. It is also shown that the REEs are not extracted from CFA by the HCl, 

H2SO4 and NaOH lixivants used in the SET process of this study. Since very few studies 

consider the tracing of the REEs during extraction studies for Si and Al from CFA, this body 

of work is useful with regard to providing information with respect to REEs behaviour during 

alkaline leaching with NaOH and acidic leaching with HCl and H2SO4. This study also found 

that secondary mineral phases are formed in the CFA residues after the alkaline and acidic 

leaching of the CFA, which could impact on the recoveries achieved. 

 

5.2 Recommendations for future work: 

As mentioned in Chapter 4, Si and Al removed from the CFA originate predominantly from 

the amorphous phase of the CFA since the quartz and mullite mineral phases still remain after 

the SET. It is hypothesised that the extraction yields could be slightly increased with 

adjustment of the SET conditions. The NaOH concentration should be set slightly higher to 

alleviate the neutralisation action of the acidic residue after the direct acid leaching step. 

However, depending upon whether the goal is to remove the Si and Al as separate entities, it 

would be advised to not increase the concentration of the NaOH too much so as to prevent 

greater co-extraction of the Al with the Si. An energy consumption determination would need 

to be conducted to decide if the yield return is economically suited for the conditions the 

extracted Al would be used for. 
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