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ABSTRACT 
This doctoral thesis focuses on the convergence of two widely debated subjects - the utilisation 

of secondary raw materials and the availability of appropriate raw materials as a potential 

material base for the upcoming decades. The study delves into the utilisation of coal combustion 

products, especially ashes. 

As a result of their chemical composition, ashes from coal combustion represent 

considerable potential in the area of profit, especially aluminium, but also iron and titanium 

(marked as macro-concentrated elements in this work due to their predominant concentration). 

Experimental activity has confirmed that to achieve selective leachability of aluminium, iron 

or titanium, using any one-step direct leaching method is not suitable. Therefore, the input 

material must now be modified - i.e., chemically activated using high-temperature modification 

reactions. 

Substances containing calcium components, such as calcium carbonate or chloride, have 

been demonstrated to be effective agents in the modification of fly ash. The use of carbonate 

alone as a modifying agent has been shown to increase the leachability of A l from high-

temperature fly ash by up to 20 times, and the modified material exhibits auto-disintegrating 

properties. On the other hand, the sequence of modification reactions with calcium chloride 

results in a further doubling of the effectiveness of A l leaching compared to carbonate one. 

However, the material activated by chloride does not exhibit auto-disintegrating properties. 

Nevertheless, research has demonstrated that the combination of these agents can be utilised 

concurrently, resulting in an aluminium leachability exceeding 95 % when a proper ratio is 

maintained, along with auto-disintegration. 

Based on the optimization of the modification process, i.e., the ratio and type of modifier, 

the high-temperature reaction regime and the extraction process using sulphuric acid, a 

universal method was developed. This method was applied to more than 30 different types of 

fly ashes with very satisfactory results in the selective leachability of aluminium, iron, and 

titanium up to 99 %. 

KEYWORDS 
Raw material base, coal combustion products, fly ash, fly ash utilisation, macro-concentrated 

elements recovery from fly ash. 
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ABSTRAKT 
Tato dizertační práce je věnována průniku dvou celosvětově diskutovaných témat - využití 

sekundárních produktů a zajištění vhodných surovin a postupů v nalezení surovinové základny 

pro následující dekády. Práce se zabývá uplatněním vedlejších energetických produktů, 

zejména pak popílků. 

V důsledku svého chemického složení představují popílky pocházející ze spalování uhlí 

nemalý potenciál v oblasti zisku zejména hliníku, ale dále i železa a titanu (v této práci díky své 

převažující koncentraci označeny jako majoritní prvky). Experimentální činnost potvrdila, že k 

dosažení selektivní vyluhovatelnosti hliníku, železa či titanu není vhodné užití jakékoliv 

jednokrokové metody přímého loužení. Vstupní materiál je proto nyní nutné modifikovat - tzn. 

chemicky aktivovat pomocí vysokoteplotních modifikačních reakcí. 

B y l o prokázáno, že jako vhodná činidla v modifikaci popílku mohou sloužit látky na bázi 

vápenatých složek - zejména pak uhličitan či chlorid vápenatý. Užití samotného uhličitanu jako 

modifikačního činidla představuje zvýšení vyluhovatelnosti hliníku z vysokoteplotních popílků 

až 20násobně, a modifikovaný materiál jeví schopnost auto-disintegrace Sled modifikačních 

reakcí s chloridem vápenatým vede k dalšímu násobení efektivity vyluhování hliníku 

v porovnání s předchozím typem modifikace. Avšak materiál aktivovaný pomocí chloridu 

pozbývá auto-disintegrační vlastnosti. By lo prokázáno, že lze obě tato činidla použít 

dohromady a při vhodném poměru je zachována vysoká míra vyluhovatelnosti hliníku přes 

95 %, tak i auto-disintegrace. 

N a základě optimalizace procesu modifikace, tedy poměru a typu činidla, režimu 

vysokoteplotní reakce, procesu extrakce s využitím kyseliny sírové, byla vytvořena univerzální 

metoda. Ta byla aplikována na více než 30 různých druzích popílků s velm vysokými výsledky 

vyluhovatelnosti hliníku, železa i titanu až 99 %. 

KLÍČOVÁ SLOVA 
Surovinová základna, vedlejší energetické produkty, popílky, využití popílků, zisk majoritních 
prvků 
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1 INTRODUCTION 

Coal, a pivotal energy source in human history, has evolved from a heat producer to a key player 

in electricity generation. Its role in the industrial revolution and the technological advancements 

of our modern society is undeniable. However, the benefits of coal combustion come with a 

significant environmental cost. The process generates several by-products, including slag, fly 

ash, bottom ash, and the more recent energy-gypsum from flue gas desulphurisation. 

Ash from coal combustion was traditionally seen as a byproduct with no valuable purpose 

for an extended period. Nevertheless, during the latter half of the 20th century, there was a 

concerted push to explore potential applications for this industrial residue, particularly as an 

additive in various sectors, including cement manufacturing, concrete production, brick 

making, and the development of refractory materials. This material was also adopted in 

remedial materials, metallurgy, and road construction, as well as as a raw material for alkaline 

activation. 

In recent years, some scientific research has focused on exploring the potential of utilising 

fly ash as a source of raw materials, especially for element recovery. Researchers frequently 

experiment with innovative techniques and strategies to extract valuable and scarce elements 

that can be utilised in various industrial processes. Connecting the utilisation of fly ash with the 

search for appropriate raw materials and production methods for future raw material bases could 

serve as high entropy oxides (catalysts, semiconductors, etc.). This could potentially address 

the overflowing ash landfills and storage sites while promoting raw material neutrality and self-

sufficiency, particularly in the realm of aluminium and, to some extent, in the cases of iron and 

titanium. Such an approach may yield numerous advantages, such as reducing reliance on raw 

material imports, enhancing economic efficiency, and contributing to environmental 

conservation. 

This study examines the utilisation of fly ash as a potential source of raw materials, 

specifically aluminium, titanium, and iron. The research focuses on exploring innovative 

methods and technologies to efficiently and economically extract these raw materials from fly 

ash. The objective is to address the issue of coal waste and create new opportunities for 

acquiring valuable raw materials that can support sustainable development and enhance raw 

material self-sufficiency. Consequently, this research could significantly contribute to 

addressing a critical present and future challenge. The findings of this study have the potential 

to find broad applications in various industries and foster the advancement of novel up-scaling 

technologies and processes for raw material recovery from waste. 
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2 THEORETICAL BACKGROUND 

The theoretical part of this dissertation thesis delves into secondary energy products as a 

possible source of raw materials, underscoring the significance of covering subjects like energy 

origins, combustion methods, flue gas desulphurisation, and other pertinent technologies. These 

conversations are vital as they directly correlate to the attributes of secondary energy products, 

their responsiveness, possible uses, and numerous other facets. 

The terminology employed in this research pertains to the distribution of element 

concentrations in the tested samples - macro signifying concentrations exceeding 1 %, and 

micro representing concentrations under 1 %. 

2.1 Energy sources and combustion technology 
This section provides a comprehensive analysis of the fundamental raw materials used to 

generate electricity in the Czech Republic and various other nations worldwide. It also delves 

into the prevalent combustion techniques and technologies employed in contemporary coal-

fired power stations. It is crucial to recognise that the characteristics of the resulting by-products 

are intricately linked to both the secondary fuel combusted and the specific combustion method 

utilised. 

2.1.1 Coal 

Coal combustion, also known as coal firing, is the oldest and most extensively utilised technique 

for generating electricity. Coal, a fossil fuel, is a heterogeneous, colloidal, solid sedimentary 

rock originating from converting organic matter through biochemical decomposition. 

Subsequently, this process was accompanied by the deposition of layers, impeding air access 

and resulting in charred coal formation. [1,2] 

Regarding energy sources, coal is assigned a value called the combustible fraction. This 

value is defined as the total amount of all combustible elements present in the coal, which is 

determined by measuring the weight loss during the complete combustion of a sample. 

Combustible elements can be categorised into two types: solid and volatile. Natural coal 

contains both mentioned components, but the solid state is represented in several hundred times 

higher proportion. Physical and chemical properties, composition and carbon content in coal 

depend mainly on the time and conditions of the carbonisation process (anthracite 90-95 % C, 

bituminous/black coal 80-90 % C, sub-bituminous/brown coal 70 % C, lignite 60 % C , peat 

50 % C) . The quality of coal depends on the content of combustibles, ash, and water. The water 

content of coal has a direct impact on its calorific value, as it is closely linked to the coal's 

carbonisation level. Ash-forming materials are of the most significant importance for studying 

non-combustible residues, of which 95 % are formed by three primary groups of minerals -

clays (aluminosilicates), sulfides and carbonates. [2-5] The composition of minerals determines 

the final properties of produced fly ash (FA). A n overview of the most essential minerals 

occurring together with coal is summarised in tables 1 and 2. 
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The mines in the Cheb, Sokolov, North Bohemian, and Zittau basins in the Czech Republic 

are primary sources of brown coal, with significant reserves that have been exploited for 

decades. The coal extracted from these mines is primarily used by power plants in the Czech 

Republic to generate electricity and heat for residential and industrial use. The composition of 

brown coal from these basins typically consists of around 70 % combustibles, 10-15 % water, 

5-10 % sulfides and carbonates, and about the same amount of other mineral groups. [1,4] 

Table 1 Overview of the main minerals occurring in coal deposits (part 1.) [1,6] 
Group Mineral Chemical composition 

Kaolinite AI2O3 2S i0 2 H2O 

Clays 
Hailoysite AI2O3 2S i0 2 4 H 2 0 

Clays 
Ulite K2O 2AI2O3 6SÍO2 2 H 2 0 

Montmorillonite AlSi 2 0 5 (OH) nH 2 0 

Sulphides 
Pyrite and Marcasite 

Pyrhotine 

FeS 2 

Fe 5 S 6 až Fei6Si7 

rable 2 Overview of the main minerals occurring in coal deposits (part 2.) [1, 6] 
Group Mineral Chemical composition 

Calcite CaCOs 

Carbonates 
Dolomite 

Ankerite 
CaMg(C0 3)2 

(Ca,Mg,Fe,Mn)(C0 3)2 

Siderite FeCOa 

Halogenides 
Halite 

Sylvite 

NaCl 

K C l 

Quartz S i 0 2 

Gypsum CaS0 4 2 H 2 0 
Orthoclase KAlSi 3 Og 

Accessory minerals Biotite K(Mg,Fe)3(AlSi3Oio)(OH)2 

Diaspore AI2O3 H2O 

Cyanite AI2O3 S i 0 2 

Apatite 9CaO 3P2O5 CaF 2 

2.1.2 Biomass 

Another type of fuel used to generate electricity is biomass. Biomass can be defined as a viable 

option for heating purposes through combustion. Essentially, it refers to solid or liquid organic 

matter originating from natural sources. This valuable resource can be acquired through 

intentional production methods or by-products of activities such as forestry, food production, 

or agricultural processing. [7] 

In the power industry, solid biomass is burned mainly for technological reasons, so new 

combustion boilers do not have to be built completely; existing granulation boilers can be used 

with slight modification. The thermal utilisation of solid biomass is significantly impacted by 

the composition of its components, including their physical attributes, such as particle size, bulk 
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density, moisture content, gross calorific value, and chemical composition. These factors are 

closely linked to the specific components employed in the process. [8] 

Biomass primarily consists of potassium, sulphur, chlorine, and silica as its main elements. 

Potassium is commonly found in an organic form within biomass, and it undergoes vaporisation 

and decomposition during combustion. This process leads to oxides, hydroxides, chlorides, and 

sulfates forming. These substances have low melting points and tend to condense on surfaces 

such as walls, tubes, and fly ash particles. Consequently, they contribute to the occurrence of 

slagging and fouling. [8, 9] 

In the Czech Republic, like in other European nations, the biomass utilised in power and 

heating plants consists of a diverse mixture primarily composed of ligno-cellulosic plants. This 

assortment encompasses woody plants such as trees, shrubs, wood chips, forest waste, cereals 

like straw, grasses, and a combination of household biowaste. Additionally, small amounts of 

residues from oleaginous or starch-sugar plants are incorporated. [10] 

2.1.3 Conventional combustion technology of raw materials 

The combustion/firing of solid fuels in an oxidising atmosphere can be described as a 

heterogeneous process between the reaction surface of the fuel and the gaseous phase. This 

process can be defined in a simplified way as an exothermic reaction of carbon with oxygen. In 

the case of complete combustion, carbon dioxide, water vapour and a large amount of thermal 

energy are produced. However, coal mined in the mines contains various impurities that cause 

undesirable products such as sulphur oxides, nitrogen oxides, fly ash and slag. [1,4] 

The treatment of coal prior to combustion can significantly impact the combustion process 

and technology. Before being fired, the coal undergoes various treatments to enhance its 

performance. These treatments involve mixing the components of the coal batch with the fuel, 

grinding it into smaller grains, adjusting the water content, and reducing the levels of mineral 

substances and pyritic sulphur. These pre-combustion treatments aim to optimise the 

combustion process and improve the overall efficiency of the technology used. [3-6] 

Coal combustion is currently responsible for about 40 % of the electricity production 

worldwide. Notably, countries like South Africa and China heavily rely on coal combustion, 

with rates ranging from 75 % to 95 %. On the other hand, European countries use combustion 

processes to a lesser extent, with a maximum utilisation of 40 %, where coal combustion makes 

up half of the overall combustion methods. [11, 12] 
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High-temperature combustion 

The classical high-temperature combustion process is based on the firing of lump or granulated 

fuels. The temperature of the combustion process reaches up to 1,500 °C in the case of the 

combustion of high-quality and high-calorific coal, 1,000-1,300 °C in the case of alternative 

fuels and biomass. Based on the equipment construction design equipment, diverse types of 

combustion systems in basic can be distinguished. [1, 3, 13] 

Grate firing. 

In grate boilers, lump fuel is burned in a solid layer. Grate firing is the oldest type of classic 

fireplaces and no new ones are being built for coal combustion nowadays, but they are still in 

operation. Grate boilers burn lump fuel in a solid layer [13]. 

The grate is responsible for establishing and sustaining the appropriate thickness and 

permeability of the fuel layer. It also guarantees the provision of air for ideal combustion and 

captures solid remnants post-combustion. The fuel within the boiler undergoes distinct stages, 

including drying, degassing, combustion of volatile combustibles, ignition of the solid 

combustible layer, combustion of the solid phase, and cooling of solid residues. Combustion in 

grate boilers occurs in both the layer on the grate (solid carbon) and the area above the fuel 

layer (emitted volatile combustibles). [13, 14] This process is shown in Fig . 1. Possible 

constructions of grate boilers are summarised in F ig . 2. 
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Fig. 2 Grate boilers construction [13] 

Pulverised fuel firing 

Pulverised coal-fired boilers, also known as powder boilers, are specifically engineered to 

combust coal powder with a maximum grain size of 1 mm (typically around 100 pm). Grinding 

the solid fuel significantly enhances the particle's surface area by a factor of 100 to 1,000. These 

fine fuel grains are then injected with heated combustion air through several burners into the 

lower part of the furnace. This alteration results in a heightened and more effective combustion 

process. Consequently, powder boilers exhibit significantly greater efficiency compared to 

grate systems. However, these devices have a drawback due to their expensive initial cost, 

which is attributed to the requirement of acquiring grinding equipment for fuel granulometry 

adjustment. Additionally, they also contribute to a high level of flue gas pollution caused by fly 

ash, necessitating the use of more advanced electrostatic precipitator technology for separation. 

From a technological standpoint, two categories of powder boilers can be identified. [15-16] 

Granulating boilers are primarily used to burn lesser-value fuels, such as lower-quality 

bituminous or sub-bituminous coal and biomass. These boilers are designed to not exceed the 

ash melting point/temperature. Thus, the non-combustible fraction is melted only on the top 

layer of the particles and gathers into agglomerates. Approximately 10-20 % of the ash 

accumulates into this product; the rest must be separated in filters. [4, 13, 17] 

Powder boilers of the second category operate on the principle of melting. In this particular 

design, the temperatures of the ash flow are deliberately surpassed to enable its continuous 

discharge. This construction is suitable only for high-calorie fuels - bituminous coal and 

anthracite. The smelting product is boiler (power plant) slag, formed by melting 40-70 % of 

the generated fly ash. [13, 16, 18] 
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2.1.4 Fluidised-bed combustion 

Fluidised-bed boilers burn fuels in a fluidised-bed and can be used to burn a wide range of fuels, 

including those with low calorific value and also fuels with large amounts of quenching 

compounds (lower quality sub-bituminous coal, lignite, biomass). The fluidised-bed could be 

described as a dispersed system resulting from gas flow through a layer of particles loosely 

poured onto the porous bottom (fluidised-bed). Fluidised-bed combustion provides several 

advantages - the ability to burn fuel directly with the desulphurisation agent in the same space 

while achieving optimal desulphurisation efficiency. Furthermore, the lower combustion 

temperature (700-900 °C) prevents the sintering of ash residues, and at the same time, a 

significant reduction of N O x in the flue gas in comparison with classical combustion is 

achieved. Fluidisation technology can be used not only in the combustion process but also in 

several processes where it is necessary to ensure contact between solids and gases (absorbers, 

catalysts, etc.). [13, 19, 20] 

In practice, it is possible to come into contact with boilers burning fuel in a stationary or 

circulating fluidised-bed. In the first type of combustion equipment, a fluidised-bed with 

a constant height is formed. Spent fuel particles (fly ash) are lighter and are carried out from 

the base level above, until they exceed the flight limit and are carried together with the flue 

gases to the filters. Some particles may agglomerate, gradually falling below the bed, from 

where they are then discharged. [13, 21] 

In circulating fluidised-bed boilers, the particles are constantly above the flight threshold 

and are separated by a cyclone system and returned to the combustion part of the boiler. In 

practice, one fuel particle passes through the entire system 10-15 times before it burns out and 

is trapped on the last filter. The higher number of cycles has a positive effect on better 

combustion as well as for more efficient desulphurisation and reduction of N O x content. 

Circulating bed boilers are, therefore, generally more efficient and also have lower temperature 

differences than boilers with a stationary layer. The combustion efficiency in these boilers 

varies around 95 %. [13, 20, 21] 

The fluidised-bed combustion diagram is shown in the following figure: 
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Fig. 3 Fluidised-bed combustion scheme [22] 

2.1.5 Flue gas desulphurisation 

The presence of elevated levels of sulphur, esp. in lignite fuels, requires the implementation of 

desulphurisation techniques during combustion processes. Desulphurisation can be achieved 

through both physical and chemical means, with chemical processes being the most prevalent. 

Among these, methods involving the reaction of sulphur dioxide with lime or limestone are 

commonly utilised. Flue gas desulphurisation methods are typically categorised into two main 

types based on the environment in which they occur - dry and wet methods. [13, 23] 

Dry methods 

In the process of dry flue gas desulphurisation, the interaction between gaseous sulphur dioxide 

and a solid sorbent occurs. This sorbent can be introduced into the fuel supply, combustion 

chamber, or flue in a controlled manner. Subsequently, the flue gas desulphurisation proceeds 

in accordance with specific chemical equations. (l)-(3). 
750 °C 

C a C 0 3 >CaO + C 0 2 , (!) 

CaO + S 0 2 —>CaS0 3 , ( 2 ) 

C a S 0 3 + y2 0 2 — > C a S 0 4 . (3) 

This reaction is exclusively conducted under specific circumstances. These circumstances 

entail the utilisation of desulphurisation agent particles with a remarkably small size and their 

efficient dispersion throughout the entire combustion area. Since the desulphurisation product 

is generated on the surface of the particles, it forms a diffusion barrier that hinders any 

subsequent reaction within the particles. [24, 25] 

The utilisation of this method is limited to combustion processes with temperatures not 

exceeding 1,000 °C due to the thermal stability of the resulting anhydrite. Beyond this 

temperature threshold, the anhydrite undergoes decomposition, leading to the release of SO2. 

Due to this limitation, the dry flue gas desulphurisation method is used exclusively for fluidised-
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bed boilers. To achieve optimum process efficiency, it is necessary to dose the desulphurisation 

agent in a 20 % excess of an equimolar amount of sulphur dioxide. [26] 

Wet methods 

Wet techniques are the predominant methods utilised, constituting roughly 80% of 

desulphurisation tools. Wet-cantered apparatuses are situated adjacent to sizable boilers, 

boasting elevated efficiency and dependability, minimal operational expenses, and 

straightforward handling. The desulphurisation process occurs external to the combustion 

chamber and the flue, occurring right before the flue gases are discharged into the chimney, and 

is founded on the interaction between SO2 and limewater (less frequently) or a limestone-water 

suspension, as delineated in chemical reactions. (4)-(8). 

C a ( O H ) 2 + S 0 2 — » C a S 0 3 + H 2 0 , (4) 

C a S 0 3 + 2 H 2 0 + 1 / 2 0 2 — > C a S 0 4 • 2 H 2 0 , (5) 

C a C 0 3 + S 0 2 + H 2 0 — > C a ( H S 0 3 ) 2 + C 0 2 , ( 6 ) 

C a ( H S 0 3 ) 2 + V2 ° 2 + 2 H 2 0 — > C a S 0 4 • 2 H 2 0 + H 2 S 0 3 , (7) 

C a 2 + + H S 0 3 ~ + O F T + H 2 0 + 1 / 2 0 2 — > C a S 0 4 • 2 H 2 0 . (8) 

In order of the described principle to work successfully, it is necessary to maintain an acidic 

p H scale in the range of 3.5-5.0 in the aqueous suspension of the desulphurisation plant. The 

resulting product of desulphurisation - energy-gypsum precipitated from solution and is further 

processed in various construction industry branches. [26-28] 

The device is designed chiefly counter currently, where the flue gases from the separators 

are blown from below into the layer of medium, which is added by showering from above, as 

described in Fig . 4. [29] 

Fig. 4 Wet limestone scrubbing flue gas desulphurisation scheme [29] 
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2.1.6 Flue gas denitrification 

The combustion of coal results in the production of flue gas, which contains various nitrogenous 

gases, commonly referred to as N O x . The presence of N O x in the environment and the air poses 

a significant threat to life. To address this issue, the resulting flue gases undergo denitrification. 

In the majority of thermal power plants and heating plants, denitrification is achieved through 

a method known as selective non-catalytic reduction (SNCR) . This method offers a more 

straightforward and more cost-effective approach to reducing the concentration of N O x in the 

flue gas. There are three primary options for S N C R , which involve reacting with an aqueous 

solution of ammonia, urea, or the cyanourea method, as described by the following equations 

(9)-(10): 

4 N H 4 0 H + 4NO + 0 2 —> 4 N 2 + 1 0 H 2 0 , (9) 

N H 2 C O N H 2 + 2 N 0 + 1 / 2 0 2 —> 2 N 2 + 2 H 2 0 + C 0 2 . (10) 

Effective regulation of this reaction necessitates careful monitoring of both temperature and 

oxygen levels in the flue gas, with the most favourable efficiency observed within the 

temperature range of 760 to 1,050 °C. However, at higher temperatures and increased oxygen 

levels, the activation of reaction (11) in the system leads to an undesirable consequence of 

elevated N O x content in the flue gas. [30] 

4 N H 3 + 5 0 2 ^ 4 N O + 6 H 2 0 . ( H ) 

As a consequence of flue gas denitrification through the use of S N C R , the characteristics of 

the generated CCPs are altered, primarily due to a direct chemical reaction or adsorption on 

ammonia on their surface. This leads to the presence of ammonia in the resulting F A , with 

levels reaching up to 1,000 ppm. Subsequently, ammonia, known as ammonium slip, may be 

released from F A during its use in the concrete industry. Another impact, particularly on H T F A , 

is observed in its particle morphology, as F A following S N C R exhibits variances in shape, such 

as reduced sphericity, potential partial disintegration of particles, or cracking of their surfaces. 

[31,32] 
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2.2 Coal combustion products 
In addition to the heat obtained by burning fossil or alternative fuels, a relatively large number 

of secondary materials are produced - non-combustible components, fuel treatment products, 

and desulphurisation of combustion equipment. The Czech Republic alone produces 

approximately 14 mill ion tons of these energy by-products per year, of which about 10 million 

tons of fly ash. The EU's annual production is more than 100 mill ion metric tons. Worldwide, 

a year production of F A reaches 500 mi l tons and 280 m i l tons of other CCPs , such as flue gas 

desulphurisation products, slag, etc. [33, 34] 

2.2.1 Fly ash 

In general, fly ash is the primary and, consequently, the most extensively distributed and 

manufactured secondary energy by-product/coal combustion product (CCP). Very simply, fly 

ash can be defined as an inorganic solid-state non-combustible product of the combustion 

process which is captured from flue gases in mechanical or electrical separators. In the field of 

real estate, the definition of fly ash becomes more complex. Fly ash can be differentiated based 

on the combustion processes into classical types, including high-temperature and fluidised-bed 

fly ash, which can be further categorised as fly ash, boiler slag, or cinder. To ensure a 

comprehensive depiction of ash, it is imperative to acknowledge that certain variants, 

particularly fluidised-bed ash, encompass diverse byproducts resulting from desulphurisation 

and denitrification procedures alongside the uncombusted fraction of fuel and other 

compounds. Generated by the technology of combustion, flue gas cleaning or storage. It is 

usually a relatively fine (3-200 pm) powder material, in colour with shades of brown to dark 

grey. The morphology and chemical composition depend on the type of coal and the type and 

design of the combustion device, desulphurisation and denitrification process, storage, etc. [1, 

35] 

Physical properties 

The fly ash is made up of very fine, mostly spherical particles. The particle size depends on the 

type and fineness of the fuel burned. Depending on the type of combustion process, up to 30 F A 

particles can be formed from each fuel grain. The grain size of fly ash could be pretty diverse 

- most particle size lies in the 1-150 pm range. Moreover, F A generally also contains sub-

micron particles and even particle clusters - cenospheres and unburned fuel residues can be up 

to 300-500 pm in size. These agglomerates occur, for example, due to exceeding the flow 

temperature. Thus, the glass melts on the surface of the grains and joins them after subsequent 

cooling. Another mechanism of formation of these aggregates may be the consequence of flue 

gas desulphurisation (bonding with the emerging energy-gypsum) or deposition in waste ponds. 

[36-38] 

The specific surface area of the particles is related to the particle size of the fuel and the type 

of combustion, and it reaches about 400-700 rn^kg" 1 (Blaine), 500-9,000 rn^kg" 1 (BET). Due 

to fuel granulometry, fluidised-bed fly ash has a larger surface area than high-temperature 
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combustion residues. The size of the specific surface area also depends on the amount of 

unburnable content. In the case of alternative fuels and biomass, the raw material is much more 

porous than the resulting fly ash. [39, 40] 

High-temperature fly ash ( H T F A ) , especially, is characterised by its spherical particles with 

a minimum of pores coated with glass. In contrast, fluidised-bed filter ash (FFA) forms irregular 

shape particles with a significant pore content and a rugged surface. The ash grains can be 

hollow or full of smaller grains. [41] 

Examples of the morphology and differences between high-temperature and fluidised-bed 

ash observed via scanning electron microscope are shown in the images in Fig . 5. 

Fig. 5 Image of H T F A grain (a) and F F A (b) morphology 

The granularity of fly ash is one of the main factors influencing the majority of physical and 

chemical properties - density, specific surface area, susceptibility, etc. The density of fly ash is 

in the range of 1,900-2,600 kg-m" 3, for high-temperature combustion fly ash the average is 

around 2,200 kg-m" 3, and for fluidised-bed ash it is around 2,600 kg-m" 3. The bulk density of 

these materials varies in the range of 500-1,000 kg-m" 3, most often around 750 kg-m" 3. [1, 38 -

41] 

Chemical properties 

The chemical nature of the burned fuels and possible chemical reactions during combustion 

gives the chemical composition of fly ash. The diversity of the phase composition and the 

content of the amorphous, sometimes called glassy, phase arises due to the passage of particles 

through different oxidation and reduction zones and the course of melting, agglomeration, 

condensation and sublimation processes. However, the particles pass through the high-

temperature zone only briefly, so melting occurs only on their surface. [1, 42] 

The approximate chemical composition of fly ash from the production of the Czech power 

plants adjusted to oxide form (determined by X R F ) is summarised in tables 4-5. 
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Table 3 Composition of sub-bituminous coal F A from the Czech Republic (major elements) [43] 

Type of FA 
Chemical content (wt. %) 

Si0 2 AI2O3 Fe 2 0 3 T i 0 2 CaO 
High-temperature 45.8-54.2 20.3-33.1 4.7-19.6 1.3-3.8 0.8-10.0 
Fluidised-bed filter 29.1-33.9 16.3-22.4 7.2-8.1 1.3-5.4 22.8-32.4 

Fluidised-bed 
bottom 

30.2-33.5 15.1-22.2 3.5-7.3 1.2-5.5 25.5-29.1 

Table 4 Composition of sub-bituminous coal F A from the Czech Republic (minor elements) [43] 

Type of FA 
MgO 

Chemical content (wt. %) 

K2O Na 20 SO3 P2O5 
High-temperature 0.6-1.3 1.1-2.7 0.3-1.3 0.2-2.9 0.13-0.32 

Fluidised-bed filter 0.9-1.0 0.7-1.4 0.4-0.7 5.2-8.8 0.19-0.31 
Fluidised-bed bottom 0.5-0.8 0.7-1.6 0.2-0.3 7.8-16.1 0.14-0.26 

As can be seen from the results in the tables above, the main difference in chemical 

composition between H T F A and F B A is appreciable in the content of CaO and SO3, which 

corresponds to the sum of the amount of desulphurisation product and the unreacted proportion 

of lime. F ly ash with a lower calcium content (high-temperature) usually achieves lower loss 

on ignition compared to fluidised-bed combustion residues. [44] This difference may be due to 

the small amount of unburnable content, but the reactions occurring during the annealing have 

the largest share in the loss. In the case of fluidised-bed ash, the excess limestone is decomposed 

during ignition and, as well as the clay minerals and gypsum that are present too. [45-47] 

The crystallisation and the formation of the amorphous phase influence the mineralogical 

composition of fly ash. The quantity of the crystalline phase is closely linked to the presence of 

ferric, aluminium and other metal components, as well as the alkali content in the fly ash. On 

the other hand, the amount of amorphous phase is determined by the overall content of glass-

forming components, with Si02 being the primary component. Three different types of particles 

can be distinguished in the residue. The first type, referred to as type A , is composed of 

unburned coal particles, also called black carbon particles. These type A particles usually 

account for approx. 2-5 wt. % of the fly ash and give it its characteristic grey colour. Type B 

particles are formed through a chemical reaction that occurs during the combustion process, 

thereby giving rise to various crystalline or amorphous phases. On the other hand, type C 

particles are those that have experienced a chemical transformation due to their storage, such 

as surface carbonation, hydration, and other similar processes. [48] 

Another significant difference between high-temperature and fluidised-bed bed fly ash 

occurs in the mineralogical composition. More stable minerals and possibly high-temperature 

modifications are formed at high-temperature F A . According to the calcium content, H T F A can 

be divided into two groups. The low-calcium group contains crystalline minerals such as [3-

quartz Si02, mullite AI6S12O13, silimanite AhSiOs , hematite Fe203 a magnetite Fe304. The 
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high-calcium group contains P-quartz and cristobalite SÍO2, tricalcium aluminate CasAkOó, 

aluminosulfate Ca iAleSCbOu, anhydrite CaS04, free lime CaO, periclase M g O , calcite CaCCb, 

siderite FeC03 and others. [45, 49, 50] 

On the other hand, F B A is characterised by the presence of CaS04 anhydrite, unreacted free 

lime CaO and undecomposed calcite CaC03 due to flue gas desulphurisation technology. 

Furthermore, fluidised-bedashes contain quartz SÍO2, hematite Fe203, magnetite Fe304, albite 

NaAlSisOs, anatase TÍO2, gehlenite Ca2Al[AlSiO?] and others. Long-term storage can hydrate 

the fly ash with atmospheric moisture to Ca(OH)2 portlandite. Under particular circumstances 

like prolonged storage at significant depths within the landfill under increased temperatures, 

the formation of somewhat surprising by-products like ettringite. Ca6Ai2(S04)2(OH)i2-26H20 

or tobermorite Ca 3 Si 6 Oi 6 (OH)2 -2H20 could take place. [46, 49, 50] 

Pozzolanic activity of fly ash 

Pozzolans are refined natural or synthetic materials that consist of active silica and alumina but 

lack the capacity for any hydraulic reaction. Combined with calcium hydroxide and water, they 

undergo a chemical reaction (12) to produce insoluble compounds with cementitious 

characteristics. The pozzolanic reaction primarily occurs due to the presence of amorphous 

silica and alumina components. The pozzolanic activity of fly ash is defined in terms of the 

reactions of its main components; SÍO2 and AI2O3 with Ca(OH)2 to form C S H and C A H phases, 

as shown in more detail in F ig . 6. 

C - S - H 

S i 0 2 

A 1 2 0 3 

(active) + Ca(OFfL 
H,0 C - A - S - H 

C 4 A H 1 3 

C 2 A H 8 

C3AS3 - C 3 A H 6 

(12) 

C-S-H C-A-S-H[Na] C-A-S-H [Na,2H] 

Fig. 6 Formation of CSH and C A S H gel; taken from [51] 

Naturally occurring pozzolans are mostly volcanic ashes in the form of solidified rocks, e.g., 

tuff. Fine grinding of tuff produces a long-used material called trass. One of the most important 

pozzolanic materials from synthetic production is fly ash. [51- 53] 

The fly ash acquires its pozzolanic properties because the high-calcium porous solution of 

the fresh binder putty disrupts the surface of the glassy particles from which silica and alumina 

are gradually leached. These components then form C - S - H gel-type hydration products similar 
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to Portland cement hydration. [54, 55] Pozzolanic activity of fly ash occurs in the additive and 

production of mixed cements or alkali-activated systems. These applications w i l l be described 

later in other chapters. 

2.2.2 Energy-gypsum 

Energy-gypsum or flue gas-gypsum is another C C P generated through the wet process of flue 

gas desulphurisation. This particular type of gypsum is commonly associated with the 

traditional combustion of coal in power plants. A comprehensive explanation of the process 

responsible for forming energy-gypsum can be found in chapter 2.1.5. Flue gas-gypsum is 

known for its exceptional purity and high dihydrate content, distinguishing it from natural 

gypsum. While natural gypsum is commonly found in a dry, crushed form, energy-gypsum is 

created through desulphurisation processes using the wet limestone washing method, resulting 

in a moist, fine-grained powder with a surface moisture content ranging from 8 % to 12 %. The 

primary distinctions lie in the physical characteristics such as grain size, crystal structure, and 

bulk density. Flue gas-gypsum predominantly consists of very fine P-hemihydrate. Energy-

gypsum may contain other impurities that are not commonly found in natural gypsum. These 

are mainly chlorides, fluorides, soluble M g and N a salts, and unreacted CaCO"3. [56, 57] 

Energy-gypsum is primarily utilised in the cement sector as an additive, constituting 

approximately 5 wt. %, to effectively control the initial solidification process of cement. To 

cater to this specific application, energy-gypsum must be in a lump form, necessitating prior 

briquetting. Besides its role in regulating cement setting, energy-gypsum finds industrial 

applications in manufacturing diverse gypsum and plaster variants, drywall or gypsum fibre 

boards, and highly malleable coatings. [58, 59] 

The conditions of the relevant standard are placed on the energy-gypsum for the production 

of gypsum products and plasters. Table 5 summarises the list of allowable values for these 

applications. 

Table 5 Requirements for gypsum products [59]  
Determined component Permissible value 

CaS0 4-2H 20 min. 95 wt. % 

Moisture max. 10 wt. %. 

MgO 0.1 

c i - 0.01 

Na 20 0.06 wt. %. 

s o 2 0.25 wt. %. 

pH 5-9 

Colour 90 % whiteness 

Odor neutral 

Toxicity none 
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2.3 The present and prospective uses of fly ash 
Fly ash is classified as one of the commonly produced by-products, with attempts to utilise it 

commencing in the 1950s. The chemical composition of fly ash is notably diverse, contingent 

upon the coal type combusted and the desulphurisation technique employed. Discrepancies in 

mineral composition, particle size distribution, specific surface area, and bulk density arise from 

the various combustion plant configurations and temperatures utilised. This extensive range of 

characteristics of fly ash poses challenges in establishing a universal method of application. 

Currently, specific varieties of fly ash are integrated into construction materials, adsorbents, 

serve as fillers, among other functions. [1, 46]. 

Although the effort to use fly ash worldwide is increasing, approximately 50 % of ash 

production is currently processed in Europe and the North American continent, As ia and South 

America reach up to 30 % ash processing capacity, and Africa around 20 %. [60-63] for this 

reason, a large amount of ash is still deposited permanently. Despite the effort to achieve carbon 

neutrality and not to produce other C C P , there is still a vast mass of materials in these landfills 

that would be suitable to be implemented or evaluated by some suitable and valuable process. 

The central part of used F A is as a supplement material in cement and concrete production, 

structural fills, solidification, etc. [61] The share of current applications for the use of fly ash is 

summarised in the following chart: 

• Concrete addition (40.8 %) 

• Concrete blocks (5.5 %) 

Cement raw material (16.6 %) 

Blended cement (17 %) 

Road construction (16.4 %) 

• Others (3.7%) 

Fig. 7 Current use of fly ash in the Europe [61] 

2.3.1 Cement and supplementary cementitious materials 

The major part of utilised fly ash (over 80 %) has been applied in concrete and other building 

materials from mixed cements, supplementary cementitious material, and road base material to 

special applications such as non-freezing surfaces of highways and airport runways or in the 

production of antibacterial screeds for water management applications. [46, 64] 

24 



2.3.2 Cement and concrete addition 

In the Czech Republic and other European nations, the utilisation of fly ash in cement is 

governed by the C S N E N 197-1 standard. As per this standard, " F A for use in concrete" is 

denoted as a finely ground substance comprising predominantly of spherical particles produced 

through the combustion of anthracite, bituminous, or sub-bituminous coal. F A for use in 

concrete exhibits pozzolanic characteristics, with a minimum of 25 % active Si02, a maximum 

of 10 % reactive lime content, and a maximum loss on ignition of 7 %. [64, 65] 

The addition of fly ash to cement has a positive effect on, for example, the liquefaction of 

cement or concrete slurry. This property is carried out due to the spherical grains of the high-

temperature fly ash, which create a ball-bearing effect in the mixture and facilitate the 

rearrangement of the grains of the mixture. This consequence makes it possible to reduce the 

water coefficient by 0.03-0.07 while achieving the same fluidity. Therefore, the addition of fly 

ash has a positive effect on the rheological properties of the slurry due to the increase in 

flowability - making pouring, pumping, transport and compaction of the final product easier. 

[64] 

The pozzolanic activity of fly ash in traditional Portland cement systems causes the active 

S i d and AI2O3 content to react with the by-product of cement hydration, Ca(OH)2 -
portlandite. This chemical reaction results in a reduction of portlandite content within the 

cement mixture an increase in the density of the hydration products, consequently enhancing 

the durability of the final composite to the corrosive environment (weak acid solutions, 

increased chlorides and sulfates concentration, alkalis, as well as carbonation) and, with optimal 

addition, it brings a positive effect on increasing final mechanical properties, such as 

compressive and flexural strength of concrete systems. [46, 64, 66] 

2.3.3 Low-energy cement production 

Various research groups have explored the potential of utilising H T F A and F B A in the 

manufacturing process of belitic cement as a means to reduce carbon dioxide emissions 

associated with cement production. Belite, which is the predominant phase in traditional 

Portland cement, plays a crucial role in providing long-term strength despite its slow hydration 

process within the first few days to weeks. Incorporating hydration accelerators, typically 

calcium chloride-based, in these systems has been found to enhance initial strengths and 

expedite the hydration process. Chemically, belite is primarily composed of dicalcium silicate 

(C 2 S). [67] 

Belitic cements are mainly used in poor and developing countries. Belite is produced by the 

clinkerization process in a solid state at a temperature over 800 °C in a rotary kiln. To form 

belite, the reaction of two molar equivalents of free lime with one molar silica equivalent is 

needed. Belite has five allotropic forms: a, a H , a L , P and y. Only as and P modifications 

mentioned show hydraulic activity. For this reason, the metastable phase P should be rapidly 

cooled below 500 °C. [67, 68] 
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Belitic cement production, which relies on coal combustion products, typically involves the 

utilisation of both high-temperature and fluidised-bed fly ash. Specifically, low-calcium fly ash 

and high-calcium fly ash are combined to create the desired mixture. The starting material 

consists of fly ash with a higher concentration of reactive calcium. Energy-gypsum is 

commonly employed to adjust the composition, particularly the enrichment of the mixture with 

reactive calcium oxide (CaO). Subsequently, the appropriate mixture is heated in a rotary or 

shaft furnace, reaching temperatures of 1,000-1,200 °C. The composition of these cements 

varies considerably. Thus, the quality does not appear to be suitable for applications in c iv i l 

engineering. [69-71] 

2.3.4 Alkali-activated systems 

The utilisation of by-products through alkali activation has emerged as a significant field of 

study due to the potential to produce cost-effective and environmentally friendly cement-like 

construction materials. A lka l i activation of waste materials involves a chemical process that 

enables the conversion of glassy structures into highly compact and well-cemented composites. 

Fly ash, containing SiO"2 and AI2O3, has also been found to be applicable in contemporary 

cement-less hybrid binders based on alkali-activated systems. These binders primarily consist 

of alkali-activatable substances, such as latent hydraulic pozzolans (e.g., fly ash, slag, 

metakaolin) and alkaline activators (e.g., hydroxide solutions, strong and weak acids salts, etc.). 

The treatment of fly ash or blast furnace slag with highly alkaline mixtures in an aqueous 

medium triggers the activation of these raw materials, resulting in the formation of hydration 

products similar to those formed during the hydration of Portland cement. Nevertheless, this 

process's precise reaction mechanism has yet to be fully elucidated. [72-74] 

Hydration products of alkali-activated fly ash-based systems could be crystalline 

hydrosodalite Na6[AlSiO"4]6 -8H20 or amorphous (more common) sodalite Na6[AlSiO"4], or 

herschlite. It is thus the formation of (C)NS(A)H gel in the system ^ O - A k C b - S i C h - H h O and 

N a i O - C a O - A k C b - S i O i - F h O . These materials often achieve high initial strengths (up to 

40 M P a after 24 hours). In addition, they are more environmentally friendly, as they can be 

largely based on the application of by-products from production (fly ash, slag, waste sludge 

from alkaline production), which ultimately means a reduction in CO2 production by about 60 -

65 % per kilogram in comparison to Portland cement production. [73-75] 

Various authors dealing with this issue have concluded that geopolymers based on F A can 

achieve very good mechanical properties, durability, are easy to manufacture and storage. F A 

pozzolanic activity and partial latent hydraulicity are evaluated particularly positively. 

However, later research has shown a relatively fundamental difficulty of these materials, 

namely their large shrinkage over time, which often leads to the disintegration of the sample. 

[72, 74, 75] 
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2.3.5 Light-weight filler 

Fly ash primarily consists of hollow particles, leading to a reduction in bulk density. These 

hollow, inert, spherical particles, known as F A cenospheres, are enveloped by a glassy phase 

and are predominantly composed of silica and alumina. The chemical constituents present in 

cenospheres vary in proportions, influencing their texture and overall chemical makeup. The 

specific composition of cenospheres is influenced by factors such as furnace temperature, coal 

type, and base minerals. In addition to chemical composition, gas formation from mineral 

components at high-temperatures plays a crucial role in cenosphere formation. The gas 

atmosphere within the cavities of cenospheres also contributes to the formation process. The 

bulk density of cenospheres is determined by the thickness of the shell and the diameter, 

typically ranging from 0.4 to 0.8 g-cm" 3 and 100 to 300 urn in diameter. [76, 77] 

The separation of cenospheres from the mixture of produced F A can be achieved through 

both dry and wet methods. The wet separation process involves flotation, gravity separation, 

and magnetic separation. Flotation, the most commonly used method, utilises a heavy fluid with 

a higher density than the cenospheres. As a result, the cenospheres float, and the diameter size 

of each particle determines their position. On the other hand, the dry method of cenosphere 

separation relies on the fluidisation effect and surpasses the flight limit. Unlike the wet process, 

this approach does not require the use of any chemicals and is known to be faster. However, it 

should be noted that fractionation does not yield a precise division. [77, 78] The instrumentation 

scheme of basic types of separation is given in Fig . 8. 

Because cenospheres reach such low sizes and bulk densities, they have found their 

application as a filler in some types of inorganic materials, such as mortars and concrete. In the 

case of using cenospheres as filler, the weight of the products is significantly reduced. Another 

positive effect is increasing mechanical and degradation resistance in various environments. 

Although the nominal strength decreases when using a foamed filler (hollow particles with a 

brittle shell do not also reach a higher modulus of strength than conventional aggregates), after 

recalculating the strength concerning the weight of the material, light-weight samples achieve 

better results. [79] 

Lagoon method Reflux classifier Inverted reflux classifier Micron separator Closed-type pneumatic separator 

Fig. 8 Methods for separating cenospheres [77] 
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Another option for bribing fly ash is the production of lightweight aggregate. One of these 

species is produced in the Czech Republic under the name Agloporite. Agloporite is a light­

weight synthetic porous aggregate produced by sintering of coal or anthracite fly ash and other 

corrective admixtures. It is suitable for the production of insulating concrete as well as for 

structural concrete. Reinforced concrete and pre-stressed structural elements can also be 

produced from a particularly strong agloporite. Agloporite is mainly created in 4-8 and 8-16 

mm fraction, with bulk density of 1.15-1.25 g-cm" 3 and compressive strength between 5-9 

M P a . [80] 

The possibility of application of crushed agloporite in lightweight mortars and their 

resistance to degradation was investigated together with the partial cement replacement with 

fly ash in these systems. The results of this research yielded better than expected, when the 

strengths based on the weight of the product surpassed traditional aggregates and no 

degradation processes took place under the action of chlorides and sulfates even after several 

months. [81] 

2.3.6 Ceramics materials 

Refractory materials 

Due to the phase and chemical composition of high-temperature fly ash, and especially the 

presence of mullite as one of a number of refractory materials, these solid coal combustion 

residues may be suitable for applications in thermally stressed materials. Various experiments 

of implementation of F A in refractory materials were carried out. 

Using F A in these materials leads to a reduction of produced carbon dioxide and partial 

savings of required raw materials. Refractory materials are materials resistant to high 

temperatures, typically 1,100- 1,500 °C. These products are mostly dense, inert and chemically 

very stable. Of course, the use of by-products as a raw material for refractory materials 

production has a partial negative effect on their basic properties. [82] 

Mullite fittings 

Mulli te is a highly utilised refractory material in numerous industries for a variety of linings 

and thermally stressed components. There is a growing interest in developing alternative 

methods for mullite production using cost-effective materials like kaolinite and sillimanite. Due 

to the fact that the ashes of high-temperature coal combustion show the presence of mullite and 

at the same time also contain a sufficient amount of reactive alumina and silica, there is a great 

effort to produce mullite shaped parts based on these secondary energy products. 

The fittings are manufactured through the alkali-activation of fly ash using highly alkaline 

sodium hydroxide solutions (with an ideal concentration of 100 g-1"1) at elevated temperatures 

of approximately 100 °C over an extended period. This process mirrors the production of alkali 

activated materials. During the activation, amorphous Si02 and also a small amount of 

amorphous AI2O3 dissolve and at the same time precipitates of P-zeolite Na6Al6Siio032 -12H20 
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and hydroxysodalite NasAl6Si6024(OH)2-4H20 are formed. The activated material is afterwards 

partially washed with water and moldings of the desired shapes are extruded, which are then 

fired at 1,300 °C. [83] 

Another paper dealt with the same topic using a part of clay as a raw material and H T F A , 

sodium silicate as well as research above. In this study, mullite based bricks were produced 

using hydrogen peroxide as a foaming agent. Then, after 24 hours of foaming and 12 hours of 

drying at room temperature, the samples were fired at 900-1,100 °C to form the final product. 

Afterwards, physical, mechanical and chemical properties, as well as heat resistance and heat 

conductivity were tested. A l l results have met European standards for building thermal 

insulation bricks and this process is suitable for use in practice. Compressive strength reached 

up to 6 M P a , bulk density 0.50 g-cm - 3 , thermal conductivity 0.098 W - n T ^ K - 1 (100 °C) and 

0.163 W - m ^ - K - 1 (600 °C) with the maximum temperature of 1,250 °C. [83, 84] 

Ceramic filters 

High-temperature fly ash can be utilised in the production of various ceramic materials. B y 

reacting high-temperature fly ash with a suitable ball at temperatures ranging from 1000 to 1200 

degrees, partial sintering can occur, resulting in the formation of a dense ceramic material. 

These ceramics exhibit notable mechanical strength, corrosion resistance, cavitation resistance, 

and minimal shrinkage. Additionally, they possess heat resistance and remain stable through 

repeated heating and cooling cycles due to their elemental and phase composition, primarily 

consisting of mullite. [85] 

The utilisation of ceramic materials extends beyond the mere manufacturing of dense 

products, encompassing the production of items with specific porosity or cavities. These 

specialised products are commonly employed in processes such as the purification of hot gases. 

The high heat resistance and non-flammability of this material are attributed to its aluminium, 

titanium, silicon, and magnesium content, allowing for the production of materials like mullite 

or cordierite through optimal production techniques. Ceramic filters based on H T F A are 

commonly used due to the presence of mullite, although F B A can also be utilised. F ly ash offers 

advantages in particle size distribution, with large grains of around 50 urn, small grains ranging 

from 3-5 urn, and medium fractions of 15-25 urn, enabling effective sintering. Additionally, the 

glassy phase in fly ash promotes solid-phase reactions and grain wetting. The production 

process involves adjusting the fly ash composition, firing at temperatures exceeding 1,050 °C, 

and controlled cooling to crystallize mullite or cordierite. The firing process must be carefully 

managed to retain a portion of the glass phase for the subsequent production stage. In the second 

stage, organic combustibles are added to the sintered fly ash, followed by firing at 850 °C to 

create small cavities through controlled decomposition. The number and size of cavities can be 

controlled by adjusting the organic content, firing temperature, and dwell time at 850 °C. [86] 
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2.3.7 Other and special applications 

The subsequent chapter outlines the potential applications of F A in unique, presently less 

prevalent, or peripheral circumstances. However, considering their significance, these 

applications might assume a more substantial role in the future than they currently do. 

Carbon nanotubes 

Extensive research has been carried out in recent decades on carbon materials to investigate 

their chemical and physical properties, methods of preparation, and applications of newly 

discovered structures such as fullerenes, carbon nanotubes, carbon nanofibers, graphene, 

carbon nanoparticles, and cubic nanocarriers. 

Carbon nanotubes, as previously mentioned, serve as excellent conductors of electric current 

due to their zero-resistance structure, which does not increase with the length of the fibre tubes. 

These materials show promise for use in superconductors. Initially, the production of carbon 

nanotubes was economically unfeasible until it was found that they could be produced from fly 

ash rich in free carbon, primarily generated in biomass-fired power plants, with minor 

adjustments to the production process. 

When used as fillers in nanocomposite materials, carbon nanotubes have a significant 

positive impact on both mechanical properties (such as modulus of elasticity, abrasion 

resistance, and strength) and physical properties (including conductivity) even with a small 

addition of approximately 5 % by weight. Nanotubes can be synthesised through low-pressure 

deposition in steam gas at elevated temperature and pressure, with a reaction time of several 

hours to create a carbon co-precursor and as a by-product of acetylene synthesis. This mixture 

is then blown onto the catalyst using an overpressure of inert gas (argon), with a small amount 

of fly ash potentially serving as the catalyst. The tubes grow on the enclosed silicon sheet under 

a maximum pressure of 1 Pa at a temperature of 650 °C. The progression of the reaction can be 

visually monitored as the colour of the mixture changes from initial grey to final black, 

indicating an increase in the proportion of tubes on the catalyst and plate. [87, 88] 

This procedure can be used both for the industrial production and for laboratory preparation 

of nanotubes, with possible single-layer ( S W C N T - "single wall carbon nano tubes") and multi­

layer ( M W C N T - "multi wall carbon nano tubes") outcome products. The differences in their 

structures are shown in Fig . 9. 
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Fig. 9 Model of SWCNT and M W C N T [89] 

Adsorbents 

Due to its chemical composition and morphology, fly ash from coal combustion can be used as 

a cost-effective adsorbent after chemical or thermal activation. For example, fly ash with an 

unburned carbon content of around 5-7 % can be used for desulphurisation, but the economic 

aspect of such a process is very unfavourable. A far better way to use fly ash for 

desulphurisation and denitrification of combustion processes is to activate it with concentrated 

calcium hydroxide. The substrate treated in this way can be used, most notably in dry adsorption 

devices, achieving efficiencies of up to 90 % in one stage. This process has found application 

in some foreign power plants such as Ebetsu, Amtoh Atsuma, etc. [46] 

In addition to the adsorption of S O x and N O x , fly ash is also partially used to capture gaseous 

organic substances or vapours of organic solvents (toluene, xylenes, benzene, etc.). In this 

application, the thermal activation of fly ash is used, and the formation of agglomerates also 

has a positive effect on the absorption efficiency. Today, these fly ash sorbents are used mainly 

in cheaper facilities with low output. [46, 90] 

Fly ash also has potential use in wastewater management due to its chemical composition, 

porosity, particle distribution and specific surface area. The mild to moderately alkaline nature 

of the fly ash itself helps to neutralise wastewater, and adjusting the p H to the alkaline or acidic 

range increases the possibility of separating some toxic or heavy metals. In several studies and 

technological applications in south and south-west Africa, India, and some Mid-East develop 

ing countries, it has been shown that the F A adsorbent brings a quite positive effect on the 

removal of both heavy metals (Cd, Pb) and metals dangerous for the environment (Cu, As , Cr) 

as well . Heavy metal ions can be separated in the p H range 6-8. The latter group can then be 

removed in the acidic p H range 3-4. Although these absorbents do not have a very good process 

efficiency, they are often the only available option due to their very low acquisition cost and 

operating costs in these countries. A n overview of separable metal ions, including adsorption 

capacities (A c) and experimental conditions, is summarised in table below. [46, 90, 91] 
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Table 6 Summary of adsorption capacities for individual water pollutants [46] 

T(°C) 

Zn 2 + 5 25 C r 3 + 50-100 

Cd 2 + 200 25 C r 6 + 1-2 
Pb 2 + 440 25 Hg 2 + 11 
Cu 2 + 200 25 As 3 + 10 

Ni 2 + 9-14 30-60 As 5 + 8-28 

20-40 

30-60 

20 

25 

20 

A t a time when the pollution of groundwater and wastewater with heavy metals, organic 

solvents and pesticides is increasing, it is necessary to look for affordable measures with 

favorable performance, especially in less developed countries of the world. In this regard, the 

use of cheap and functional fly ash adsorbents is to be considered. [90] 

2.3.8 Potential source of raw materials 

Some types of power plant fly ash are significantly similar in their chemical composition to 

many raw materials used for the production of aluminium, titanium and iron. However, it is 

also necessary to consider the representation of minor elements, which can be rare commodities 

such as lithium, germanium, cerium, samarium, and others. 

Separation of up to 99 % of the aluminium components present from both high-temperature 

and fluidised-bed ashes was achieved. Currently, the research deals with the issue of 

streamlining the leaching process and the possibilities of activating the fly ash to achieve the 

most suitable ratio of the amount of separated aluminium in a single-stage extraction in 

sulphuric acid and the total material and energy costs of the process. [46] 

Aluminium 

Aluminium is found in fly ash in relatively complicated and less reactive minerals such as 

refractory materials mullite A l e S i i O o , andalusite, kyanite and sillimanite AhSiOs , albite 

NaAlSisOs, gehlenite Ca iAl fAlS iCb] , rarely as AI2O3. A suitable extraction method is chosen 

according to the predominant form of occurrence. F A typically contains about 20-35 wt. % of 

alumina. [1] 

Aluminium extraction technology, resp. fly ash alumina recovery can be divided into acidic, 

basic and acid-basic methods. A c i d processes are based on the F A leaching in mineral acids, 

such as sulphuric, hydrochloric, nitric, hydrofluoric acid, or mixture. These processes are 

mainly based on analytical possibilities of sample decompositions using different types of 

leaching. Although these methods are relatively simple in instrumentation and inexpensive for 

the chemicals used, they mostly require the use of acid-resistant equipment and technology and 

generally do not achieve optimal efficiency at all. Alkaline methods are based on sintering fly 

ash with various substances - with limestone, or with limestone and soda ash- and subsequent 

product processing in several ways on AI2O3. [1, 46] 
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Titanium 

Titanium is partially bound inside fly ash in the crystalline form such as rutile, ilmenite, 

perovskite (CaTiCb), but occurs mainly in the amorphous phase of S i -Al -T i -Fe -O, A l - S i - K - F e -

T i -O , A l - S i - T i - 0 in a range of 0.5-2 wt. %. This matrix can only be broken down chemically. 

Minerals containing iron are weakly magnetic. Hydrometallurgical processes can be used for 

the separation of titanium, as well as separation by leaching with some cultivated strains of 

bacteria - bio hydrometallurgical processes. [1] 

Iron 

In fly ash, iron is found mainly in oxide minerals, characterised by a high magnetic 

susceptibility value and tends to be weakly to strongly magnetic. Magnetic properties could be 

used further in separation from other minerals. In addition, iron also occurs as a structure of 

titanium minerals (ilmenite, ilmenorutile). Part of the iron is also in metallic form or in the 

amorphous form in a silicate matrix. [1] 

Rare elements present in fly ash. 

In addition to the macro-concentrated elements themselves, fly ash can contain many other 

components, which, in some cases, are very rare in the order of ppm units up to tenths of a 

percent. Given their natural deposits and ways of obtaining them, fly ash could be an essential 

precursor for their production in the future. 

The content of rare elements in fly ash depends on the location of the mined coal. Globally, 

based on analyses of fly ash from around the world, the coal elements of the lanthanide group 

L a , Ce, Pr, N d , Sm, Eu, Gd, Tb, Dy , Ho, Er, Tm, Y b , L u can be represented in ppm (summarised 

in the following table). [92] 

Table 7 Representation of lanthanides in coal and fly ash (ppm) [92] 

La Ce Pr Nd Sm Eu Gd Tb Ho Er Tm Yb Lu 
Bituminous 11 23 3.4 12 2.2 0.43 2.7 0.31 2.1 0.57 1 0.3 1 0.2 

Sub-bit. 10 22 3.5 11 1.9 0.5 2.6 0.32 2 0.54 0.85 0.31 1 0.19 
FA 69 130 20 67 13 2.5 16 2.1 14 4 5.5 2 6.2 1.2 

In some types of coal or fly ash, other rare metals and semi-metals Ga, Ge, Sb, Te, Se in the 

order of several hundredths to tenths of a percent may also locally occur. These elements are 

typical for only a few mineral veins, especially in black coal. The worldwide average in coal 

and fly ash is summarised in the following table. [93] 
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Table 8 Content of Ga, Ge, Sb, Se (ppm) in different types of coal [93] 

Ga Ge Se Sb 

Bituminous 6.0 2.4 1.6 1.5 
Sub-bituminous 5.5 2.0 1.0 1.1 

FA (BC) 36 18 10 8 

FA (S-BC) 29 11 7.6 6 

From the 1960s until the 1980s, germanium was obtained from Czech bituminous coal fly 

ash from the Pilsen and Kladno basins and brown coal fly ash from the Sokolov region. 

Currently, coal deposits in the Czech Republic are depleted of this element. However, 

germanium reserves in Czech fly ash are estimated at several thousand tons. Currently, only 

a few companies from the United Kingdom and Russia are involved in the recovery of 

germanium from fly ash. [93, 94] 

Other minor elements represented in fly ash can also be noble, precious and heavy metals 

such as Ir, Pt, Pd, C u , A g , A u , Be, Sb, Cs, Pb, Cd , etc. Some valuable commodities contained 

in fly ash in the ppm range can be elements such as Y , Hf, Ta, W , V , Re, Os and many others. 

[95] Due to their rarity and particular uses, these metals are precious. The content of elements 

mentioned above in F A and C is summarised in Table 9 and 10. 

Table 9 Content of precious and heavy metal elements (ppm) in coal and fly ash [93, 95, 96] 

Au+Pt Ag Cu Ir Pb Cd 

Bituminous 0.0461 0.100 42 1 55 1.5 
Sub-bituminous 0.0059 0.09 38 0.8 37 1.2 

FA (BC) 0.189 0.59 214 3.2 180 5 

FA (S-BC) 0.069 0.63 178 2.5 92 3 

Table 10 Content of V , W, Y and U (ppm) in coal and fly ash [93, 95] 

V W Y U Mo 

Bituminous 28 0.99 8.2 1.9 2.2 

Sub-bituminous 22 1.2 8.6 2.9 2.1 

FA (BC) 170 7.8 57 15 14 

FA (S-BC) 140 6 44 16 15 
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2.4 Macro-concentrated elements recovery 
The following section presents and summarises the most recognised and promising approaches 

for the recovery of macro-concentrated elements from F A . This overview highlights the 

methods suitable for high-temperature F A and fluidised-bed F A , with a specific focus on their 

utilisation for the different types of fly ash produced in the Czech Republic. 

In essence, these techniques can be categorised into two distinct groups: extraction and 

sintering methods. The former primarily involves the dissolution and leaching of fly ash using 

different extraction agents; in contrast, the latter encompasses a range of high-temperature 

modifications and activation of the fly ash, followed by leaching. 

2.4.1 Extraction methods 

Different techniques are employed to extract metals or their oxides from fly ash. These methods 

involve directly leaching the power plant fly ash or using pretreated material using mineral 

acids, hydroxides, or other media. The extraction process occurs under different conditions, 

such as elevated temperatures, boiling, or autoclaving. 

Extraction into acidic solutions 

The commonly employed technique is known as "direct acid leaching" in the realm of acidic 

surroundings. Extraction reagents such as sulphuric acid, hydrochloric acid, nitric acid, and 

their different proportions and strengths combinations, can be utilised. Considering the cost of 

these acids, sulphuric acid is predominantly favoured for leaching purposes. However, it is 

essential to note that the effectiveness of direct leaching varies depending on the specific 

characteristics of the fly ash, thus making it unsuitable as a universally applicable method. [97, 

107] 

Sulphuric acid leaching 

Another possibility to increase the efficiency of direct leaching with sulphuric acid is to improve 

the extraction temperature up to the solvent's boiling point. For high-temperature fly ash rich in 

aluminium, when kept at a temperature of about 200 °C and under the action of concentrated 

sulphuric acid, it is possible to dissolve up to 90 % of the fly ash mass at an optimal 5/1 weight 

ratio of medium to fly ash. [108, 109] 

A n extensive study on the possibility of recovering aluminium from fly ash by using 

sulphuric acid on untreated material was addressed by Seidel and Zimmels [110], who 

addressed this issue depending on acid concentration, liquid to solid phase ratio, temperature 

and extraction time. They also investigated the effect of the amount of free calcium ions reacting 

with the medium and the formation of a reaction by-product - gypsum. The resulting gypsum 

is precipitated on the surface of the fly ash grains and thus forms a diffusion-resistant layer that 

prevents further mass transfer during extraction. The sequence of reactions in the dissolution of 

individual ions into the solution was described by the sequence of the following reactions (13)-

(20). 
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H . S O . ^ S O 2 . - + 2 H + , ( 1 3 ) 

M O + 2 H + ^ M 2 + + H 2 0 ( M = C a , M g , . . .) , ( 1 4 ) 

J 2 0 + 2 H + ^ 2 J + + H 2 0 ( J = N a , K , . . .) , ( 1 5 ) 

A 1 2 0 3 + 6 H + <—> 2 A 1 3 + + 3 H 2 0 , ( 1 6 ) 

A l 3 + + 3H20<—> A 1 ( 0 H ) 3 i + 3 H + , ( 1 7 ) 

F e 2 0 3 + 6 H + ^ 2 F e 3 + + 3 H 2 0 , ( 1 8 ) 

F e 3 + + 3 H 2 O ^ F e ( O H ) 3 i + 3 H + , ( 1 9 ) 

C a 2 + + S O 2 . - <—>CaS04 i . ( 2 0 ) 

However, this model greatly simplifies the extraction situation to the case of equal ion 

concentration. In practice, soluble aluminium, iron and sodium sulfates are also formed. 

Furthermore, theoretical knowledge considers only the reaction of simple oxide forms, which 

cannot be achieved in practice with high-temperature fly ash, where the majority source of 

aluminium is mullite (3Al203 -2Si02) and amorphous phase. Based on the comparison of 

experimental data and theoretical assumptions, they concluded that a heterogeneous non-

catalytic auto-inhibitory reaction causes this fact. In this experiment, the concentration of 

aluminium, or in some cases of iron, grows logarithmically until an equilibrium is achieved in 

the form of insoluble extraction products covering the surface of the grains and forming 

a diffusion barrier. The value of the equilibrium A l concentration in the solution depends 

entirely on the amount of free calcium ions and the concentration of the extracting agent. With 

increasing reaction temperature, the course of the curve becomes steeper, and the maximum is 

reached in a shorter time interval. However, the maximum concentration also depends on the 

concentration of other dilute content, the concentration of the leaching agent and the solid/liquid 

ratio. [110, 111] 

Many authors have dealt with methods of direct leaching of F A . In most cases, the 

experiments did not achieve the leachability of A l at room temperature higher than 50 % in the 

case of classical H T F A [112]. The same leaching efficiency, but selectively only for dissolving 

aluminium, can be achieved by the action of dilute sulphuric acid at the boiling point of the 

solvent at an extraction time of 4-6 hours. This experiment was then carried out for F B A 

(bottom and filter) with selectively dissolving up to 95 % of A l . [113] Researchers have carried 

out the digesting of H T F A in sulphuric acid solutions at high temperatures over 120 °C [114]. 

They came out with similar results to Al 's dissolution. 

Hydrochloric acid 

The investigation and characterisation of the leaching process of fly ash in a hydrochloric acid 

environment under varying conditions of elevated temperature, medium concentration, excess 

medium, and other factors were also addressed. Several authors' accounts of their experiments 

are rooted in the traditional analytical framework of the breakdown of inorganic materials, thus 
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detailing the impacts of hydrochloric acid, particularly on the leaching of alkaline ions like 

alkali metals and alkaline earth metals, as well as potentially other non-noble metals. Another 

study, such as that conducted by Huang et al. [115], focused on assessing the leachability of 

different elements from fly ash using hydrochloric acid at various p H levels. The general 

finding was that as the p H level approaches neutrality, the leachability of heavy and base metals 

diminishes. Additionally, their research suggests that beyond a L /S ratio of 20, there is no 

significant increase in leachability with further increases in the ratio. The findings of this 

research can be briefly summarised in the two graphs presented below: 
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Fig. 10 Leachability of elements depending on the pH of the solution (left) and the L/S ratio (right) 
[115] 

The researchers in these investigations [116,117] reached a similar conclusion regarding the 

effectiveness of hydrochloric acid, mainly when applied at temperatures exceeding 100 degrees 

Celsius and allowed to react for a duration of 4 to 6 hours. This method yielded noteworthy 

outcomes in terms of the leaching of rare metals and elements such as N d , Er, Eu , Tb, Dy, and 

others, with optimal results observed at acid concentrations ranging from 0.2 to 2 M . When 

utilising acid concentrations of up to 7 M and a relatively high liquid-to-solid ratio, it was 

possible to dissolve as much as 85 % of the iron content. However, this approach proved to be 

less effective for the extraction of A l or T i . 

The extraction of aluminium from ash, which holds promise for industrial utilisation, 

involves using the autoclaving technique under elevated temperatures. B y subjecting the ash to 

temperatures of 210 °C and applying immense pressure, it becomes feasible to extract up to 90 

% of aluminium through the action of hydrochloric acid with concentrations of 10-35 %. [118] 

Nevertheless, implementing this method proves to be highly challenging, particularly in 

laboratory settings, primarily due to the difficulties in attaining the required operating pressures 

and ensuring effective anti-corrosion treatment of the equipment. 
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2.4.2 Sintering methods 

Sintering methods, in the experimental part, and results further, such as high-temperature 

modification or activation, for separating aluminium are particularly suitable for high-

temperature fly ash with a higher AI2O3 content. The essence of sintering methods is reacting 

with an alkali oxide or carbonate in the solid phase to form more easily separable aluminates or 

aluminosilicates. 

Sintering with limestone 

The sintering of fly ash rich in aluminium with limestone or anhydrous lime is based on the 

original "Pedersen process " used to produce crude iron pigment using calcium-aluminate slags 

from a mixture of bauxite, iron ore, coal and limestone. 

The first step of the process is the magnetic separation of the fly ash, followed by the 

subsequent addition of calcium carbonate or quicklime. The sintering temperature can be 

variably changed between 1,100 and 1,400 °C. The firing results in the formation of calcium 

aluminate phases analogous to the production of aluminium cement. 

The aim of the firing is to prepare the maximum amount of dodecacalcium heptaaluminate 

(mayenite) 12CaO-7Ai203 (C12A7) and the by-product of dicalcium silicate 2 C a O S i 0 2 (C2S) 

from mullite, possibly also from the present glass phase and quartz. Other possible products of 

the sintering method are tricalcium aluminate 3 CaO AI2O3 (C3A) and monocalcium aluminate 

CaO AI2O3 (CA) . However, these two phases are much less soluble than C12A7. The solid-state 

reactions follow the equations (21)-(27). 

C a C 0 3 ^ C a O + C 0 2 , ( 2 1 ) 

7 ( 3 A l 2 0 3 - 2 S i 0 2 ) + 6 4 C a O 3(12CaO-7Al 2 0 3 )+14(2CaO-Si0 2 ) , ( 2 2 ) 

3 A 1 2 0 3 • 2 S i 0 2 + 13CaO 3(3CaO • A 1 2 0 3 ) + 2(2CaO • S i 0 2 ) , ( 2 3 ) 

3 A 1 2 0 3 • 2 S i 0 2 + 5CaO 3(CaO • A 1 2 0 3 ) + 2(2CaO • S i 0 2 ) , ( 2 4 ) 

2CaO + S i 0 2 2CaO • S i 0 2 , ( 2 5 ) 

CaO + F e 2 0 3 —> CaO • F e 2 0 3 , ( 2 6 ) 

CaO + T i 0 2 CaO • T i 0 2 . ( 2 7 ) 

The resulting C2S transforms at a temperature of 500 °C from a monoclinic ̂ -modification 

to an orthorhombic y-modification, which is associated with an increase in phase volume by 

11 %. This modification conversion positively affects the resulting granulometry, as the 

material decomposes into small particles. This method of production is, therefore, partially self-

disintegrating. 

After cooling the material to temperatures of about 100-150 °C, the resulting mixture of 

C12A7 (C3A and C A ) , C2S and unreacted fraction can be separated by leaching in a sodium 

hydroxide solution at 170 °C for several hours. C12A7 is entirely soluble in this medium, C3A 

and C A are significantly less soluble, and the remaining sintering products dissolve only in 
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miniscule amounts. Subsequent filtration can, therefore, desilicate the mixture. Any dissolved 

residual silicate can be further separated by the addition of a suspension of Ca(OH)2 to form 

insoluble calcium aluminosilicates. However, this reaction is not very suitable industrially, 

especially due to the reduced yield of AI2O3. The course of leaching and desilication could be 

better described by the following equations (28)-(32): 

12CaO • 7 A 1 2 0 3 + 1 2 N a 2 C 0 3 + 5 H 2 0 —>14NaA10 2 + 1 2 C a C 0 3 + lONaOH, ( 2 8 ) 

3CaO • A 1 2 0 3 + 3 N a 2 C 0 3 + 2 H 2 0 —>2NaA10 2 + 3 C a C 0 3 + 4NaOH, ( 2 9 ) 

CaO • A 1 2 0 3 + N a 2 C 0 3 — » 2 N a A 1 0 2 + C a C 0 3 , ( 3 0 ) 

2CaO • S i 0 2 + 2 N a 2 C 0 3 — > 2 C a C 0 3 + 2 N a O H + N a 2 S i 0 3 , ( 3 1 ) 

2CaO • S i 0 2 + 2 N a O H + H 2 0 —> 2 C a ( O H ) 2 + N a 2 S i 0 3 . ( 3 2 ) 

In the liquid phase, sodium aluminate N a A l C h is formed, depending on the p H scale. Sodium 

aluminate can be further hydrolysed, and a curtain amount of Al (OH)3 (gibbsite) precipitated. 

Precipitated gibbsite typically aggregates into various agglomerates. The addition of dispersants 

such as polyethylene glycol or polyvinyl alcohol can easily control undesirable agglomeration. 

Al (OH)3 is precipitated from the solution by bubbling through CO2 to form sodium carbonate, 

which is then returned to the production process. So, most of the used sodium carbonate is 

regenerated. Precipitation proceeds through equations as follows (33)-(35). [97-100] 

2 N a A 1 0 2 + C 0 2 + 3 H 2 0 ^ N a 2 C 0 3 + 2 A 1 ( 0 H ) 3 , ( 3 3 ) 

N a O H + C 0 2 —> N a 2 C 0 3 + H 2 0, ( 3 4 ) 

2 A 1 ( 0 H ) 3 — > A 1 2 0 3 + 3 H 2 0 . ( 3 5 ) 

The diagram of the possibility of the optimal production process is described in F ig . 11. 
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Fig. 11 Limestone sintering process [98] 

Sintering with soda and limestone 

A n alternative to the first mentioned method, resp. combination of the two sintering methods 

discussed above is to add soda ash (NaiCCb) to the primary sintering mixture. Sintering of the 

material with soda ash and limestone was initially used to purify bauxite ore from silicon and 

iron compounds, and this procedure can also be applied to high-temperature fly ash rich in 

aluminium. [97] 

In essence, this is a part of modifying the sintering process with limestone. The addition of 

soda ash to the firing mixture facilitates the formation of the melt, significantly shortening the 

sintering process. A t the same time, the formation of NaA102 occurs during firing at 1,100-

1,400 °C. The reactions of the sintering stage of the process are described by reactions (36)-

(40). 

C a C 0 3 ^ C a O + C 0 2 , 

A 1 2 0 3 + N a 2 C 0 3 — » 2 N a A 1 0 2 + C 0 2 , 

3 A 1 2 0 3 • 2 S i 0 2 + 4CaO + 3 N a 2 C 0 3 — » 2 ( 2 C a O • S i 0 2 ) + 6 N a A 1 0 2 + 3 C 0 2 , 

F e 2 0 3 + N a 2 C O 3 ^ F e 2 0 3 - N a 2 0 + C 0 2 , 

2CaO + S i 0 2 — » 2 C a O • S i 0 2 . 

(36) 

(37) 

(38) 

(39) 

(40) 
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The by-product also formed in this process, C2S, is the same as mentioned in the previous 

sintering method. Another difference compared to sintering with limestone is only the course 

of leaching in the separation of C2S from N a A l C h . In the case of the addition of soda to the 

sintering mixture, the subsequent leaching in water can only be carried out. In the case of a low 

degree conversion of N a A l C h formation, leaching the mixture in a soda ash solution is 

necessary as in the previous method. [97, 99-101] The reactions of the leaching stage of the 

process are summarised by equations (41) and (42). 

N a 2 F e 0 4 + 4 H 2 0 —>2NaOH + F e 2 0 3 + 3 H 2 0 , ( 4 1 ) 

N a A 1 0 2 + 2 H 2 0 ^ N a + + [A1(0H) 4 ]- . ( 4 2 ) 

The possible product of this kind of sintering reaction and the influence of calcium and iron 

ions on the product during sintering were discussed by L i u et al. [102]. They published that in 

the case of low calcium and iron content, the primary product of the sintering reaction is sodium 

aluminosilicate rather than sodium aluminate. After donating the system with more than 

10 wt. % of Ca, the sodium aluminate and calcium aluminate phases had appeared. The 

presence of iron ions provides sodium ironate Na2Fe204 creation and also sodium and calcium 

aluminates stabilisation. 

Sintering with calcium chloride 

One of the possibilities of activating high-temperature fly ash for subsequent acid leaching is 

its sintering with anhydrous calcium chloride. C a C h anhydride is a vital drying agent with a 

melting point of 775 °C and a boiling point of up to 1,935 °C. [103] 

In this method, H T F A is sintered with the addition of C a C h (optimised agent addition 100 % 

of fly ash weight) in a muffle furnace at a temperature of 900-1,000 °C for at least 60 minutes. 

Subsequently, the sintering product is allowed to cool freely in air to room temperature, thereby 

partially auto-disintegration the material is done. The process of auto-disintegration, sometimes 

also referred to as self-disintegration of the material, can be described as a phenomenon 

resulting in the spontaneous mechanical decomposition of a compact material into a particulate 

system. This occurs with significant volume changes in the material due to thermal 

crystallisation, rapid cooling, or a chemical reaction. The unreacted calcium chloride is 

removed from the product by washing it with distilled water (possibly diluted with 0.1 M 

hydrochloric acid) and drying. The chemistry of fly ash sintering to form the main product 

C12A7 is described by equations as follows (43)-(45). 

3 A 1 2 0 3 • 2 S i 0 2 + 6 C a C l 2 + S i 0 2 + 6 H 2 0 —> 3(2CaO • A 1 2 0 3 • S i 0 2 ) ( 4 3 ) 

+ 12HC1, 

3 S i 0 2 + 3 C a C l 2 + F e 2 0 3 + 3 H 2 0 —> 3CaO • F e 2 0 3 • 3 S i 0 2 + 6HC1, ( 4 4 ) 

7 ( 3 A 1 2 0 3 • 2 S i 0 2 ) + 3 6 C a C l 2 + 3 6 H 2 0 —> 3(12CaO • 7 A 1 2 0 3 ) + 1 4 S i 0 2

 ( 4 5 ) 

+72HC1. 
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This method is intended to provide higher efficiency and shorten the time of the leaching 

process. According to the authors' experimental results, it is possible to achieve an efficiency 

of alumina extraction of up to 95 % by leaching in dilute sulphuric acid solutions at room 

temperature for 1-2 hours. A t the same time, titanium leachability and iron separation are 

increased. The course of leaching is described by reactions (46) and (47). 

3CaO • F e 2 0 3 • 3 S i 0 2 + 6 H 2 S 0 4 — » 3 C a S 0 4 i + 3 H 4 S i 0 4 i + F e 2 ( S 0 4 ) 3 , ( 4 6 ) 

12CaO • 7 A 1 2 0 3 + 3 3 H 2 S 0 4 — » 1 2 C a S 0 4 i + 7 A 1 2 ( S 0 4 ) 3 + 3 3 H 2 0 . ( 4 7 ) 

The formed calcium sulfate and silicic acid are insoluble in the medium and therefore can 

be removed from the mixture together with the unreacted fraction by filtration. [104] 

Ammonia sintering 

Another possibility to F A chemical and phase modification to obtain macro-concentrated 

elements is sintering with ammonium salts. Ammonium sulfate was found after the experiments 

as the best source of ammonia ions to this reaction. The proper conditions to this process based 

on experimental results of [105, 106] were 280-500 °C and 1-3 hours. Above 280 °C the 

ammonia starts to be released from ammonium sulphate and over 500 °C. The ammonium 

aluminium sulphate starts to decompose forming aluminium sulphate and ammonia. After 

sintering, the mixture is cooled slowly to laboratory temperature, and it is advisable to grind the 

sinter. While lowering the particle size to less than 15 urn, the efficiency of the next leaching 

process increases 2-3 times. Sintering product ammonium aluminium sulphate could be then 

decomposed by leaching in both strong acid and alkali solutions. The sintering and leaching 

process could be described by equations as follows: 

4 ( N H 4 ) 2 S 0 4 + A 1 2 0 3 ^ N H 4 A 1 ( S 0 4 ) 2 + 6 N H 3 + 3 H 2 0 , ( 4 8 ) 

2 N H 4 A 1 ( S 0 4 ) 2 + H 2 S 0 4 —» ( N H 4 ) 2 S 0 4 + A 1 2 ( S 0 4 ) 3 + H 2 , ( 4 9 ) 

2 N H 4 A 1 ( S 0 4 ) 2 + l O N a O H — > 2 N H 4 O H + 2 N a A 1 0 2 + 4 N a 2 S 0 4 + 4 H 2 0 . ( 5 0 ) 

The leachability of A l can reach up to 90 °% via extraction in an acid solution. The acidic 

form of leaching is preferred, especially due to the regeneration of the modifying agent and to 

avoid the formation of sodium aluminosilicate, which could form a reaction product in alkali 

leaching. 

2.4.3 Combined and other methods 

Other methods can also be used to activate fly ash for individual commodity recovery. These 

are mostly based on modifying various traditional methods of producing important and strategic 

commodities. 
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Alkaline desilication of fly ash 

In the case of desilicated or partially desilicated fly ash, the molar ratio A k O V S i O i increases 

in the range of 1.6-2.0. The material treated in this way can be a suitable raw material for the 

processes described in Chapter 2.4.1 and thus significantly increase their efficiency and 

usability. 

The desilication can be performed by leaching the sintered fly ash in a medium composed 

of soda ash and sodium hydroxide. The optimised solution for leaching in industry contains 5 g 

NaiCCb and 15 g N a O H per litre of medium. This reaction experimentally assessed the fly ash 

to medium ratio as 1 to 15. The leaching is carried out at 85 °C for at least 15 minutes while 

stirring the mixture. Otherwise, this method does not appear to be selective for diluting silicon 

content only. Even some aluminium components are diluted by this method, too, as shown in 

the following equations (51)-(52). [120-122] 

2 N a O H + S i 0 2 (amorphous) —> N a 2 S i 0 3 + H 2 0, ( 5 1 ; 

1 0 N a 2 S i O 3 + A1 20 3(amorphous) + 1 9 H 2 0 ^ N a 6 A l 6 S i 1 0 O 3 2 • 1 2 H 2 0 + 14NaOH. ( 5 2 ' 

The pre-treated ash then undergoes sintering, which is performed either in powder or shaped 

pellets. Limestone or lime is added to the fly ash in a C/S molar ratio of 2 and soda ash in a 

N / F A ratio of 1. Physical or chemical activation of the F A is recommended to improve the 

efficiency of the desilication process. Physical/mechanical activation is based on milling to 

lower the particle size, while chemical activation mainly uses pre-leaching in an acid solution 

to open the structure. [120-122] 

Thermal chlorination 

One of the possibilities for obtaining titanium from fly ash is chlorination carried out at high 

temperatures and increased pressure in excess chlorine. The method can only be applied to 

materials separated from iron compounds. It is also suitable for application on fly ash with 

a non-combustion content of more than 5-7 %, when adding further reduction agents to the 

reaction mixture is unnecessary. Thermal chlorination method process is similar to the 

chlorination method of Ti02 production from raw materials. 

The fly ash is chlorinated by this method in a closed reactor at a pressure of more than 

15 atm. at a temperature of 900-1,100 °C for several hours by several times the excess of 

chlorine gas to form titanium tetrachloride, which reacts to T i02 by the subsequent oxolysis 

process. Using more demanding and sophisticated final methods, it is possible to prepare 

titanium metal using the mentioned method. [123, 124] 

The method is not very economically viable; however, i f it is applied to a solid filtered after 

sintering and leaching of fly ash in processes for aluminium separation and C2S flushing, the 

by-product may contain about 85 % T i 0 2 , and this method seems interesting. 
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2.5 Possibilities of selective precipitation of dissolved content from acidic 
solutions 

Finely ground fly ash is leached at laboratory or increased temperatures in a solution of 

sulphuric acid for several hours, which gradually converts into a solution of toxic and also 

valuable elements, including A l and T i (Fe, S i , As , C d , Hg , Pb) from the solid phase. The 

undissolved residue of the raw material sediments can be easily filtered from the leachate. The 

individual metals can be selectively precipitated by the addition of 25 % ammonia solution to 

form not entirely stoichiometric sulfate-aqua-ammonium complexes. This is a very selective 

method, as the p H range determining the flocculation of the individual complexes has 

a sufficiently wide interval, so that no complexes with double cations are formed. The size of 

the flakes can be modified and controlled by the addition of alkalis during precipitation. For 

example, sodium and potassium hydroxides can be used as precipitants, but the resulting flakes 

of the complexes are much smaller and tend not to agglomerate much, on the other hand, their 

use makes it possible to form very fine structures which can reach sub-micron dimensions after 

subsequent annealing. [113, 125] 

2.5.1 Titanium and aluminium 

Titanium precipitates at p H 2.05, aluminium at p H = 6.5 and the remaining and toxic 

elements (heavy metals, rare elements) only at p H 8.5 and higher. This method is therefore 

completely selective for titanium and aluminium and relatively economically viable. Using 

separation, metals in their oxide form can be obtained by short annealing with the gradual 

release of ammonia and sulphur dioxide, which can then be returned to the production process 

of the leaching and precipitation medium. To increase efficiency, bacteria of the genus 

Rhodococcus adsorbed on magnetite can also be introduced into the p H 2.05 solution. During 

biomagnetic separation, bacteria move from the magnetite to the Ti-containing material. [125] 

2.5.2 Techniques for extracting rare elements 

In this chapter, leaching methods for separating selected components in fly ash w i l l be further 

evaluated in detail. L iquid extraction methods are currently the most widespread possibilities 

for obtaining rare or expensive elements, especially for their versatility and simple industrial 

applicability. In this regard, suitable literature summarising the dissolution of these elements as 

a function of p H was selected. 

Evaluating the effect of p H on the amount of dissolved elements in a given medium is critical 

to creating a comprehensive process for separating components from fly ash. 

Antimony 

Antimony is most often found in coal or fly ash in the form of sulfides or silicates. If the 

antimony accompanies the pyrite present, the antimony can be obtained from the fly ash in 

a relatively straightforward manner, for example by leaching methods in an acidic medium, 

where it is dissolved in p H < 5 together with the iron released by thermal decomposition of the 
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pyrite. As the p H decreases, the leachability of antimony increases. Alkaline p H values do not 

give favourable results when transferring antimony into solution. 

However, i f the antimony is bound in the form of silicates, then Sb is entirely insoluble in 

all acidic and some alkaline solvents. A significant increase in leachability occurs only from 

p H > 12.5. 

Therefore, the total leachability of antimony depends on the ratio of sulfides and silicates in 

the coal or the fly ash itself. The results of foreign authors of the experimental implementation 

of the dissolution of antimony from fly ash show that using an acidic medium can transfer up 

to 36 % of the Sb present, while only about 12 % using an alkaline agent. However, it is 

necessary to consider that the tested fly ash samples showed a large variability in composition. 

[126-128] 
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Fig. 12 Leachability of antimony depending on pH [126] 

Barium a beryllium 

Barium is present in fly ash in the form of variably soluble compounds such as carbonates (less 

usual) or sulfates. With regard to the combustion process, the typical presence of B a in 

carbonates is due to the low temperature and thus the less calorific fuels burned in the fluidised-

bed. In high-temperature fly ash B a is usually not contained mainly due to the subsequent 

desulphurisation of flue gases by the wet method, when B a precipitates and crystallises together 

with gypsum. The solubility of barium compounds does not show significant changes 

concerning the p H of the solution, most compounds are barely soluble to insoluble. The 

leachability of B a into solution is also affected by the presence of calcium ions, where 

a competitive reaction to sulfate occurs. Barium sulfate is insoluble and therefore precipitates 

from solution in the form of an anhydrous salt, in some cases it may precipitate from solution 

in the form of double sulfate together with strontium. The possibilities of obtaining B a from fly 

ash, when its characteristic representation is in tens of ppm with regard to its solubility, do not 

seem to be economically and procedurally advantageous. Evaluation of B a content has only 

informative character in combustion by-products (fly ash, energy-gypsum) in order to 

determine their possible toxicity, etc. [126, 129] 
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Beryll ium, one of the lightest elements in the periodic table, is very difficult to determine in 

fly ash or other materials. A t the same time, Be is currently a strategic element, especially in 

application areas in X-ray lamps. Be is almost insoluble in the p H range of 6 and above. Even 

in an acidic environment, the equilibrium concentrations of Be reach values of only up to tens 

ofppm. [126, 130] 

p H 

Fig. 13 Leachability of beryllium depending on pH [126] 

Cadmium, mercury, caesium, molybdenum, arsenic 

The leachability of these elements, depending on the extracting agent, is very important, 

especially in the areas of workplace safety and environmental protection. Due to the fact that 

these are relatively dangerous poisons, it is necessary to determine the components of all 

separation products. During leaching, significant solubility changes occur in this group of 

elements. With increasing p H the leachability of C d gradually decreases, does not change 

significantly for mercury, and increases for molybdenum and arsenic. [126] 

Cadmium and mercury are most often trapped on the surface of fly ash grains, while caesium 

and molybdenum are more often contained in the grain matrix and resist leaching in the initial 

stages. As soon as the physical and chemical properties of the aluminosilicate matrix of the 

grain change, there is a significant increase in the leachability of these components as well . The 

value of the maximum equilibrium concentration of Cs in solution based on experimental data 

[131] can be considered as 1 ppm, as it did not exceed this value during a wide range of 

experimental conditions. 

The pH-dependent curve of molybdenum solubility shows that the highest leaching of M o 

occurs under conditions from neutral to slightly alkaline. A t p H =12 , there is a significant 

decrease in its solubility. This phenomenon can therefore be used in applications leading to the 

separation of M o from solution. [126] Possibilities of obtaining molybdenum from fly ash, resp. 

to be exact, Ogata et al. [132] studied different types of solutions by combined leaching in 

hydrochloric acid and sodium hydroxide in the presence of gibbsite. In the first phase, the fly 

ash was treated with hydrochloric acid, and gibbsite was added to the solution with p H = 2. 

Under these conditions, precipitation of molybdenum ions occurred. Gibbsite was used as a 

nucleating agent to precipitate M o on its surface. After completion of the precipitation, the 
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mixture was calcined at 400 °C to yield molybdenum oxide. The selective separation of M o 

from gibbsite was then done by the action of a solution of N a O H , whereby the aluminium 

component has been dissolved. 

Arsenic is most commonly found in coal as a substituted impurity in pyrite. During the 

combustion process, As is decomposed, volatilised and subsequently condensed on the surface 

of the grains. In this respect, As compounds in fly ash are prone to easy leaching, especially in 

the p H range of 7-10. In acidic and alkaline environments, leaching into the solution hardly 

occurs. The p H of the fly ash itself also contributes to this phenomenon. In the case of acid fly 

ash, arsenic can be released, for example, in concrete product applications, where the action of 

an alkaline porous solution results in the formation of readily soluble compounds. Furthermore, 

the leaching of As is affected by the presence of calcium ions. With increasing concentration 

of C a 2 + ions, calcium arsenate Ca3(As04)2 is formed, which is classified as a carcinogen, and 

at p H > 11.5, ettringite (contaminated with As) precipitates and the amount of A s in solution 

decreases rapidly. [126, 133] 
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Fig. 14 Leachability of arsenic, cadmium and molybdenum depending on pH [126] 

Chromium 

The low proportion of chromium in the fly ash does not indicate the future use of this material 

as a potential source of Cr. C r V I is another element with an adverse effect on living organisms. 

This oxidative state is known for its carcinogenic and mutagenic nature. In coal, chromium 

occurs in the form of Cr 1 1 1 as an impurity in illite. During the combustion process, Cr is released, 
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and its oxidation and reduction reactions take place. It is oxidised due to increased temperature 

and excess oxygen from trivalent to hexavalent and reduced due to the formation of SO2. C r V I 

then contains approximately 5% of the total chromium content in the fly ash. In particular, 

hexavalent chromium is very soluble in aqueous solutions. It thus poses a potential risk of 

contamination of other products from fly ash, as well as during fly ash processing in different 

areas of industry (concreting, ceramics, etc.). Overall, chromium can be described as a well-

leachable element, both in a strongly acidic and alkaline environment, as shown by the leaching 

curve in F ig . 15. [126] 

pH 

Fig. 15 Leachability of chromium depending on pH [126] 

Lithium, rubidium 

Rubidium, like other alkalis, forms readily soluble salts. Although fly ash, with its rubidium 

content of tens to hundreds of ppm, is not the most suitable by-product for its profit, in tandem 

with profit from other components, it can be an exciting alternative. The formation of readily 

soluble chlorides is characteristic, even in aqueous media. Rubidium can then be selectively 

precipitated from aqueous extracts as hydroxide and further processed, for example, by 

calcination. Furthermore, Ru can also be obtained from acidic or alkaline extracts. For the 

highest leachability, it is appropriate to use a hydrochloric acid solution. [126, 134] 

Increased emphasis is placed on lithium applications, especially in the areas of sophisticated 

materials and electronics. Lithium, the third lightest element of the periodic table, is 

exceedingly difficult to determine qualitatively and quantitatively using commonly available 

analyses. Research teams in the U S A had studied the acquisition of lithium from energy by­

products since the 1970s when several patented technologies were created. The basis of all 

proven methods is using a neutral or weakly acidic leachate and the subsequent selective 

precipitation of the desired lithium compound. These can be hydroxides (alkalisation of the 

solution up to p H = 13), carbonates (introduction of CO2 gas into the acidified solution). In 

particular, the method of bubbling the solution with CO2 appears to be very economically viable 

and easily feasible experimentally. In total, it is possible to separate up to 90 % of the Rb present 

from the fly ash. [134-136] 
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Germanium, gallium 

Germanium and gallium can be described as strategic elements, especially in the developing 

areas of semiconductors, electronics and special ceramics. In the earth's crust, they most often 

accompany zinc compounds, and therefore are most often obtained from by-products of Z n 

production and processing. However, Ge and Ga can also be relatively abundant in some types 

of coal. Since the 1970s, many methods have been tried to separate these two components, 

especially from black coal fly ash. Most methods are based on acid leaching and subsequent 

selective separation of dissolved components. Arroyo et al., for example, have dealt with this 

method in their work [137, 138]. Germanium, together with gallium, was separated from the 

fly ash using acidic, alkaline and complexing agents. The highest yields of Ge (up to 90 %) 

were achieved by using the complexing agent catechol in the process according to the following 

figure: 
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Fig. 16 Scheme of the hydrometallurgical process of Ge and Ga recovery using complexing agent [137] 

As seen above, regarding the chemical reagents used and the total number of steps, this 

complex process can hardly be implemented. For this reason, a series of experiments based on 

simple leaching and precipitation with acidic and alkaline solutions were performed. The 

leachability of Ge in these media is 60-98 % after 30 min of extraction (60 % 1 M H2SO4, 82 

% 1 M HC1 and 98 % 1 M NaOH). With increasing extraction time, leachability increases, but 

only in a single percentage. A certain amount of Ga, M o and Sb is also present in these solutions. 

Therefore, for efficient separation of Ge from fly ash, it is suitable to use strongly acidic (pH < 

1) or strongly alkaline (pH > 12) solutions. 
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Another possibility for obtaining Ge and Ga is the already patented technology ( U S A 1986) 

based on the physical properties of these two elements. The process is based on sublimation at 

temperatures of 700-900 °C, trapping and cooling vapours. Up to 90 % of Ga can be separated 

in this process. However, in terms of energy requirements, the use of this method is very 

debatable. [134] 

Precious metals 

Elements such as A u , A g , Pt, Ir, Rh can be included in this group. Precious metals such as gold 

(Au) and silver (Ag) have many applications in industry, jewellery and medicine. Some A u 

compounds are used as anti-inflammatory drugs, e.g., in treating rheumatoid arthritis. A g 

compounds are then used in the treatment of infections and disinfectants. Gold is also 

increasingly used in electronic devices and A g is used in photography, industry and solders. 

Methods for separating this whole group of elements have been developed and applied since 

the late 1990s. Many of them have been patented, especially in the U S A . These patents most 

often use combustion processes combined with acid leaching. In the first phase, fly ash rich in 

these precious metals is burned with high-quality coal to melt the grains. Subsequently, these 

extracts are leached in an environment of 30 % HNO3 and the leachate is further electrolysed. 

These elements are then separated from the leachate on the base of electromobility or using 

selective reagents. Silver is separated by adding a solution of HC1, Rh , Ir, and others, which can 

then be selectively precipitated using K O H , resp. NaBH4. Pd can be separated by an insoluble 

PdCb(NH3)2 complex, i.e. HC1 additions and NH4OH flocculation. Alternatively, the Pd can be 

separated by the action of organic reagents. Pt can also be obtained by a combination of HC1 

and ammonia such as (NH4)2PtCl6. [134] A l l these products can then be calcined to oxides, 

possibly using an electric arc furnace or carboreduction to elemental metals. [138] 

Selenium, tellurium, thallium 

Selenium occurs abundantly in coal with a higher content of other minerals. The primary 

sources of selenium in coal are sulfides and organic compounds. During the combustion 

process, many reactions occur, and selenium often substitutes iron in its oxides. For this reason, 

Se is contained in the fly ash matrix. In the case of alkaline fly ash with a higher lime content, 

CaSeCb can then be formed, which is then concentrated on the surface of the fly ash particles. 

The p H value strongly influences the leachability of selenium, and it passes into solution in 

both acidic and basic environments. A t p H > 2, stable selenic acid is formed, which is stable in 

this environment and remains in solution. Above this value is a gradual formation of hydrogen 

selenites, which, due to the increase in p H , have a higher absorption on the surface of the ash 

grains. Subsequently, the solubility of the compounds decreases up to the alkaline range, where 

at p H = 12, there is a sudden change in solubility. [126, 134, 139] 

The experimental data of Wang et al. [139], who studied the solubility of Se compounds in 

fly ash as a function of p H , indicate the possibility of separation of this element using both 

acidic and alkaline media. It also depends on the ratio of the oxidation states of S e I V and Se V I , 
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where the lower oxidation state can be more effectively converted into solution, and at the same 

time the effect of p H of the extractant used is more pronounced, as shown in the Fig . 17. 

Up to 70 % of selenium compounds from black and brown coal fly ash were experimentally 

leached by combining leaching in nitric acid and sodium hydroxide. 

Tellurium and thallium occur in fly ash only in minimal amounts, while their content usually 

increases with coal quality. These elements are most often present in the surface layers of fly 

ash grains; they occur sporadically in the matrix. In practice, they usually accompany the 

occurrence of selenium and are soluble in strongly acidic environments. However, their total 

leachability across a wide range of experimental conditions did not exceed 10 %. 
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Fig. 17 Comparison of the effect of pH on solubility changes of S Se I V (right) and Se V I (left) [139] 

Tungsten, vanadium 

Tungsten is relatively non-volatile; hexavalent tungsten (WVI) is very thermodynamically 

stable in fly ash, and its leachability is almost non-existent. W can form water-soluble 

compounds such as scheelite (CaWO^) in alkaline fly ash with a higher calcium content. 

Tungsten is not subject to dissolution at p H < 5 (less than 1 %). Calcium, sodium, potassium, 

or other alkalis metal tungstates dissolve in the neutral p H range. In an alkaline environment, 

up to 2-24 % of the tungsten present can be extracted. [126, 131] In terms of the presence of 

tungsten in the fly ash and not very satisfactory leachability, the use of fly ash as a source of W 

is unlikely. 

Vanadium is currently used in both iron and non-iron alloys due to increased tensile strength, 

hardness and other mechanical properties. It is also used as a catalyst or in progressive 

vanadium redox batteries. Vanadium is abundantly obtained from coal and its residues. Some 

methods of recovering V from fly ash and other coal residues have been patented in the past. In 

summary, these are leaching and precipitation mechanisms, in some cases supplemented by 

combustion. In these processes, acid leaching of the material and subsequent precipitation using 

N a O H solution and calcination of the intermediate to V2O5 is most often used. These techniques 

lead to efficient separation of up to 98 % of the V present, but a significant excess of extraction 
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medium significantly disadvantages the whole process. Xiang et al. and Vitolo et al. dealt with 

the possibilities of direct leaching and incineration with subsequent leaching. [140, 141] 

The former dealt with the conversion of V into solution using sulphuric acid. He discusses 

optimising leaching conditions, such as the used reagent's temperature, time, and concentration. 

Based on these parameters, the highest efficiency of extraction V into the solution was achieved 

using 6 M H2SO4, at a temperature of 90 °C and a reaction time of 3-5 hours. Under these 

conditions, up to 96 % of the vanadium present was dissolved. The latter uses a three-stage 

process, in which in the first step the fly ash activated by sintering at a temperature of 650-

1,150 °C is leached in a sulphuric acid medium (3 M ) and then oxidative precipitation occurs 

with NaClCb. The resulting V2O5 is then subsequently cleaned of contaminants several times. 

According to this method, the resulting amount of extracted vanadium from fly ash reached 

83 %. 

Fig. 18 Leachability of tungsten and vanadium depending on pH [126] 

Yttrium, lanthanides, radioactive elements 

Radioactive elements have extensive industrial and scientific applications despite their nature, 

risks, and difficult preservation. Most coal ores contain impurities of natural radioactive 

elements. The most represented are U , Ra, Th. Most research is based on acidic leaching 

methods and subsequent selective separation from solutions. Promising leachability was 

achieved using all mineral acids, where the number of extracted elements, U , Th and Ra, 

exceeded 90 %. This fact is especially important in the application of solid residues after 

leaching but also in the possible contamination of selective separation products. [134] One of 

the complex procedures for the separation of radioactive elements from fly ash was discussed 

by Maslov et al. [142]. They achieved the best results by leaching the fly ash in 8 M H2SO4 

with the addition of 10 % H F . Subsequently, the individual groups of elements were separated 

from each other using a commercial anion exchanger using 2 M HC1 as an eluent. The 

separation efficiency in their case was 99 % for U and 97 % for other radioactive elements. A t 

the same time, no radioactive isotopes or their transformation products were detected in the 

solid residue after extraction. Diagram and individual groups of extracted elements are 

summarised in the following figure: 
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in 8 M H N O 3 + HF(10%) 

solution 

4 7 Ca , 8 9 Zr , 5 4 M n , l l 7 S n 
1 3 9 Ce, 7 4 As, l 3 2 Cs , 8 4 Rb 

X 

3 

1 3 9 Ce, 4 7 C a , 7 4 As, 
5 4 M n , S 9 Zr , l l 7 S n 

1 1 7 Sn, 1 3 9 Ce 

Yield of 2 3 7 U > 90% 

Fig. 19 Scheme of radiochemical separation of elements from fly ash and their resolution [142] 



3 GOALS OF WORK 

Hlavním cílem této práce je nalezení způsobů, jak dosáhnout maximální efektivity procesu 

separace majoritních prvků z vedlejších energetických produktů. Tohoto bude dosaženo 

pomocí výzkumu použití vhodných metod a postupů používaných v běžných odvětvích 

zpracování tradičních komodit - hydrometalurgických procesů. Dále pak bude prozkoumána a 

blíže objasněna možnost různých způsobů a možností modifikace popílků, ať už 

vysokoteplotních, či fluidních pro docílení vysoké míry efektivity celého separačního procesu. 

Klíčovým parametrem pro posouzení vhodnosti experimentálně navržených řešení bude 

zejména parametr vyluhovatelnosti (rozpuštění do roztoku) hliníku, železa a titanu. 

Cíle práce lze rovněž vyjádřit v v bodech následovně: 

1) Literární rešerše shrnující původ a vlastnosti popílků, jejich stávající způsoby zpracování 

s přesahem o potenciální aplikace jako zdroje surovin. 

2) Analýza složení vstupních surovin. 

3) Studium způsobů zisku vybraných komodit pomocí hydrometalurgických procesů. 

4) Modifikace vstupních surovin a parametrů aktivace extrakce pro dosažení co nejvyšší 

míry efektivity procesu. 

5) Diskuze a shrnutí podstatných výsledků výzkumu. 

The main goal of this work is to find ways to achieve the maximum efficiency of the process 

of separating major (macro-concentrated) elements from coal combustion products. This w i l l 

be achieved by researching the appropriate methods and procedures used in traditional 

commodity processing industries, such as hydrometallurgical processes. Furthermore, various 

techniques and possibilities of ash modification, either high-temperature or fluidised-bed ashes, 

wi l l be explored and clarified to achieve high efficiency in the entire separation process. 

The key parameter for assessing the suitability of experimentally designed solutions w i l l be 

the leachability parameter (dissolution into solution) of aluminium, iron and titanium. 

1) Literary research summarizing the origin and properties of fly ash, their existing 

processing methods with an overlap of potential applications as a source of raw materials. 

2) Analysis of the input raw materials composition. 

3) Possibilities of selected commodities recovery using hydrometallurgical processes. 

4) Modification of input materials and parameters of activation and extraction to maintain 

the most effective form of the recovery process. 

5) Discussion and summary of the main research results. 
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4 EXPERIMENTAL 

The experimental section of this thesis focuses primarily on identifying effective methods for 

activating fly ash to maximise the leaching of aluminium, followed by iron and potentially 

titanium, within a reasonable experimental timeframe. This was achieved through the 

application of conventional techniques and protocols, specifically the prevalent 

hydrometallurgical process involving leaching with a suitable reagent (specific type and 

concentration), optimisation of the solid-to-liquid phase ratio, reaction conditions (i.e. 

temperature and time)... 

4.1 Summary of utilised samples and input materials 
Various ash samples were chosen to extract macro-concentrated elements, specifically 

aluminium, titanium, and iron. These samples were obtained from the energy industry's 

production in multiple countries, including the Czech Republic, Poland, Turkey, and India. 

Additionally, the experiment encompassed the examination of ashes of natural origin, 

specifically volcanic ash from the Sicilian region. 

H T F A from the C R : Počerady, Tušimice, T D K , Prunéřov, Ledvice, Dětmarovice, Opatovice, 

Paskov, Tisová, Vřesová, Orlen, 'ZDÁŠ, TTR. 

F B A / F F A from the C R : Ledvice, Poříčí, Hodonín, Tisová. 

H T F A other countries: Rybnik, Opole (Poland); Sarni, Angul (India); non-specified locality 

Turkey. 

Natural F A from Italy, Sicil ia: Etna Silvester's craters, Stromboli 

Other chemicals and reagents: finely ground limestone from Štramberk and Vitošov, 

concentrated solutions of mineral acids such as sulphuric, phosphoric, nitric, and hydrochloric 

(p.a., Lachner), hydrogen peroxide, ammonia (p.a. Penta), anhydrous sodium, potassium, and 

calcium chlorides, citric acid anhydrous (p.a. Lachner), sodium and potassium carbonates (p.a. 

Lachner), sucrose, chelate III, sodium and potassium hydroxides, murexide, phenolphthalein 

(p.a. Penta) and demineralised water ( F C H B U T ) . 
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4.2 Methods of laboratory analysis 

4.2.1 Determination of moisture 

A l l samples of CCPs used in the study were dried to a constant weight at 105 °C for H T F A and 

65 °C for F F A and F B A before manipulation. The lower drying temperature for F F A and F B A 

is due to the expected presence of gypsum, a by-product of the dry flue gas desulphurisation 

process, to prevent its decomposition into hemihydrate, etc. This is how the moisture content 

of the samples was determined. 

4.2.2 Determination of loss on ignition 

Furthermore, the loss on ignition was determined in accordance with C S N E N 72 2071 [143] 

in ceramic crucibles in a muffle furnace with a ramp of 5 °C/min to a temperature of 1,000 °C 

and a duration of 60 min, followed by controlled cooling with a ramp of 5 °C/min to a 

temperature of 150 °C, after which the samples were removed and left to cool to room 

temperature in a desiccator. 

4.2.3 Determination of the free (reactive) calcium oxide content 

The determination of the free (reactive) calcium oxide content was conducted for F F A and F B A 

and samples subjected to a thermal activation reaction with CaCCb reagents. The reactive part 

of CaO was quantified using the sucrose method following the guidelines of C S N E N 72 2080. 

[144] This involved using a sample weight of 0.5 g, along with 15 g of sucrose and 50 g of 

demineralised water in a 250 m L plastic Erlenmeyer flask. The mixture was shaken horizontally 

on a laboratory shaker for 15 minutes. Subsequently, calcium saccharide was titrated with 

standard HC1 solution, with phenolphthalein serving as a visual colourimetric indicator of the 

equivalence point. 

4.2.4 Complexometric determination of calcium 

The calcium content in the aqueous solution of the samples subjected to thermal activation 

reaction using C a C h was determined by complexometric analysis. To initiate the analysis, a 

2 g sample dose was mixed with 50 m L of demineralised water in a 250 m L Erlenmeyer flask. 

The flask was then placed on a laboratory shaking machine with horizontal movement for a 

duration of 30 minutes. Following this, 2.5 m L of 5 M K O H was added to the aliquot to adjust 

the p H to a highly alkaline level and precipitate magnesium hydroxide. The resulting mixture 

was subsequently titrated using a standard solution of chelate III, with murexide serving as a 

visual colourimetric indicator to determine the equivalence point. For the dilution of C a 2 + ions 

in Chapter 5.4.3, washing with citric acid was used due to the combination of CaCCb and C a C b 

in the sample. 
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4.3 Methods of instrumental analysis 
Various instrumental or structural analysis techniques were employed to characterise the input 

components, activated precursors, solutions during the extraction processes, or the resulting 

products obtained. The subsequent sections wi l l concisely overview sample preparation 

procedures and characterisation conditions. 

4.3.1 Phase composition - X-ray diffraction analysis 

The powdered X-ray diffraction ( X R D ) technique has been extensively utilised to examine the 

phase/mineralogical composition of the input components and monitor phase changes in situ 

during high-temperature modification/activation reactions. The analysis involved processing a 

powder sample either by grinding in an agate bowl or using a vibrating mi l l in a zirconium 

bowl. Measurements were conducted using a copper anode ( K a i = 1.5406598 A , Ka2 = 

1.544426 A ) with an excitation voltage of 40 k V and a current ranging from 5-90° 20, with a 

step size of 0.01313° 20 on an Empyrean 2 instrument from Panalytical. Calcium fluoride 

served as a standard for quantitative Rietveld analysis, including the assessment of amorphous 

phase content. The collected data were evaluated using the software High Score plus. 

4.3.2 Chemical composition - X-ray fluorescence spectrometry 

Indicative values of the elemental composition of the samples were determined using X-ray 

fluorescence spectrometry (XRF) in the bulk state in a plastic vial with a thin PP foil (the sample 

was ground in an agate grinding bowl or ground in a vibrating mi l l and a zirconia bowl before 

measurement). The determination was carried out on an Olympus Vanta E D X - X R F stand with 

a 4 W Cu-anode at an excitation voltage of 40 k V , with a measurement time of 90 s for light 

and heavy elements. 

4.3.3 Morphology and chemical composition - Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to monitor the morphology of the samples as 

well as the chemical composition. Before analysis, the sample was seduced by vaporising a 

layer of gold in an argon plasma environment. Secondary and backscattered electron imaging 

was used to monitor the morphology of the samples. A n accelerating voltage of 10 or 15 k V 

was used depending on the nature of the analysis and a current of 100 p A to 2.5 n A 

(images/EDX analysis, W D 12 mm). Zeiss E V O L S 10 equipment was used. The E D X method 

(Oxford Instruments) analysed the elemental composition and evaluated it by AZtec software. 

4.3.4 The determination of the specific surface area 

The determination of the specific surface area of a material is crucial in assessing its reduction 

efficiency. N2 adsorption/desorption behaviour was studied using the N O V A 2200 gas sorption 

analyser (Quantachrome). Samples were pre-treated by degassing them under the vacuum at 

200 °C for 24 hours in case of H T F A samples and at 30 °C for 72 hours in case of F F A and 
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F B A samples. The multipoint B E T (Brunauer-Emmett-Teller) method calculated total specific 

surface area from adsorption isotherm. 

4.3.5 Particle size distribution determination 

Laser diffraction was used to determine powdered samples' particle size and distribution. The 

particle size distribution was measured in a dry dispersion environment using a Venturi nozzle 

at a dispersion pressure of 2 bar and a vacuum of 10-50 mbar; the optical concentration of the 

sample was 3-5 % with an approximation to spherical particles (shape factor 1.00). The 

Fraunhofer diffraction model suppressing optical parameters was used for the evaluation. 

Measurements were made in the 0.1-1,750 um range on a Helos K R instrument with a Rhodos 

dispersion system from Sympatec. 

4.3.6 Thermal behaviour determination 

Thermogravimetry and differential thermal analysis ( T G - D T A ) were utilised to investigate 

sample behaviour under increasing temperatures, detecting weight changes and differentiating 

individual thermal processes such as decomposition and crystallisation. A sample weighing 10-

30 mg in a corundum crucible underwent analysis in an inert argon atmosphere with a flow rate 

of 100 ml/min and a heating rate of 5 °C/min up to a target temperature of 1,000 °C for 

60 minutes, followed by cooling at 5 °C/min to 600 °C. The analysis was conducted using the 

SDT Q 650 instrument from T A Instruments. 

Thermal microscopy involved observing changes in the sample's silhouette shape at a 

temperature rate of 5 °C/min up to a target temperature of 1,350°C. A picture of the sample's 

silhouette was taken after each 10 °C temperature increase, allowing for the evaluation of 

volume changes resulting from reactions like decomposition or sintering. A n incandescent 

microscope Hesse Instruments EM-201 in a horizontal arrangement was employed for this 

analysis. 

4.3.7 Inductively coupled plasma optical emission spectrometry 

While other methods focused on characterising the solid state of samples and raw materials, 

ICP-OES was explicitly used to determine the exact content of individual components 

(elements) before and during the extraction process. 

To prepare the samples for analysis, they were first converted from a solid to a liquid phase 

by melting them on a gas melter. This was achieved by using a mixture of propane-butane, 

oxygen, and air, along with lithium fluxes tetraborate and metaborate in a weight ratio of 3/1 

and lithium bromide as a wetting agent. The sample weighed 0.5 g, while the flux mixture and 

wetting agent weighed 7.5 g and 0.5 g, respectively. The resulting homogeneous melt was then 

dissolved in 150 m L of nitric acid diluted in an acid/water ratio of 1/2, and this solution was 

stirred at 80 °C for 30 minutes using a teflon beaker and stirrer. 
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After the extraction process, samples of the resulting mixtures were taken at specific time 

intervals and the solid part was separated from the liquid using a centrifuge. The liquid portion 

was then subjected to analysis using ICP-OES. 

ICP-OES uses argon plasma to atomize the sample. The sample is introduced into the 

nebuliser via a peristaltic pump and then mixed with argon before entering the plasma torch. 

The analysis is based on linear calibration curves. The measurements were performed using 

Ult ima 2 device manufactured by Horiba. 

4.4 Sample pre-treatment before extraction 

4.4.1 Homogenization 

The dried fly ash samples were mixed with the activator (or their blend) in plastic sealable 

containers, filling them up to 25 % of the container volume. Zirconium balls with a diameter of 

10 mm were then added in an appropriate quantity. The homogenisation process lasted for 

24 hours on a laboratory shaker of the "head/heel" type, operating at a speed of 2 s head-to-

head. 

4.4.2 High-temperature activation reaction 

The high-temperature reaction between fly ash and selected activating agents occurred either in 

vertically positioned tablets or in fireclay cups ranging from 5 m L to 250 m L in volume. This 

process took place in a muffle furnace, following a heating mode of 5 or 10 °C until reaching 

the desired temperature range of 800-1,100 °C, with a maximum duration of 180 min. 

Subsequently, controlled cooling at a rate of 5 °C/min was applied until reaching a temperature 

of 150-600 °C, or alternatively, uncontrolled rapid cooling to room temperature was 

implemented. 

4.4.3 Extraction process 

The hydrometallurgical process was used as the primary mechanism for obtaining targeted 

elements from fly ash samples. Leaching of the samples under various conditions: in an acidic 

environment using different concentrations, equimolar amounts, L /S ratio, type of extractant 

and temperatures (concentration 5-20 wt: % or 0.5-2 M ; mol eq. 0.4-1.4; L /S ratio 10-20; 

ambient to boiling point); in beakers made of borosilicate glass of suitable volume (filling up 

to 50 % of the container volume), the mixture was homogenised over time using a magnetic 

stirrer with a length of 30-60 % of the container diameter at speed optimised against 

sedimentation of the solid portion, as well as the formation of a vortex or spraying of the 

mixture. For mixtures exceeding the volume of 1,000 m L of extraction agent, a glass radial 

stirrer and a laboratory stand mixer were used in combination with a plastic container of suitable 

volume and diameter according to the amount of mixture (2.5-30 L ) 
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The experiment road map in F ig . 20 can simplify the continuity of individual chapters to achieve 
a universal process of activation and extraction applicable to a wide range of samples. 

chapter 5.2 

HTFA1 
F FA 1/FBA 1 

Direct acid 
leaching 

H2SO4, H N O 3 , H3PO4, H C l 
concentration 5 wt. % 
L/S20 

Modification 

grindinig in vibration mil 
30,60, 120, 180, 240 s 
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impact on morphology 
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Fig. 20 Flow chart of the doctoral thesis experiment 

60 



5 RESULTS AND DISCUSSION 

The upcoming chapter w i l l provide a comprehensive overview and discussion of the outcomes 

obtained from experimental research in the asset/modification of used F A , modification 

options, and the leaching process. 

5.1 Characterization of raw materials 
Analysis of the raw materials input is crucial for the accurate extraction process, adjustment of 

modification parameters, and determining leachability/ (i.e., conversion of the solid part into a 

solution). The precise characterisation of the input raw materials was conducted through X R D 

Rietveld analysis, with the internal standard to ascertain the content of the crystalline and the 

amorphous phase. Furthermore, the chemical composition was identified using X R F . The 

results pertaining to the primary input samples ( H T F A Pocerady and F F A / F B A Ledvice) for 

these analyses can be found in Table 11-Table 13. The phase and elemental composition of 

other F A used later in a final experiment in chapter 5.6 can be found in the appendix. 

Table 11 Phase composition (XRD) of HTFA 1 Pocerady 

Content (wt. %) 
Amorphous Quartz Mullite Magnetite Hematite Anatase Rutile 

52.8 1L8 348 0 2 01 01 01 

Table 12 Phase composition (XRD) of F F A and F B A Ledvice 

Content (wt. %) 
Amorphous Quartz Calcite Magnetite Hematite Lime 

FFA1 64.2 10.5 1.4 0.1 1.9 7.8 
FBA 1 54.7 10.3 - 0.1 0.4 11.0 

Anhydrite Anatase Muscovite Albite Orthoclase Akermanite 
FFA 1 7.3 1.0 - 5.4 0.3 0.1 
FBA 1 15.7 0.1 1.5 05 - 1.5 

Table 13 Chemical (elemental) composition of H T F A 1, FFA1 and F B A 1 

Content (wt. %) 
AI2O3 Fe 2 0 3 T i 0 2 MgO CaO Si0 2 K 2 0 SO3 

HTFA 1 27.12 6.67 1.5 0.75 2.27 53.58 1.67 0.53 
FFA1 20.17 4.32 2.29 0.19 17.25 33.11 0.35 11.47 
FBA 1 15.73 6.42 1.89 0.38 29.15 26.79 0.13 11.56 

Based on the phase composition results, the primary distinction between H T F A and 

F F A / F B A is the presence of free lime or portlandite and calcium carbonate as a desulphurisation 

reagent, respectively. The H T F A samples, resulting from the dry method of flue gas 

desulphurisation, contain mullite due to the higher temperature during the combustion process. 

Mull i te is the primary source of aluminium in H T F A and could be relatively resistant to mineral 

acids. The focus of research in enhancing the leachability of metal-based elements from fly ash 

seems to be on modifying the phase composition, particularly by reducing the amorphous phase 
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content and chemically transforming mullite into other less resistant calcium and aluminium-

based phases. 

The input materials utilised in this study were H T F A Pocerady (referred to as H T F A 1) and 

F F A and F B A Ledvice (referred to as F F A 1 and F B A 1). Samples were chosen due to their 

chemical and mineralogical composition (Table 11-Table 13). The remaining F A samples were 

employed towards the end of the experiment to evaluate the universality of the process 

established through comparison in Chapter 5.6. 

Additionally, the applied industrial chemicals were analysed for phase and chemical 

composition. Finely ground limestone exhibited a high purity level (iron and magnesium 

impurities not exceeding 0.5 %), as evidenced by the contents of the individual components 

listed in Table 14. Table 15 then summarises other essential characteristics of the used CCPs 

for further experiments. 

Table 14 Basic characterisation of used limestone Vitošov and Štramberk 

Calcite Dolomite Quartz 
Content (wt. %) 

AI2O3 Fe 2 0 3 MgO K 2 O 

Vitošov 99.8 0.1 0.1 
Štramberk 99.9 0.1 

- 0.1 
0,1 

0. 
0.1 

0.2 
0.2 

Table 15 Basic parameters of used CCPs 

Density Blaine 
Parameter/Content 

B E T Free CaO L O D LOI 

(kgm- 3) (m^kg- 1) ( m V 1 ) (%) (%) (%) 
HTFA 1 2 249 315 

F F A l 2 716 633 
FBA 1 2 724 548 

9.624 
6.624 4.76 
7.252 4.69 

0.29 
0.47 
0.29 

1.12 
2.42 
3.19 
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5.2 Direct acid leaching 
Since the possibilities of using the direct leaching method were dealt with in earlier experiments 

in previous research [49, 113], in particular the leaching of unmodified fly ash in various 

mineral acids environment of various concentrations, were prepared for completeness of the 

comparison for H T F A 1, F F A 1 and F B A 1. Solutions of acids of 5 wt. % and L /S ratio of 20 

were used. In F ig . 21a shows the leachability of A l from H T F A 1 in the environment of different 

mineral acids, while the graph in Fig . 21b shows the same values from F F A 1 and F B A 1. 

1 2 4 6 8 12 1 2 4 6 8 12 
Time (hours) Time (hours) 
— — H 2 S 0 4 — — H , P 0 4 — — HNO, — H C 1 

Fig. 21 Comparison of the leachability of A l at direct acid leaching: a) HTFA, b) F F A and F B A 

For sample H T F A 1, the type or concentration of used acids did not have a significant impact, 

likely due to the unique combination of morphology and chemistry of H T F A , as was also 

examined by the authors [107]. Spherical particles covered with a large amount of glassy phase 

with a minimum of pores, as could be seen in the previous S E M image (see F ig . 5a), provided 

a poor opportunity to react with the extraction agent, and even i f it penetrates the particle, it 

was not able to decompose the mullite present. In the case of F F A 1 and F B A 1, the situation 

was slightly different, mainly due to the morphology of the F F A ash. The absence of a 

significantly chemically resistant glassy phase is evident from the S E M image in Fig . 5b. The 

aluminium leachability was determined, and as can be seen from the results, the highest 

leachability occurred in a sulphuric acid environment, which was also confirmed by the 

published reactivity of base metals with acids [145]. Of course, the situation in F A samples is 

much more complicated, since there is no direct reaction of metallic A l with acid, but reaction 

with certain compounds, phases or alloys. Determining the reactivity in such a complex system 

is not entirely accurate, as evidenced by [117, 146, 147]. Nitric and hydrochloric acids reacted 

mainly with alkali content and CaO particles, which was also used as a modification of the ash 

before the main leaching in the previous work [97,119]. These findings conclusively 

demonstrated that adjusting or activating the input material is necessary to increase the 

leachability of the components. 
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5.3 Mechanical activation 
Mechanical treatment with targeted particle size reduction is offered. As the size of the particles 

decreases, the size of the specific surface increases, increasing the number of places where the 

reaction can take place. 

For this purpose, a series of mechanically activated H T F A 1, F F A 1, and F B A 1 samples were 

prepared. During the grinding time, the particle size, particle size distribution, specific surface 

area, and, last but not least, reactivity were analysed after leaching in a sulphuric acid solution 

(L/S 10, mol eq. 1.2 of the theoretical amount according. 

In the case of H T F A 1, there is a very effective reduction of the part in the first minute of 

mill ing on the vibrating mi l l when the size of the medium particle X50 decreases from the 

original almost 50 um to 18 and 12 um, as well as the size of the largest particle X99 gradually 

decreases from 334 to 50 um, as evidenced by the particle size distribution plot in Fig . 22. 

Mechanical activation resulted in a very effective change in the particle size distribution. Still , 

the specific surface areas increased only by approximately 18 %, as shown in Table 16. 

Table 16 Specific surface area (BET) of the sample HTFA 1 Pocerady 

raw 30 
Milling time (s) 

60 120 180 240 
Specific area 

(m2/g) 
9.624 9.740 10.347 10.815 10.836 11.297 

en 
ö o 

CO 

'-a 

CO 

Ö 
Q 

|V-i i ly •••• ' 0.0 

0.5 1 5 10 50 100 500 1000 

Particle size (um) 

r a w — — 3 0 s—'— 60 s — « — 120 s — » — 180 s — < — 2 4 0 s 

Fig. 22 Particle size distribution for various milling times, HTFA 1 
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After subjecting the sample to leaching in a sulphuric acid environment (L/S 10, mol eq. 

1.2), it was evident that there was no significant enhancement in the efficiency of the leaching 

process, as could be seen in the graph in Fig . 23. While there was an overall increase ranging 

from several tens to hundreds of per cent, the absolute improvement did not surpass 5 % of the 

aluminium leachability. However, despite these sub-optimal results, it could be argued that the 

leachability of A l increases as the milling time increases, resulting in a higher specific surface 

area of the material. The most notable distinction can be observed when comparing the raw 

H T F A 1 with the sample ground for 30 seconds, which is consistent with the observed shift in 

particle distribution. 

Time (min) 

— r a w — — 3 0 s — — 6 0 s — — 1 2 0 s—•—180 s — « — 2 4 0 s 

Fig. 23 Comparison of the leachability of A l ; HTFA 1 at different milling times 

These findings indicated that the conventional method of activating the sample through 

grinding was not suitable for the specific type of F A , as the particle morphology remains largely 

unchanged. This was further supported by the S E M image in Fig . 24, which revealed that 

despite an increase in the quantity of smaller particles in the grounded H T F A 1 sample 

compared to the unground sample, these particles still retained a spherical shape and minimal 

visible porosity. Although grinding resulted in the fragmentation of some particles, a significant 

amount of the larger particles still consisted of an agglomerate of smaller ones. 
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Fig. 24 S E M images of the HTFA 1 morphology, (a) raw HTFA; (b) milled for 240 s 

The mechanical activation of F F A 1 and F B A 1 exhibited a slightly distinct nature. Initially, 

during the grinding process, the material underwent partial comminution, as depicted in the 

particle size distribution, Fig . 25 and Fig . 26. However, at a certain point, the particles started 

to adhere to each other once again, leading to an unexpected increase in their size. The 

measurement of the specific surface size of the particles in Table 17 further supported this 

phenomenon. This F F A 1 and F B A 1 property can probably be attributed to the presence of 

hemihydrate and portlandite. As the sample was ground, the temperature inside vessels 

increased and rose, causing partial decomposition of the hemihydrate and subsequent sticking 

of the particles, which can result in higher values of surface areas. Samples with a grinding time 

of 60 s were chosen for extraction. The achieved specific surface areas were more than 250 % 

( F B A 1) and 300 % ( F F A 1) higher than the original material. 

Table 17 Specific surface area (BET) of the sample F F A and F B A 1 Ledvice 

Milling time (s) 
raw 30 60 120 180 240 

FFA 1 
Ledvice Specific area 

(m2/g) 

6.624 9.940 19.974 19.973 17.333 17.426 

FBA 1 
Ledvice 

Specific area 
(m2/g) 7.252 10.037 18,361 17.573 17.761 17,328 
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Fig. 25 Particle size distribution for various milling times, F F A 1 
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Fig. 26 Particle size distribution for various milling times, F B A 1 
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Despite the substantial increase in specific surface area, a control test of aluminium 

leachability under the same conditions as for the above sample revealed a rise in leachability of 

approx. 15-20 %, which is shown closely by the graphs in F ig . 27. Although this can be 

considered a positive result to some extent, the total leachability did not exceed 50 % for F F A 

1 and 27 % for F B A 1. 

Time (min) Time (min) 

— r a w — — 3 0 s—'— 60 s—— 120 s—»— 180 s—<—240 s 

Fig. 27 Comparison of the leachability of A l ; (a) FFA; (b) F B A at different milling times 

The data in the graphs show that although there is a remarkable 2.5-3 times increase in 

specific surface area between the raw F F A 1/FBA 1 and the milled sample at 60 s, with no 

significant change or even decrease thereafter, in addition, A l leachability shows an 

approximately linear increase over time, in the case of sample F B A 1. 

Based on the obtained results, the mechanical activation method is considered unsuitable for 

precise application on fluidised-bed CCPs . 
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5.4 Chemical activation 
The following chapter can be considered as pivotal and the main part of this work and the entire 

multi-year research in this area. Only very few authors worldwide are dealing with the issue of 

obtaining specific components from F A , and an even smaller percentage of them are actually 

studying and describing the sequence of modification reactions. 

However, the initial data from the previous work [113] already showed that the path to 

achieving maximum utilisation, especially of aluminium and H T F A , is possible. Therefore, this 

work mostly considers the individual modification parameters such as the ratio of 

activating/modifying substances or their mixtures, temperature, and the overall temperature 

regime of modification, cooling, and many others. In a very simplified way, chemical activation 

or the high-temperature modification of fly ash can be described as its reaction with a suitable 

agent at a temperature of several hundreds of degrees, which leads to a favourable change in 

the phase composition for leachability. 

5.4.1 Activation with limestone 

A s a basic input experiment for modifying the phase composition of fly ash, a high-temperature 

reaction of fly ash with calcium carbonate was utilised [99, 100]. The experiment conducted in 

the context of this thesis involved a more intricate sample preparation method and an overall 

reaction model. In this model, the mass ratio between fly ash and the reagent was substituted 

by the molar equivalent ratio, which was determined based on the total amount of limestone 

needed to achieve the desired products as described in equations (21)-(27) in chapter 2.4.2., 

page 38. 

Identifying the most suitable FA/activator ratio, temperature, and duration of the 

reaction 

To begin with, samples were prepared with molar equivalent ratios ranging from 0.2 to 1.3, 

with an increment of 0.1 mol eq. The molar equivalent is understood as the sum of the molar 

equivalents of partial reactions leading to the formation of theoretical products according to the 

equations mentioned above. The elemental composition H T F A 1 is taken as the starting 

composition, i.e. the content of A l , Fe, T i , S i , . . . These samples were then subjected to a reaction 

at temperatures ranging from 800 to 1,100 °C, with a holding time of 30 to 180 minutes, 

followed by rapid cooling. In all the modified ( H T F A 1 samples prepared using this method, 

with the addition of a modifying agent gradient, the quantity of free (reactive) CaO was 

determined using the titration method employing the carbohydrate method. Furthermore, the 

degree of conversion, or the rate of reaction, of the modifying agent was calculated based on 

obtained data. The summarised results of these calculations are presented in the graph in F ig . 

28. 
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Mol eq. (-) 

30min • 60min • 180 min 800 °C 900 °C 1000 °C 1100 °C 

Fig. 28 Graph of the reacted amount of CaC03 with HTFA 1 as a function of reaction temperature and 
time 

The results indicated that the H T F A 1 samples, which underwent the reaction at 800 °C 

(shown grey in the Fig . 28), displayed high initial conversions after 30 minutes of reaction but 

rapidly declined with prolonged temperature exposure. This phenomenon can be attributed to 

the absence of decomposition of the potentially reactive carbonate in addition to the H T F A 1 

sample, which had the shortest reaction time due to the lowest temperature profile. Samples 

treated at 900 °C exhibited a certain trend, with a higher rate of reacted modifying agent at 

higher temperatures, which aligns with the theory of reaction activity. Moreover, the 

experimental data showed no significant increase in reaction degree with longer reaction times. 

The data also implied that addition exceeding 0.6 mol eq. may not result in a substantial 

modification of the input material, as was indicated by the gradual increase in unreacted CaO 

content above this ratio in the H T F A 1 sample (see dashed line in Fig . 28). 

Hence, the F A / C a C C b ratio range of 0.3-0.6 mol eq. appeared to be the most potentially 

useful interval. To further refine this range and determine the optimal dosage of the modifying 

agent, additional amounts of 0.35, 0.45, and 0.55 mol eq. were added to the series. The results 

indicated that for the two highest temperatures, namely 1,000 °C and 1,100 °C (highlighted in 

blue and green in Fig . 28, the optimal conversion of the modifying agent occurred within the 

range of addition up to 0.55 mol eq. Therefore, for samples fired at 1,100 °C, a temperature 
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holding time of 30 minutes was recommended, while for samples subjected to treatment at 

1,000 °C, a holding time of 60 minutes was suggested. 

A higher addition of more than 0.6 mol eq. did not result in any additional modification of 

the material highlighted in theoretical reactions. 

A n essential inquiry arises: what are the products generated from the activation reaction, and 

more importantly, can the activation of F A through temperature modification and calcium 

carbonate be deemed appropriate. 

To address this, the H T F A 1 samples underwent controlled leaching in an acidic 

environment, and the progression of the reaction was further elucidated using alternative 

analytical methods. 

The samples across various reaction temperatures, durations, and limestone content 

exhibited an auto-disintegrating nature upon cooling to room temperature in the laboratory. 

Consequently, no sintering of the material or the development of a dense morphology was noted 

(Fig. 30). However, it was feasible to easily remove most of the samples from the ceramic 

container. In some cases, a self-supporting structure was formed, and it could be crushed by 

applying manual pressure. 

The auto-disintegration phenomenon experienced during high-temperature modification 

could potentially yield significant benefits for future applications by eliminating the necessity 

for additional processing, such as energy-intensive grinding of sintered FA. This phenomenon 

wi l l be discussed further later. 

The impact of activation conditions on leachability 

In order to evaluate the effectiveness of H T F A 1 modification using limestone in enhancing the 

leachability of macro-concentrated elements, esp. aluminium, a laboratory experiment was 

carried out. The primary objective of this study was to assess the leachability of aluminium over 

a specific period of time using extraction in a sulphuric acid environment at laboratory 

temperature. The experiment employed an L/S ratio of 10 and a quantity of acid equivalent to 

mol eq. 1.2, which corresponded to the products of the reaction mechanism described by the 

sequence of reactions (13)-(20) in chapter.2.4.1, page 35. 

The results from the experiments conducted on modified H T F A at temperatures of 1,000 °C 

and 1,100 °C with reaction durations of 30 and 60 minutes at the specified temperatures 

demonstrated favourable outcomes when compared to unmodified H T F A 1 in the control 

assessment of aluminium leachability. The data presented in F ig . 29 highlighted two key 

observations derived from the investigations. Firstly, it can be observed that the aluminium 

leachability achieved was similar for samples subjected to firing processes at both temperatures 

mentioned, as well as for those with a reaction time of 60 minutes. Conversely, a group of 

H T F A 1 samples exposed to a lower reaction temperature and shorter duration (30 minutes) 

exhibited reduced leachabilities, approximately at 32 %, while the remaining sample groups 

under different conditions attained aluminium leachabilities of up to 48 %. 
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Fig. 29 Comparison of the leachability of A l ; HTFA 1 modified with the addition of limestone at various 
dosages of the reagent, temperature, and reaction time 

Simultaneously, this experiment has verified that the inclusion of quantities surpassing 

0.6 mol eq. not only failed to yield additional reaction products and a greater extent of 

modification, but most importantly, all samples with limestone addition exceeding 0.6 mol eq. 

exhibited the same leachability. Based on the findings derived from this experiment, it can be 

concluded that the addition of 0.45 mol eq. of limestone was optimal in order to achieve the 

highest A l yield. Furthermore, the reaction was conducted at a higher temperature of 1,000 °C 

for 60 minutes or at 1,100 °C with half the reaction duration. Subsequent experiments were 

performed at a reduced temperature. 
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Monitoring changes in H T F A during high-temperature modification reaction 

Given the complexity of the high-temperature activation of F A using various reagents and the 

likely desired method for processing input materials in the future, as well as the lack of relevant 

publications describing or characterising the actual reaction sequence and products to date, it is 

necessary to attempt to solve this challenging task within the scope of research. 

For these experiments, samples with the addition of 0.45 mol eq. CaC03 to H T F A 1 were 

utilised. 

The heating microscopy technique was used to evaluate the sample body's volume changes 

and shape alterations as the temperature increased. This method was crucial in determining the 

theoretical reaction temperature limit before the sample underwent melting or sintering. The 

analysis revealed a deformation range of 1,220-1,250 °C and a material spreading limit 

temperature of 1,250-1,340 ° C 

The images depicting the surface of the samples are illustrated in Fig . 30. It was observable 

that the sample's volume decreased gradually up to a temperature of 900 °C, primarily due to 

the compaction of the structure following the decomposition of limestone. Subsequently, at 

temperatures beyond 1,000 °C, there was a progressive increase in the sample's volume until it 

reached the melting point. This phenomenon can be further elucidated by plotting the sample's 

area size and shape factor against temperature, with the area expansion region being denoted 

by a dashed line (Fig. 31). 

100°C 7 0 0 ° C 8 0 0 ° C 9 0 0 ° C 

1,000 °C 1,100 °C 1,220 °C 1,250 °C 

Fig. 30 Images of the shadow area of sample HTFA 1 mixed with limestone, mol eq. 0.45 as a function 
of temperature 
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Fig. 31 The dependence of shadow surface area and shape on temperature as a function of temperature, 
sample H T F A 1 mixed with limestone, mol eq. 0.45 

During the firing process, a simultaneous T G / D T A was utilised to simulate weight changes 

and monitor heat flow. This method aimed to approximate the temperature range at which 

various steps of the high-temperature modification reaction take place, including the formation 

of certain products. The T G / D T A examination was carried out on the H T F A 1 sample 

containing limestone in mol eq. 0.45, achieving a reaction temperature of 1,000 °C and a 

reaction duration of 60 minutes to ensure consistency in conditions during the high-temperature 

alteration process for the actual sample within the furnace. To simulate the conditions, the 

results (see F ig . 32) showed that the decomposition of CaCCb started around 680 °C and 

continued to almost 800 °C. Based on the heat flow data, it can be inferred that could be possible 

physical changes in state occurring at temperatures around 800 °C. However, this conclusion 

seems highly improbable considering that CaO has a melting point of 2,570 °C [146], while 

typical H T F A has a range of melting in temperature interval 1,400-1,500 °C [148]. Moreover, 

the resulting products, which wi l l be discussed further, were expected to have similar properties, 

making it unlikely for there to be a change in crystallographic modifications based on the phases 

present. Therefore, it can be deduced that a chemical reaction between CaO and H T F A 1 takes 

place at these temperatures (approx. 1000-1200 °C) and can be seen from both thermal 

analyses. However, it is not possible to distinguish individual steps of this reaction using the 

current method. The discontinuity observed in the heat flux curve around 1,000 °C is attributed 

to the calibration response during mode switching. Therefore, it is not possible to definitively 

confirm the occurrence of the high-temperature modification reaction. 
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Fig. 32 TG/DTA curves of changes in the sample HTFA 1 mixed with limestone, mol eq. 0.45 under 
reaction mode 

The in situ X R D high-temperature analysis provided a more detailed analysis of changes in 

the phase composition resulting from chemical reactions. In this study, a sample was subjected 

to heating according to a specific firing mode, and the phase composition was determined at 

regular intervals of 25 °C starting from a temperature of 500 °C. The duration of each 

temperature point was 10 minutes. The findings were then presented on the cut-out of the 3D 

graph in Fig . 33. 

The results (see F ig . 33) indicate that the decomposition of limestone was observable until 

a temperature approximately 675 °C, which is consistent with the observations from T G / D T A 

and H M analyses. Additionally, from the initial temperature of the measurement, the formation 

of albite (sodium calcium aluminium silicate) or its analogue substituted by calcium ion was 

evident. The content of this phase gradually increased with rising temperature and reaction time. 

A t 850 °C, the albite decomposed into gehlenite, and from 900 °C, gehlenite (G) and dicalcium 

silicate (C2S) - larnite began to form gradually. Wollastonite (Wo) also gradually formed from 

these temperatures. Interestingly, the diffraction of mullite (M) did not decrease significantly, 

indicating the absence of a reaction between mullite and lime leading to the formation of new 

phases. Similarly, the content of quartz (Q) did not decrease either. It is highly likely that the 

formation of new phases occurs from the amorphous phase. The presence of a substantial 

proportion of lime (L), which remained relatively stable throughout the reaction, contributed to 

this phenomenon. No further adjustments in the phase composition, like the creation of new 

phases or adjustments in the content of current ones, took place despite prolonging the reaction 

time while keeping the temperature at 1,000 °C for 3 hours. 
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Unfortunately, it was not feasible to determine the amorphous fraction in-situ due to the 

potential reaction between the standard and the sample. Moreover, the specific experimental 

conditions, frequent isotherms, and the small weight of the mixture may not accurately reflect 

the processes that take place during the firing of the material in a bulk sample within a furnace. 

A n g l e 29 (°) 

Fig. 33 3D graph of phase changes for sample H T F A 1 with limestone, mol eq. 0.45 

Analysis of furnace-fired samples 

In order to analyze the changes in phase composition of a real samples that were fired in ceramic 

crucibles within a muffle furnace, certain factors such as rapid cooling, sample handling, and 

the time delay between sample preparation and measurement need to be considered. To address 

this, a series of H T F A 1 samples were prepared using modification agent limestone and mol 

eq. 0.45, the same as mentioned in all the previously described methods, was maintained. These 

samples underwent a sequence of reactions at temperatures ranging from 800 to 1,100 °C, with 

a reaction time spanning from 0 to 180 minutes. The phase composition within the range of 20 

20-38° is depicted in Fig . 34-Fig. 37. 
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Fig. 34 Diffractogram of 26 20-38°range, sample HTFA 1 with limestone, mol eq. 0.45, 800 °C 
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Fig. 35 Diffractogram of 26 20-38°range, sample HTFA 1 with limestone, mol eq. 0.45, 900 °C 
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Fig. 36 Diffractogram of 26 20-38°range, sample HTFA 1 with limestone, mol eq. 0.45, 1,000 °C 
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Fig. 37 Diffractogram of 26 20-38°range, sample HTFA 1 with limestone, mol eq. 0.45, 1,100 °C 
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In full accordance with the findings of prior trials, it can be affirmed that the onset of the 

high-temperature alteration reaction with limestone (Ls) commences at 800 °C, where the 

gradual emergence of novel phases becomes apparent. Yet, the overall completion of the 

reaction does not achieve noteworthy levels, given the substantial presence of unreacted lime 

(L) in the sample. Simultaneously, these outcomes indicate that the individual reactions take 

place at elevated temperatures compared to the scenario in a high-temperature chamber, as it is 

evident that the temperature at the surface and within the sample can be several hundred degrees 

lower due to heat transfer. The collection of samples subjected to a reaction temperature of 800 

°C only exhibited a minor formation of larnite, specifically dicalcium silicate, larnite (La), with 

no alteration in the quantities of mullite (M) and quartz (Q). 

Upon reaching the reaction temperature of 900 °C, a noticeable amount of undecomposed 

limestone (Ls) remained in the reaction mixture. However, after 30 minutes, this undecomposed 

limestone disappeared, leading to the formation of gehlenite (G), larnite (La), and tricalcium 

aluminate (C3A) phases. Subsequently, after 120 minutes, there was a slight reduction in phase 

G and the emergence of wollastonite (Wo). Even after 180 minutes, a small quantity of 

unreacted L remained in the sample, consistent with the titration analysis for free lime as 

discussed earlier. Notably, unlike the sample at 800 °C, there was a significant decline in 

mullite (M) content, almost reaching the detection limit, along with a considerable decrease in 

quartz (Q). This suggests that the formation of gehlenite, wollastonite, as well as larnite and 

C3A, was not solely derived from the non-crystalline fraction but also involves the crystalline 

phases. 

B y elevating the reaction temperature to 1,000 °C, the occurrence of undissolved limestone 

diminishes once the desired temperature was achieved. Furthermore, even after attaining the 

temperature of 1,000 °C, the proportions of gehlenite, wollastonite, larnite, C3A, and anorthite 

(An) persisted. The representation of larnite increased as the reaction time extended, alongside 

gehlenite and wollastonite. Notably, the concentration of C3A remained unaltered once the 

reaction reached completion, pushing the limits of the detection capability of the employed 

measurement method. The phase of mullite was visible solely at the onset of the measurement, 

and after 30 minutes of reaction time, mullite ceased to be detected. Additionally, the amount 

of quartz, which reacts with the available lime to form larnite, decreased. Larnite attained its 

highest abundance after 30 minutes of reaction time, subsequently experiencing a gradual 

reduction as it reacted to produce wollastonite and gehlenite. The detected presence of 

portlandite (P) is attributed to the handling and storage of the sample during the interval 

between firing and measurement. The cumulative quantity of unreacted lime was already 

minimal after 60 minutes of reaction time and remained constant thereafter. This finding aligns 

with the determination of free CaO using the titration method. 

The utilisation of the sintering (high-temperature modification) method at the highest 

monitored temperature, which stands at 1,100 °C, exhibited notable distinctions when 

compared to the samples subjected to lower firing temperatures. Specifically, there was a 
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discernible decrease in the overall content of C3A and a complete absence of larnite. On the 

other hand, the representation of G surpasses that of all other samples, while wollastonite 

experienced an increase at the expense of anorthite. Additionally, a minimal residue of mullite 

was only visible at the initial stage of the reaction, along with the presence of quartz. 

This confirms that as the temperature increases, the degree of modification in the physical 

composition (morphology, etc.) also increases. However, in order to achieve maximum 

leachability of aluminium, it is not necessary to create perfect stoichiometric phases of the 

gehlenite and wollastonite type. This is evident from the leachability results, which show that 

there is no longer a significant difference between the samples at 1,000 °C with a reaction time 

of 60 minutes and those at 1,100 °C. The main changes in phase composition have an impact 

also on the morphology and properties of the modified F A , but it is not necessary for these 

changes to be clearly and necessarily reflected in the formation of detected phases. 

Studies [149 and 150] have previously examined the reactions between F A and limestone. 

However, their focus was not on modifying the composition of F A to enhance leachability of 

its components. Instead, these studies aimed at creating belitic cements. It is worth noting that 

these sources also acknowledged the possibility of larnite formation through low-temperature 

sintering at 700-950 °C. However, this process required significant excess of calcium 

components as reactants, melt formation intensifiers, and a distinct temperature regime. 

Furthermore, the studies confirmed the presence of C12A7 and its derivative C3A in their 

analyses. 

Auto-disintegration of the modified F A 

A s mentioned earlier on preceding pages, the samples that underwent a high-temperature 

modification reaction exhibited a phenomenon known as auto-disintegration or self-

disintegration. This implies that upon being cooled to room temperature, the sample 

spontaneously expanded, or its resulting shape mirrored the dimensions of the container in 

which it was placed. Moreover, the sample, once fired, could be easily crushed into a powder 

by applying slight pressure using two fingers. 

The occurrence of this phenomenon does not involve the presence of a liquid phase during 

the reaction itself, nor does it require the sintered material to reach its threshold. The outcome 

of the auto-disintegration reaction has a beneficial impact on simplifying the overall process of 

modification and subsequent extraction. Notably, there is no need to adjust the particle size or 

reduce the material through grinding, a process that consumes significant amounts of energy. 

The auto-disintegration process occurs during the polymorphic transformation of dicalcium 

silicate P -ydS [151], or due to volumetric changes during the formation of gehlenite [152]. 

Fig . 38 has been included to evaluate alterations in particle size based on variations in 

reaction temperature between H T F A 1 and limestone. Additional graphs outlining the duration 

of reactions are included in the appendix. When analysing different firing conditions in terms 

of particle size and distribution, discrepancies are evident starting from the samples exposed to 
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a reaction temperature of 800 °C in comparison to the packing temperatures. Specifically, at 

800 °C, a bimodal pattern is noticeable in the graph illustrating the distribution of particles in 

total, with the initial segment of the pattern corresponding to the unreacted lime. With an 

increase in temperature, a reduction in the peak at the smaller end of the curve is observed due 

to the consumption of CaO in reacting with other components, potentially forming bonds 

between the finest particles, or reacting with other substances. The partly narrowing of the 

distribution can also be identified as the temperature rises, although the average particle size 

remains relatively consistent both across varying crucible temperatures and in comparison, to 

the fly ash sample. 

0.5 1 5 10 50 100 500 1000 

Particle size (pm) 

^ — 8 0 0 ° C — — 9 0 0 ° C ^ ^ 1,000 ° C ^ — 1,100 °C 

Fig. 38 Comparison of particle size distribution, HTFA 1 with limestone mol eq. 0.45, reaction 
temperature 800-1,100 °C for 60 min 

Alterations in the morphology of particles F A modified by limestone 

The high-temperature modification reaction of Fa with limestone involves a series of complex 

chemical processes that result in the formation of new compounds, phases and structures 

described above. The monitoring of these changes is crucial in understanding the transformation 

of the material and its potential applications. 

The S E M images in F ig . 39 visually represent the changes that occur during the high-

temperature reaction. The spherical grain of H T F A 1 remains intact, indicating that the original 

morphology of the material is preserved. However, the surface of the grain is covered with 

seedings of high-temperature reaction products, which exhibit a fine crystalline structure. These 

new products essentially grow from the surface of the original F A grain, indicating a 
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transformation of the material at a molecular level. This transformation can have significant 

implications for the material's properties and behaviour, as well as its leachability during 

extraction processes. Overall, the high-temperature modification reaction of F A with limestone 

is a complex process that requires careful monitoring and analysis to fully understand its effects. 

The S E M images Fig . 39 provides valuable insight into the changes that occur during this 

reaction, shedding light on the potential applications and implications of this process. The 

images depict the initial spherical particle of H T F A 1, with new phases beginning to form on 

its surface. Nevertheless, it is evident that, in terms of morphology, there is no indication of 

pores or break into the original glass shell. 

Fig. 39 S E M images of morphology, HTFA 1 with limestone, mol eq. 0.45, reaction at 1,000 °C for 
60 min 

The morphology of the modified H T F A 1 plays a crucial role in determining the optimal 

dose of the modifying agent. The surface area and morphology of the particles influences how 

effectively the modifying agent can interact with the F A , leading to a lower optimal dose than 

what would be theoretically calculated. This also explains why the modified H T F A 1 has up to 

20 times higher leachability compared to the raw H T F A 1 (up to 50 % in case of modified 

H T F A 1 vs 2.5 % for raw H T F A 1), as the modified particles are more susceptible to leaching 

due to their altered morphology. 

However, it is important to recognize that the modification process does not occur uniformly 

throughout the entire volume of the original F A . This means that the leachability of the modified 

H T F A 1 cannot reach its maximum potential, as there are still areas within the particles that 

remain unmodified. 

The alkaline environment during the high-temperature reaction does have some impact on 

transforming the products on the particle's surface, but it is not sufficient to achieve complete 

transformation. This limitation suggests that while the sintering method of F A with limestone 

may be a very interesting approach, it may not be universally applicable or feasible in a real-

world industrial process. Further research and development are needed to optimise the 

modification process and fully understand the implications of the morphology of the modified 

H T F A 1 on its properties and behaviour. 
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5.4.2 Activation with calcium chloride 

In the preceding chapter, it w i l l be discussed how calcium chloride can be used as an activator 

to modify H T F A 1. Building upon the preliminary experiment conducted in study [104], the 

research in this thesis aims to provide a more comprehensive examination of the potential of 

calcium chloride as an activator for F A modification. To understand the chemical reactions 

involved in the formation of calcium-aluminate and calcium-silicate products, the equations 

(43)-(45) were elucidated (see chapter 2.4.2, page 41. These equations demonstrate the 

reactions that occur when calcium chloride is introduced to H T F A , resulting in the formation 

of calcium-aluminate and calcium-silicate compounds. The understanding these reactions, can 

better comprehend the mechanisms behind the modification process. 

Moreover, the efficacy of calcium chloride as a modifying agent has been verified in earlier 

investigations [97]. Previous studies have shown that the addition of calcium chloride to F A 

can significantly enhance its properties, such as improving its change in morphology, sticky 

character, improved leachability. These findings further support the potential of calcium 

chloride as an activator for F A modification. 

Considering the previous research, a theoretical framework of this part is employed to delve 

deeper into the potential of calcium chloride as an activator for modifying H T F A 1. B y 

conducting a more comprehensive examination, researchers aim to gain a better understanding 

of the effects of calcium chloride on F A properties. Overall, the use of calcium chloride as an 

activator for modifying H T F A 1 holds great promise. Through a thorough investigation of the 

chemical reactions involved and the verification of its efficacy in earlier studies, this research 

aims to contribute to the advancement of F A modification techniques and the development of 

improved construction materials. 

Identifying the most suitable FA/activator ratio, temperature, and duration of the 

reaction 

In a manner similar to the prior experiment, the essential parameters of the high-temperature 

activation reaction were explored and defined. A collection of H T F A 1 samples, featuring 

different doses of C a C h as a modifier in terms of molar equivalence, were produced following 

an identical process. The molar equivalent is understood as the sum of the molar equivalents of 

partial reactions leading to the formation of theoretical products according to the equations 

mentioned above. The elemental composition H T F A 1 is taken as the starting composition, i.e. 

the content of A l , Fe, T i , S i , ...The expected values, established based on the provided reaction 

sequence, were ascertained within the range of 0.2-1.3, with an increment of 0.1. Furthermore, 

the consequences of a reduction in conversion degree following 0.05 mol eq., firing 

temperatures spanning 800-1,100 °C, and dwell times 30-180 minutes at the same temperature 

were scrutinised. The samples underwent firing in petite ceramic crucibles with a capacity of 

10 mL, utilising a muffle furnace. A t specific intervals, the samples were retrieved and 

permitted to naturally cool to room temperature without controlled rapid cooling. Subsequently, 
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the unreacted amount of the activator was quantified by means of complexometric titration of 

the aqueous leachate, subsequent to dispersion in an agate friction dish. The resultant data, 

demonstrating the fraction of the activator that reacted concerning the addition, temperature, 

and reaction duration, is delineated in Fig . 40. 

30 min 

Mol eq. (-) 

60 min • 180 min 800 °C 900 °C 1000 °C 1100°C 

Fig. 40 Graph of the reacted amount of CaCb as a function of reaction temperature and time 

Following the prior experience with activation discussed in the preceding section, it is 

unsurprising that a lower amount than mol eq is needed to activate F A or a specific type of 

modification reaction, falling within the range of 0.25-0.5. The outcomes illustrated in Fig . 40 

further demonstrate that the mixtures undergoing the response at 800 °C exhibit a less-trendoid 

trajectory, even i f less pronounced than in the case of the reaction involving limestone. This 

observation can likely be attributed to the insufficient temperature for the reaction. Samples 

exposed to higher temperatures exhibit enhanced conversion rates and a trending nature. In 

contrast to the experiment with limestone, nearly 100 % of the reaction occurs at a temperature 

of 900 °C, albeit after a 3-hour reaction period. Substantial conversion rates of the reactant are 

achieved at a temperature of 1,000 °C within just 30 minutes. Furthermore, the trend is nearly 

identical compared to the counterpart undergoing the reaction at 1,100 °C. Notably, conversion 

rates manifest significantly earlier compared to the reaction with limestone, both in terms of 

lower reaction temperature and duration, as well as with a reduced ratio of reagent to F A . 
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Additionally, the addition rate of 0.25-0.5 ensures that the F A maintains its integrity while 

still benefiting from the properties of the C a C k . Overall, these findings suggest that careful 

control of both the addition rate and temperature is crucial in achieving the desired results in 

the modification process. Further experimentation and analysis are necessary to fully optimise 

these parameters for the best possible outcome. Consistent with the results of the precast 

modifier, a temperature of 1,000 °C appears to be the most suitable. 

The impact of activation conditions on leachability 

In order to maximise the leachability of macro-concentrated elements, the primary focus of this 

study is to explore various activation methods. As part of this investigation, an essential 

experiment was conducted to control the leaching process of litter that was prepared with 

modified H T F A 1. This experiment involved using C a C h in a sulphuric acid environment, with 

a molar ratio of 1.2 times the theoretical amount required for the sequence of reactions. It is 

worth noting that this experiment mirrored the one conducted in the previous chapter and 

maintained the same L /S ratio of 10. 

To assess the leachability, we once again chose samples with a high-temperature reaction 

mode, specifically at temperatures of 1,000 and 1,100 °C, and reaction durations of 30 and 60 

minutes. Similar to the previous chapter, a portion of the liquid mixture obtained during the 

extraction process was analysed using ICP-OES. The obtained results of this analysis are then 

plotted in F ig . 41, where the leachability levels are presented as a function of time under various 

high-temperature modification conditions. This graphical representation aims to provide a clear 

understanding of the different degrees of leachability for each condition. 

Compared to the limestone experiment, using calcium chloride for activation yields a 

leachability of aluminium that is twice as high, surpassing 95 %. This level of leachability can 

be considered the maximum and is highly valued in terms of results. The same outcomes are 

observed for both F A modification cases, whether conducted at a temperature of 1,000 °C for 

60 minutes or at 1,100 °C for 30 minutes. These results are practically indistinguishable. On 

the other hand, the sample subjected to a reaction regime of 1,000 °C for 30 minutes exhibits a 

slightly lower leachability. 
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Fig. 41 Comparison of the leachability of A l ; H T F A 1 modified with the addition of CaCb at various 
dosages of the reagent, temperature, and reaction time 

Growing the amount of reacting C a C h in the reaction with F A from values of 0.5 results in 

nearly identical levels of success in converting aluminium into the acid solution. Therefore, it 

can be determined that the optimal addition of the modifying agent CaCh is 0.35 mol eq. based 

on this dataset. A t a reaction temperature of 1,000 °C for 60 minutes (similar leachability could 

potentially be achieved even with a slightly shorter reaction time) or 1,100 °C for 30 minutes, 

it is more suitable to use the lower temperature due to energy consumption and temperature 

resistance considerations. In the study conducted by the author [104], comparable ratios of 

activator to fly ash were published. Nevertheless, the reagent was applied based on the weight 

of raw F A ash with an ideal mass ratio of 1/1, and the fly ash composition differed from H T F A 1 

in their investigation. However, the determined mass ratio of C a C h / F A 1/1 in their study after 

conversion corresponds to approximately 0.375 mol eq. for the case of this dissertation results. 
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Monitoring changes in H T F A during high-temperature modification reaction 

The absence of pertinent publications elucidating or characterising the precise reaction 

sequence and resulting products thus far posed a challenge. Therefore, it became imperative to 

unravel this formidable task within the realm of research. In these particular experiments, 

samples of H T F A 1 were prepared with the addition of 0.35 mol eq. of C a C h . The incorporation 

of this agent was hypothesised to significantly impact the reaction kinetics and the resulting 

products. 

On the other hand, the heating-microscopy experiment was also performed for the 

observation of any phase transformations that occurred within the sample activated by calcium 

chloride as it was subjected to increasing temperatures. This provided valuable insights into the 

thermal stability of the sample and how it may behave under different heating conditions. 

Additionally, the heating-microscopy experiment helped to understand further the relationship 

between temperature and volume changes in the modified sample. B y carefully monitoring the 

sample as it was heated, the ability to track any expansion or contraction that occurred, 

providing important data on the thermal expansion properties of the material could be observed 

and described. 

The outcomes of heating-microscopy revealed that when C a C h was added, a reduction in 

volume was observed starting from 550 °C due to the decomposition of reactants, the 

modification reaction itself, and subsequently, at temperatures exceeding 1,000 °C, sintering 

and gradual rounding of sample edges became apparent. Substantial shrinkage was noted from 

temperatures of 1,220 °C onwards, with the onset of the drip phase occurring within the range 

of 1,265-1,268 °C, and complete sample creep at 1,300 °C. The alterations in the shadow area 

of the samples are illustrated in Fig . 42. In contrast, the graphical relationship between the 

change in shadow area and sample shape is presented as a function of temperature in Fig . 43. 

100 °C 700 °C 800 °C 900 °C 

1,000 °C 1,100 °C 1,220 °C 1,265 °C 

Fig. 42 Images of the shadow area of sample H T F A 1 mixed with CaCb, mol eq. 0.35 as a function of 
temperature 
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Fig. 43 The dependence of shadow surface area and shape on temperature as a function of temperature, 
sample H T F A 1 mixed with CaCb, mol eq. 0.35 

In order to observe variations in weight based on temperature and heat flow, T G / D T A was 

once again employed. This allowed for the determination of the initiation temperature, which 

refers to the temperature at which the modifying agent decomposes and the reaction with 

H T F A 1 potentially begins, as well as the identification of other heat flow regions where sample 

conversion could be detected. In line with the previous findings, the optimal ratio of H T F A 1 

and C a C h was utilised, and the measurement conditions were adjusted to align with the 

temperature firing mode in the furnace, reaching a temperature of 1,000 °C, followed by a 60-

minute isotherm at the same temperature. The graph in F ig . 44 illustrates the relationship 

between the change in mass and the heat flow in the simulated mode of the high-temperature 

modification reaction. 
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Fig. 44 TG/DTA curves of changes in the sample H T F A 1 mixed with CaCk, mol eq. 0.35 under reaction 
mode 

The results obtained from the data as mentioned above clearly indicate that the reaction 

between H T F A 1 and C a C h exhibits distinct characteristics compared to the reaction with 

limestone. During the experiment, it is observed that water or moisture evaporates from the 

mixture up to a temperature of 150 °C, moisture caused by handling, sample preparation, 

storage, etc. or water evaporation potentially due to the decomposition of calcium chloride 

hydrate (sinjarite). Subsequently, a break in the curve is evident in the temperature range of 

400-600 °C, indicating changes in H T F A 1, such as the burning of organic residue and 

decomposition of carbonates caused by landfilling. A gradual weight loss is observed 

throughout the remaining process, although the change in sample weight is only 2 wt. %. This 

finding suggests that one of the reaction products between H T F A 1 and C a C h neither confirms 

nor denies the fact of gaseous HC1 or C h . However, it is important to note that both gases can 

readily attack surrounding structures and cause etching, potentially leading to the penetration 

of reactants through the enamel on the surface of the F A grain and further into the particle's 

core. 

Further analysis regarding the formation of new phases, their rate of formation, and the 

impact on the microstructure of the modified sample w i l l be discussed in more detail later, 

particularly in relation to the X R D and S E M results. 

B y utilising an X R D high-temperature chamber, the sequence of reactions and the 

corresponding changes in phase composition during a high-temperature reaction were closely 

monitored. The sample was analysed at specific isotherms, temperature intervals of 25 °C, 
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ranging from 600°C to 1,000 °C. The 3D graph in Fig . 45, focusing on the region of 29 20-38° , 

provides a detailed visualisation of the phase composition evolution. 

Fig. 45 3D diffractogram of20 20-38°of phase changes during temperature, sample H T F A 1 with CaCL, 
mol eq. 0.35 

The graph above clearly shows that at temperatures below 700 °C, unreacted C a C b (Sj) was 

still present in the mixture. Additionally, a small possibility of larnite (La) forming was present, 

although this cannot be definitively confirmed due to the overlapping diffraction positions of 

both substances. 

As the temperature increases to 850 °C, there was a slight decrease in the levels of mullite 

(M) and quartz (Q), while the emergence of gehlenite (G), wollastonite (Wo), and anorthite 

(An) becomes visible. The quantities of these three phases continued to increase as the 

temperature rose. 

Compared to the sample that underwent reaction with limestone, there is a significant 

difference in the predominance of phase anorthite as the primary phase. In this case, phase 

anorthite surpasses phase gehlenite by a large margin, and the wollastonite content is also a bit 

higher. This indicates that the reaction with C a C h follows a distinct path and has a more 
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pronounced and selective influence on the modification of H T F A 1. Interestingly, the content 

of quartz decreased only minimally, and the reaction to larnite occurred to a limited extent when 

C a C h was involved. Moreover, this further highlights the unique effects of C a C h on the 

composition of the phases. 

Furthermore, maintaining a temperature of 1,000°C for several hours did not lead to any 

further changes in the phase composition or the content of individual phases. This was further 

evident from comparing diffractograms measured once an hour three times, which showed no 

additional diffraction positions or intensity in counts. 

The reaction mechanism suggested in the publication [104] assumes the formation of 

gaseous hydrogen chloride, which is less likely at the given temperature, as the presence of 

water vapour is highly debatable i f the reaction is not carried out in an autoclave. However, 

authors [153] exclude such a product during the electrolytic reaction of solid AI2O3 with C a C h . 

Hence, in the event that the reaction was to yield HC1, gaseous CI2, or even C1-, it would 

create a considerably aggressive environment that could potentially enhance the etching process 

of the glass phase in the F A . This would increase porosity and allow the extraction agent to 

penetrate even deeper into the F A grain. Consequently, this would account for the rapid 

escalation in A l leachability during the extraction process. If any of the aforementioned gaseous 

reaction products are indeed formed, they would swiftly reach the surface of the sample and 

diffuse out of the material. Therefore, samples fired in a ceramic crucible with sufficient height 

would facilitate a higher rate of activation product formation. 

Analysis of furnace-fired samples 

In the previous study on Fa activation through the use of limestone, H T F A 1 and C a C h samples 

were combined in an optimal ratio and subjected to firing in a muffle furnace within ceramic 

crucibles. The firing procedure involved heating the samples to a temperature range of 800 to 

1,100 °C for a variable reaction time of 0 to 180 minutes. This process allowed the samples to 

undergo the necessary chemical reactions and transformations. After the firing process, the 

samples were rapidly cooled to room temperature. The samples were ground into a fine powder 

using an agate grinding bowl after the cooling process. This step ensured that the samples were 

in a suitable form for further analysis because the samples activated with C a C h did not show 

the ability to self-disintegrate. 

The X R D technique was employed to analyse the phase composition of the samples. F ig . 

46-Fig . 50, specifically within the 29 20-38° range, were utilised to visually represent the 

observed alterations in diffractograms for each set of samples. These diffractograms effectively 

demonstrated the changes in diffraction patterns, providing a clear understanding of the 

variations in phase composition. 
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Fig. 47 Fig. 48 Diffractogram of 29 20-38°range, sample HTFA 1 with CaCl 2 , mol eq. 0.35, 900 °C 

92 



• O min 30 min • 

30 

Angle 29 (°) 

— 60 min 120 min 

r 
36 38 

180 min 

Fig. 49 Diffractogram of 26 20-38°range, sample HTFA 1 with CaCl 2 , mol eq. 0.35, 1,000 °C 
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Fig. 50 Diffractogram of 26 20-38°range, sample HTFA 1 with CaCl 2 , mol eq. 0.35, 1,100 °C 



The diffractograms provide clear evidence supporting the initial hypothesis regarding the 

interaction between the by-product of the C a C h and F A reaction with the material. The 

diffractograms indicated the presence of a distinct chlorocalcite phase (Cc) K C a C B in all 

samples. This suggests that the by-product of the C a C h and F A reaction interacts with the 

material in a way that forms the chlorocalcite phase. The presence of this phase in all samples 

further strengthens the validity of the initial hypothesis. It suggests that the interaction between 

the by-product and the material is consistent and reproducible. 

The presence of unreacted sinjarite (Sj - calcium chloride hydrate) in the sample exposed to 

the reaction at 800 °C indicates that there were issues with the cooling process, sample handling, 

and the time between synthesis and analysis. Despite these challenges, the formation of sodian 

anorthite (An - sodium-calcium-aluminium silicate) and wadalite (Wa - calcium-magnesium-

aluminium-iron silicate-chloride) was still observed at the beginning of the reaction. The 

presence of mullite was only detected in the initial stages of the reaction, with mullite levels 

dropping below detection limits as the reaction progressed. 

Interestingly, the quartz content in the sample fired at 800 °C exhibited a different trend 

compared to samples subjected to higher reaction temperatures. A t 800 °C, the quantity of 

quartz decreased rapidly, suggesting a unique reaction pathway or kinetics at this specific 

temperature. Further analysis and experimentation w i l l be necessary to fully understand the 

complex dynamics of this reaction and the role of each component involved. 

Raising the temperature to 900 °C yields no discernible differences compared to the previous 

sample processed at a lower temperature. Even after 60 minutes of reaction, a similar amount 

of unreacted Sj is observed, and the overall concentrations of anorthite and wadalite remained 

relatively constant, mirroring those of the samples processed at 800 °C. Substantial alterations 

in the phase composition were only evident after 120 or 180 minutes of reaction at 900 °C, 

characterised by a notable decrease in Sj levels and a corresponding rise in anorthite and 

wadalite concentrations. Furthermore, a reduction in chlorocalcite content was accompanied by 

increased wadalite content. The presence of the mullite phase was only detectable at the initial 

stages of the reaction. A t the same time, the total quartz content exhibited minimal variation 

throughout the reaction process, which partially confirms the theoretical reaction sequence 

according to the literature [104] (the case of the gradual reaction of mullite). St i l l , unlike the 

theoretical aspects, the activation in this experiment is more selective and the L a phase (reaction 

with Si) is not formed. 

From the beginning, the reaction carried out at 1,000 °C also shows a similar character, 

where after 30 min of reaction, the Sj content can still be described as high, with its subsequent 

decrease from 60 min of the reaction, and the formation of wadalite occurred. The content of 

wadalite increased with the duration of the reaction, later also at the expense of anorthite. The 

maximum amount of wadalite was reached after 180 min of reaction. It is important to note that 

when the temperature is increased to 1,100 °C, the presence of wadalite in the mixture becomes 

practically nonexistent. Right from the beginning of the experiment, the content of wadalite is 
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already below the detection limit, meaning it cannot be detected. On the other hand, the content 

of quartz remains relatively unchanged throughout the reaction. Furthermore, at this higher 

temperature, there was also a rapid decline in the content of the compound chlorocalcite. 

Initially, chlorocalcite can be detected at the start of the reaction. Sti l l , after 60 minutes, its 

content falls below the detection limit, indicating no longer present in the mixture. 

The absence of the wadalite phase in the experiment conducted at 1,100 °C was a significant 

finding that set it apart from the previous part. The initial presence of the wadalite in minimal 

quantities within the first 30 minutes of the reaction indicated a unique reaction pathway at this 

highest temperature. The absence of mullite or residual Sj in the sample was already in 

accordance with the previous trends. Interestingly, the quartz content in the sample remained 

relatively constant throughout the reaction, suggesting a stable composition despite the 

changing phases, and better selectivity of the activation process. Overall, it can be said that 

from the beginning of the reaction, a large amount of anorthite was contained in the mixture, 

but the content gradually decreased slightly. From 120 min of the reaction, wollastonite started 

to appear, as in the case of a single mixture of F A activated with C a C h . 

The gradual decrease in the representation of mullite in the sample during the high-

temperature modification reaction of the furnace-fired samples partially confirms the 

theoretical sequence of the reaction according to the literature [104] (a case of gradual reaction 

of mullite). However, contrary to theoretical aspects, the activation in this experiment is more 

selective and the L a phase (by reaction with Si present) is not formed. This may be due to the 

reaction mechanism, when an acidic environment - rich in chlorine particles - more easily 

attacks particles richer in base metals. 

The presence of anorthite in the samples not only has a demonstrably positive effect on the 

leachability of A l . This is because anorthite consists of structures that are easily hydrolysable 

[154], even in solutions of weaker acids or mineral acids with low concentrations. Hydrolysis 

of anorthite releases calcium and aluminium ions, which can then be easily leached out from 

the samples. On the other hand, the presence of wollastonite is not entirely desirable according 

to theoretical assumptions. This is because wollastonite is considered relatively inert and 

resistant to acids. [155] Its resistance to acid attack hinders the leaching process and makes it 

more challenging to extract desired elements from the samples. 
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Alterations in the morphology of particles F A modified by CaCh 

The examination of the morphology of F A , which has been modified with C a C h , reveals that 

the modification reaction has a significantly more significant impact on the sample compared 

to the limestone activator. This is evident from the S E M images (Fig. 51), which show a 

completely different morphology, i.e. an absence of typical F A spherical particles in the 

material, unlike the first used modifying agent - limestone. Instead, the morphology of the 

modified F A is highly reacted and compact, exhibiting a highly porous nature. Interestingly, 

the modification process leads to the formation of structures resembling flower petals 

characterised by thin plate-like formations covered with tiny needles. 

Further analysis using energy-dispersive X-ray spectroscopy ( E D X ) point analysis confirms 

the presence of several elements in these particles. Specifically, aluminium, silicon, calcium, a 

small quantity of sodium and potassium, and chlorine are detected. However, the stoichiometry 

of these elements does not correspond to a specific mineralogical analogue. This discrepancy 

arises from the X R D analysis, which reveals that the modification reaction results in the 

formation of two phases, namely anorthite and wadalite. Nevertheless, even these phases may 

not exhibit complete stoichiometry and could potentially contain atoms that have been 

substituted differently. 

Fig. 51 S E M images of morphology, HTFA 1 with CaCh, mol eq. 0.35, reaction at 1,000 °C for 60 min 

5.4.3 Activation with combination of limestone and CaCh 

B y considering the two previous reactions involving high-temperature modifications, there 

exists a possibility of employing a mixture of C a C h and limestone for the purpose of activation. 

Through a detailed selection of suitable combinations of these substances, it becomes feasible 

to attain the intended results. Activation with C a C h can result in products that facilitate a high 

level of leachability of macro-concentrated elements during the extraction process. A t the same 

time, the presence of limestone can promote an auto-disintegrating nature (win-win strategy of 

synergy). Ideally, the advantages of both modification methods would be synergistically 

integrated. 
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Identifying the most suitable CaCCb/CaCh ratio in order to leachability and auto-

disintegration 

A series of H T F A 1 samples were meticulously prepared to achieve this objective using a 

carefully optimised ratio of 0.45 mol eq. CaCCb and 0.35 mol eq. C a C h . The ratio between 

C a C C V C a C k was deliberately varied from 0.9/0.1 to 0.1/0.9, with a consistent increment of 

0.1 in the ratio difference. Subsequently, all samples underwent a high-temperature reaction at 

1,000 °C, maintaining the required temperature for 60 minutes. Based on the outcomes from 

the prior experiments involving the individual components, it is evident that these conditions 

were indeed satisfactory. Following the completion of the high-temperature reaction process, 

the samples were swiftly cooled to room temperature in an uncontrolled manner. The auto-

disintegration capability was then evaluated, and the reaction conversion rate was determined 

through leaching in an excess of 1% citric acid. Subsequent alkalisation allowed for the 

determination of the reaction's conversion rate through complexometric titration. 

Table 18 summarises the findings from the evaluation of self-disintegration capability based 

on the ratio of the two solvents employed. Initially, when transitioning from a C a C C V C a C h 

ratio of 0.4/0.6 towards a higher chloride content, there is a noticeable decrease in self-

disintegration ability. This is evidenced by the creation of sharp particles of approximately 

millimetres in size. As the amount of chloride is further increased, the particles gradually grow 

in size until a solid structure is formed, necessitating crushing or grinding starting from a ratio 

of 0.2/0.8. 

Table 18 Ability to auto-disintegrate at different CaCQ 3 /CaCl 2 ratio  
CaCOs/CaCh ratio 

0.9/0.1 0.8/0.2 0.7/0.3 0.6/0.4 0.5/0.5 0.4/0.6 0.3/0.7 0.2/0.8 0.1/0.9 
+ + + + ± ± - ± - -

+ positive a-d ± partly a-d > 50 % ± - partly a-d < 50 % - negative a-d  

The auto-disintegration process can also be characterised by determining the particle size 

and particle size distribution using laser diffraction. This is captured in the graph shown in Fig . 

52. As can be observed in more detail, the results correspond to visual observations. It is also 

evident from the achieved results that the particle size distribution of the modified H T F A 1 

particle using both Ca-based agents is significantly narrower. 
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Fig. 52 Comparison of particle size distribution, HTFA 1 modified with different ratio of CaCOs/CaCb 

To evaluate the type of activation and its consequences, an alternative approach involves 

comparing the colour transformation of the product resulting from the process. 

Fig . 53 illustrates the colour change based on the C a C C V C a C k ratio. This straightforward 

observation reveals that when a higher proportion of limestone is added (ratios of 0.9/0.1 and 

0.8/0.2), the predominant colour tones shift towards shades of grey, resembling the activation 

solely by C a C h . However, as the C a C h content in the mixture further increases, the colour 

transitions from yellow to orange to rust brown, indicating activation solely by C a C h . 

Additionally, the colour gradually shifts towards shades of orange, and eventually, the sample 

loses its auto-disintegration characteristics. 

C a C C V C a C h 
0.9/0.1 0.8/0.2 0.7/0.3 0.6/0.4 0.5/0.5 0.4/0.6 0.1/0.9 

Fig. 53 Colour changes in HTFA 1 modification of different CaCOs/CaCb ratio addition 
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The graph in Fig . 54 provides a summary of the conversion of modification reactions with 

these combined activators - limestone and C a C h , specifically in relation to the assessment of 

the reaction extent of calcium components. It is noteworthy that nearly all of the modification 

agents exhibit reactivity in all mixtures, resulting in conversions surpassing 95 %. 
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Fig. 54 Graph of the reacted amount of Ca based agents as a function of reaction time at 1,000 °C 

The new findings align with the conclusions drawn from the earlier research, which 

meticulously examined the reactions of CaC03 and C a C h in isolation. This consistency in 

results lends support to the idea of utilising a blend of these substances, as it appears that the 

order in which the modification reactions occur remains unaffected. This additional evidence 

strengthens the case for exploring the combined use of CaC03 and C a C h in future studies and 

applications. 

The impact of combined activation conditions on leachability 

If the earlier findings demonstrated a beneficial impact of both substances on the alteration 

reactions across all concentrations, the critical element in establishing the correct carbonate-to-

chloride ratio for F A activation is undoubtedly an investigation that consolidates the aluminium 

leachability. Subsequently, all the blends that were created were exposed to a reaction within a 

sulphuric acid setting at a mol eq. of 1.2 and a L /S ratio of 10. The collective aluminium 

leachability is subsequently plotted in Fig . 55. 

99 



100 

— I 1 1 1 1 1 1— 
60 120 240 360 

Time (min) 
C a C 0 3 / C a C l 2 ratio - " - 1 - 0 / 0 - » - 0 . 9 / 0 . 1 ^ - 0.8/0.2 - f - 0.7/0.3 

—•— 0.6/0.4 — « — 0.5/0.5 0.4/0.6 — • — 0/1.0 

Fig. 55 Comparison of the leachability of A l ; HTFA 1 modified with the addition of CaCCb and CaCb 
at various ratio 

Upon initial observation, the outcomes appear to be quite favourable, given that 

combinations containing varying proportions of both reagents significantly enhance the 

leachability of aluminium, thereby altering the initial H T F A input in a positive manner. In 

simple terms, it can be stated that leachability rises with an increase in chloride content. 

Notably, leachability already surpasses 90 % for a blend with a ratio of 0.7 CaCO3/0.3 C a C h , 

and subsequent mixtures, such as ratio of 0.6 CaCCb to 0.4 C a C b up to a ratio of 0/1.0, yield 

practically indistinguishable leachability levels, ranging from 90 % to 95 %. This outcome is 

highly encouraging. Simultaneously, a synergistic outcome was observed due to the combined 

influence of the modifying agents and the overlapping interval region where both the self-

disintegration phenomenon and the optimal leachability of A l take place. The CaCCb/CaCh 

ratio of 0.7/0.3 ("0"-type) or 0.6/0.4 ("Q"-type) seems to be the most appropriate choice. 

If the high-temperature modification reaction is combined with a controlled cooling 

regimen, specifically a ramp of 5 °C/min until reaching 600 °C, the self-disintegration 

properties of the modified H T F A 1 are maintained. Furthermore, there is an increased level of 

A l leaching, both overall and within a shorter timeframe. The optimal outcome is the formation 

of a mixture consisting of CaCCb/CaCh in a ratio of 0.7/0.3. 

100 



The impact of combined activation conditions on phase content 

The utilisation of a combination of Ca-based modifiers has been shown to effectively activate 

F A , with the addition of C a C h in small quantities relative to limestone having a notable impact 

on leachability. Consequently, it is anticipated that the resulting products from this reaction wi l l 

align more closely with the phase composition observed during the modification of F A with 

chloride. To investigate this further, various ratio of both reagents were examined to identify 

the presence of distinct phases. A l l samples underwent preparation through a high-temperature 

reaction at 1,000 °C for 60 minutes, followed by a gradual controlled cooling to 600 °C, and 

finally a rapid uncontrolled cooling to room temperature. The analysis of the phase composition 

of the crystalline fraction is presented within the 29 18-38° range in Fig . 56. 
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Fig. 56 Diffractogram of 20 18-38°range, sample HTFA 1 with different CaCCVCaCh ratio, reaction 
at 1,000 °C 

The X R D analysis results clearly indicate that the products formed due to phase modification 

by the combination of Ca-based agents, even with a low C a C h ratio of 0.2, are similar to those 

obtained through activation with C a C k . The main phases of wadalite and anorthite are 

observed, with the W a content corresponding to a reaction time of 180 minutes with C a C b . A 

noticeable trend is observed in the different ratios, where an increase in additional C a C h to 

limestone leads to a higher representation of anorthite at the expense of wadalite. Moreover, as 

the chloride content in the mixture rises, the selective reaction involving quartz also increases, 

resulting in more quartz remaining in the mixture with higher C a C h content. Phase of mullite 
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is not detected in any ratio of the reagents. Additionally, a new microsommite (Mi) phase is 

identified in all samples, which is a potassium-sodium-calcium-aluminium chloride-silicate, 

representing a non-stoichiometric intermediate product of activated aluminosilicate with 

chlorine. The presence of microsommite and wadalite phases further supports the idea that the 

chlorine by-product resulting from activation can interact with the surrounding structures to 

form chloro-silicates. 

Alterations in the morphology of particles F A modified by combination of CaC03 and 

CaCh 

The resemblance between the particle morphology activated solely by C a C h and the high-

temperature modification reaction of H T F A 1 with a combination of Ca-based agents in a 

CaCCb/CaCh ratio of 0.7/0.3, supplemented by controlled cooling at 600 °C, is a significant 

finding in the field of materials science. This similarity suggests that the use of C a C h as an 

activating agent can produce results similar to those of a more complex modification process 

involving multiple Ca-based agents. The S E M image, Fig . 57, provides visual evidence of this 

resemblance, showing crystalline products forming thin plate-like formations with some 

adorned with small needles - left side. This indicates a high degree of structural similarity 

between the two processes. However, the modified sample also contained particles that 

exhibited morphological characteristics consistent with activation by limestone. A n illustrative 

example of such particles can be observed on the Fig . 57a. Nevertheless, it is important to note 

that their presence can be classified as either borderline or infrequent. 

Fig. 57 S E M images of morphology, HTFA 1 with CaC0 3 /CaCl 2 , 0.7/0.3 

5.4.4 Activation with combination of limestone and NaCl or KC1 

In the subsequent chapter, concerning the outcomes, a brief report w i l l be made regarding the 

potential of an alternative approach to F A modification. If the utilisation of F A through a blend 

of limestone and calcium chloride proves to be an effective technique in altering the phase 

composition of F A , the inquiry emerges regarding the potential substitution of C a C h with other, 

more readily available and cost-effective chlorides such as N a C l or KC1. To investigate this, a 

small-scale experiment was conducted wherein C a C h was replaced with N a C l in one instance 

and KC1 in another, while maintaining the chloride content with an equally optimal dosage of 
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C a C h . In the initial group of samples, an addition of limestone equivalent to 0.45 mol eq. was 

retained. Following the ideal ratio established in section 5.4.1, the subsequent group contained 

a reduced quantity, corresponding to a CaCCb ratio of 0.32 mol eq., equal to 0.7 CaCCb as the 

ideal ratio in conjunction with chloride in section 5.4.3. The mixtures were subjected to firing 

in ceramic crucibles within a muffle furnace at a temperature of 1,000 °C. The extent of reaction 

conversion was ascertained through gravimetry and E D X analysis of the aqueous leachate. The 

proportion of the reacted component is delineated in Fig . 58. 
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0.45 C a C O , 0.32 C a C O , 0.45 C a C O , 0.32 C a C O , 

NaCl 30 min • 60 min ° 
T controlled cooling 

180 min KC1 

Fig. 58 Graph of the reacted amount of modification agents as a function of reaction time at 1,000 °C 

The conversion rate of all samples is uniform due to the combination of methods utilised, 

surpassing 95 %. It was further noted that samples exposed to a regulated gradual cooling 

procedure attained a marginally further transformation. This can be attributed to an extended 

duration at an elevated temperature, during which the substance undergoes partial hardening 

even amidst the slow cooling process, while the addition of 0.32 or 0.45 mol eq. of limestone 

did not affect the conversion. A l l calcium components were reacted according to the 

complexometric titration within 30 minutes. Furthermore, the modified F A no longer displays 

its auto-disintegrating characteristics in both types of chlorites used, irrespective of the 

inclusion of CaC03 additions or the cooling process applied to the samples. Prior to further 

experiments and analyses, the samples underwent grinding in an agate grinding wheel to 

achieve a fineness corresponding to the D50 of the auto-disintegrated samples. 

The impact of combined CaC03 and NaCl/KCl conditions on leachability 

A l l pre-prepared combinations of H T F A 1 and adjusting agents, as detailed in the preceding 

section on taste, were exposed to controlled leaching in a sulphuric acid solution with mol eq. 

103 



1.2 and a L /S ratio of 10, mirroring the conditions of the control leaching experiments 

conducted in earlier sections. 

The graphs in F ig . 59 summarise the results, illustrating the impact of N a C l modification on 

the leachability of aluminium on the left side. A t the same time, the potassium counterpart of 

the modifying agent is depicted on the right side. Samples treated with N a C l or KC1 during the 

initial phases of the extraction process demonstrate comparable outcomes and trends when 

contrasted with previously mentioned modification techniques. The presence of the symbol T 

signifies that the sample has undergone a meticulously regulated gradual cooling process. In 

contrast, its absence suggests that the sample has been rapidly and non-controlled cooled to 

room temperature. Despite a significant proportion of individual components reacting, the 

leachability of aluminium from F A treated in this manner does not meet expectations of 

leachability results when modifying H T F A 1 with C a C h and CaCCb. Irrespective of the type 

of modifying chloride, carbonate addition, or cooling mode, all samples fall short when 

compared to the experiment involving F A activation using a combination of Ca-based agents, 

namely carbonate and chloride. The leachability of H T F A modified with a combination of N a C l 

and CaCCb does not exceed 85 %, while the combination of KC1 and CaCCb reaches a 

maximum of less than 75 %. Although all the chlorides used have a melting point within the 

range of 770-800 °C, the reaction method in conjunction with CaCCb is likely to differ 

significantly from that of the calcium system. 

Due to the comparatively limited leachability of aluminium activated through the use of F A 

and the lack of an auto-disintegration mechanism, no additional blends were formulated or fine-

tuned. The effects of the addition of the mentioned chlorides on the phase composition were 

also not monitored using the X R D method. Nevertheless, it is plausible that sodium or 

potassium feldspars could develop in configurations altered with N a C l or KC1. These 

compounds exhibit low solubility in acidic environments. [156, 157] 



5.5 Extraction of macro-concentrated elements 
Upon successfully implementing effective methods for activating the input material to enhance 

leachability, this doctoral dissertation also aims to optimise the extraction procedure by 

considering factors such as the reagent type and concentration, L / S ratio, extraction duration, 

temperature, homogenisation techniques, and more. This endeavour seeks to identify the most 

comprehensive approach feasible for both universal and industrial utilisation. 

A modified H T F A 1 mixture was employed to assess the various parameters and track their 

fluctuations in terms of aluminium leachability. This modification involved the addition of 0.45 

mol eq. of CaCCb and 0.35 mol eq. of C a C h , with a mass ratio of 0.7/0.3 for both reagents. The 

high-temperature modification reaction proceeded as follows: a gradual increase in temperature 

at a rate of 10 °C/min until reaching 800 °C, followed by a slower ramp of 5 °C/min until 

reaching 1,000 °C followed by isotherm for 60 minutes at this temperature. The cooling process 

involved a gradual decrease in temperature at a rate of 5 °C/min until reaching 800 °C, followed 

by a faster cooling rate of 10 °C/min until 600 °C. Finally, the mixture was rapidly and 

uncontrollably cooled to room temperature within a few minutes. Collectively, this modified 

H T F A 1 mixture can be denoted as "0"-modified H T F A 1. 

5.5.1 Type of extraction agent 

The extraction agent plays a crucial role in the overall process, being the key factor among all 

influencing elements. Due to the products being insoluble in water or having minimal reactivity 

with water, as well as in alkaline conditions with aqueous solutions of carbonates or hydroxides 

[158-160], potentially leading to the formation of various insoluble byproducts, the utilisation 

of such environments seems highly unsuitable. 

On the contrary, acid has a contrasting impact on these structures [157, 158]. In evaluating 

the appropriateness and efficacy of modification reactions to enhance leachability in preceding 

sections, sulphuric acid was employed as an extraction solvent owing to its widespread 

applicability and favourable outcomes in prior experiments, commonly referred to as direct acid 

leaching. However, the phases resulting from the modification of H T F A 1 using the sequence 

of reactions described in the previous chapters can undergo reactions in the environment of 

other acidic solutions. 

In order to make a comparison, we utilised sulphuric, hydrochloric, nitric, and phosphoric 

acid solutions. These solutions were prepared with a high (L/S) ratio of 50, and the acid 

concentrations were set at 0.5 and 1.0 M . These acid concentrations ensured an ample excess 

of acid for the complete dissolution of all components, considering A l , Fe, T i , Ca, Na, K , and 

M g . The presence of T i in the components renders them unreactive under these specific 

conditions. However, the remaining alkalis and base metals w i l l undergo reactions. The 

effectiveness of the entire process was monitored under laboratory conditions, i.e. atmospheric 

pressure and a temperature of 25 °C. The efficiency of the complete procedure was observed in 

a laboratory setting, specifically at standard atmospheric pressure and a temperature of 25 °C. 
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The magnetic stirrer with a Teflon-coated stir bar was utilised, with the speed adjusted visually 

to prevent vortex formation and avoid sedimentation of the mixture at the bottom. 

The findings of this experiment have been briefly presented in the two graphs depicted in 

Fig . 60. The graph on the left illustrates the yield of extraction under the conditions of 0.5 M 

solutions. In contrast, the graph on the right showcases the impact of 1 M solutions of the same 

reagents. 
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Fig. 60 Comparison of the teachability of A l in different acid solutions; "0"-modified HTFA 1 

Unsurprisingly, only a minimal quantity of aluminium is dissolved into the phosphoric acid 

environment. This can be attributed to the fact that aluminium exhibits limited reactivity when 

subjected to such a low acid concentration. Consequently, it is highly improbable for any 

reaction to occur between the aluminium and the current W a or A n , as indicated by [161]. 

Hence, phosphoric acid is deemed unsuitable for the intended application. 

Nitric acid appears to yield marginally improved outcomes in relation to the leaching of A l ; 

however, the leaching efficiency remains below the 50 % threshold. The attainment of 

equilibrium is swift, with extended durations of exposure to "0"-modified H T F A 1 failing to 

enhance process efficiency significantly. In addition, the use of nitric acid is not entirely 

optimal, even with regard to the nitrous gases produced. 

Extraction in hydrochloric acid results in significantly higher A l leachability values, with a 

leachability close to 85 % even at a lower concentration of 0.5 M , and nearly 90 % at a higher 

concentration of 1 M . These values are indicative of the reaction between the acid and feldspar 

minerals. 

The most optimal outcomes, however, are attained through the use of sulphuric acid. Even 

with a lower acid concentration solution, the leachability exceeds 95 % within 4-6 hours of the 

extraction reaction. This demonstrates the versatile applicability of sulphuric acid, akin to other 

hydrometallurgical methods. Furthermore, hydrochloric acid achieves significantly higher 

leachability in a shorter timeframe. 
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The results obtained show that sulphuric acid is highly effective, even when used at a lower 

concentration of 0.5 M and a reaction time of 6 hours. 

5.5.2 L/S ratio and concentration of extraction agent 

Balancing the suitable L /S ratio is crucial for optimising the entire process. This is essential to 

maintain the efficiency of the extraction process as much as possible, while minimising the 

liquid volume in consideration of the reactor volume. The L/S ratio is a crucial parameter that 

influences the access of reactants to the material, the removal of products into the solution, and 

the rheology of the mixture. 

L/S ratio 

In order to find a suitable L / S ratio, a laboratory experiment was carried out using sulphuric 

acid as an extraction reagent at a concentration of 1,0 M with a differing L/S ratio of 6-20. The 

results, summarised in the graph depicted in Fig . 61, of this analysis is presented, similar to the 

entirety of the study, as the extractability of aluminium during the extraction process. 
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Fig. 61 Comparison of the leachability of A l at different L/S ratio, 1M H 2 S 0 4 ; "0"-modified H T F A 1 

The results clearly indicate that the leachability of A l in the extraction process is significantly 

influenced by the L /S ratio. In the case of mixtures with L /S ratios of 6 and 8, limited mixing 

was observed due to the increased density of the mixture during extraction. The extraction 

process in sulphuric acid produces insoluble gypsum as a by-product, which requires 

approximately 2.6 g of water per 1 g of Ca for the reaction, based on the Ca content in "O"-

modified H T F A . Consequently, up to 50 % of the water present in the mixture at a low L/S 

ratio is consumed for this reaction. The formation of gypsum has a significant impact on the 

results. Furthermore, the L /S determination model used in this study does not consider the 
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minimum amount of extractant required for the reaction of all components. As a result, it is 

clear from the calculations that mixtures with an L /S ratio of 10 and below lack adequate acid 

content. As the acid concentration surpasses the optimal level, the reaction rate during the latter 

stages is also influenced. This is due to the heightened likelihood of successful acid 

precipitation with the solid component, as the precipitation reaction theory postulates. 

The next experiments of this study must substitute the current model with one that takes into 

account the molar equivalence of the extraction agent utilised in relation to all resultant 

products. 

For the subsequent trial, an adjusted model is substituted for the model mentioned earlier, 

encompassing the molar equivalent of the extraction agent employed to ensure reproducibility 

and facilitate result comparison. The subsequent model relies on an acid content equivalent to 

1.0 mol eq, which is essential for the reaction of all the existing components comprising A l , Fe, 

T i , Ca , Na, and M g to form stoichiometric sulphates. Consequently, the concentration of the 

acid employed in the experiment varies. Precisely, it corresponds to a concentration of 1.63 M 

(15 wt. %) for a mixture with an L/S ratio of 6, and subsequently decreases to 0.49 M (5 wt. %) 

for an L /S ratio of 20. 

The results of the leachability of aluminium in this mode of the extraction process are 

presented by the course of the curves in the graph in Fig . 62. These experimental data better 

reflect the actual influence of the L/S ratio on the entire extraction process. It is evident that this 

model is much more suitable for describing the efficiency of the process, as a solid degree of 

leachability is observed in all monitored mixtures. For low L /S ratios (L/S 6 and 8), the 

leachability is approximately 10 % lower compared to the remaining mixtures. This is due to 

the high viscosity of the mixture during the extraction process. Viscosity, in this case, is 

perceived as resistance to mixing evaluated optically. This is both due to the thickening of the 

mixture due to the formation of gypsum, as well as the wetting of a relatively fine sample and, 

last but not least, the formation of amorphous silicic acid in the form of a gel. A significant 

leachability of 93 % is achieved in the mixture with an L /S ratio of 10, where the thickening of 

the mixture, which hinders the effective influence of the mixtures, is not as apparent as in the 

previous two cases. However, even more peculiar results are obtained when using an L /S ratio 

of 12 and higher, where the leachabilities are comparable and range from 97-98 %. A t the same 

time, the curves corresponding to the L /S ratio are already similar. The most suitable option 

appears to be using L/S 12 or 14 with H2SO4 mol eq. 1.0. 
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Fig. 62 Comparison of the leachability of A l at different L/S ratio, tbSCUmol eq.1.0; "0"-modified 
H T F A 1 

Molar equivalent 

Once the optimal L/S ratio has been achieved, it becomes feasible to adjust the extraction agent 

to observe the impact of varying mol eq. H2SO4 on the leachability of A l . The mol eq was 

altered for mixtures with L/S H2SO4 12 and 14 within the range of 0.6-1.4. The mass and molar 

concentration of the extraction agent used in the reaction with "0"-modified H T F A 1 are 

detailed in Table 19 to provide a comprehensive overview of all laboratory experiment 

parameters. The results regarding aluminium leachability are depicted in two graphs in Fig . 63, 

with the progression of the experiment using a lower L/S ratio shown on the left side. 

Table 19 Molar and wt. % concentration of H2SO4 used for extraction at mol eq. 0.6-1.4 

L/S 12 

L/S 14 

H2SO4 mol eq. 
0.6 0.8 1.0 1.2 1.4 

M 0.49 0.65 0.82 0.97 1.14 
wt. % 4.91 6.47 7.99 9.43 10.96 

M 0.42 0.56 0.70 0.84 0.98 
wt. % 4.32 5.56 6.83 8.11 9.23 
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Fig. 63 Comparison of the leachability of A l at different thSCUmol eq.; "0"-modified H T F A 1 

The findings from Fig . 63 indicate a minimal disparity in the impact of L /S 12 and 14 on the 

efficiency of the extraction process, as observed through the leachability of aluminium. 

However, the leachability is affected by the variation in the mol eq of the extraction agent 

utilised. It is evident and can be proven through the experiment that a ratio below mol eq 1.0 

does not result in the conversion of the existing aluminium into the solution, leading to the 

premature termination of the extraction due to the depletion of the reaction groups of the 

extraction agent. Simultaneously, the experiment demonstrates that the aluminium reacts at a 

similar rate to the other components, as evidenced by the comparable shifts in the individual 

curves of mol eq. 0.6, 0.8, and 1.0 relative to each other. When employing a mixture with mol 

eq. 1.0, the dissolution is only a bit less than 97 % for the chosen lower L /S and 97.5% for 

L/S 14 within a reaction time of 6 hours. Mol eq. 1.2 and 1.4 already exhibit practically 

identical progress, achieving leachability of 99.5 % and higher. 

Thus, a suitable L /S ratio and mol eq. demonstrably affect the overall leachability of the 

extraction agent used, while its concentration does not. This only affects the course of the curve, 

and as the concentration of the reagent increases, its steepness is initially higher. According to 

this model, a high concentration of the extractant is a high mol eq. They certainly provide 

experimentally exciting data, but from the point of view of potential industrial application, they 

are not very desirable. 
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5.5.3 Combination of extraction agents 

The study described in the subsequent paragraphs examined the impact of different extraction 

media combinations, precisely the combination of sulphuric acid and hydrochloric acid, 

sulphuric acid and hydrogen peroxide, and all three substances together. The purpose of the 

experiment was not to enhance the leachability of A l , but rather to determine i f the combination 

of these agents could result in the maximum leachability within a shorter time frame. 

The influence of the three substances was once again observed on "0"-modified H T F A 1, 

with sulphuric acid L /S 12 and mol eq. 1.0 with the addition of HC1 or/and H2O2 - mixtures A -

G. Table 20 presents a summary of the individual contributions of agents, encompassing the 

levels of the specified components in the extraction mixture. A comparison of the influence of 

individual mixtures on the leachability of aluminium is then shown in the graph in Fig . 64. 

Table 20 Molar and wt. % concentration of extraction agents in mixtures A - G 

Concentration of extraction agents 
Mixture Concentration H2SO4 HC1 H2O2 

A M 0.82 - 0.17 
A wt. % 7.99 - 0.55 

B M 0.82 - 0.35 B 
wt. % 7.94 - 1.08 

M 0.82 - 0.70 
l ^ . wt. % 7.81 - 2.15 

D M 0.82 0.20 -D 
wt. % 7.93 0.69 -

E M 0.82 0.41 -E 
wt. % 7.87 1.37 -

M 0.82 0.82 -
r wt. % 7.76 2.69 -

M 0.82 0.82 0.70 
wt. % 7.58 2.64 2.09 

The overall leachability of the aluminium content has been previously indicated to have 

reached a maximum and consistent value of approximately 97 % across all mixtures utilised in 

the experiment. A notable deviation in leachability is observed in mixture G , which contains 

the highest concentration of peroxide and hydrochloric acid, resulting in a significantly 

favourable aluminium leachability of 92 % after only 4 hours of the extraction process. 
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Fig. 64 Comparison of the leachability of A l at different extraction agent addition with H2SO4 mol 
eq. 1,0, L/S 12; "0"-modified HTFA 1 

Based on the experimental data, it is evident that mixtures labelled A , B , and D , E , which 

contain lower amounts of peroxide or hydrochloric acid, do not have a positive impact on the 

aluminium leachability process. Their results are comparable to a mixture without these 

additions, as indicated by the bold line on the graph. The highest leachability is only achieved 

when the maximum amount of each reagent is added, specifically with mixture C and F, 

resulting in a total aluminium leachability of 4 -5% after 4 or 6 hours, respectively. However, 

it is important to note that the addition of hydrochloric acid increases the total mol eq. extraction 

agent, or concentration, which may have a slightly favourable effect on the leachability process. 

In summary, this experiment yielded no adverse outcomes; however, the amalgamation of 

these extraction agents did not result in a substantial advancement. 

5.5.4 Extraction temperature 

Temperature has consistently been recognised as a significant factor influencing various 

reactions. Elevated temperatures not only impact the solubility of products, diffusion rates, and 

penetration of extraction agents, but also accelerate chemical reactions. Previous studies have 

demonstrated that the extraction of aluminium in a 5 wt. % H2SO4 environment at its boiling 

point is rapid and effective, even in the presence of F F A . [113]. 

In order to achieve this objective, an experiment was conducted using "O "-modified 

H T F A 1 in an H2SO4 solution, with a mol eq. of 1.0 and a L/S ratio of 12. To assess the impact 

of temperature on both the reaction rate and the leachability of aluminium itself, the experiment 

was replicated at various temperatures 25, 45, 55, 75 and 95°C, as well as at the boiling 
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temperature of the mixture. A t a specific acid concentration and sample type, the boiling 

temperature reached a range of 107-109 °C. The findings regarding the influence of 

temperature are presented in the graph depicted in Fig . 65. 

A n increase in temperature evidently results in a notable alteration in leachability over a 

period of time. The impact of rising temperature on the leachability progression is clearly 

discernible, particularly within the initial two hours of the trial, where the leachability of 

aluminium doubles compared to the experiment conducted at room temperature. However, this 

augmentation is solely observed at a temperature of 95 °C. While utilising a lower temperature 

does lead to achieving a leachability exceeding 95 % in a shorter timeframe compared to room 

temperature, the reduction in extraction time is only around 1-1.5 hours, which may not be 

deemed practical considering the energy consumption required to heat the mixture to its optimal 

level. 
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Fig. 65 Comparison of the leachability of A l at different temperatures, tbSCumol eq. 1,0, L/S 12; "O"-
modified HTFA 1 

Therefore, a preliminary inference can be drawn that the utilisation of heightened 

temperature can be unequivocally advocated in terms of reducing the duration of the extraction 

process. However, of greater significance is the fact that optimal leachability can be attained 

even at ambient temperature, underscoring its paramount importance. 
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5.5.5 Upscale experiment 

The larger-scale extraction experiments allowed for a more accurate representation of potential 

industrial processes, as the increased volume and mixing techniques provided a more realistic 

simulation of industrial conditions. The results obtained from these experiments w i l l be crucial 

in determining the feasibility and efficiency of scaling up the extraction process for industrial 

applications. Furthermore, using different mixing techniques allowed for a comparison of 

efficiency and effectiveness in extracting the desired compounds from the sample. To achieve 

this objective, the reaction volumes were gradually augmented to a total of 30 L for the 

extraction mixture. The mixing technique was accordingly modified, where the mixture in the 

5 L reactor was stirred using a magnetic stirrer equipped with a Teflon stirrer. Additionally, for 

the purpose of efficiency comparison, a radial glass stirrer and a stand mixer were also 

employed. This mixing approach was also implemented for the largest reaction vessel depicted 

in Fig . 66. Overall, the expansion of the extraction experiments to larger scales has provided 

valuable insights into the potential industrial implications of the extraction process. 

150 m L 1,000 m L 5,000 m L 50 L 

Fig. 66 Photos of the reaction vessels in the experiment 

Upon experimenting with an expanded reaction volume, the temperature of the reaction 

mixture was observed concurrently with the leachability of aluminium as time progressed. F ig . 

67 illustrates a comparison of the leachability of aluminium on the left side while measuring 

temperature on the right. The investigation was conducted utilising "0"-modified H T F A 1, 

within an sulphuric acid environment. The experiment employed L /S ratio of 12 and a mol eq. 

of extraction agent of 1.0. 
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Fig. 67 Comparison of the leachability of A l and reaction temperature at different volumes of vessel, 
H 2 S 0 4 m o l eq. 1,0, L/S 12; "0"-modified H T F A 1 

The results obtained from this experiment can be characterised as highly successful, as the 

leachability during the gradual increase in reaction volume remained consistent with the 

original experiment. A minor discrepancy was observed during the extraction process. It is clear 

that, due to the larger scale of the experiment, there were slight variations in reaction 

temperature, both overall and in the time taken before a decrease was recorded. This 

phenomenon results from the increased volume of the reaction mixture and, consequently, the 

higher heat capacity of the entire system, where heat transfer to the surroundings primarily 

occurs through the wall of the reaction glass vessel. Another minor difference observed during 

the extraction process was the transition from using a magnetic stirrer with a Teflon stirrer to 

shaft stirring with a radial glass stirrer, denoted by the symbol %. In the initial stages of the 

process, there was a noticeable delay and a slight deceleration in the reaction, as evidenced by 

the lower temperature of the mixture in the first 60 minutes, along with the peak temperature 

of the reaction mixture being reached 45 minutes later compared to the magnetic stirrer setup. 

The impact on leachability was only significant in the first two hours of the experiment, where 

the efficiency of the reaction homogenised by mixing J was 2-3 % lower. However, in the later 

stages of the experiment, the outcomes were consistent. The most significant difference in 

temperature trends during the experiment, as well as in the initial leachability of aluminium, 

was observed in the case of the largest reaction vessel used with a 30 L extraction medium 

volume. In this scenario, the influence of the stirrer's geometry, specifically a single-row stirrer 

with two blades of rectangular cross-section, 30 mm in height and 125 mm in length, with 

blades angled at 30° relative to the rotation axis and immersed in the lower third of the reaction 

mixture .The reaction in this experiment was delayed due to the unique geometry of the mixing 

process in comparison to previous mixtures. Factors contributing to this delay include the start 

of the stirrer's engine, stirring of the mixture, the time required for the mixture to achieve 
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homogenisation, friction against the walls of the reaction container (which is made of plastic 

H D P E rather than glass), and other related variables. Additionally, the total reaction 

temperature in this experiment was 6 °C higher than that of the smaller mixture. This 

temperature variation can be attributed to the higher heat capacity of the system and the heat 

transfer coefficient through the wall of the reaction vessel, which is significantly lower in the 

case of H D P E as opposed to glass. 

5.5.6 The influence of extraction conditions on the leachability of macro-concentrated 

elements 

Up to this point of the study, the appropriateness of the conditions of the individual experiments 

has been evaluated as a factor affecting the leaching of aluminium, which is the most 

economically significant macro-element. However, H T F A 1 is a multi-elemental material that 

also includes Fe, T i , or S i , which belong to the group of macro-concentrated elements. During 

the experimental conditions, the "0"-modified H T F A 1 exhibited a leachability of these other 

components as well when extracted in sulphuric acid with L / S 12 and mol eq. 1.0. 

Based on the findings of the leachability study of the macro-concentrated elements 

mentioned, as depicted in three distinct graphs in F ig . 68, it is evident that the extraction process 

employed in this particular method exhibits a higher degree of selectivity towards aluminium, 

with a maximum of 60 % of the Fe content and up to 5 % of T i being dissolved in the solution. 

Time (min) Time (min) 

— — Si — — Ti Fe 

Fig. 68 Comparison of the leachability of Si, Ti and Fe in tbSCUmol eq. 1,0, L/S 12; "0"-modified 
H T F A 1 

The dissolution of Si in the extraction medium is not factored into the molar equivalent 

calculation. Including the extraction agent used is noteworthy, as this reaction is atypical; 

however, in terms of the breakdown of aluminium-silica constituents, its presence may 

potentially result in the partial formation of amphoteric or colloidal silicic acid. The correlation 

between Si concentration and its leachability into the solution shows that this reaction indeed 

occurs in a partial capacity. The impact of silicic acid or other soluble silicon compounds in 
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this setting w i l l be further explored in the subsequent chapter 5.7, particularly in relation to their 

influence on the stability of the extracted liquid component. 

Extraction of the remaining amount of Fe and T i present can then be carried out using the 

second extraction step, namely by reaction with sulphuric acid with a concentration of 80 % at 

an elevated temperature of 70 °C at L / S 2-3 using a stand mixer with a glass radial stirrer. The 

conditions for the second extraction step are taken from extensive study [162]. The results for 

the leachability of Fe and T i are then shown in the graphs in F ig . 69. 

Time (min) 
T i — — Fe 

Fig. 69 Leachability of Fe and Ti , 2 n d extraction in H 2 S 0 4 80 wt. %, L/S 3, 70 °C 

In the second extraction, carried out with concentrated acid and high temperature, nearly 

98 % of the titanium and more than 98.5 % of iron in the experiment were successfully 

transferred into the solution. The results of this reaction align perfectly with the theoretical 

predictions as reported in the publication [162]. The quantity of silicon found in the solution 

indicated that less than 2 % of the total amount had been leached. 

These findings suggest that employing a two-step extraction process, with the addition of a 

second stage that aligns with the reaction conditions of concentrated sulphuric acid (at least 

80 %) and elevated experimental temperature (at least 70 °C) at low L / S 3, results in the 

dissolution of all remaining macro-concentrated elements except for Si . The undissolved S i -

based structures, along with the by-product gypsum, form an insoluble residue that may have 

the potential for further applications. The composition of the extraction residue and its potential 

uses w i l l be examined in a separate chapter 5.8. 
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5.6 Assessment of modification and extraction methods as a potentially 
universal process 

The optimisation of conditions leading to changes in the phase composition, along with 

enhancements in the extraction process, has proven to be effective when dealing with one 

specific type of sample - H T F A 1. Given the significant similarity in phase composition among 

individual samples, applying the most appropriate conditions to other samples within the 

experiment becomes feasible. A total of 33 F A samples from various regions including the 

Czech Republic, Poland, Turkey, India, as well as samples of natural volcanic ash were 

carefully chosen for this investigation. This selection represents a diverse array of samples 

necessary for evaluating the effectiveness of the overall process. Specifically, 21 distinct types 

of H T F A s were obtained from different sources such as Tušimice, T D K , Prunéřov, Ledvice, 

Dětmarovice, Mělník, T T R Prunéřov, Zdár nad Sázavou, Paskov, Tisová, Opatovice, Vřesová, 

Orlen, Rybnik, Opole, Sarni, Angul , along with two samples with unidentified origins within 

Turkey; 10 types of F F A and F B A sourced from Ledvice, Tisová, Hodonín, Poříčí, also with 

ash from biomass combustion from Poříčí K 8 ; and two volcanic ashes from the Silvestře Craters 

region of Etna, as well as ash from Stromboli. 

The entire range of samples was then subjected to a high-temperature modification reaction 

of type "O" and "Q". The ability of self-disintegration and subsequent leachability of A l in a 

sulphuric acid medium at mol eq. 1.0 and L /S 12 under laboratory temperature were evaluated 

for all F A modified in this way. Additionally, a second extraction stage was carried out for 

selected mixtures, using sulphuric acid with a concentration of 80 wt. %, at a temperature of 

70 °C and L /S 3. 

Overall, the leachability test results of the modified "O" type samples showed distinct trends 

based on their H T F A and F F A / F B A categorisations. The H T F A samples consistently tended to 

auto-disintegration, while the behaviour of fluidised-bed ashes varied between F A and B A 

samples. F A samples showed similarity to H T F A in terms of disintegration, while B A samples 

required physical crushing by mortar and pestle, though they did not exhibit high strength. The 

F F A and F B A samples resulting from biomass combustion formed clusters of 2-3 mm particles, 

also requiring crushing. The colour change in the modified samples was uniform for all except 

F F A and F B A from biomass, showing yellowish particles, with some samples displaying a 

more orange hue, likely due to higher Fe content. 

To present leachability of A l in a more transparent and more organised manner, the results 

were segregated into separate Fig . 70 and Fig . 71. This division offered better clarity in 

understanding the distinct behaviours exhibited by the different sample types. 
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Fig. 70 Comparison of A l leachability on different types of "O"-modified HTFA in FbSCUmol eq. 1,0, 
L/S 12 

Based on the summary provided by the A l leachability graph presented in Fig . 70, it is 

evident that successful activation occurred across all types of H T F A utilised due to the high-

temperature modification reaction. Furthermore, the extraction conditions during processing 

were optimally set, with the A l leachability exceeding 90 % for all samples studied after a 6-

hour reaction with sulphuric acid. While the leachability trends over time mimic those of the 

reference sample H T F A 1 (EPC - Počerady), the values recorded during the experiment 

fluctuated within a 5 % range above and below the corresponding value of H T F A 1. 

Nevertheless, it was observed that samples with a higher aluminium content, necessitating a 

greater amount of modifier, tended to exhibit excessively high viscosity levels, potentially 

affecting leachability. A s previously discussed in Chapter 5.5.2, it might be advisable to 

consider employing L/S 14 or higher ratios for improved processing and potentially enhanced 

leachability. However, even under the combination of all the implemented experiment 

conditions, we can talk about very positive results. 

The extraction by-product exhibited a predominantly white colour in most mixtures, with 

only the ashes containing higher Fe content (Angul, Tušimice, Opatovice) displaying a 

yellowish hue. 
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Fig. 71 Comparison of A l teachability on different types of "O"-modified FFA, F B A and volcanic F A 
in H 2 S 0 4 m o l eq. 1,0, L/S 12 

A similar pattern of aluminium teachability is also observed in the case of F F A and F B A , as 

illustrated in F ig . 71. Initially, there appears to be a slight discrepancy in the teachability of 

F F A and F B A , with F F A exhibiting an aluminium teachability exceeding 99 %, whereas F B A 

reaches up to 93 %. This variance may be attributed to differences in morphology, as F B A often 

forms distinct agglomerates due to higher concentrations of gypsum and unreacted free lime. 

Nevertheless, F F A and F B A derived from biomass-burning boilers lag significantly behind all 

other samples in terms of aluminium teachability. This discrepancy is likely due to the 

substantial alkali content present in the fly ash, leading to the premature formation of a melt 

with the generation of 2-3 mm lumps, which hinders adequate activation. Volcanic ash samples 

achieve a teachability of up to 99.5 % post-modification. Compared to other H T F A , F F A , and 

F B A samples, they also exhibit superior aluminium teachability in the initial hours of 

extraction. 

The graph in Fig . 72 summarises the teachability of A l from the modified samples of "Q" 

type. The variations between the samples are negligible, with H T F A , F F A , F B A , and volcanic 

ash all achieving process efficiency above 97 % (97-99.9 %), except for F F A and F B A from 

biomass burning. The teachability of samples from biomass shows an increase, reaching a 

maximum of 80 %. 
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Fig. 72 Comparison of A l leachability on different types of "Q"-modified HTFA, FFA, F B A and 
volcanic F A in tbSCUmol eq. 1,0, US 12 

In order to evaluate the effectiveness of the second leaching step of the total process in 

maximising the leachability of titanium and iron from the "0"-modified F A , individual samples 

were taken from both F F A and F B A , as well as three samples from H T F A which had the highest 

titanium content in its initial state. The leachability of iron from these samples is visually 

represented in the graph located on the left side of Fig . 73. A t the same time, the dissolution 

efficiency of titanium is illustrated in the graph on the right side. 

Following the second leaching process, the by-products extracted from the monitored 

mixtures appeared entirely white post-filtration, showing no indication of the existence of Fe 

ions. 

121 



Time (min) Time (min) 

- E L E F — — E F E B E M E ^ ^ E T I — E T U 

Fig. 73 Comparison of Fe and Ti leachability on different types of "Q"-modified HTFA, F F A and F B A ; 
2 n d extraction in H 2 S 0 4 80 wt. %, L/S 3, 70 °C 

Based on the data depicted in the above graphs, it is evident, although unsurprising, that 

when subjected to "O" type modification under conditions different from the optimised initially 

H T F A 1, both Fe and T i have notably comparable leaching behaviours into a sulphuric acid 

solution. In fact, the cumulative leachability of these elements exceeds 95 %. 

Upon comparing the leachability of A l , T i , and Fe in various sample types, including F F A 

and F B A from biomass, it is evident that the activation technique involving a high-temperature 

modification reaction utilising a blend of chloride and calcium carbonate followed by an 

extraction process in a two-step approach within a sulphuric acid setting is suitable for different 

H T F A samples as well as F F A and F B A . This perspective confirms the versatility of the 

experimental procedure's application in this context. 
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5.7 Methods of selective separation of macro-concentrated elements from 

leachates 

In the preceding sections, optimising the complete reaction sequence led to attaining the highest 

leachability of macro-concentrated elements. Subsequently, these elements could be 

differentially isolated from the mixture by manipulating the p H of the solution. Special attention 

was given to reducing the surplus of extracting agents in order to minimize the usage of 

precipitating agents and prevent the wastage of acids in the leaching process. 

This section provides an overview of the fundamental characteristics of leachate and its 

stability and subsequently delves more deeply into the relationship between the solubility of 

A l , Fe, and Fe and the p H value in terms of p H solubility curves. Additional findings are then 

presented regarding the analysis of precipitated fractions and the potential for their further 

utilisation or treatment. 

5.7.1 Stability and fundamental properties of leachate 

The acidic leachate, which had been stored in a sealed plastic container, exhibited a notable 

shift in rheological properties and the development of a gel-like substance within 7-14 days. 

Following a meticulous process of mixing and centrifugation, a finely ground fraction was 

isolated, revealing a mass composition of 20.1 % S i , 0.3 % A l , 3.5 % Ca, 0.2 % K , and 2.6 % 

S as determined by X R F analysis, with the remaining 73.3 % attributed to light elements (Na, 

H , O, C , ...). This composition aligns with that of silicic acid. It is worth noting that this 

particular product, constituting only 0.41 % of the total leachate weight, was not subjected to 

further analysis using alternative methodologies. 

Following the separation process, the leachate exhibits stability for at least 30 days, with 

only sporadic elimination of a minimum of aluminium sulphate flakes. The resulting flakes, 

which underwent centrifugation, were found to have a composition corresponding to aluminium 

sulphate (14.2 % A l , 25.4 % S, and the remaining portion attributed to L E ) upon X R F analysis. 

The p H level recorded using a p H meter falls within the range of -0.5-0.5 for this acidic 

leachate. Depending on the extraction conditions, it remains constant throughout the monitoring 

timeframe. The density of the initial leachate fluctuates between 1.12-1.19 but decreases to 

I. 10-1.15 after the separation of the silicic acid fraction, and then remains stable for the 

duration of the storage period under observation. 

5.7.2 Effect of pH on the solubility of extract components 

To sustain the selectively separate macro-concentrated elements that were converted into the 

solution during the extraction process, the initial step involved monitoring their solubility or 

concentration in the solution as the p H value gradually increased. Experimental determination 

of these curves for the macro-concentrated elements under study was crucial since there was a 

lack of available literature discussing their solubility variations with p H changes under 

conditions similar to those employed in the experiment. The solubility had to be examined in a 
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sulphuric acid solution containing all these elements together, with p H adjustments achieved 

by adding an ammonia solution. This study chose an ammonia solution to mimic industrial 

processes, whereas an aqueous NH3 solution is preferred due to its simple regeneration 

capabilities. This decision aimed to mirror the practices seen in industrial setups, thereby 

enhancing the relevance and practical implications of the research findings. 

The concentration curves for A l and Fe vary based on the excess p H resulting from 

introducing an aqueous ammonia solution. These curves are depicted in F ig . 74. A 

concentration of 1 at the start represents the initial concentration of the respective element in 

the acid leachate. The dependence of T i solubility on the p H value in the first extract might not 

reflect reality due to its low concentration; T i is then excluded from the second extract by 

diluting the solution, analogous to the production of T1O2 by the sulphate method, along with 

the process discussed in publication [163]. 

T — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J n — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 1 — 1 — 1 — J — 

1 2 3 4 5 6 7 8 9 10 11 12 
pH( - ) 

— A l ^ ^ F e 

Fig. 74 A l and Fe precipitation curve using NH3 from H2SO4 acidic leachate 

Based on the experimental findings, it was established that complete precipitation of iron 

occurs from the solution until p H 2.75, with 30 % of the aluminium present being co-

precipitated at this p H level. Therefore, it is imperative to separate these two components 

further. Aluminium is subsequently precipitated from the solution until p H 4.5. In contrast to 

iron, which remains precipitated within the subsequent p H range, aluminium experiences 

further dissolution above p H 9.5, leading to complete dissolution at p H 10.5 and beyond. 

In relation to the experimental data, fractions that precipitated at a p H of 2.75 were prepared 

and analysed further; 2.75-4.5 and then 0.5-10. The resulting precipitates were separated from 

the mixture through centrifugation and, after being washed with water, they were dried at 
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105 °C. From the X R D analysis perspective, it was impossible to distinguish these precipitated 

fractions further, as only a small amount of crystalline fraction was found in their content. From 

the X R F perspective, the fraction between p H 0.5-3.0 contained 0.1 % T i , 16.8 % Fe, 14.4 % 

S and the rest to L E ) , the mixture at p H interval 3.0-4.5 then 1.3 % Fe, 7.6 % A l , 23.6 % S and 

the rest L E ; the composition of the mixture of p H interval 0.5-10 then corresponded to the 

composition of the first mixture, without the presence of T i . 

The concentration of the precipitating agent can meticulously regulate the dimensions of the 

resulting flakes utilised and the mixing speed. Excessive mixing intensity can result in prompt 

particle aggregation and the creation of a gelatinous clump, which can be exceedingly 

challenging to cleanse. 

Fig . 75 enhances the description and morphology of the separated gel-like part of the acidic 

leachate. In the image from the elemental map (on the right), particles containing Si are visible, 

while the rest of the product corresponds to the residue of the excluded extraction by-product— 

calcium sulphate. The highly delicate morphology indicates the presence of a fine fraction 

resulting from coagulation or other physical aspects. 

Fig. 75 S E M image of the morphology of the separated fraction from the leachate after 7 days, E D X 
map on the left 

Fig . 76 depict S E M images of fractions separated at p H 3.0 on the left (a) side and p H 4.5 

on the right (b). There is no apparent change in morphology, as the resulting fine flakes of the 

precipitated products were agglomerated during processing, such as centrifugation, washing, 

and drying. However, the E D X analysis revealed a composition consistent with the X R F 

measurement, with the first fraction containing both Fe and A l and the second fraction 

containing only A l . These fractions can also be visually distinguished, with the first fraction 

appearing yellow-orange due to the presence of Fe, while the second fraction is more whitish 

with a slight yellow tinge. 

a b 
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Fig. 76 S E M images of the fraction precipitated to pH 3.0 (a) and to 4.5 (b) 

In order to capture the morphology of the newly forming small flakes of Fe and A l fractions, 

the precipitation of the droplet of the extract with several drops of the reagent directly on the 

sample holder was carried out. The morphology corresponds to a very fine clustering of 

platelets and is visually very similar for both fractions, as shown in the S E M images in Fig . 77. 

Fig. 77 S E M images of the flakes precipitated to pH 3.0 (a) and to 4.5 (b) 
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5.8 Extraction by-product 

A comprehensive and meticulous analysis of the by-product extraction must be carried out to 

fully understand the process sequence. The interaction between Ca-based elements present in 

the sulphuric acid extraction solution triggers the creation of either gypsum, hemihydrate 

gypsum, or anhydrite. The resultant by-product manifests as a fine, white powdery substance, 

as confirmed by the particle size distribution chart in the appendix and the morphology observed 

in the S E M images in F ig . 78. 

Fig. 78 S E M image of by-product morphology 

The proportion of hemihydrate and anhydrite in this material varies based on the washing 

and drying methods employed, similar to regular gypsum. Through X-ray diffraction analysis, 

the product was determined to be a combination of hemihydrate and anhydrite. Following the 

initial extraction, the by-product may show remnants of undissolved A n , Wa, or Ge based on 

the process parameters. In the by-product obtained from the most optimal extraction method, 

the T i component is concentrated, specifically the rutile present. Upon completion of the second 

extraction, the sample only exhibits hemihydrate and anhydrite as identifiable crystalline 

phases. 

This product can thus be subjected to conventional methods of processing gypsum plasters 

into gypsum products and applied, for example, in the production of plasterboard boards or as 

an additive to regulate the initial setting of cement. 
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6 CONCLUSION 

The primary objective of this doctoral thesis was to address the convergence of two growing 

challenges in contemporary times: the management of secondary by-products generated from 

coal combustion in thermal power plants or heating plants, known as coal combustion products 

C C P , and the need to address the scarcity of new, appropriate raw material sources while 

ensuring self-sufficiency and independence in commodities. Despite the increasing efforts to 

utilise C C P , the focus has predominantly been on incorporating different fly ash forms into 

various technologies. However, a limited number of research publications globally explore the 

true potential of these secondary products as a viable source of raw materials. 

The author's final theses [113, 164] have already primarily indicated that the critical factor 

for the possible application of CCPs and especially H T F A and also F F A or F B A as a potential 

source of raw materials is the methods of classic hydrometallurgical processes. However, in 

order to achieve a high level of efficiency of such a process, it is necessary to pre-adjust -

modify or activate the F A . 

The activation methods of F A before the extraction process were the lengthiest, most 

challenging, and most intricate aspect of the entire study, in both time and experimentation. 

After reviewing a limited number of scientific papers, a series of modification reactions 

involving calcium compounds were utilised to potentially produce calcium-aluminate or 

calcium-silicate phases, which could be readily dissolved in the subsequent acid 

hydrometallurgical process under sulphuric acid conditions. 

It has been demonstrated that the activation of H T F A 1 can occur through a high-temperature 

modification reaction with limestone. Through optimisation techniques, maximum A l 

leachability of over 48 % was achieved, representing a more than 20-fold increase compared to 

the leachability of raw H T F A 1. Adding 0.45 mol eq. was identified as the optimised 

modification procedure, with a reaction temperature of 1,000 °C and a duration of 60 minutes 

at the same temperature. Further composition analysis revealed that the high-temperature 

modification reaction not only yields products according to the theoretical sequence of 

reactions, such as larnite or tricalcium-aluminate, but also gehlenite and wollastonite phases, 

and a limited extent, anorthite. Additionally, the samples modified in this manner demonstrated 

the ability to self-disintegrate, which provides a significant benefit throughout the process. 

Samples showing this phenomenon do not need to be ground during processing. 

The experimental setup and procedure were replicated using calcium chloride as the 

modifying agent. Through the optimisation of the modification process, a leachability of A l 

from H T F A 1 exceeding 90 % was subsequently achieved, representing a more significant 

advancement than that observed with limestone activation. Adding 0.35 mol eq. was the optimal 

condition for the modification process, along with a reaction temperature of 1,000 °C and a 

duration of 60 minutes. Despite the absence of products according to the theoretical reaction 

mechanism, the modified samples contained chloro-calcite phases, with limited amounts of 
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larnite, gehlenite, and wollastonite, but a high representation of anorthite and wadalite. The 

modified samples did not exhibit the characteristic of auto-disintegration. 

This study introduces a novel approach not found in the author's literature, which involves 

the combination of modifying agents to achieve a 90 % leachability of aluminium while 

preserving its auto-disintegrating properties. This was accomplished by utilising a limestone 

and chloride ratio of 0.7/0.3 or 0.6/0.4 while maintaining a mol eq. CaCCb of 0.45 and mol eq. 

C a C h of 0.35. As part of the optimisation process, the high-temperature reaction mode involved 

heating at a rate of 10 °C/min to 800 °C, followed by heating at 5°C/min to 1,000 °C, a duration 

of 60 min, and controlled cooling at 5 °C/min to 600 °C, followed by rapid uncontrolled cooling 

to room temperature. This optimisation resulted in an increase in the leachability of aluminium 

up to 95 %. 

Finally, a considerable part of the experimental work focused on enhancing the 

hydrometallurgical process, specifically the extraction process. Numerous trials demonstrated 

that the highest rate of aluminium dissolution into the solution was achieved in a sulphuric 

acid environment, with an optimised L/S ratio of 12 or 14 with mol eq. of H2SO4.I.O orl.2. 

This ratio allowed for the release of all reactive components in the solution, corresponding to 

1.0 to 1.2, which equates to 0.7-0.8 M acid in the given H T F A 1 composition, resulting in the 

leaching of over 97 % of aluminium. Moreover, increasing the reaction temperature to 55 °C 

and above significantly accelerated the reaction process, with 90 % of aluminium leached out 

after just 4 hours of extraction (or 2 hours at 95 °C). Conversely, adding hydrogen peroxide or 

hydrochloric acid to the extraction mixture alongside sulphuric acid did not yield substantial 

changes in leachability over time. 

Consequently, a nearly indistinguishable degree of A l solubility was attained during the 

initial extraction phase in the upscale experiment, employing 30 L of extraction agent. After 

the first extraction, the residual quantities of iron, titanium, and aluminium were fully 

transferred to the solution in the second leaching process, facilitated by 80 wt. % sulphuric acid 

with L /S 3 and a reaction temperature of 70 °C. 

The primary and most significant outcome of the study involves implementing the 

modification reaction and extraction under optimised conditions on an additional 20 

samples of H T F A and 10 samples of F F A / F B A . This achieved A l leachability levels ranging 

from 90 % to 99 % by modifying C a C C V C a C k in ratios of 0.7/0.3 or 0.6/0.4 based on mol eq. 

CaCCb 0.45 and mol eq. C a C h 0.35. The extraction process was conducted in a sulphuric acid 

medium with mol eq. 1.0 and L/S 12 for 6 h. 

Another discovery from the study involves identifying the solubility curve of A l and Fe 

based on the p H of the solution in actual samples. This information can be used to separate 

leached elements. Additionally, there is potential for using extraction by-products containing 

varying ratios of hemihydrate and anhydrite of calcium sulphate, depending on the drying 

circumstances. This by-product could be incorporated into gypsum products or as an additive 

to control the initial setting of cement. 
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7.2 List of abbreviations 

A n Anortite 

C 2 S Dicalcium silicate 

C 3 A Tricalcium aluminate 

Cc Chloro-calcite 

C C P Coal combustion product 

E D X Energy dispersive X-ray analysis 

F A Fly ash 

F B A Fluidised-bed bottom ash 

F F A Fluidised-bed filter (fly) ash 

Fig. Figure 
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H T F A High-temperature fly ash 

ICP-OES Inductively coupled plazma optical emission spectrometry 

L Lime 
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8 APPENDICES 

8.1 Materials and samples info 

Append. 1 Phase composition of H T F A 

Content (wt. %) 
Amorphous Quartz Mullite Magnetite Hematite Anatase Rutile 

ETU 58.9 7.9 29.8 2.0 1.0 0.3 -
TDK 72.4 7.7 13.2 0.8 1.0 - -
EPR 66.8 5.1 25.5 1.9 0.7 - -
E L E 61 3.8 34.5 0.1 0.5 - -
EDĚf 62.6 14.3 22.1 0.1 0.8 - -
EDĚc 69.2 19.9 10.1 0.5 0.1 - -
EMĚ 54.2 7.7 34.1 0.3 1.3 1.3 1.3 
TTR K6 73.3 7.3 18.2 0.1 0.3 0.4 0.4 
TTR K7 59.3 5.4 34.5 0.2 0.5 - -
EOP 57.2 5.5 34.7 1.7 0.7 - -
ŽĎAS 54.2 12.4 32.2 0.4 0.6 0.1 

Paskov 55.6 18.8 24.6 0.4 0.5 0.1 
ETI 53.0 8.5 32.2 0.6 1.5 2.5 1.6 
TPV 72.4 4.5 17.9 1.3 0.6 0.4 0.6 
Orlen 57.7 7.1 34.6 0.2 0.4 - -
Rybnik 57.1 18.2 22.5 1.3 0.8 0.1 0.1 

Opole 58.1 8.6 31.7 0.7 0.7 0.1 0.1 
Turkey 1 63.8 18.9 13.4 1.8 1.3 0.4 0.3 
Turkey 2 43.8 21.4 33.2 0.3 0.9 0.2 0.1 
SarniIn 46.9 22.9 28.9 0.6 0.5 0.3 -
Angul In 55.6 24.7 18.3 0.7 0.4 0.3 -
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Append. 2 Phase composition of F F A and F B A 

Content (wt. %) 
Amorphous Quartz Calcite Magnetite Hematite Lime Anhydrite Anatase Muskovite Albite Ortoklase Akermanite Portlandite 

E L E BA 72.1 4.9 0.1 0.7 0.1 9.4 10.5 0.4 - - - 0.9 1.0 
E L E F A 64.2 10.5 1.4 0.1 1.9 7.8 7.3 1.0 - 5.4 0.3 0.1 -
EPO BA 54.7 10.3 0.1 0.4 11.1 15.7 0.1 1.5 4.5 - 1.5 -
E P O F A 60.2 13.1 3.0 0.1 2.5 5.9 7 0.4 1.3 5.1 0.4 1 -
EPO FA 
biomas 

44.4 23.4 1.0 0.3 0.4 3.4 1.9 0.1 6.0 18.3 0.5 0.4 -

EPO BA 
biomas 50.3 35.1 - 0.2 0.2 4.1 1.5 0.1 - 6.7 1.6 0.1 -

EHO BP 61.8 10.6 — 0.4 1.1 7.7 10.3 0.2 — 4.5 0.7 2.0 0.7 
EHO Fp 42.5 20.5 3.9 0.4 0.6 5.9 7.6 0.3 1.8 12.1 2.4 2.1 -
ETI BP 57.1 9.0 0.1 0.2 0.4 14.7 13.0 2.2 - 11.8 1.0 0.2 0.2 
ETI FP 62.7 7.6 3.1 0.3 2.1 10.4 9.0 0.5 1.4 - - 2.3 0.6 



Append. 3 Elemental composition of H T F A and FFA, FB A 

Content (wt. %) 
AI2O3 Fe 2 0 3 TÍO2 MgO CaO SÍO2 K2O SO3 

ETU 18.01 8.17 0.95 0.98 0.69 29.41 0.78 1.01 
TDK 21.19 6.36 1.86 7.42 2.21 27.38 0.78 10.71 
EPR 22.95 9.27 1.23 1.66 0.89 39.39 1.12 0.74 
E L E 29.90 5.03 3.05 1.02 0.00 46.56 0.63 0.69 

EDĚf 23.40 6.55 1.22 2.17 0.88 46.63 2.37 0.70 
EDĚc 20.44 6.86 0.98 1.94 1.19 47.93 2.16 0.24 
EMĚ 29.47 6.32 6.95 1.02 0.00 42.37 0.31 0.41 

TTR K6 30.07 5.94 3.35 0.67 0.50 45.11 0.45 0.24 
TTR K7 12.41 6.92 2.01 0.27 0.00 17.72 0.20 0.27 

EOP 26.62 8.31 1.73 0.61 1.07 45.40 1.20 0.47 
ŽĎAS 28.87 8.92 4.58 0.88 3.52 37.95 0.33 1.04 
Paskov 5.81 2.86 0.44 4.94 8.34 38.88 3.25 3.85 

ETI 27.90 7.25 7.37 0.44 1.04 39.21 0.37 0.80 
TPV 17.00 7.26 4.07 0.00 2.06 23.15 0.19 0.45 
Orlen 27.77 5.19 1.98 0.56 0.74 51.09 1.47 0.24 

Rybnik 24.04 9.82 1.19 0.76 1.36 43.00 1.30 0.81 
Opole 27.25 4.86 1.99 0.11 0.76 40,95 0.53 0.06 

Turkey 1 24.4 56.5 6.1 4.5 2.2 2.2 0.7 0.9 
Turkey 2 21.8 61.5 5.8 3.2 2.5 2.1 0.8 0.7 
SarniIn 29.52 55.16 6.32 1.3 1.95 2.54 0.77 0.6 
Angul In 27.13 55.45 7.28 2.74 2.55 1.9 1.2 0.55 
E L E BA 20.27 4.45 3.07 17.39 0.63 28.50 0.14 14.97 
E L E FA 26.54 4.73 3.05 12.36 0.00 40.24 0.32 5.74 
EPOBA 13.48 3.80 1.64 24.71 1.25 19.32 0.40 21.04 
E P O F A 23.75 6.56 1.90 15.06 1.26 37.11 0.81 6.95 
E P O F A 
biomas 7.42 3.88 0.72 22.11 3.07 31.04 3.72 6.45 

EPOBA 
biomas 

3.83 0.79 0.15 8.71 2.96 17.13 1.17 2.73 

EHO BP 16.39 4.36 1.29 19.85 1.71 34.23 2.40 7.76 
EHO Fp 16.04 6.87 6.25 0.00 29.50 19.92 0.00 16.30 
ETI BP 16.66 5.60 1.19 1.26 21.99 24.97 0.95 7.98 
ETI FP 22.16 7.16 6.02 0.55 20.24 29.94 0.02 8.86 

151 



Append. 4 Particle size distribution of milled F F A 1 

0.1 0.2 0.4 0.6 0.8 1.0 2 4- 6 S 10 20 +0 60 80 100 200 400 600 8Q01CO0 2000 
particle size I |im 

Append. 5 Particle size distribution of milled F B A 1 
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Append. 6 Particle size distribution of milled HTFA 1 

particle size i |im 

Append. 7 Particle size distribution of H T F A 1 modified with CaCQ 3 at 800 °C 
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Append. 8 Particle size distribution of H T F A 1 modified with C a C 0 3 at 900 °C 
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particle size I \im 

Append. 9 Particle size distribution of H T F A 1 modified with C a C 0 3 at 1,000 °C 
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Append. 10 Particle size distribution of H T F A 1 modified with C a C 0 3 at 1,100 °C 

Append. 11 Particle size distribution of HTFA 1 modified with CaCC>3 and CaCb combination at 
1,000 °C 
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