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Abstract 
 

During the year that concluded prior to the commencement of this PhD (2001) 11.7 

million tonnes of fly ash was produced in Australia, of which only 32% was utilised 

is some way, near its conclusion, the latest statistics (2004), reveal that 12.5 million 

tonnes was produced with only 35% utilised in some way (ADAA 2006), with the 

remainder being accumulated in landfills and ash dams.  This low level of ash 

utilisation in Australia is inevitable due to the combination of inherently high 

transport costs, and relatively low value products. This situation argues for more 

value-added utilisation of coal ash to overcome the transport cost barrier. 

 

Zeolite synthesised from fly ash for agricultural application as a controlled release 

fertiliser, is a technology which offers considerable advantages in terms of economic, 

technical and environmental performance.  This fertiliser market is both a high value 

and high volume market, with the potential to consume significant quantities of fly 

ash.  Studies using natural zeolite have demonstrated significant improvements in 

fertiliser efficiency for zeolite compared to soluble salts. 

 

This thesis looks at the issues behind fly ash utilisation in the broader sense, 

evaluates the potential markets for zeolite products in Australia, assesses the 

established science behind producing zeolite materials from fly ash, and examines 

the direct hydrothermal treatment process for producing zeolites (including analcime, 

cancrinite, zeolite ZK-14, and zeolite P1) from coal fly ash, including the 

relationship between zeolite types produced and operating conditions, desirable 

zeolite properties for controlled release fertilisers, optimal production conditions, 

economic implications, and avenues for future research. 

 

The hydrothermal treatment process was studied through the control of reaction 

temperature (T), reaction time (t), the Si/Al mole ratio (n), the cation type (M), the 

pH, the H2O/Al mole ratio (p), and the M+/Al mole ratio in excess of unity (m), 

where MNO3 was used to control m independent of pH.  A number of different 

zeolite types were produced from fly ash with a maximum zeolite yield of 57%.  Due 

to impurities present in the fly ash, it is impossible to selectively synthesise pure 
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zeolite of any kind using the direct hydrothermal treatment method, but this is 

adequate for the intended fertiliser applications. 

 

A systematic quantitative refinement method was developed using Rietica to 

characterise the mineralogy of fly ash and hydrothermal treatment products, resulting 

in substantially more information regarding the transformations taking place than has 

previous been available in the study of the synthesis of zeolites from fly ash.  This in 

conjunction with SEM has provided unprecedented detail regarding the reactivity of 

fly ash components, namely glass, quartz, and mullite phases, as well as the 

independent role of M+ and OH− within the hydrothermal system, and the 

encapsulation of fly ash reactants by products. 

 

Notably quartz is more reactive than mullite; however at a pH of 14.6 mullite is 

completely dissolved while quartz is not, probably due to the significantly smaller 

size of mullite crystals relative to quartz particles; and for small increases in m with 

constant pH starting from x = 1, the total yield of zeolite increases, and the yields of 

different zeolite types change from low to a maxima back to low as functions of both 

pH and m. 

 

From the experiments conducted it appears that the processes of gel formation and 

zeolite crystal growth can be manipulated through the continuous presence of 

zeolites with fly ash reactants, and through the manipulation and control of M+ and 

OH− concentrations as well as temperature to balance the suppression of fly ash 

dissolution while enhancing crystallisation to minimise the encapsulation of reactants 

by products, increasing the productivity of hydrothermal treatment process, therefore 

improve its economic viability, which is key to its possible future implementation. 
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1 Introduction 
Coal-fired power is the primary source of electricity in Australia, providing 80% of 

electricity production.  Coal fly ash is produced as a by-product of coal combustion, and its 

utilisation is at present realised by low technology applications, such as in cement and 

construction materials (including mine backfills, soil stabilisation, engineered fills, and road 

base).  However, ca. 500 million tonnes of coal ash is produced globally each year, with only 

34% effectively utilised (Manz 1997), and 11.7 million tonnes of coal ash was produced in 

Australia in 2001 with 32% effectively utilised, and only 14% utilised in applications of 

value (ADAA 2006), with the remainder accumulated in landfills and ash dams, causing 

considerable adverse environmental effects and public concern. 

 

This was the base problem which defined this PhD when it started, both broad 
and non-specific, the primary objective was; 
 
To study the current state of fly ash utilisation within Australia and the world, 
and identify the best research opportunities capable of driving the future 
direction of ash utilisation towards zero emission. 
 
The work generated through this avenue of research is presented in Sections 2.1 
and 2.2 (see Figure 1.1). 

 

This low level of ash utilisation is inevitable due to inherently high transport costs for the 

relatively low value products produced, especially in Australia where a small population is 

spread over a large area.  This makes it difficult for ash to compete with traditional raw 

materials.  This situation argues for more value-added high technology utilisation of fly ash 

as an effective means of overcoming the transport cost barrier.  Zeolite synthesised from fly 

ash, is such a technology. 

 

This is the position which developed from the study of the primary objective, 
which was refined to produce a zeolite markets objective; 
 
To study the potential products and markets for zeolite in Australia, and identify 
the best opportunities to support a zeolite fly ash utilisation strategy which has 
real potential to lead to the capability of significantly increasing fly ash 
utilisation. 
 
The work generated through this avenue of research is presented in Sections 2.3 
and 2.4 (see Figure 1.1). 
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The fertiliser industry is a major industry in Australia.  Fertilisers are consumed by 

agriculture, horticulture, floriculture and turf industries, as well as the gardens and lawns of 

households.  The fertiliser industry is worth $AU 2 billion per annum, however current 

fertilisers are rarely more than 50% efficient and, in some applications such as in sandy soils, 

their efficiency in delivering nutrients to plants can be as low as 10%.  Fertiliser not taken up 

by plants is washed through to the water table, rivers and waterways, or volatilised into the 

atmosphere. 

 

Zeolites can be produced from coal fly ash using chemical processing, and they can then be 

used as controlled release fertilisers which supply nutrients to plants as they need it, making 

them more efficient, and longer lasting than traditional fertilisers.  The controlled release 

zeolite fertiliser market has the potential to be both a high volume and a high value market. 

 

This is the position which developed from the study of the markets objective, 
which was refined to produce a zeolite production objective; 
 
To study the process of producing zeolite from fly ash for controlled release 
fertiliser applications with an eye on multiple products and cost minimisation. 
 
The work generated through this avenue of research is presented in Sections 2.5 
and 2.6 (see Figure 1.1). 

 

Zeolite manufacture is not new.  Well established manufacturing plants exist which produce 

zeolites for industrial absorbers and adsorbents, ion exchangers, and catalyst applications, as 

well as water softeners in powder detergents, using calcined kaolinite or other more 

expensive aluminosilicate sources, and recent years have seen plants using fly ash come into 

service.  These plants produce small quantities of zeolite at great cost, making them unviable 

for agricultural applications. 

 

There are many different types of zeolite, where some zeolites perform better than others for 

a particular application.  Understanding this and knowing how to control the production 

process to produce the desired zeolite product is critical for the identification and 

manufacture of a superior product.  However there is a limited understanding of the 

processes and mechanisms of producing zeolites from fly ash, especially zeolites suitable for 

agricultural applications. 
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This is the position which was developed from the study of the zeolite 
production objective, which was refined to produce the experimental objective; 
 
To study the influence of ash properties, hydrothermal chemistry, and 
continuous processing on the hydrothermal synthesis of zeolite from fly ash. 
 
Three hypotheses were proposed for study, and an experimental methodology 
developed based around batch hydrothermal synthesis in conjunction 
predominantly with XRD and SEM analysis techniques to test hypothesis, 
presented in Section 3.  The results generated are presented in Section 4, 
conclusions in Section 7, recommendations for future work in Section 6, and 
evaluation and reflection in Section 7 (See Figure 1.1). 

 

The experimental component of this research examines the hydrothermal process for 

producing zeolites suitable for agricultural application from coal fly ash starting materials, 

including the relationship between zeolite types produced and operating conditions, zeolite 

properties desirable for controlled release fertilisers, optimal production conditions, and 

economic implications. 

 

 
Figure 1.1: Thesis map illustrating interrelations between sections 
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2 Background 
This section presents the core concepts that form the foundation of this thesis, as well as the 

evolution of ideas which lead to the specific experimental objectives (see Section 2.6.3) and 

methodology (see Section 3) of thesis. 

 

The background work is split into three topics i) fly ash production and utilisation, ii) zeolite 

markets, and iii) producing zeolite from fly ash.  Each topic is split in two sections, the first 

presents the established scientific basis of topic while the second presents the more 

philosophical and interpretive aspects of topic.  The structure of this section is summarised in 

Figure 2.1 below. 

 

 
Figure 2.1: Structure of background section 
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2.1 Fly ash Production and Utilisation in Australia 
Although coal ashes are forged in the furnace, their unique and individual properties are 

crafted by many different phenomena which occur during the life cycle of coal ash, and 

ultimately influence its utilisation.  To understand fly ash utilisation, a good understanding of 

fly ashes life cycle, as illustrated in Figure 2.2 below, is necessary. 

 

 
Figure 2.2: Fly ash life cycle 
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2.1.1 Formation of Coal and Origin of Ash 
Coal is formed by the deposition of organic and, too a much smaller extent, inorganic 

materials in sediments to form peat, which react under various temperature conditions over 

millions of years to form coal. Without treatment this inorganic matter ultimately ends up in 

the coal ash after combustion. A simple flow diagram of coal formation pathway is 

illustrated in Figure 2.3 below. 

 

 
Figure 2.3: Coal formation pathways 
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inorganic matter over the peat deposit upon which new seams may form. 
 

River 
Lake 

Ocean 

Swamp 

Certain 
Conditions 

Swamp Peat Coal 

Inorganic Impurities 

Peatification 
(microbes + temperature + time) 

Coalification 
(temperature + time) 

Water 
Table 

Wind 
Floods 

Water Table 



Chapter 2 – Background Elliot A.D., PhD Thesis 
 

 7

Swamps that experience flooding form peat which contains micro layers of fine mineral 

matter and the shells and skeletal structures of organisms entrained in the floods. 
 

Nutrients can be delivered to the swamp from the watertable and through flooding. Swamps 

that are nutrient deficient produce low pH peat (3.5 – 4) with very low mineral matter, and 

nutrient rich swamps produce peat with high dissolved salt contents and higher pH. 

 

Peatification 

Peat has low levels of bacteria, which decrease with decreasing pH.  Peat with higher 

nitrogen and nutrient contents promote bacterial activity, as does the temperature with an 

optimum temperature between 35 and 40°C. 

 

The redox potential affects the type of bacterial activity with aerobic bacteria consuming 

oxygen from atmosphere near surface of deposit, while anaerobic bacteria consumes oxygen 

within the organics deeper in the peat bed and produce hydrogen rich bituminous products 

(Stach, et al. 1982). 

 

Sulphur bacteria reduce organic sulphur compounds and sulphates, transported in by floods, 

into elemental sulphur or hydrogen sulphide that react with iron weathered from silicate 

minerals or transported in by groundwater.  Marine peat is generally richer in sulphur due to 

the greater availability of sulphate in sea water (Stach, et al. 1982). 

 

It is these microbial processes that are responsible for converting animal and plant matter 

into peat (Stach, et al. 1982).  Peat with lower microbial activity forms higher carbon coals 

while high microbial activity produces higher ash coals due to high decomposition of early 

peat. 

 

Coalification 

Coalification is the process, which transforms peat into brown coal and all subsequent stages 

of coal. The coalification process is driven by temperature, with higher temperatures 

accelerating the process, and the degree of coalification is related to exposure times at peak 

temperatures. 

 

Pressure slows the chemical reactions that take place during coalification. However this 

effect is usually exceeded by increased temperatures with depth, with increasing pressure 

there is increased compaction of peat or coal, which lowers the porosity and the moisture 

content. 
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As coalification proceeds there is a continuous loss of water hydrogen and oxygen from the 

coal, this process inherently increases the composition of inorganic components as well as 

sulphur and nitrogen compounds. 

 

For these reasons there is a decrease in moisture content and increase in rank with increasing 

depth within a coal bed. 

 

There are three pathways through which inorganic components enter into a coal: firstly as 

part of organic compounds that are present in the plants from which the coal forms; secondly 

from inorganic matter introduced by wind and water into swamp, and thirdly through the 

flow of solutions in cracks, fissures or cavities of consolidated coal (Stach, et al. 1982).  The 

flow of water can introduce to, transport through, and leach out soluble salts from peat or 

coal. 

 

The first two pathways result in inorganic matter which is fine grained and thoroughly 

interwoven with the coal, whereas the third produces inorganic matter larger in size, which 

form predominantly in the cracks and fissures. 

 

Mineral species are both transported to coal and formed within coal, from dissolved species 

and from the transformation of other mineral species (Stach, et al. 1982), the occurrence of 

minerals identified in coal are summarised in Table 2.1, and their formation processes are 

summarised in Table 2.2 below. 

 

It is the intimately inter-grown inorganic matter, which is most difficult to separate from 

coal, and more likely to speciate into the fly ash than bottom ash due to its fineness. 

 

The abundance and compositions of deposited organic components is subject to biological 

diversity through space-time, as is the inorganic components contained within and binding 

the deposits.  Combined with differences in geological history between different locations, 

means that the properties of coals will vary significantly with age, between different 

geographical areas, within a mine and sometimes even within a single seam. 
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Table 2.1: Minerals identified in coal (Stach, et al. 1982) 

Mineral Occurrence[A] 
Clay minerals 

Illite – sericite Dominant – abundant 
Montmorillonite Rare – common 

Kaolinite Common – very common 
Halloysite Rare 

Iron disulphides 
Pyrite Rare – common 

Marcasite Rare 
Melnikovite Rare 

Carbonates 
Siderite Common – very common 
Ankerite Common – very common 
Calcite Common – very common 

Dolomite Rare – common 
Oxides 

Hematite Rare 
Quartz Rare – common 

Magnetite Very rare 
Rutile Very rare 

Hydroxides 
Limonite Rare – common 
Goethite Rare 
Diaspore Rare 

Sulphides 
Sphalerite Rare 

Galena Rare 
Chalcopyrite Very rare 

Pyrrhotite Very rare 
Phosphates 

Apatite Rare 
Phosphorite Rare 

Sulphates 
Barytes Rare 

Silicates 
Zircon Rare 
Biotite Very rare 

Staurolite Very rare 
Tourmaline Very rare 

Garnet Very rare 
Epidote Very rare 
Sanidine Rare 

Orthoclase Very rare 
Augite Very rare 

Amphibole Very rare 
Kyanite Very rare 
Chlorite Rare 

Salts 
Gypsum Rare 

Bischofite Very rare – common 
Sylvine (sylvite) Very rare – common 

Halite Very rare – common 
Kieserite Very rare – rare 
Mirabilite Very rare – rare 

Melanterite Very rare 
Keramohalite Very rare 

[A] Dominant: > 60%, Abundant: 30-60%, Very Common: 10-30%, Common: 5-10%, Rare: 5-1%, Very rare: <1% 
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Table 2.2: Minerals transported to coal and those formed within the coal (Stach, et al. 1982) 

First stage coalification Second stage coalification 
Syngenetic formation syn-sedimentary to early 

diagenetic[A] Epigenetic formation 

Transported by water or 
wind Newly formed Deposited in fissures, 

cleats and cavities[B] 
Transformation of 

syngenetic minerals[C] 
Clay Minerals 

Kaolinite   Illite 
Illite   Chlorite 

Sericite    
Minerals with mixed-

layer structure    

Montmorillonite    
Tonstein    

Carbonates 

 Siderite-Ankerite 
concretions Calcite  

 Dolomite Dolomite  
 Calcite Ankerite in Fusite  
 Ankerite   
 Siderite   

Sulphides 
 Pyrite concretions Pyrite Pyrite[D] 
 Melnikovite-Pyrite Marcasite  
 Coarse Marcasite Sphalerite  

 Concretions of FeS2-
CuFeS2-ZnS Galena  

  Copper Sulphide 
(Chalcopyrite)  

 Pyrite in Fusite  
Oxides 

 Hematite Goethite  
  Lepidocrocite  

Quartz 

Quartz grains Chalcedony and 
Quartz[E] Quartz  

Phosphates 
Apatite Phosphorite   

 Apatite   
Heavy minerals and accessory minerals 

Zircon  Chlorides  
Rutile  Sulphates  

Tourmaline  Nitrates  
Orthoclase    

Biotite    
[A] Intimately inter-grown, [B] Coarsely inter-grown, [C] Intimately inter-grown, [D] From the transformation of syngenetic 
concretions of FeCO3, [E] From the weathering of Feldspar and Mica 
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2.1.2 Coal Handling 
During coal handling the most important component of coal beds (the organic component) is 

collected for use, and delivered to the consumer.  Coal handling in the present discussion 

means the mining, crushing, cleaning, blending, transport and storage of coal.  Each coal 

handling stage alters the composition and properties of ash in coal 

 

Coal cleaning may be exploited to remove some of the inorganic impurities before utilisation 

to ease a number of ash-related operational issues. Coal washing and flotation are common 

techniques, which, in most cases, only remove excluded inorganic matter present in the run-

of-mine (ROM) coal. Coal cleaning thus can change both quantity and quality of the fly ash 

produced by altering the chemical composition of the total ash in the coal. 

 

Origin of inorganic components 

There are significant variations in quality between the top and bottom of a seam as indicated 

previously, with primary impurities taking the form of clay veins (both regular and 

irregular), kettle bottoms, sulphur balls, pyrite, sulphury coal (in pockets and streaks), and 

bone bands (most common near the top and bottom of seams) (Anderson, et al. 1979). 

 

Secondary impurities come from the matter above and below the seam.  This material can be 

soft or hard, regular or irregular, where soft impurities have a higher tendency to disintegrate 

and mix into coal than hard impurities, making them harder to separate out. 

 

This temporal and spatial variation in coal properties can be controlled in coal products 

through the use of selective mining, coal cleaning, and coal blending. 

 

Influence of Mining Techniques 

In underground mining there are two general classes of extraction; conventional mechanical 

mining, and continuous mining techniques.  Conventional mining involves a cycle of cutting, 

drilling, shooting and loading at the coalface.  Continuous mining utilises a machine to 

dislodge, load, and transport the coal, where the dislodging may be performed by a ripping, 

shearing, ploughing, rotating-oscillating, boring, or auguring action (Anderson, et al. 1979). 

 

At the coal face conventional mechanical mining can achieve a greater degree of selectivity 

than continuous mining systems, which are more difficult to control and practiced over the 

whole seam.  While conventional mechanical techniques have some capability to eliminate 

undesirable seam contaminants (Anderson, et al. 1979). 
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Surface mining makes use of two techniques; stripping and augering.  Stripping involves the 

removal of overburden with heavy equipment and, depending on geology, with explosives.  

Smaller equipment can then be employed to rip, scrape, scoop, or sweep away impurities.  

The coal is then loosened and loaded.  Surface mining has a large capability to eliminate 

undesirable seam contaminants. 

 

Augering removes coal by drilling horizontally into the coal seam whose face has been 

exposed by strip mining, under overburden which is uneconomical for stripping, and is often 

encountered in hill or mountainside mining (contour mining) (Anderson, et al. 1979).  This 

technique has similar selectivity issues to continuous techniques in underground mining. 

 

Both underground and surface mining operations can employing selective mining to control 

coal quality and maintain a uniform composition (Anderson, et al. 1979).  Coal cleaning or 

blending may also be exploited. 

 

Crushing and Cleaning 

The run-of-mine (ROM) coal is usually crushed to diameters of 50 mm or less at which point 

it can be stored for transport or cleaned.  Crushing coal changes the size distribution of both 

the coal and ash, and liberates many of the larger ash particles in the coal (see Figure 2.4 

below).  The liberated ash can be removed and the organics concentrated using the cleaning 

techniques listed in Table 2.3 below. 

 

 
Figure 2.4: Liberation of run of mine coal particles during crushing, and common particle types 

following cleaning; where coal is white and inorganic species are black 
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Table 2.3: The classification of physical coal cleaning processes (Burdon 1975) 

Property Processes 
Picking Appearance, reflecting, shape, conductivity Mechanical sorters 

Classification[B] 
Jigging[B] 

Heavy Media[C] 
Flowing Film[B] 

Relative density (size shape)[A] 

Dry Separation Processes 
Froth Flotation[C] Surface Properties[A] Agglomeration[C] 

[A] The density and surface techniques separate the larger more dense mineral particles including quartz and iron oxides from 
the coal.  By its nature this process also concentrates up many of the trace elements that are organically bound. [B] If wet 
cleaning processes, could potentially remove some of the mineral salts present in the coal. [C] Heavy media separators may 
make use of organic liquids, dissolved salts in water, fluidised beds, and solid suspensions in water as the heavy media.  Like 
the surface methods, the additives used in heavy media separators could potentially contaminate the final coal product. 
 
Storage and Blending 

Coal blending, where different coals are mixed is often practiced to control the properties of 

coals fired.  Fuel economics is usually the main driver for blending, which can occur at 

coalmines, coal preparation plants, transhipment or terminal facilities, and at power stations.  

The blending process physically mixes the coals and thus ash to form a new coal. 

 

During storage, oxidation of coal by atmospheric oxygen at ambient temperature 

(weathering) lowers its heating value (Matoney, et al. 1979), resulting in a loss of energy and 

increased coal requirements to achieve the same thermal production.  Therefore greater 

quantities of ash are processed.  Weathering decreases the floatability of coal in froth 

flotation (Zimmerman 1979), which will impinge on further coal cleaning during coal 

processing. 

 

2.1.3 Coal Processing 
Coal processing involves all the processes which occur at the power station, up to and 

including the formation of fly ash during combustion, with each stage contributing to the 

properties of the ash produced.  Coal-fired power generation processes are currently 

undergoing both evolutionary and revolutionary changes as the pulverised fuel combustion 

process is refined (new environmental technologies and super critical boilers), and new 

processes are developed (for example, fluidised bed combustion and gasification).  The 

effect these technologies have on coal combustion products is briefly discussed, as is iron ore 

blast furnace slag production, a traditional alternative use for coal. 
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2.1.3.1 Milling 
Coal milling is a key processing stage at power utilities. For pulverised fuel combustion, coal 

is milled to have a particle size distribution where 70% of particles have a diameter less than 

75µm.  This process decreases the average particle size and increases the number of ash 

particles, and liberates many inorganic particles previously encapsulated in coal particles. 

 

2.1.3.2 Pulverised Fuel Coal Combustion 
The final stage in coal processing is the combustion (power generation) stage.  The 

formation of fly ash is greatly influenced by the coal (and thus ash) properties, the 

temperature history and gas environment.  The processes involved are illustrated in Figures 

2.5 and 2.6 below. 

 

 
Figure 2.5: Graphical representation of the processes taking place during pulverised fuel 

combustion 
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Figure 2.6: Pictographic representation of de-volatilisation and char burnout (Clarke and Sloss 

1992) 

 

After milling, coal is pneumatically transported into the furnace through burners with 

primary air.  The high temperature furnace environment, ranging from 1200°C (high 

moisture low-rank coal) to over 1800°C (high volatile bituminous coal), rapidly heats the 
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and small volatile organic compounds are evolved.  After the de-volatilisation, what remains 
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The burning char particles can attain temperatures up to a few hundreds of degrees higher 

than the gas temperature thus the inorganic and mineral inclusions melt (some volatilise), 

and remain attached to the char through capillary forces and coalesce to form larger ash 

droplets as the carbon is burned away. 

 

For each char particle, one ash particle will form. However in the final stages of combustion 

the char particle may fragment into sections, finally the carbon is burned out releasing the 

ash.  Upon leaving the combustion zone these particles rapidly cool and solidify to form fly 
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particles (Clarke and Sloss 1992).  A pictographic representation of de-volatilisation and 

char burnout for a coal particle is given in Figure 2.6 above. 

 

De-volatilisation and decomposition of minerals proceeds with the evolution of volatile 

components, resulting in a change in chemical composition and reduction in the mass of 

average ash particles.  This process results in higher concentrations of aluminosilicate and 

other non-volatile components in fly ash, compared to average coal ash. 

 

During combustion there is an overall increase in average ash particle size producing ash 

particles which range between 1 and 200 µm with an average particle size of ~20 µm, 

formed from coal minerals typically ranging between 1 and 100 µm with an average particle 

size of ~13 µm (Wigley and Williamson 1998). 

 

2.1.3.3 Fly Ash Production 
The basics of ash production during pulverised fuel combustion have been presented 

previously in section 2.1.3.2.  However to better understand the unique properties of fly ash, 

greater detail regarding the inorganic transformations taking place is presented here.  

Specifically, the phenomena of de-volatilisation, phase transformations, the separation of fly 

ash from bottom ash, and condensation is discussed. 

 

De-volatilisation 

During the de-volatilisation process, volatile inorganic compounds present in both the 

mineral phases and organically bound is vaporised with other volatile species.  During char 

burnout the relatively non-volatile trace elements trapped within the organic matrix or 

organically bound may be released into the gas phase (Clarke and Sloss 1992), as are sodium 

and potassium oxides which are captured on ash surface (Wigley and Williamson 1998).  

The speciation of some common elements is given in Table 2.4 below. 

 

Table 2.4: Speciation of elements upon combustion (Smith 1987) 

Volatile elements and elements associated with organic fraction As, B, Br, Cl, Ga, Ge, Hg, Se 

Elements associated with non-volatile mineral matter Al, Ba, Ca, Ce, Fe, K, La, Mn, Nb, 
Rb, Si, Sr, Ti, Y, Zr 
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Phase Transformations 

Ash fusion occurs between 1150 and 1550°C from initial softening to fully molten (Sear 

2001), while the flame temperature usually ranges from 1300°C to 1700°C depending 

largely upon coal rank, with low rank coals having low flame temperatures and high rank 

coals having high temperatures, the peak particle surface temperature can reach 2000°C 

(Couch 1995). 

 

Within this high temperature environment there are a number of mineral transformations that 

take place.  Some typical transformations that take place in coal ash during combustion are 

listed in Table 2.5 below. 

 

Table 2.5: Transformations taking place in the boiler flame (Raask 1980) 

Mineral Changes in the flame Products 
Silicates 

Mica Fusion and vitrification Glassy spheres 

Kaolin Fusion, partial vitrification and 
re-crystallisation Glassy spheres, mullite and quartz 

Quartz Partial fusion and vitrification Amorphous silica spheres and unfused particles of 
α-quartz 

Non-silicates 
Pyrites Decomposition and oxidation Magnetite, haematite and SO2 

Carbonates Decomposition and sulphation Sulphates and CO2 
Chlorides Volatilisation and sulphation Sulphates and HCl 

 

The evolution of volatile components within the molten fly ash particles may result in 

particle swelling as they are released or they may become trapped causing the fly ash to 

substantially expand forming cenospheres (Clarke and Sloss 1992).  Following char burnout, 

these molten ash particles now entrained in combustion gases are rapidly quenched to form 

hollow spherical glassy particles. 

 

Submicron fly ash consists of condensed mineral vapours and extraneous fines and is non-

cenospheric, because the excess pressure required to stabilise bubbles within submicron 

particles is greater than the mineral matrix can contain (Ghosal and Self 1995). 

 

An individual fly ash particles morphology is dependent upon both composition and the 

duration and extent of exposure to combustion temperatures within the boiler, where particle 

shape changes from amorphous through rounded to spherical as the exposure is increased 

(Fisher, et al. 1978), a result of melting and aerodynamics.  The residence time of fly ash 

within the furnace is 3 to 4 s (Sear 2001), allowing large particles and minerals with high 

melting points, like quartz, to avoid melting and retain an amorphous morphology. 
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Separation of fly ash from bottom ash 

Within the furnace there is a natural classification process which takes place separating the 

small and low density particles from the large and high density particles, illustrated in Figure 

2.5 above. 

 

In the furnace ash can be quite sticky and stick to the walls, along with volatile inorganic 

compounds that condense on the boiler tubes, they build up as slag deposits which need to be 

routinely removed during operation by blasting with water or steam (soot blowing).  

Together with the dislodged deposits, heavy large ash particles fall to the furnace bottom 

where they sinter and are collected.  This ash product is referred to as bottom ash. 

 

The char and small light ash particles rise with the gases.  Secondary air is added above or 

around the flame to complete char burnout, and the resulting ash exits through the top of the 

furnace entrained in flue gases, containing only a small component of unburned carbon, this 

ash is called fly ash.  The fly ash may also be sticky and can build up on the heat transfer 

surfaces of the boiler to form fouling deposits. 

 

The ratio of fly ash to bottom ash depends on particle density and size distributions (ash 

composition and milling), boiler configuration, firing mode, as well as combustion 

conditions (aerodynamics, temperature and residence time).  Some typical splits for various 

furnace types and firing methods is presented in Table 2.9 in Section 2.1.3.6, typically, fly 

ash is finer and lighter while bottom ash is coarser and heavier. 

 

Condensation and Element Speciation 

Upon leaving the combustion zone there is a rapid cooling of flue gas and fly ash.  A number 

of transformations take place depositing volatile inorganic compounds onto the surface of fly 

ash particles.  Some of the volatile inorganic compounds remain as vapours in the flue gas 

and small quantities remain in the flue gas as submicron particle condensates 

 

The speciation of elements between fly ash, bottom ash and flue gases is illustrated in  

Figure 2.7 below, where group 1 are the elements concentrated in coarse residues, group 2 

are the elements concentrated in the small or fine particles, and group 3 contains the 

elements which are present in the gas phase. 
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Figure 2.7: Speciation behaviour of trace elements between the combustion products (Clarke 

and Sloss 1992) 
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(Sakulpitakphon, et al. 2001).  Also there is a variation in composition between the surface 
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Carbon is believed to play a significant role in mercury capture from flue gases (Hassett and 

Eylands 1999), increased unburned carbon in fly ash results in increased speciation of 

mercury into fly ash (specifically onto the carbon component of fly ash) from the flue gases. 

 

2.1.3.4 Feed Conditions 
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firing can all change the properties of coal feed from a normal or standard operating 

condition, changing the properties of fly ash produced. 
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Coal 

Coal is the raw material from which fly ash is produced; its properties are fundamental to the 

properties of the subsequent fly ash.  Coal property variations that impact upon fly ash 

properties include: 

• An increase in the percentage of ash forming constituents in coal results in increased 

fly ash production 

• A change in the inorganic composition of coal will change the composition of fly ash 

produced 

• A change in the mineral species present in coal will change the mineral 

transformations that take place, changing fly ash mineralogy and morphology 

• A change in coal mineralogy will change the ash fusion temperature, changing the 

extent of slagging, which affects the formation and composition of bottom ash, 

affecting the composition and yield of fly ash 

• An increase in the distribution of inorganic species in the organic matrix will 

increase the composition of those species on the surface of fly ash produced 

• An increase in the quantity of graphitic carbon in coal will increase the quantity of 

unburned carbon produced in the fly ash 

• Flame temperature generally increases with a decrease in the moisture content, an 

increase in the organic volatile matter, or an increase in the rank of the coal. 

 

The main elemental impurities in coal are (Couch 1995): 

• Si (predominantly quartz and clays) 

• Al 

• Fe 

• S (predominantly pyrite) 

• Na, K, Ca, Mg 

• F, Cl 

• N (predominantly organically bound) 

• P 

 

The major and minor inorganic elements are associated with coal ash; however trace 

elements are segregated differently between organic and inorganic phases.  Some general 

elemental associations are listed in Table 2.6 below. 
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Table 2.6: Associations of elements in coal (Smith 1987) 

Phase Trace elements associated with phase 
Organic B, Be, Br, Ge, Sb 

Inorganic As, Cd, Ce, Fe, Mn, Mo, Zn 
Both (~ equal affinity) Co, Cr, Cu, Pb, Sb, Se, V 

Variable Affinities (changing affinities) Al, Ca, Ga, Ni, P, Si, Ti 
 

Coal Cleaning 

One method of controlling the properties of coal for use in pulverised fuel combustion (to 

minimise undesirable properties) is to clean the coal prior to combustion by removing the 

undesirable components. 

 

Physical coal cleaning can be employed as discussed in Section 2.2 to remove liberated 

inorganic matter.  Alternatively some advanced coal cleaning methods, including chemical 

cleaning, bacterial sulphur cleaning, and magnetic separation of pyrite, as illustrated in Table 

2.7 below, may be employed.  Advanced coal cleaning techniques are not currently 

employed in Australia. 

 

Table 2.7: Classification of advanced coal cleaning processes, adapted from (Grady and Muter 
1979; Muter 1979; Wheelock 1979; Prescott, et al. 1999) 

  Selectivity 
Category Process Inorganic 

Sulphur[A] 
Organic 

Sulphur[B] Bulk Minerals 

Chemical comminution    
Leaching with dissolved oxygen 
solutions    

Leaching with solutions of ferric 
sulphate   Some 

Nitric acid leaching   Portion 
Treatment with nitrogen oxides  Portion  
Caustic cleaning  Portion  

Chemical 
Cleaning 

Extraction with molten caustic  Portion  
Thiobacillus and Ferrobacillus 
Ferrooxidans    Bacterial 

Sulphur 
Cleaning Pseudomonades    

Untreated separation    
Steam-air treated    
Dielectric heat treated    

Magnetic 
Separation of 

Pyrite Magnetically seeded    
[A] Elements such as As, Cd, Hg, Pb and Se are typically associated with pyrite and other sulphide minerals (Clarke and Sloss 
1992) [B] Elements such as Ge, Be, and B tend to concentrate in coals organic matrix (Clarke and Sloss 1992) 
 

By removing a particular phase from the coal, the concentrations of trace elements 

associated with that phase are also reduced.  The efficiency of any cleaning process for a 

particular element will depend upon its selectivity and the level of association of that 

element to the selected phase within the coal.  Most trace elements are associated with bulk 

mineral matter (Clarke and Sloss 1992), therefore, physical coal cleaning will remove these.  
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However, reducing the bulk ash will result in the concentration of organically associated 

elements in the final fly ash produced. 

 

Coal Blending 

Coal blending is another way to control the properties of the coal fired.  With coal blending, 

coals of different compositions are mixed to produce a new coal blend whose composition is 

a mixture of the individual coals.  The idea is that an ideal property can be achieved by 

combining two coals that are high and low in that property. 

 

The blend properties, volatile matter, moisture, ash, carbon, hydrogen, sulphur, nitrogen, 

oxygen, chlorine, maceral contents, and heating value are based upon weighted averages of 

their individual property values (Carpenter 1995). 

 

Coal blending has the following influences upon fly ash production: 

• The properties of blend combustion ash will be a combination of the combustion 

ashes produced by the individual unblended coals, because little interaction occurs 

between the ash particles from different char particles. 

• Inorganic species released from organic matrices and vaporised from coal ashes, are 

a combination of those released by the individual unblended coals. 

• The condensation of volatile inorganic compounds and collection of mineral salts on 

the particle surfaces will follow post combustion ash behaviour, described previously 

in Section 2.1.3.3. 

• The partitioning of small light and of large dense particles to form fly ash and bottom 

ash will be a combination of the individual unblended coals 

• The slagging interaction of the inorganic components released from the organic 

matrix (e.g. Na and Fe), with the combustion ash may vary significantly from the 

individual coals that compose the blend. 

 

Co – Firing 

Coal consists mostly of carbon which produces CO2 upon combustion, concern about CO2 

emissions, which climaxed in the 1992 Kyoto protocol has resulted in a shift towards fuels 

with a greater share of hydrogen (Sear 2001). 
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Alternative fuels that can be co-fired with coal include 

• Sewage sludge 

• Biomass (e.g. waste paper, wood pulps and chips) 

• Rendered animal products 

• Natural Gas 

• Organic by-products from chemical processes 

• Domestic waste 

 

Co-firing of coal with other combustion materials has an effect similar to coal blending, 

however it is important to note that some combustion materials have greater concentrations 

of trace elements or phosphates than coal and will subsequently produce a fly ash with 

greater concentrations of these elements.  Some typical alternative fuels are illustrated in 

Table 2.8 below. 

 

The inorganic constituents of alternative fuels will also have different inorganic 

compositions and different associations between mineral inclusions and the organic matrix, 

this will affect the mineralogy of the fly ash produced, and the internal and surface 

composition of fly ash particles.  In addition, by changing the chemical composition of fly 

ash, its suitability for utilisation may be affected. 

 

Table 2.8: Properties of coal and some wastes (McGowin and Hughes 1991) 

 Coal Tire Chips Refuse 
Derived Fuel Wood chips Municipal 

Sewage Sludge 
% Ash 16.04 14.76 12.0 0.74 6.8 

% Moisture 6.60 8.55 24.0 39.10 86.2 
% S 0.85 1.19 0.20 0.02 0.07 

Btu / lb 11,680 13,500 5,900 5,139 464 
 

2.1.3.5 Operating Conditions 
The three key operating conditions which influence fly ash production, therefore the 

properties of ash, are temperature, residence time, and gas environment.  These conditions 

are not directly controllable, but are effects resulting from a number of different causes (see 

Figure 2.8 below) including design influences (see Section 2.1.3.6), coal feed and firing 

conditions (see Section 2.1.3.4).  With the causes having multiple, competing and 

insufficiently understood influences on fly ash production, it is appropriate to focus 

exclusively on the effects. 
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Figure 2.8: Dependence of significant ash forming operating conditions on coal feed conditions, 

process design, and controllable operating variables 

 
Temperature 

Increased flame temperature increases the extent of melting, which reduces the composition 

of more temperature resistant phases like quartz.  Increased flame temperature decreases the 

quantity of unburned carbon in fly ash, increases the speciation of volatile inorganic 

components from bottom ash to fly ash, as well as increasing the temperature of molten 

phases, reducing their viscosity which influences internal particle swelling and ultimately the 

porosity of ash product. 

 

Increased furnace temperature decreases the quantity of unburned carbon produced in ash, 

and decreases the particle cooling rate, increasing the percentage of mineral phases which 

crystallise from the melt (e.g. mullite) resulting in a decreased glass yield.  Increased furnace 

temperature increases the deposition of particles on furnace walls, increasing the percentage 

yield of bottom ash over fly ash, altering their composition. 

 

Increased boiler temperatures decrease the rate of particle cooling, increasing the percentage 

of mineral phases which crystallise from molten core of particles which reduces glass yields.  

Increased flue gas temperature increases the speciation of volatile trace elements from fly 

ash toward the flue gas. 

 

Residence Time 

The volumes within furnace and boiler are fixed and they operate at near atmospheric 

pressure.  If there is an increase in the volume of feed air or de-volatilisation and combustion 

gases, this will increase the gas flow rate through the furnace and boiler sections.  This 
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decreases the residence time of fly ash in the furnace and boiler, and increases particle 

entrainment, changing the separation of fly ash from bottom ash, to produce increased fly 

ash yield, and subsequently changes the composition of fly ash and bottom ash. 

 

By decreasing the exposure to the high temperature zone, reduced fly ash residence time in 

the furnace increased the yield of unburned carbon in fly ash, and increases the cooling rate 

which increases the yield of glass phase while reducing the formation of mineral phases 

which crystallise from the melt (e.g. mullite).  Reduced fly ash residence time in the furnace 

will reduce the time available for trapped gasses within molten particles to coalesce within, 

and break free of the molten phase before the particle surface solidifies, which will change 

the morphology of ash produced. 

 

Reduced fly ash residence time in the boiler section will increase the cooling rate which will 

increase the yield of glass phase while reducing the formation of mineral phases which 

crystallise within the molten cores of particles. 

 

Decreased residence time of gas through the boiler section reduces exposure to cooling heat 

transfer surfaces increasing the flue gas temperature, which combined with the decreased 

exposure of fly ash to flue gas prior to ash collection, results in the increased speciation of 

volatile trace elements from fly ash toward the flue gas. 

 

Gas Environment 

Imbalances in the distribution of oxygen within the furnace can result in regions where sub-

stoichiometric O2 levels, referred to as reducing zones, reduce the ash fusion point making it 

more prone to deposition on furnace walls.  The increased presence of reducing zones can 

increase ash deposition, changing the partition between fly ash and bottom ash towards 

increased bottom ash, and subsequently changes their properties. 

 

2.1.3.6 Process Design 
The design of coal power generation process has a significant effect on the operating 

conditions and therefore the properties of fly ash produced.  The stages of power generation, 

which may vary the most between different coal power plants, include furnace configuration, 

burner types, boiler configuration, and the use of NOX and SOX control technologies. 
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Furnaces 

Various alternative pulverised fuel furnace designs exist, by changing the furnace volumes 

and cooling surface areas, the path through which coal travels in the furnace, the mixing of 

coal with air and the residence times of coal and ash within the furnace are altered, affecting 

the combustion temperature, which alters the properties and yield of both fly ash and bottom 

ash.  Some typical furnace configurations and fly ash yields are given in Table 2.9 below. 

 

Table 2.9: Variation of Ash yields with different furnace types and firing methods (Ray and 
Parker 1978) 

  Yields (%) 
Furnace Type Firing Method Fly Ash Bottom Ash 

Front firing 65 35 
Opposed firing 65 35 Wet bottom[A] 

Tangential firing 65 35 
Front firing 85 15 

Opposed firing 85 15 Dry bottom[B] 
Tangential firing 85 15 

- Cyclone[C] 10 90 
- Spreader stoker 65 35 

[A] Bottom ash is collected as a liquid slag, which is quenched to form a black slag consisting of jagged glassy particles (Ray 
and Parker 1978). [B] Dry bottom ash is collected as a solid and may be collected in a wet hopper (quenched) or collected in a 
dry hopper (no moisture), and is characterised by grey to black jagged porous particles (Ray and Parker 1978). [C] The melting 
temperature of ash is exceeded and most ash is collected as a slag.  The fly ash produced is characterised by particles of which 
90% are smaller than 10 µm in diameter (Ray and Parker 1978). 
 

Clearly furnace selection has a significant influence on the properties of ash produced; 

however it is a variable that is fixed for existing installations. 

 

Burners 

Burners control the dispersion of coal blown into the furnace, and the mixing of coal with 

air.  Burner selection affects the temperature of combustion, and the staging of air and coal 

will result in zones of oxidising and reducing environments during combustion.  The melting 

point of ash in reducing zones is lower than in oxidising zones, and can potentially increase 

the rate of slagging. 

 

Boilers 

In the boiler, steam is heated through convective heat transfer from combustion gases.  The 

design and operation of the boiler will affect the temperature and cooling profile of fly ash 

and flue gases and therefore the speciation of volatile inorganic compounds between the flue 

gas and fly ash.  During normal operation the temperature of each boiler tube arrangement is 

kept constant, producing a constant cooling profile.   
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Oxyfuel 

For an oxyfuel system, oxygen is separated from nitrogen in air using pressure swing 

adsorption and cryogenic distillation; this purified oxygen (95% O2 and 5% Ar) is blended 

with CO2 from the flue gas and used to burn coal in a pulverised coal fired power station, 

replacing air (Birkestad 2002).  Advantages of oxyfuel include: 

• Produces a near pure CO2 flue gas waste stream suitable for sequestration, therefore 

zero emission to the air (CO2, SOX, NOX, Hg and fine particulates), eliminating the 

need for environmentally driven flue gas cleaning and associated FCI. 

• Since NOX minimisation is no longer required; 

o The furnace can operate at higher temperatures for improved thermal 

efficiency 

o New plants can be built at reduced size for equivalent capacity as existing air 

systems, reducing capital costs 

• Can be retrofitted to an existing plant 

(Birkestad 2002; Anheden, et al. 2005) 

 

Disadvantages include: 

• Reduced electrical efficiency of power plant 

• Expensive technology 

(Birkestad 2002) 

 

The major impacts of oxyfuel on ash properties come about a result of increased temperature 

and in the case of new smaller furnaces, shorter fly ash residence times, see Section 2.1.3.5. 

 

NOX and SOX Control Technologies 

NOX and SOX control technologies reduce the emissions of nitrogen and sulphur oxides into 

the atmosphere.  These technologies may alter the properties of fly ash produced or introduce 

new coal combustion products that can be exploited.  The points of application of post 

combustion environmental control methods are illustrated in Figure 2.9 below. 
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Figure 2.9: Post combustion application points for environmental control technologies 

 
NOX Technologies 

Some of the technologies that can be implemented to control NOX emissions include: 

• Operational measures 

• Flue gas recirculation 

• Fuel staging (re-burning) 

• Air staging through low NOX burners or over fire air 

• Catalytic Reduction 

 

Combustion stage 

The first four techniques involve altering the burner and furnace design and operation to 

minimise the production of NOX compounds, and will affect the properties of the fly ash 

produced.  These changes work by delaying the mixing of coal with oxygen and by diluting 

the air, which both reduce the peak flame temperatures, thus minimising the overall 

formation of NOX compounds. 

 

These changes can significantly increase the unburned carbon content in fly ash, making it 

unsuitable for use in many applications.  High carbon fly ashes can either be upgraded by 

separating out most of the unburned carbon or by burning off most of the unburned carbon 

using a fluidised bed reactor, a fluidised bed system removes any ammonia present from 

catalytic reduction, and produces a consistent low carbon ash, however it requires at least 10-

15% carbon in the feed to self sustain combustion (Innes and Davis 1999). 
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Post combustion 

For catalytic reduction, ammonia is injected into the flue gas to reduce NOX compounds 

back to N2.  There are two types of catalytic reduction; selective, and non-selective, where 

selective catalytic reduction makes use of a catalyst to increase the conversion of NOX to N2 

while non-selective catalytic reduction does not.  The point of application for these methods 

is illustrated in Figure 2.9. 
 

The presence of ammonia in fly ash may have an adverse effect on its utilisation, although 

ammonia does not affect concrete properties it does affect the health and safety of concrete 

workers (Innes and Davis 1999). 
 

SOX Technologies 

Techniques that can be implemented to control SO2 emissions include: 

• Fuel substitution (switch to a low sulphur coal) 

• Coal Blending 

• Coal Cleaning 

• Flue gas desulphurisation 
 

The first three methods are pre combustion control methods, and have been discussed 

previously in Section 2.1.3.4. 
 

Flue gas desulphurisation (FGD) is a post combustion control strategy, which can be 

categorised into four methods: 

• Sorbent injection FGD 

• Spray dry FGD 

• Wet Lime FGD 

• Regenerative FGD 
 

The points of application of these methods in the post combustion process are illustrated in 

Figure 2.9.  All of these processes remove SO2 from the flue gas and differ by technique and 

by products formed. 
 

For sorbent injection FGD, limestone (CaCO3) or dolomite (CaCO3.MgCO2) is injected into 

the boiler or duct prior to the economiser to absorb the SO2, the solids are then collected 

downstream by ESP or filter bag systems to produce a FGD product that is a dry mixture of 

calcium sulphite CaSO3 and fly ash.  This process also decreases the ESP efficiency (Couch 

1995), see Section 2.1.4. 
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In spray dry FGD; the flue gas is passed through a wet lime spray prior to collection by 

particulate control system.  The fly ash produced contains un-reacted lime, calcium sulphite, 

calcium sulphate, and fly ash product constituents, which requires conditioning before 

disposal (Couch 1995). 

 

Wet lime FGD involves passing the flue gas through a wall of flowing limestone slurry, in a 

wet scrubber.  The lime reacts with the SO2 to form calcium sulphite (CaSO3) and CO2.  The 

CaSO3 is then oxidised to form calcium sulphate CaSO4 (gypsum), which is the FGD 

product, if there is no ESP it will contain fly ash, otherwise it can be located downstream of 

an ESP where it will not contain fly ash and has no effect on the properties of fly ash 

produced. 

 

In regenerative processes the sorbent is regenerated by chemical or thermal means and 

reused.  Regenerative processes have low to zero waste for disposal, low sorbent makeup, 

and produce an elemental sulphur or sulphuric acid product (Smith 1987). 

 

Due to the low sulphur content of Australian coals flue gas desulphurisation is not used in 

Australia, however should emission regulations tighten it may be required in the future.  In 

Japan, the main destination for Australian coals, FGD is common. 

 

2.1.3.7 New Power Generation Technologies 
There are three categories of advancement in coal combustion power technologies, those in 

the field of pulverised fuel, and those concerning fluidised bed combustion, and those based 

on gasification. 

 

Critical and Supercritical Pulverised Fuel 

Critical and supercritical advancements in pulverised fuel power generation relate to the 

introduction of more sophisticated metal alloys for use as boiler tubes, which can operate 

with higher temperatures and much greater pressures within the tubes, increasing the thermal 

efficiency of the boilers. 

 

The big change is the pressure in the tubes which will have no effect on the formation of fly 

ash, however should there also be a increase in steam temperature, this would change the 

cooling profile of the fly ash, delaying the cooling, see Section 2.1.3.5. 
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Fluidised bed combustion 

Fluidised bed combustion differs from conventional pulverised fuel combustion in many 

ways, it: 

• Uses a coarse particle size generally less than 6 mm, but ranging between 3 and 30 

mm. 

• Has a lower combustion temperature which ranges between 800 and 1100°C 

• Ash particle surface temperatures can reach up to 200°C above the bed temperature 

• Makes use of a bed material usually sand or quarts to provide intimate contact with 

the coal and the boilers. 

• The coal inventory in bed is maintained at a carbon content of ca. 1% of the total bed 

mass 

• High ash coals can be used.  Fuel flexibility is the single largest advantage of FBC 

• Coal combustion products can be collected from the bed take-off and through 

particulate recovery from flue gases 

(Couch 1995) 

 
The combustion ash formed differs, where: 

• Most of the mineral matter retains its pre combustion composition and morphology 

• Organically bound inorganic elements vaporise and condense on ash and bed 

material 

• Only small quantities of unburned carbon remain in ash products 

• May contain spent desulphurisation sorbent in both ash products from sorbent 

fragmentation 

(Couch 1995) 

 
There are three types of fluidised bed combustion (FBC); 

1. In bubbling FBC the gas flow is such that particles fluidise within bed until small 

enough to escape 

2. In Circulating FBC (CFBC) the gas flow is such that all solids circulate, including 

the bed material.  Instead, they are entrained, a cyclone separates them from the flue 

gases and they are reinjected into the bed.  Particles recirculate until small enough to 

pass with flue gasses in cyclone.  Ash residues have more carbonate, unburned 

carbon and lime due to shorter residence times in the combustion zone compared to 

FBC (Mukherjee and Kikuchi 1999). 

3. PFBC is where either FBC or CFBC are performed under pressure.  The higher 

operating pressure may affect the vapour pressure of mineral phase, inhibiting 

volatilisation (Clarke and Sloss 1992). 
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Gasification 

In gasification, coal is pyrolysed, the volatile products and some of the char are combusted 

with O2 to form CO2, and the char reacts with CO2 and H2O to produce CO and H2 

(gasification), which can then be used in a combined cycle power facility (Integrated 

Gasification Combined Cycle, or IGCC) or the H2 can be used in fuel cells to produce 

electricity.  Gasification produces slags that are comparable to ferrous slags, and are 

discussed together in Section 2.1.3.8 below. 

 

2.1.3.8 Iron Ore Blast Furnace and Gasification 
Slags from iron blast furnaces (ferrous slags) have been produced for much longer than fly 

ash from pulverised fuel combustion.  The utilisation of ferrous slags is well established, in 

the US the blast furnace slag industry is well established and slag produced is readily sold 

(Kalyoncu 2001c).  In order to meet its needs, the US has been a net importer of ferrous 

slags since 1988 (Kelly and Kalyoncu 2001; Kalyoncu 2002) 

 

On the other hand gasification is a new technology, which is still in its development and 

produces slags, which have some aspects that resemble ferrous slags.  

 

Blast Furnace Slag 

The refining of iron ore takes place in the blast furnace, where carbon (coke) acts as both a 

fuel and a reducing agent (usually limestone) to convert iron ore (Fe2O3) to molten metallic 

iron (Fe), see Equation 2.1. 

 

 Fe2O3  Fe3O4  FeO  Fe (2.1) 

(Bashforth 1964) 

 

Coke Formation 

Blast furnace coke is made from blends of high and low volatile coals, with ash exhibiting a 

medium to high fusion point under reducing conditions, by coking in ovens between 900 and 

1090°C in the absence of air.  Destructive distillation takes place with the evolution of 

volatile matter and complex organic molecules, this process results in a 20-30% reduction in 

weight (McGannon 1964). 

 

The process of coking increases the inorganic composition from coal blend to coke, the 

majority of ash remains unaltered. 
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Slag Formation 

Coke ash is a small component of the slag forming inorganic components in the furnace, 

contributing around 10% to slag composition, with around 40% of slag formed from fluxes, 

and the remaining 50% from aluminosilicates in the iron ore.  More precise ratios depend 

upon specific operating conditions. 

 

Flux components include silica (SiO2), calcium carbonate (CaCO3), dolomite 

(CaCO3.MgCO2), and fluorspar (CaF2).  Silica is usually in the form of sand, gravel, or 

quartz.  High purity flux components are employed to minimise contamination of pig iron 

(McGannon 1964). 

 

The purpose of these fluxing agents is to firstly lower the fusion temperature of non-ferrous 

iron ore to aid melting, and secondly to maximise the preferential dissolution of impurities in 

slag over the molten metal, and by floating above the molten metal product, the slag protects 

the iron from oxidation by hot gases (McGannon 1964). 

 

CaO, SiO2, Al2O3 and MgO are the primary constituents of slag and comprise of 95% of the 

slag, with the minor elements as manganese, iron and sulphur compounds as well as trace 

elements accounting for the remaining 5% (Kalyoncu 2001c). 

 

Quenching 

The physical characteristics of slag produced depend upon its composition and the method of 

cooling.  There are three common methods for cooling slag; 

1. Air-cooled slag is produced by cooling molten slag in an open pit exposed to air to 

give a closed pore structure with many spherical voids distributed within. 

2. Expanded slag is produced by rapidly quenching slag in water or in water frothed 

with air and steam, resulting in greater porosity than air-cooled slag. 

3. Granulated slag is formed by injecting water into molten slag using high pressure 

water jets.  The speed of this quench induces a product which is predominantly 

glassy. 

(Kalyoncu 2001c) 

 

Gasification Slags 

In gasification coal or other solid organic material is reacted under reducing conditions to 

produce a mixture of CO and H2, which can then generate electricity in a combined cycle gas 

and steam turbine system.  Alternatively the gas mixture can be used to synthesise various 

fuels and chemicals. 
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The properties of the ash produced will depend upon the gasification process used, three 

gasifier types are: 

1. Fluidised bed 

2. Slagging moving bed 

3. Entrained flow 

 

The fluidised bed gasifier operates at temperatures below the ash fusion temperatures, so the 

original morphology and composition of inorganic components is retained. 

 

The slagging moving bed and entrained flow processes operate at temperatures well in 

excess of the ash fusion temperature; they are slagging gasifiers, which have a glassy product 

akin to coarse sand with cylindrical or spherical particles, the components of which are not 

readily leached.  (Couch 1995). 

 

Slag fluxing agents are used for molten ash viscosity control within the gasifier, enriching 

the slag product with calcium, producing a slag rich in CaO, SiO2, and Al2O3, akin to ferrous 

slags. 

 

Quenching techniques may be employed as with the blast furnace to manipulate the physical 

properties of slag product. 

 

2.1.4 Ash Handling 
Ash handling involves the collection, storage and transportation of fly ash prior to its final 

destination. 

 

Collection 

Fly ash can be separated from flue gas by mechanical collectors (e.g. cyclones, which can be 

wet or dry), electrostatic precipitators, filter bags, or wet scrubbers.  Electrostatic 

precipitators and filter bags keep the fly ash dry, while scrubbers produce a slurry.  The 

efficiency of these devices is summarised in Table 2.10 below. 
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Table 2.10: Efficiency of particulate collection devices over varying particle sizes (Smith 1987) 

Particulate control device Efficiency of particulate removal % 
 < 1 µm 1-3 µm 3-10 µm > 10 µm 

High efficiency ESP 96.5 98.25 99.1 99.5 
Fabric filter 96 99.75 > 99.95 > 99.95 

Venturi scrubber 71 99.5 > 99.8 > 99.8 
Medium efficiency scrubber 26 77 98.0 99.6 

Multiple cyclone 11 54 85 95 
Medium efficiency cyclone 0.25 12 50 70 

 

In Australia electrostatic precipitators and fabric filters are the dominant forms of ash 

collection.  The main difference between electrostatic precipitators and filter bags is that 

electrostatic precipitators classify particles according to size; where as filter bags collect all 

particles together. 

 

The first stage of precipitator collects a greater portion of larger coarser fly ash as well as 

unburned carbon, and each subsequent stage collects finer particles with lower 

concentrations of unburned carbon to produce fly ash of different grades.  Some facilities can 

keep these precipitator fractions separate, otherwise they are combined to form a single fly 

ash product (Sear 2001). 

 

Each row of electrostatic precipitators collects a fixed percentage of the fly ash entering the 

stage.  In theory for a series of four precipitators in series, each with 80% efficiency, 0.16% 

of fly ash entering precipitator circuit is emitted to the environment with flue gas.  In reality 

the separation efficiency is slightly less as some of the dust collected on plates is re-entrained 

during rapping or by phenomena such as back corona. 

 

The efficiency of electrostatic precipitators can be improved by injecting ammonia or 

sulphur compounds into the flue gas stream prior to the electrostatic precipitator.  The 

sulphur improves the surface charge, and ammonia encourages particle agglomeration (Sear 

2001).  Water can also be added, which improves particle-bonding strength by forming 

liquid bridges, and reduces the overall resistivity of particles (Snyder, et al. 1996).  These 

additives alter fly ash properties and potentially its use. 

 

Storage and Transportation 

There are four general methods by which fly ash can be stored: 

• Dry  < 1% Moisture 

• Conditioned 5-15% Moisture 

• Stockpiled 5-30% Moisture 

• Ponded  30-50% Minimum moisture 
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The essential difference is moisture content; 

• For dry storage fly ash is held in silos as a dry powder, and needs to be transported 

pneumatically, dry storage is the only storage method that preserves fly ashes 

pozzolanic properties 

• For conditioned fly ash, water is deliberately added to the ash in small quantities for 

transport in exposed top haulage, without severe dust problems. 

• For stockpiled fly ash, water is deliberately added to the ash for storage on land to 

control dust. Due to the pozzolanic nature of fly ash, stockpiled fly ash undergoes 

agglomeration and hardening (Sear 2001). 

• For ponded ash, large quantities of water are added for easy pumping to disposal 

dams where ash settles and water can be recovered.  This ash can be recovered in the 

future and used.  Particle size segregation occurs in lagoons with greater 

concentrations of coarser larger particles near discharge, as well as a gradient of 

particle sizes with sediment depth, where heavier particles congregate near the 

bottom (Sear 2001). 

 

Upgrading Fly Ash 

Technical issues surround some fly ash impurities (e.g. free lime, iron oxide, sulphate); while 

some impurities are associated with environmental issues (e.g. heavy metals and trace 

elements).  These issues can prevent the use of fly ash in some applications.  Some form of 

upgrading or impurity removal may be required so that fly ash can be utilised in these 

applications. 

 

If the properties of fly ash are deficient or do not meet requirements it may be possible to 

improve fly ash using an appropriate treatment therefore upgrading the ash.  Upgrading may 

take the form of ash blending, agglomeration (for improved handling), grinding, sieving, air 

classification, flotation and fluidised bed separations, carbon burnout, electrostatic 

separation, magnetic separations, as well as leaching to improve environmental or product 

performance. 

 

The essential difference between leaching (upgrading) and metal recovery is that in 

upgrading impurities are removed where as in metal recovery valuable metals are recovered, 

the process is essentially the same with waste from one strategy being the product of the 

other. 
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Upgrading by leaching produces two products; firstly a cleaned or upgraded fly ash, and 

secondly a mineral or salt concentrate which may be a rich source of valuable metals or 

compounds, and if not utilised, will need to be disposed of under stricter conditions than fly 

ash. 

 

There may be a significant cost to upgrading; making it inappropriate for low value uses 

which can not recover the expense incurred, unless extra revenue comes from the extraction 

of precious components in the leachate. 

 

2.1.5 Properties of Fly Ash 
Fly ash is a heterogeneous material, whose properties can vary significantly between any two 

producers.  Fly ash properties can be divided into two sets; (i) chemical, and (ii) physical. 

 

2.1.5.1 Chemical 
The chemical properties of fly ash are a function of both its composition and mineralogy 

 

Composition 

Typical fly ash compositions fall within the ranges given in Table 2.11 below, although the 

major elements do not exist as oxides, they are listed as oxides for simplicity. 

 

Table 2.11: Typical fly ash compositions, adapted from Majko and Korner (2002) 

Component Composition (% mass) 
SiO2 25 – 59 
Al2O3 14 – 29 
Fe2O3 5 – 24 
CaO 1.3 – 32 
MgO 0.3 – 12.5 
K2O 0.3 – 2.8 

Na2O 0.2 – 6.0 
SO3 0.4 – 5.0 
LOI 0.1 – 5.0 
TiO2 <1 – 2 

 

The bulk composition of fly ash, especially SiO2, Al2O3, Fe2O3, and CaO, has a significant 

influence upon its utilisation.  For example, a high CaO content makes it valuable for use in 

cement, and the specific ratio of SiO2 to Al2O3 is important for zeolite synthesis. 
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Mineralogy 

The mineralogical composition of fly ash is determined by the silica content and the rapid 

cooling of fly ash following combustion, with fly ash consisting predominantly of 

amorphous high silica glass, with small amounts of crystalline material (see Table 2.12 

below) (Nairn, et al. 2001), and unburned carbon. 

 

Trace elements are present in both amorphous and crystalline phases.  The amorphous phase 

may contain any compounds which act as network modifiers (e.g. CaO, Na2O, K2O, SrO, 

Fe2O3) concentrated in glass phase, and the crystalline phase may contain any elements 

which can isomorphically substitute for Al and Si in mullite (e.g. V, Cr, Ti), and Fe2+ or Fe3+ 

in the ferrite spinel (e.g. Mg, Mn, Co, Ni, Cu, Zn, Al) (Nairn, et al. 2001) 

 

Table 2.12: Properties of fly ash mineral phases 

Mineral Notes 

Quartz (SiO2) 
Where temperatures and residence times are not sufficient to melt all silica sand 
grains present in feed coal, a quartz phase is present in fly ash. 

Mullite 
(3Al2O3.2SiO2) 

Formed during cooling of molten glassy sphere, where the alumina rich silicate 
liquid causes nucleation and growth of mullite needles within droplet prior to 
solidification of surrounding glass.  Needle formation is dependent upon, bulk 
composition, original particle temperature, presence of nucleating agents, and 
cooling rate (Nairn, et al. 2001) 

Ferrite Spinel or 
Magnetite 

Consists of impure magnetite (FeO.Fe2O3) with varying amounts of Mg and Al.  
Generally exists as individual high iron particles which are easily separated 
magnetically (Nairn, et al. 2001) 

 
Chemistry 

Its pH ranges between 3 and 12, with an average pH between 8 and 12 (Ray and Parker 

1978).  Glass, which is the dominant phase of fly ash, has low chemical activity, however 

CaO which is concentrated in the amorphous phase forms hydraulic compounds (listed in 

Table 2.13 below) with the Al and Si in the glass (Dhir 1986), and when present in 

significant levels produces a high pH environment upon contact with water. 

 

Table 2.13: Principal Ca components in glass phase of high Ca fly ash, based on information 
contained in Dhir (1986) 

Compound Composition Occurrence 
Calcium sulphoaluminate 4CaO.3Al2O3.SO4 Common 

Tricalcium aluminate 3CaO.Al2O3 Common 
Tetracalcium alumino-ferrite 4CaO.Al2O3.Fe2O3 Depends on Fe content 

Tricalcium silicate 3CaO.SiO2 Rare 
Dicalcium silicate 2CaO.SiO2 Rare 

 

It is these hydraulic components that give fly ash some cementatious capabilities.  The 

hydraulic reaction of fly ash is significantly slower than that of Portland cement, with only 
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15 to 20% the early-age heat generation, resulting in decreased heat of hydration in fly ash 

blended cements relative to pure Portland cements (Cook and Cao 1992). 

 

MgO can result in the formation of periclase, a crystallisation reaction which results in a 

volume expansion of mineral.  In concretes this is undesirable, resulting in instability and 

deterioration (Dhir 1986). 

 

Alkali metals (Na2O and K2O) react with silicates within aggregates, producing a gel which 

swells, causing the deterioration of concretes.  However fly ash does not contribute reactive 

alkali metals to the concrete and can be added to control these reactions (Dhir 1986; Cook 

and Cao 1992).  The presence of alkali metals is important in the synthesis of geopolymers 

and zeolites where they play a charge-balancing role as part of the structure. 

 

SO3 can react with Al2O3 to form ettringite, which has the capability of substituting elements 

into its structure, making it useful in some waste stabilisation applications.  However 

ettringite formation results in volume instability and loss of durability in concrete (Dhir 

1986). 

 

Loss on ignition (LOI) is used as a measure of the unburned carbon content of fly ash.  

Unburned carbon has a large surface area, and has a capacity to physically adsorb 

compounds onto its surface (Hassett and Eylands 1999). 

 

Elements that are contained within the glass phase of the fly ash are relatively stable; 

however the elements which concentrate within exposed mineral phases or remain at the 

surface of fly ash are available for leaching. 

 

2.1.5.2 Physical 
Fly ash is a heterogeneous fine powder, consisting mostly of rounded or spherical particles 

ranging from less than 1 µm to 500 µm (Nairn, et al. 2001). However fly ash typically 

ranges between 1 and 200 µm in diameter, with an average particle size of ~20 µm (Wigley 

and Williamson 1998). 

 

Most ash particles are glassy, spherical particles which often contain gaseous voids.  Fly ash 

may contain irregular dense unreacted quartz particles, some heavy magnetic iron bearing 

particles, and a small component of flake, needle or sponge like particles of unburned 

carbon. 
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Some fly ash contains cenospheres, which refer to the component of hollow particles which 

float on water.  Cenospheres usually compose around 1% of total fly ash (Dhir 1986), and 

may contribute up to 5% by weight or 20% by volume of fly ash (Ray and Parker 1978). 

 

The presence of gas voids within fly ash particles, results in particles with low density 

relative to other aluminosilicates.  This makes fly ash suitable as a raw material in the 

synthesis of lightweight products (e.g. cement, bricks, ceramics, and composites). 

 

The smooth near spherical morphology of fly ash gives each particle a smaller surface area 

relative to irregular particles, such as Portland cement, which occupy the same volume in 

space.  This gives fly ash greater workability than irregular particles, and subsequently 

results in lower water requirements for slurries.  Finer fly ash particles have higher 

proportions of smoother spherical particles, and so water requirements decrease with 

increasing fineness (Cook and Cao 1992). 

 

2.1.6 Fly Ash Utilisation Strategies 
Fly ash exhibits a wide range of properties, some of which make it a useful resource for use 

in a number of different utilisation strategies.  The utilisation strategies available for 

exploitation have been classified into groups according to their usefulness and economic 

value; see Figure 2.10, the shaded strategies are those currently employed in Australia.  For 

non-beneficial use, fly ash is seen as having no value, and is generally an economic burden 

to the ash producer, e.g. landfill.  In simple utilisation strategies, fly ash is the final product, 

e.g. agricultural products, or is blended to form the final product, e.g. blended cement.  In 

advanced utilisation strategies, fly ash is processed to produce a final product, e.g. zeolites, 

or to extract a product from the ash, e.g. cenospheres. 
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Figure 2.10: Relationships between different fly ash utilisation strategies 

 

Of these strategies, a zeolite strategy is a high value strategy which is potentially also high 

volume through the use of zeolite products used in agricultural applications.   

 

Non-beneficial Utilisation or Landfill 

For landfill fly ash is essentially dumped, placed or compacted onto the surface of the land, 

in a valley, ravine or even in the sea.  The form of landfill (pond or dump) affects the options 

available (solid, slurry or dense phase) for fly ash transportation (trucked or pumped) to 

landfill.   

 

The water level, height of water above ground water and pH of water all affect leaching 

(Innes and Davis 1999).  Clay liners may be employed to minimise the migration of trace 

elements into the environment. 
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Current World Market for Zeolites 

Zeolites have a wide range of applications, which vary from small to large in scale.  The 

world natural zeolite production was estimated to be 3.98 Mt for 2000 (O'Connor 2001), the 

distribution of this for known countries is given in Figure 2.11 below.  The application of 

zeolites is divided 6:2:1 between building materials, agriculture, and others (O'Connor 

2001). 

 

 
Figure 2.11 : Approximate distribution of the world known natural zeolite production for 2000, 

with total world production estimated at around 4 Mt, data from Virta (2001) 

 

1.3 Mt of zeolite A were used globally in 2000 as detergent binders (O'Connor 2001), and 

1.04 Mt of synthetic zeolite was consumed world wide in detergents during 1998 (Virta 

2001), representing over 75% of the synthetic zeolite market.  117 kt of zeolite catalysts 

were produced globally in 2000, representing 55% of the global zeolite market on a value 

basis, and 85 kt of molecular sieves were consumed globally in 2000 (O'Connor 2001).   

 

Horticultural applications are dominated by natural zeolites due to its low cost advantage, 

while industrial applications are dominated by synthetic zeolites which have superior and 

customisable performance advantages.  Fly ash zeolites could potentially incorporate both 

these advantages.  With potential applications in many market cultures, including 

agricultural, industrial, commercial and household sectors, and given the high value of 

natural zeolites relative to fly ash, see Figure 2.12 below, a zeolite strategy for fly ash 

utilisation has significant unrealised potential. 
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Figure 2.12 : Value of natural zeolites from various sources in both Australia, and the United 

States of America* 

 

2.1.7 Current State of Fly Ash Utilisation 
Coal is the second largest contributor to the total primary energy supply of the world, and is 

the largest contributor to the world’s electricity generation, see Figure 2.13 below.  Coal 

contains significant quantities of ash, which upon combustion produces significant quantities 

of fly ash, a by-product of our energy society. 

 

 

Figure 2.13: A) Distribution of world total primary energy supply (TPES) (9702 Mtoe) and B) 
Share of world electricity generation (14764 TWh), by fuel for 1999, data from IEA (2001) 

 

Fly ash is a resource that remains mostly unexploited within Australia, and the world at 

large.  To evaluate where Australia stands with regard to fly ash utilisation, it is useful to 

                                                      
* Assuming an exchange rate of $AU1 = $US0.75, [1] General range in US natural zeolite prices 
(Virta 2002), [2] Price range for -425 µm clinoptilolite in the US (Eyde 2002), [3] Price range for -425 
µm chabazite in the US (Eyde 2002), [4] Peak price for modified, extruded and activated clinoptilolite 
and chabazite products in the US (Eyde 2002), [5] +425 µm zeolites for industrial and agricultural 
applications in the US (Holmes 1994), [6] -425 µm to -43.2 µm zeolites for industrial and agricultural 
applications in the US (Holmes 1994), [7] Average sale prices for horticultural zeolites by Talon 
resources in Australia, based on information in (Talon 2001b), [8] Average sale prices for industrial 
zeolites by Talon resources in Australia, based on information in (Talon 2001b), [9] zeolites for 
consumer products (pet litter, fish tank media, or deodorant applications) in the US (Holmes 1994), 
[10] Average sale prices of zeolites for pet litter by Talon resources in Australia, based on information 
in (Talon 2001b) 
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make comparisons with other groups in the world.  Figure 2.14 below illustrates how total 

world electricity production from coal is distributed between different countries. 

 

 
Figure 2.14: Share of total world electricity production (5627 TWh) from coal in 1999, data 

from IEA (2001) 

 

The United States of America (USA) and the Peoples Republic of China (China) together 

control over half of the world’s electricity production using coal as the primary energy 

source, with USA having more than double the share of China.  Together they produce the 

majority of the world’s fly ash, and so make valuable points of reference.  In addition USA is 

the worlds wealthiest and most influential country, China is the worlds largest producer and 

consumer of hard coal (see Figure 2.15), and a third world country. 

 

 

Figure 2.15: Partition of world hard coal A) production (3466 Mt), and B) consumption (3465 
Mt), by region for 1999, data from IEA (2000) 

 

Japan consumes the greatest share of Australian coal exports, while Australia’s coal 

contributes the greatest share of Japanese coal imports, see Figure 2.16 below.  The 

utilisation potential of fly ash from Australian coals has significant relevance upon utilisation 

within Japan, and Japan is a valuable point of comparison. 

 

A B 
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Figure 2.16: A) Steam coal imports into Japan (71.0 Mt) by origin and B) Australian steam coal 
exports (79.2 Mt) by destination for 1999, data from IEA (2000) 

 

Europe has high levels of fly ash utilisation, which is a product of favourable state 

regulations and a shortage in raw materials (Kalyoncu 2001a).  Within Europe, the United 

Kingdom (UK) was a large producer of coal-fired electricity; however it has halved its 

production over the last 20 to 25 years (see Figure 2.19 in Section 2.1.7.1). 

 

2.1.7.1 The World 
Approximately 460 million tonnes of coal ash was produced globally in 1992, of which 

33.5% was utilised (Manz 1997).  Land and mine fill are the largest utilisation methods, 

contributing to over half of total world ash utilisation in 1992, see Figure 2.17 below, this 

represents a low value use for ash.  The cement and concrete markets are major value added 

consumers of fly ash. 

 

 
Figure 2.17: Contribution of utilisation strategies to world ash utilisation in 1992* (460 Mt ash 

produced, 33.5% utilised), data from Manz (1997) 

 

                                                      
* Some countries data older and some newer than 1992, ranging from 1989 to 1994, these values are 
assumed to be roughly equivalent to 1992 values 
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Figure 2.18 below illustrates the total ash production and utilisation for all countries 

producing more than 4 million tonnes of pulverised coal ash in 1992.  The data in Figure 

2.18 has been ordered according to the percentage of valuable ash utilisation, where land and 

mine fill is considered to be non-valuable. 

 

 
Figure 2.18: Combustion ash production and utilisation from countries producing more than 4 

million tonnes in 1992*, data from Manz (1997) 

 

Observations that can be made from Figure 2.18 are: 

• Australia had one of the lowest ash utilisation rates, and one of the lowest valuable 

ash utilisation rates of the major ash producing nations 

• Korea and Japan have the highest rates of valuable ash utilisation at nearly 50% 

• Comparison of the reference countries (Japan, UK, USA, and China) to Australia 

reveals that Australia has the lowest percentage utilisation and percentage valuable 

utilisation of ash. 

• Many European nations had very high utilisation rates, a low contribution to which 

is provided by valuable utilisation. 

• Although some countries utilise nearly all ash produced (Korea, Germany, Poland, 

and Greece), none take full advantage of ash as a valuable resource 

• Of the countries with a greater percentage of valuable ash utilisation than Australia, 

China is the highest ranking developing country 

 

                                                      
* Except India which has incomplete data.  Data for Bulgaria, Hungary, Romania, and the United 
Kingdom is from 1989, and data from the Czech Republic is from 1993 
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A look at steam coal consumption trends (see Figure 2.19 below) reveals that the USA, 

China, Japan, Australia, and the World have experienced an overall upward trend in 

consumption, while the UK and European Union have experienced a downward trend. 

 

 
Figure 2.19: Historical trends in steam coal consumption by region, data from IEA (2000) 

 

Mathematically speaking the rate of utilisation in Europe and the UK can be increased over 

time by keeping the total quantity of ash utilised constant, however for the USA, China, 

Japan, Australia, and the World as a whole, the utilisation percentage will only increase if 

the rate of increased utilisation exceeds the rate of increased ash production. 

 

2.1.7.2 United States of America 
According to data from Kelly and Kalyoncu (2002) and ACAA (2002), over the nine years 

from 1992 to 2001, the proportion of ash utilised has increased by 8% while the total fly ash 

production has increased by 50% 

 

Figure 2.20 below illustrates the distribution of total coal combustion by-products (CCBs) 

produced within the USA for 2001 by type.  Fly ash is the major coal combustion product at 

60% of CCBs; its utilisation is described as shown in Figure 2.21 below. 
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Figure 2.20: Distribution of coal combustion by-products (Total 110 Mt) within the United 

States in 2001, data from ACAA (2002) 

 

Like fly ash, bottom ash, boiler slag, and flue gas desulphurisation (FGD) material are 

produced in both wet and dry form, both of which are valuable, and their total utilisation for 

2001 is 31% for bottom ash, 72% for boiler slag, and 27% for FGD material (ACAA 2002), 

like fly ash they are under exploited resources. 

 

Boiler slag is the bottom product of old technology boilers, as these boilers are 

decommissioned, overall boiler slag production will decrease (see Figure 2.22) and will 

eventually cease.  This is a market that gasification slags could possibly fill. 

 

FGD material is produced as a product of SO2 separation from flue gas.  Its production has 

increased in recent years (see Figure 2.22) as a result of environmental concern and 

subsequent regulations regarding SO2 emissions.  In Australia FGD is not used because 

Australian coals are low in sulphur and current legislation can be met through blending.  

However should the legislation tighten they may become a part of Australia’s CCB industry. 
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Figure 2.21: Contribution of utilisation strategies to fly ash utilisation within the United States 

in 2001 for A) dry (49.4 Mt produced, 41.7% utilised), B) ponded (15.3 Mt produced, 14.6% 
utilised), and C) total fly ash (64.7 Mt produced, 35.3% utilised), data from ACAA (2002) 

 

Observations that can be drawn from Figure 2.21 are: 

• Cement and concrete products are the dominant exploiter of fly ash in the USA 

• The USA fly ash market is dominated by valuable utilisation strategies 

• Significant uses exist for both wet and dry forms of fly ash 

• Dry fly ash is utilised to greater extents on account of its pozzolanic properties for 

use in cement 

 

Applications that can make use of ponded fly ash can utilise fly ash built up in ash dams, of 

which Australia has large reserves.  Agriculture used 22 kt or 0.10% of total fly ash 

utilisation in the USA for 2001, all of which was in dry form (ACAA 2002), and represents 

an emerging industry for fly ash utilisation. 

 

Figure 2.22 below shows how CCB production has changed in the United States, fly ash, 

bottom ash, and flue gas desulphurisation products all have upward trends in both production 

and percentage utilisation. 

 

A B
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Figure 2.22: United States coal combustion product history, data from Kelly and Kalyoncu 

(2002) 

 

2.1.7.3 China 
China is the world’s greatest producer and consumer of coal.  However the United States 

produces significantly more electricity from coal, due to a combination of factors including: 

• 39% of Chinese coal is burned in power stations compared to 87% in the United 

States (IEA 1999) 

• Chinese generating plants have thermal efficiencies between 27 and 29% compared 

to 38%, the OECD average (IEA 1999) 

• China’s coal is high in ash with 60% of coal having an average ash content between 

25 and 35%, plants known to operate at high ash contents include Nanning power 

plant (53% ash content), and Guilin power plant (50% ash content) (IEA 1999). 

 

Due to the high ash content in Chinese coal, China produced greater coal combustion by-

product yields than in the United States for 1992 (see Figure 2.18 in Section 2.1.7.1).  In late 

1996 59.5% of boiler units were equipped with ESPs and of the remaining 40.5% of units, 

18.5% had no particulate control (IEA 1999). 

 

In 1994 particulate emissions from coal fired power plants with 6 MW or greater in size 

equated to 3.98 Mt (IEA 1999), equivalent to 45 % of the total fly ash production in 

Australia for the same year.  In such an environment, fly ash utilisation in China would not 

experience the perceptional and regulatory barriers that both inhibit and encourage its use in 

the west; any utilisation that does occur can be attributed to either convenience or to fly 

ashes merits as a resource.  With this in mind it is interesting to note that in 1992 the 
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percentage of total fly ash utilisation in China is 3.5 times that of Australia, and without land 

or mine fill it was 1.9 times that of Australia.  A break up of combustion ash utilisation 

within China for 1992 is given in Figure 2.23 below. 

 

 

 
Figure 2.23: Contribution of utilisation strategies to combustion ash utilisation (91.1 Mt 

produced, 37.4% utilised) within China for 1992, data from Manz (1997) 

 

2.1.7.4 Japan 
Japan is the greatest consumer of Australian coal exports, and the majority of coal imported 

into Japan is from Australia.  Figure 2.24 below shows that Japan has consistently and stably 

consumed a major component of our exports.  This means that a major component of the fly 

ash being utilised in Japan is produced from Australian coals; this makes Japan an important 

point of reference. 

 

 
Figure 2.24: Historical trends in the international trade of Australian steaming coal, data from 

IEA (2000) 

 

In 1999 Japan produced 6.5 Mt of fly ash of which 80.8% was utilised (Kalyoncu 2001b).  

This is an improvement in the portion of fly ash utilised from 1992 which stood at 52% of 
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the 4.1 Mt of fly ash produced (see Figure 2.25 below).  This high utilisation rate has been 

attributed to the high cost of disposal in Japan ($US100 per tonne) for fly ash (Kalyoncu 

2001a). 

 

 
Figure 2.25: Contribution of utilisation strategies to combustion ash utilisation (4.1 Mt 

produced, 52% utilised) within Japan for 1992, data from Manz (1997) 

 

2.1.7.5 Europe 
The European Union is a mixture of first and second world countries, and the distribution of 

coal combustion products (see Figure 2.26 below) shows the presence of both old (wet 

bottom boiler slag) and new (fluidised bed combustion ashes) technologies. 

 

 
Figure 2.26: Distribution of coal combustion products (55 Mt production) within the European 

Union for 1999, data from Kalyoncu (2001b) 

 

Coal combustion products are highly regulated within Europe, resulting in only 10.0% of fly 

ash being disposed.  47.7% is beneficially utilised, 40.5% is used in landfill, reclamation, 

and restoration (e.g. mine fill and reclamation), and 1.9% is held in temporary stockpiles.  

This high rate of non-valuable utilisation can be seen for some European states for 1992 in 

Figure 2.18 Section 2.1.7.1.  Europe has an extensive list of utilisation strategies under 

exploitation, illustrated in Figure 2.27 below. 
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Figure 2.27: Contribution of beneficial utilisation strategies to fly ash utilisation (38 Mt 

produced, 48% utilised) within the European Union for 1999, data from Kalyoncu (2001b) 

 
United Kingdom 

In recent years the United Kingdom has significantly reduced its consumption of coal, with 

an increasing reliance on natural gas to provide its energy requirements, based on data from 

(IEA 2000). 

 

Using data presented in Figure 2.18 and Figure 2.19, and assuming the same coal ash content 

for 1997 as 1992, approximately 9.2 Mt of ash was produced in 1997 (see Figure 2.28 

below).  Over this period the percentage of ash utilised has increased from 35.3% to 49.5% 

(assuming the percentage of bottom ash utilisation is the same as fly ash for 1997); this 

increase in percent utilisation coincides with a decrease in the total quantity of ash utilised. 

 

Here we have a production environment that inherently lowers the quantities of ash disposed, 

and helps improve utilisation statistics, it represents the opposite of what is occurring in 

Australia. 

 

 
Figure 2.28: Contribution of utilisation strategies to fly ash utilisation (49.5% utilisation) within 

the United Kingdom for 1997 (Sear 2001) 
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2.1.7.6 Australia 
 
Fly Ash Production in Australia 

To understand the relevance of fly ash as a resource in Australia both now and into the 

future, we need to look at coal’s role in Australia’s energy balance.  Coal contributes the 

largest single portion to the total primary energy supply in Australia, as shown in Figure 2.29 

below, and it dominates electricity production as shown in Figure 2.30 below. 

 

 
Figure 2.29: Distribution of total primary energy supply (TPES) (154.9 Mtce) by fuel within 

Australia for 1998, data from IEA (2000) 

 

 
Figure 2.30: Share of total electricity generation (194.3 TWh) within Australia by fuel 1998, 

data from IEA (2000) 

 

Black coals place in this energy consumption is illustrated in Figure 2.31 below, where a 

significant proportion of total coal use in Australia is from steaming coal, with over 90% of 

it being used to generate electricity (IEA 2000). 
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Figure 2.31: Contribution to total coal use (126.3 Mt) within Australia by type for 1998, data 

from IEA (2000) 

 

The generation of electricity from coal will continue to grow over the next decade, although 

its share of electricity generation will diminish due to faster growth in natural gas electricity 

generation, see Figure 2.32 below. 

 

 
Figure 2.32: Past and predicted future electricity generation within Australia, data from IEA 

(2000) 

 

Fossil fuels compose over 90% of Australia’s primary energy supply (see Figure 2.29), 

however in the medium to long term, oil and natural gas reserves will be depleted (see Table 

2.14 below), and coal may have to fill some of this void. 
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Table 2.14: Australian and world demonstrated recoverable energy reserves 

 Life Expectance (Years) 
Australia Energy Reserve [A] [B] World[B] 

Brown Coal 820   
Black Coal 290   

Coal  297 227 
Uranium 270   

Natural Gas 36 40.6 61.0 
LPG 35   
Oil 13 10.4 39.9 

[A] data from WEC (1998), [B] life expectancy is based upon year 2000 production rates, and reserves, data from BP (2001) 
 

For the intermediate future steaming coal will continue to play a major role in Australia’s 

energy and specifically electricity needs.  Fly ash as a resource will continue to be produced 

by current and future installed capacity for the lifetime of these facilities and will be 

available for utilisation. 

 

Fly Ash Utilisation in Australia 

Over the ten years from 1992 to 2002 the utilisation of ash within Australia has increased 

from 17.6% of 8.5 Mt to 32.3% of 12.5 Mt, where the increase in total ash utilisation is 

predominantly due to increases in land and mine fill utilisations.  This shift in utilisation 

dynamics from cement dominated utilisation to land and mine fill utilisation is illustrated in 

Figure 2.33 below, where roughly 80% of total ash sales are for cementatious applications 

(see Figure 2.34), and where beneficial ash usage includes mine backfill, soil stabilisation, 

engineered fills, and road applications. 

 

 
Figure 2.33: Trends in total Australian ash utilisation, where utilisation strategies have been 

classified into three groups according to their usefulness and economic value (ADAA 2006), as 
colour coded in Figure 2.10 
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Figure 2.34: Historical trends of combustion ash utilisation within Australia, data from ADAA 

(2006) 

 

Growth in valuable utilisation of fly ash has been slow, changing from 8.4 to 14.6% between 

1992 and 2002, while growth in beneficial ash utilisation, predominantly land and mine fill, 

has been fast but unsustainable, growing from 0% to 49.1% of total fly ash production 

between 1991 and 1998, followed by a period of contraction to 18.8% in 2004, see Figure 

2.33 above. 

 

The average percentage of ash as a component of total cement sales has steadily grown over 

the last six years (see Figure 2.34); however there is a limit to how much fly ash the cement 

market can take.  According to Innes and Davis (1999) it is 75-85% saturated, it will 

continue to grow, but is incapable of any major increase in its use of fly ash. 

 

A comparison of Figures 2.20, 2.22, and 2.26 with 2.32, illustrates that the diversity of fly 

ash utilisation within Australia has simplicity akin to China, and is significantly less complex 

than the United States and the European Union.  The nature of growth in fly ash utilisation 

within Australia is a function of driving forces, and paths of lowest resistance from the 

barriers that inhibit its utilisation, see Section 2.2.3.4. 
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Figure 2.35: Contribution of utilisation strategies to A) 1992 combustion ash utilisation (8.2 Mt 
produced, 10.7% utilised), data from Manz (1997), and B) 2002 combustion ash utilisation (12.5 

Mt produced, 32.3% utilised) within Australia, data from ADAA (2006) 

 

2.1.7.7 Comparisons 
Comparisons drawn between Australia and The United States of America, The Peoples 

Republic of China, Japan, Europe, and the whole World include: 

• Australia has one of the weakest utilisation programs in the world 

• Australia’s percentage of fly ash valuably utilised is significantly weaker than that of 

the United States, China, Japan, and Europe 

• The traditional utilisation markets may be saturated; to increase the proportion of 

valuable utilisation, Australia needs to increase the diversity of its utilisation 

spectrum like the United States, Japan, and Europe. 

• All the utilisation strategies present in Figures 2.17, 2.21, 2.25, and 2.27 are 

technically feasible for application within Australia as demonstrated by the world. 

• To increase the portion of valuable utilisation in Australia, growth of ash use in 

valuable markets needs to be greater than the growth in fly ash production, like in the 

United States, and in contrast to Europe and specifically the United Kingdom. 

• The United States, China, Japan, and Europe each have different fly ash utilisation 

landscapes, which can be explained in simple terms by legislation, complexity, 

economics, and resources. 

• No country has fully exploited fly ash as a valuable resource (for use in valuable 

products), it is our responsibility to maximise the value of this resource in Australia. 

• Flue gas desulphurisation material produced to meet legislation on SO2 emissions in 

the United States and Europe is a valuable resource in its own right with applications 

which can exploit it 

• Australia has much greater reliance on coal to meet its total primary energy and 

electricity requirements than the world as a whole.  With smaller life expectancies for 

oil and natural gas, and a greater life expectancy for coal than the rest of the world, 

A B 
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this reliance will continue into the short to mid future, assuring that fly ash utilisation 

will remain an important issue, and that fly ash supply is assured for this period. 

 

2.1.8 Environmental Considerations 
When considering the environmental effects of fly ash, it is important to keep in mind that 

fly ash will be produced irrespective of weather it is beneficially utilised or not, and disposal 

rather than reuse carries the risk of future liability for ground water contamination or ash 

pond runoff.  The environmental effects of fly ash utilisation strategies can be classified into 

a number of groups, illustrated in Figure 2.36 below. 

 

 
Figure 2.36: The environmental effects of fly ash utilisation strategies 

 

For the power utility, increased fly ash utilisation and decreased landfill requirements, 

resulting in a decrease in associated environmental impacts, reduced use of fossil fuels and 

energy in the construction and operation of facilities, which all equate to financial savings to 

the power utility. 

 

Physical 

Fly ash landfill and stockpiles have a significant negative physical effect on the environment, 

where a large area of natural environment is destroyed to make way for these non-beneficial 

utilisation options, which then create their own artificial environment with a much lower or 

different diversity of life.  Beneficial utilisation strategies also have a physical presence in 

the environment, however it is a presence that would be irrespective of weather fly ash was 

used or not. 
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Chemical 

Chemical contamination of the environment occurs through the leaching of unnatural 

quantities of elements into the environment, and is related to exposure to water, the amount 

of contaminant, and the mobility of hazardous components. 

 

Trace elements occur naturally throughout the earth (see Table 2.15 below), some elements 

are essential to life while others may become toxic in sufficient quantities, human activities 

often concentrate up these elements to levels which may be dangerous, however it is 

important to keep a sense of relative perspective with respect to trace elements 

 

Table 2.15: Elements of concern in fly ash utilisation, and there typical concentrations (ppm) in 
soil, shale, and crust; adapted from (Clarke and Sloss 1992; Sloss, et al. 1996) 

Element  Soil Shale Crust Fly Ash 
Elements of greatest concern 
Arsenic As 7 13 1 180 
Boron B 30 130 10 220 
Cadmium Cd 0.6 0.3 0.2 230 
Mercury Hg 0.1 0.18 0.08  
Molybdenum Mo 1 2.6 1.5  
Lead Pb 20 25 13 530 
Selenium Se 0.4 0.5 0.05 20 
Elements of moderate concern 
Chromium Cr 55 90 100 250 
Copper Cu 25 40 55 250 
Nickel Ni 20 68 75 250 
Vanadium V 80 130 135 350 
Zinc Zn 70 120 70 600 
Elements of minor concern 
Barium Ba 500 550 425  
Cobalt Co 10 20 15  
Germanium Ge 1 2 1.5  
Lithium Li 24 76 20  
Manganese Mn 550 850 950  
Antimony Sb 0.7 1.5 0.2  
Strontium Sr 240 300 375  
Radioactive elements 
Radon Rn   -  
Thorium Th 9 12 7.2 25 
Uranium U 2.7 3.7 1.8 24 
Elements of concern, but present only in very low concentrations 
Beryllium Be 1 3 3 8 
Tin Sn 2 6 2  
Tellurium Te   0.01  
Thallium Tl 0.2 0.4 0.5 23 
 

Heavy metal content is not as important as heavy metal mobility for ecological evaluation of 

fly ash (Nairn, et al. 2001).  The mobility of hazardous compounds relates to contact surface 

areas, permeability, compositional distributions, and compositional phases present in ash 

product. 
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Many trace elements are locked into amorphous and crystalline phases and are not easily 

leached from fly ash (Nairn, et al. 2001).  The mobility of metals from fly ash is greatly 

dependent on the leaching agent and pH (Cenni, et al. 2001).  Therefore the effect of trace 

elements on the environment is dependent on local conditions. 

 

For example in wet slurry landfill the fly ash is completely exposed to water which is stored 

above the water table allowing water to migrate.  Fly ash has a large surface area, with a 

number of elements concentrated on particle surfaces, which allows for the quick leaching of 

these elements into the environment.  A study by Peters, et al. (1999) found that a major 

period of selenium contamination in lake Macquarie has occurred in the last 30 years, the 

result of leaching from a nearby fly ash dam. 

 

Zero discharge legislation and trace element leaching concerns have seen a move from slurry 

disposal to solid and dense phase disposal in Australia (Innes and Davis 1999).  Mine site 

backfill is essentially landfill without a liner and concern exists over leaching into 

groundwater, in the US there is some strong opposition to mine backfilling (Innes and Davis 

1999). 

 

But how exposed to water are most beneficial utilisation strategies in their environment? The 

hydraulic conductivity of water through saturated compacted fly ash is typically 10-7 m s-1 or 

less (Palmer, et al. 2000), and flow only occurs when fly ash is saturated, therefore flow will 

only occur when fly ash is placed in areas below water (Sear 2001). 

 

Road bases are protected by the asphalt that covers them, as is the fly ash within the asphalt.  

Adsorbents are usually housed during both storage and use, cement ceramics, bricks, glasses, 

and geopolymers have such low mobility that water would at worst sit or run over the 

surface, requiring great pressures and exposure times to move through, therefore these 

strategies pose little if any threat of contamination to the environment. 

 

Positive – Direct effects 

Agricultural products improve the properties of soil in a beneficial way for plant life, and 

may help convert baron sand to fertile soil.  Absorbers can be used to recover hazardous 

components from waste streams, minimising the environmental burden that these wastes 

impose upon the environment.  Seepage protection minimises the runoff of environmentally 

hazardous compounds in waste landfills and on the mine site, minimising the environmental 

impact that these operations have upon the environment. 
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These are some of the examples where fly ash products provide a service to the environment; 

however, these benefits are not exclusive to fly ash and could be provided by alternative raw 

materials. 

 

Ash Modification 

Some ash processing operations modify the ash significantly and can produce a new ash 

material with reduced trace element contents, and an associated reduced risk to the 

environment, which can be used in all non-cementatious applications.  These processes 

include wet cenosphere recovery, wet carbon recovery, metal recovery, and ash upgrading. 

 

Product Substitution 

Product substitution affects the environment in three ways; by decreasing the burden on 

natural resources, by decreasing the use of energy (greater energy efficiency), and by 

lowering pollution. 

 

Take cement as an example, the substitution of Portland cement with fly ash decreases the 

requirement for limestone and clay used to produce Portland cement, as well as all the fossil 

fuel used to extract, process, and transport limestone and clay to cement plant, and the fossil 

fuel used to make Portland cement from these materials, this decrease in fossil fuels 

represents a saving in energy and results in a level of greater energy efficiency and 

sustainability.  This decrease in fossil fuel consumption results directly in reduced CO2 

emissions, also the substitution of fly ash for Portland cement decreases other pollutions and 

environmental impacts, which result from the mining of limestone and clay, and the 

manufacture of Portland cement. 

 

Significant energy and processing, therefore CO2, has been invested in producing fly ash.  

Coal-fired power stations are in the business of producing electricity, and fly ash is produced 

irrespective of whether it is used or not.  By substituting fly ash for raw materials and 

products there is an associated reduction in CO2 emissions from the mining, crushing, 

milling and processing which is avoided.  This concept is echoed by Kalyoncu (2001a), and 

has been supported in principle for the majority of coal combustion products wide ranging 

applications, by the World Coal Institute (WCI 2000). 

 

A case study by (Nunn, et al. 2001) found that for each tonne of cement clinker produced in 

Australia one tonne of CO2 is emitted into the atmosphere.  Therefore each tonne of fly ash 

displacing Portland cement will avoid approximately 1 tonne of CO2 emission.
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2.2 Science, Philosophy and Objectives: Part A – Fly Ash 
Utilisation 

Fly ash has historically been considered a waste and utilisation was quite limited.  However 

increasing environmental awareness amongst the public combined with deregulation of the 

power generation industries has changed the political landscape and facilitated increased 

exploitation of fly ash as a resource.  However, contrary to society’s increasingly sustainable 

ambitions, the majority of fly ash goes to waste.  This section looks at the technical-socio-

economic forces at play acting as barriers to the widespread utilisation of fly ash as a 

resource, identifies options for progress, and in this context, refines the research objectives. 

 

2.2.1 Coal in Sustainable Development 
To be sustainable is to coexist with our environment in a way that can be maintained 

indefinitely.  Human society as a whole is currently considered to be unsustainable, that is, at 

current consumption rates, the resources of this earth are being consumed faster than they are 

replenished.  One useful measure of our sustainability is our ecological footprint, which is a 

measure of resource consumption relative to the maximum resource consumption considered 

to be sustainable. 

 

Current world coal use is not environmentally sustainable because the mining, transportation, 

and combustion stages of process release pollutants, like CO2, into the environment at a 

faster rate than they are being removed, changing the environment.  Coal cannot be socially 

sustainable because coal is a limited resource, which supports a large workforce that will 

ultimately loose there jobs once coal is depleted or industry is replaced. 

 

For coal, sustainable development involves improving efficiency and decreasing negative 

environmental impacts, until such a time when a sustainable future technology is fully 

developed, and capable of replacing coal technologies.  By increasing the thermal efficiency, 

the rate of coal consumption is decreased, increasing the lifespan of reserves, and lowering 

pollutant emissions, which decrease the impact that power generation facilities have on the 

environment. 

 

There are two stages for coal to play its role in sustainable development; (i) in the present 

through the improvement of existing pulverised fuel power facilities, and (ii) in the near 

future through the implementation of advanced coal technologies. 
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Coal blending, co-firing, carbon sequestration technologies, NOX and SOX technologies, and 

fly ash utilisation can be used to decrease the environmental impact of current pulverised 

fuel power facilities. 

 

In the near future, advanced coal technologies under development and in the early stages of 

commercialisation will replace standard pulverised fuel power facilities and boast higher 

thermal efficiency and lower emissions, new technologies include SC, USC, FB, PFB and 

IGCC. 

 

From a fly ash utilisation standpoint, sustainable development is about maximising the 

benefits from the total coal chain, reducing the environmental, social and economic impact 

of coal, reducing its ecological footprint.  Fly ash utilisation achieves this through an 

economic return from fly ash sales, a reduction in pollution and natural resource 

consumption as discussed in Section 2.1.8. 

 

2.2.2 Fly Ash: Waste versus Resource 
From a power generation perspective fly ash is a waste, while from a coal utilisation 

perspective we see fly ash as a resource and an opportunity yet to be fully realised and 

exploited.  Sustainable development requires this secondary resource to be fully utilised. 

 

Although ash ponds are the main destination for fly ash there is a long history of beneficial 

utilisation (where fly ash has provided a useful service), which has increased quite 

significantly in recent years.  A brief history of early beneficial utilisation of fly ash 

precedents are outlined in Table 2.16 below, with Australian precedents highlighted in blue, 

and demonstrates the value of fly ash, particularly in cementatious applications. 

 

Kalyoncu (2001b) lists three classifications for fly ash used in the USA, the first definition 

was given by environmental regulators and classified fly ash as coal combustion wastes 

(CCWs), this was changed to coal combustion by-products (CCBs), and now stands as coal 

combustion products (CCPs) a title pushed by power industry, ash marketers, and ash users.  

This illustrates how societies changing awareness of sustainability has manifested itself in 

recognising fly ash as a resource (what was once considered a waste is now considered a 

resource).  This idea of fly ash as a resource is a key to maximising its exploitation. 

 

Fly ash exhibits a wide range of properties, some of which make it a useful resource for use 

in valuable products.  Fly ashes capacity to reduce overall green house gas emissions, of the 
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processes which utilise it as a substitute for raw materials, is an attribute which could play a 

key strategic role for the coal industry in the form of green house gas displacement credits 

should green house gas trading systems be implemented.  Fly ash is a resource whose full 

potential is yet to be realised and fully exploited. 

 

Table 2.16: A brief history of fly ash utilisation 

27 BC to 14 
AD 

The life of Marcus Vitruvius Pollio, whose treatise De Architectura, describes the use of 
volcanic ash in concrete [A].  Pollio named this ash “pulvis puteolanis” after the town 
Puteoli (now Pozzuoli) near mount Vesuvius, where it was found [B].  Here we find the 
origins of the word pozzolana to describe natural cementatious materials 

1914 Anon (1914) publishes the results of the first study on coal combustion ashes, and 
makes the link between the similarity of coal combustion ash and natural pozzolana [C] 

1918 to 
1920 

The Onieda street (know known as East Wells) power plant was used as the pilot plant 
in the development of pulverised coal combustion [D] as part of the Milwaukee Electric 
Railway and Light Co. [E] 

1921 
The Milwaukee Electric Railway and Light Company’s Lakeside power plant is the 
worlds first plant designed exclusively to burn pulverised coal [F] and is the first to burn 
pulverised coal exclusively [E] 

1934 Pulverised fuel ash first considered for use in concrete by (McMillan and Powers 1934) 
in the Proceedings of the American Concrete Institute [G] 

1937 
Davis, et al. (1937) first identified pulverised fuel ash as a natural pozzolana [7], and 
introduced the term “fly ash” into literature, in the Proceedings of the American Concrete 
Institute [G] [H] 

1938 A compilation of fly ash concrete pavements were used by the sanitary district of 
Chicago [I] 

1946 The Chicago Fly Ash Company is the first to market fly ash, which is sold as a 
construction material for concrete pipe [J] 

1948 to 
1953 120,000 tonnes of fly ash was used in the construction of the Hungry Horse Dam [K] 

1949 
First recorded use of fly ash in Australia.  Fly ash was imported from Chicago, Illinois 
USA for use in grout for the Prepakt shafts in the Tumut I Power Station as part of the 
Snowy Mountains Hydro-Electric scheme [L] 

1950 First investigation of fly ash as a pozzolan in Australia was carried out on East Perth 
Power Station fly ash [L] [M] 

1950 to 
1970 

Approximately 100 major dam projects in the USA made use of fly ash concretes with fly 
ash contents as high as 50% [K] 

1959 The first use of Australian fly ash in cement, was for part of the spillway of the Keepit 
Dam in New South Wales [L] 

1960 The Clatworthy Dam is the first large scale use of fly ash concrete in Britain, consuming 
4000 tonnes of fly ash [I] 

1966 
The use of fly ash in cement becomes firmly established following the commissioning of 
Swanbank (Queensland) and Port Augusta (South Australia) power stations, with the 
commercial production of 25% fly ash 75% Portland cement blends [M] 

1966 Australian standard introduced for fly ash as a mineral filler in bituminous concrete as a 
replacement for cement or lime dust [N] 

1968 The National Ash Association was founded in the US, currently known as the American 
Coal Ash Association (ACAA) 

1971 The first Australian Standard for using fly ash in concrete [L] 
1972 to 

1974 
Completion of the Gordon river hydroelectricity project in Tasmania which consumed 
approximately 10,000 tonnes of fly ash transported 1500 km from South Australia [N] 

1989 Founding of the Center for Coal Utilization, Japan (CCUJ) 
1990 Founding of the European Coal Combustion Products Association (ecoba) 
1991 Founding of the Ash Development Association of Australia (ADAA) 

[A] (Cavanagh and Guirguis 1992), [B] (Idorn 1997), [C] (Dhir 1986) [D] (ASME 1980), [E] (WEC 2002), [F] (ASME), [G] 
(Bamforth 2001), [H] (Mukherjee and Kikuchi 1999), [I] (Butler and Baweja 1986), [J] (Kalyoncu 2001b), [K] (Kalyoncu and 
Olson 2001), [L] (Samarin, et al. 1983), [M] (Beretka and Nelson 1994), [N] (Ryan, et al. 1976) 
 

No single utilisation option as outlined in Figure 2.10 will solve the fly ash problem, to 

achieve complete beneficial utilisation (zero ponded ash) an integrated fly ash utilisation 
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program will be required which takes advantage of a number of different strategies.  Strategy 

integration could help lower the impurity load of ash and therefore ash products, increasing 

total utilisation, and helping to significantly reduce the ecological footprint of coal. 

 

Although the fly ash industry now refers to fly ash as a coal combustion product, at current 

rates of fly ash utilisation it is probably more appropriate to refer to it as a by-product.  

However if fly ash utilisation is increased toward 100% utilisation, then fly ash can truly be 

referred to as a coal combustion product. 

 

2.2.3 The Nature of Fly Ash Utilisation 
The utilisation of fly ash has been studied for many decades, by many people in many areas, 

however world-wide utilization is low.  The nature of growth in fly ash utilisation within 

Australia and the difficulty in increasing utilisation of ash beyond current levels can be 

explained in terms of barriers which prevent widespread utilisation of fly ash; these barriers 

may be classified as technical, economic, perceptional and legislative. 

 

2.2.3.1 Technical 
There are two types of technical barriers to fly ash utilisation; those that relate to fly ash 

production, therefore ash quality which is relevant to all utilisation strategies, and those that 

belong to individual utilisation strategies, see Figure 2.37 below.  Technical issues can be 

overcome or managed through research and development. 

 

 
Figure 2.37: Classification of the technical barriers to wide spread fly ash utilisation 
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If fly ash does not meet quality or reliability requirements for its utilisation, this is a 

problem, a barrier to its utilisation; 

• Ash quality issues can be alleviated or solved by treating the cause or symptom of 

the problem.  For an existing power facility, the process design is fixed, therefore the 

cause of quality issues must be treated through the manipulation and control of coal 

feed characteristics and combustion conditions.  To treat the symptom, fly ash 

blending or upgrading could be implemented. 

• For design additions, modifications and new technologies, design consideration 

needs to be given to ash quality control to pre-empt ash quality issues that may 

result. 

• Significant knowledge gaps exist which inhibit ash quality control 

 

Knowledge gaps concerning the technical issues which relate to fly ash quality and 

subsequent utilisation include: 

• The effect that the addition of environmental technologies (e.g. flue gas 

desulphurisation) to existing facilities has on ash product properties, and subsequent 

utilisation. 

• The effect new power generation technologies (e.g. fluidised bed and gasification 

systems) have on ash properties, and subsequent utilisation. 

• The prediction and control of fly ash properties from feed compositions (specific 

coals and blends), and subsequently the relation between coals and their potential fly 

ash utilisation strategies 

• The influence that different fly ash components (size fractions, densities, 

cenospheres, and solid spheres) have on the quality of fly ash products, and the 

identification of the fly ash constituents that are key to product quality. 

• The manipulation or control fly ash properties by controlling operating conditions 

such as milling, blending, coal cleaning and co-firing, or through boiler design (e.g. 

furnaces, burners, and boilers) 
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Likewise, for some utilisation strategies technical issues may with the strategy itself that 

inhibit its viability.  A few avenues for research and development into current and future fly 

ash utilisation strategies include: 

• The suitability of various ashes and ash components for the production of zeolites, 

zeolite product engineering, and the utilisation of secondary wastes 

• The relationship between the formation of geopolymers and zeolites during 

hydrothermal reactions of fly ash 

• Identifying the causes of geopolymers long term stability issues 

• The effect of trace element mobility and uptake into the food chain in soil 

amendment applications 

• Upgrading of fly ash to meet strict property requirements including agricultural, 

composite and glass applications 

• Improvement in aggregate manufacturing, including costs and product quality 

• Understanding of cenosphere formation and its relation to feed coal compositions 

and operating conditions 

• The working mechanisms of adsorption and precipitation environments for 

adsorbents, barrier materials, stabilisers and waste encapsulation applications 

• The classification of ash into components, taking advantage of the integration of 

different utilisation strategies, for example; 

o Mineral and metal extraction processes, including the efficient extraction of 

different components, the integration of metal recovery with cenosphere and 

unburned carbon recovery, as well as zeolite synthesis, and the utilisation of 

secondary by-products 

o Improved carbon separation techniques (both efficiency and product quality) 

o The synthesis of lightweight aggregates using high ash unburned carbon 

concentrates from carbon separation techniques 

o The production of high purity carbon through the purification of unburned 

carbon concentrates 

o Development of quality dry separation techniques for cenospheres to 

preserve pozzolanic properties of bulk ash for cementious applications 
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2.2.3.2 Economic 
Economic barriers occur when the technical fly ash utilisation options available are 

uneconomic.  The economic situation for fly ash utilisation can be split into two types; cost 

limitations (related to product value), and market limitations, see Figure 2.38 below. 

 

 
Figure 2.38: Classification of the economic barriers to wide spread fly ash utilisation 

 

Although coal is burned to produce electricity, which is vital in today’s society, power 

utilities produce electricity to generate wealth, and fly ash is a by-product of this process.  

Utilisation of this fly ash is desired however its utilisation is limited to quantities that can 

generate profit to the power utility; this is the basis for cost limitations. 

 

The two biggest cost inhibitors to fly ash utilisation are (i) transport and (ii) capital and 

operational costs, however market inelasticity can prevent a successful strategy from 

expanding.  This is a market limitation. 

 

Transportation costs 

Transportation costs for fly ash and fly ash products is a major inhibitor to fly ash utilisation, 

especially in Australia (Innes and Davis 1999; Heeley and Shirtley 2001; Nairn, et al. 2001), 

transportation costs have the greatest impact upon large volume low value utilisation of fly 

ash. 

 

Transportation costs restrict how far away from a power station a utilisation market can be, 

beyond which it becomes uneconomic.  Innes and Davis (1999) found that low value 

operations are limited to within 100 km of a power station. 

 

In New South Wales the cost of Portland cement is $AU100 per tonne, large savings can be 

made by substituting Portland cement for fly ash, however they are largely offset by the 
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distance of travel for fly ash between the power station and major concrete markets (Heeley 

and Shirtley 2001). 

 

The remote location of power facilities has meant that ash dams are large enough to accept 

the ash generated over the facilities lifetime.  The incremental costs for placing ash in ponds 

is very low, meaning that marketing incentives are solely based on the recognition that 

storages will eventually be filled, and therefore there is no incentive for power station to pay 

the transport costs for ash to be removed from site (Heeley and Shirtley 2001). 

 

Overall the bulk of fly ash utilisation only occurs when the consumer is willing to take the 

ash at their own expense from the producer’s doorstep. 

 

Capital and Operational Costs 

If the capital and operational costs of a utilisation strategy are too high, making investment 

economically unviable, they will inhibit the exploitation of that utilisation strategy.  Capital 

and operational costs have the greatest impact on low value utilisation strategies that cannot 

recover these costs through sales. 

 

Market Limitations 

There is an upper limit to how much fly ash a market can consume, constrained by the 

absolute size of the market, see demand curve in Figure 2.39 below.  Market share can be 

captured by improving cost structure from supply condition “Min” toward “Max” in Figure 

2.39.  At supply condition “Max” the market is saturated and is incapable of consuming any 

more ash. 

 

 
Figure 2.39: Supply and demand curves 
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The premixed concrete market is close to its capacity for utilisation of fly ash, demand for 

fly ash by for use in concrete by the construction sectors is not capable of consuming all 

available surplus ash (Heidrich 2001). 

 

To combat market limitations, the total number of markets available for utilisation needs to 

be increased.  This means new ash products to exploit new ash markets, combined with the 

diversification and integration of employed ash utilisation strategies. 

 

2.2.3.3 Perceptions and Regulations 
People’s perceptions today define the regulations of tomorrow, where regulations are created 

to address public concern.  As a consequence, if regulations are not present for a utilisation 

strategy now, it does not mean they never will.  Favourable public opinion is needed and key 

to a constructive regulatory environment and strong sustainable fly ash utilisation. 

 

Public Perceptions 

A negative or aggressive anti fly ash mindset is an unfavourable public perception to endure 

for the sustainability of fly ash utilisation, and can be outright barriers to ash utilisation.  In 

the absence of irrational beliefs, negative opinions are the result of misinformation, 

incomplete information, or fear of the unknown. 

 

Different utilisation strategies operate at different points within the triangle of public 

perception, as illustrated in Figure 2.40.  Agricultural products have unfavourable 

perceptional environment because there is inconclusive understanding of the fate of trace 

elements, with resulting health and the environmental concerns.  Alternatively, cement 

applications operate in a favourable perceptional environment. 

 

For a safe and environmentally legitimate application of fly ash, in the absence of irrational 

beliefs, negative opinions will correlate with knowledge of the subject, as illustrated in 

Figure 2.40 below.  For this reason, rational opinion can be improved through education and 

demonstration, which is a key to overcoming perceptional barriers. 
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Figure 2.40: Triangle of public perception toward fly ash 

 

In order to maintain good public perception and so as not to undermine the legitimate use of 

fly ash, it is important that no ash is used where it is unsafe or environmentally harmful to do 

so. 

 

Regulatory 

Regulations can form barriers to further utilisation in four ways; regulations can disallow 

utilisation, can make utilisation uneconomic, can create new gaps in knowledge, see Table 

2.17 below, and can generate public confusion. 

 

Table 2.17: Major knowledge gaps and solutions resulting from low NOX regulations 

Knowledge Gap Research Solution 
How to meet low NOX regulation Low NOX burners 

What effect does this have on fly ash Increased unburned carbon 
How to remove unburned carbon while 

maintaining pozzolanic properties of ash 
(dry process) 

Electrostatic separators 

 

High lime fly ash is considered a hazardous waste by the hazardous waste (regulations of 

exports and imports) act 1989 (Anonymous 1989).  This regulation imposes an additional 

cost burden upon fly ash that competing natural raw materials are not subject to.  For 

example limestone, which has an equivalent high pH when mixed with water.  This situation 

represents an unconstructive confusing regulatory environment.  Regulations should be 

based on product performance. 

 

Consequently a lack of understanding or confusion over regulations can result in a 

unwillingness of consumers to use fly ash products.  For example, Nairn, Blackburn et al. 

(2001) lists confusion over the definition of waste, and difficulty in marketing product 

branded with waste tag as barriers to further utilisation, this ties back into public perceptions. 
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2.2.3.4 The Nature of fly ash utilisation barriers within Australia 
By comparing the actual fly ash utilisation situation in Australia and around the world, an 

insight into the nature of fly ash utilisation barriers within Australia can be gained.  Bricks 

and ceramics, lightweight aggregates, waste stabilisation and encapsulation, and mineral 

fillers were identified as viable utilisation strategies currently unexploited within Australia.  

Under these circumstances economics is the only significant barrier that can be inhibiting 

these strategies if any.  These strategies represent the greatest potential to significantly 

improve upon current rates of fly ash utilisation in the short term. 

 

Starting around 1994, there was a substantial acceleration in the rate of increased beneficial 

ash utilisation (bulk fill and mine backfill applications), see Figure 2.34.  During the same 

period, growth in ash sales experienced average growth.  The rapid growth in beneficial 

utilisation must reflect a reduction in the barriers associated with bulk fill and mine backfill 

utilisation strategies, and can be associated to deregulation within the electricity market, as 

well as activities of interest groups, in particular the Ash Development Association of 

Australia (ADAA).  Bulk fill and mine backfill applications could potentially use all fly ash 

produced, however they are strategies of convenience and are not of any significant value. 

 

Another application that has received widespread use outside of Australia is soil amendment.  

However technical and perceptional barriers related to trace elements do exist in agricultural 

applications of fly ash that would need to be addressed first before this strategy can be 

expected to play any significant role in Australia. 

 

Other unexploited valuable utilisation strategies include adsorbents, metal recovery, carbon 

products, geopolymers, and zeolites.  These strategies have technical, perceptional, and 

economic barriers which can be removed with research, development, education and 

demonstration; they could play a valuable role in the future for fly ash utilisation in 

Australia. 

 

The low level of ash utilisation in Australia is inevitable, due to its high inherent transport 

costs, combined with relatively low-value applications of coal fly ash, and a small population 

spread over a large area, ensures that many ash utilisation strategies are not cost-effective.  

The cement market offers sufficient value adding to overcome the transport cost barrier, it 

will continue to grow, but is incapable of any major increase in its use of coal fly ash.  This 

situation argues for more value-added utilisation of fly ash as an effective means of 

overcoming the transport cost barrier.  New opportunities need to be created; this means new 

products, new applications, new markets, and new industries 
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2.2.4 The Future: Bringing Down Barriers 
Fly ash is a resource yet to be realised and fully exploited.  The roots to this situation can be 

summarized in terms of technical, economic, and perceptional barriers.  By removing these 

barriers, the subsequent fly ash utilisation can play an important role towards coal in 

sustainable development. 

1. Technical barriers can be overcome through research and development 

2. Perceptional barriers can be overcome through education and demonstration 

3. Economic barriers can be overcome by finding alternative products or markets, 

lowering production costs, increasing product value, or lowering transportation 

costs 

 

Research and Development which addresses the knowledge gaps which impact on fly ash 

quality and subsequent utilisation, presented in Section 2.2.3.1, can contribute to reducing 

barriers in multiple ash utilisation applications.  Likewise addressing gaps specific to an 

individual strategy will only help reduce that strategies barriers, it can increase the total 

market size for fly ash by introducing new products which consume fly ash. 

 

Negative public perceptions can be tackled by: 

• Promoting fly ash as a resource, including ash properties (advantages) and 

environmental benefits 

• Providing fly ash quality assurance through comprehensive characterisation of 

Australian fly ash ashes 

• Address the environmental and health effects of fly ash, including an environmental 

impact assessment of the entire fly ash utilisation market, taking into account the 

environmental dividends of substituting the use of natural resources with fly ash 

• Demonstrate the reliability of characterisation techniques, and adoption of reliable 

techniques 

• Address the confusion related to fly ash classification systems, and implement 

systems that are universally acceptable (based on scientific principles) 

• The revision and implementation of new standards based on property requirements 

and not on recipes, which are versatile for relevance to future by-products 

• Implement and revise legislation based on real risks (scientific principles), which 

encourage sustainable development, and have broadness that encompass both current 

and future applications. 
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2.2.5 The Future: Industry Trends 
The two dominant forces which are currently moulding future regulations in Australia, they 

are environmental concerns and deregulation of the power industry. 

 

Environmental Concerns 

Australian environmental policy has a history of reflecting changes in US legislation (Innes 

and Davis 1999).  In the United States these stricter environmental regulations have resulted 

in a switch from high sulphur to low sulphur coals, an increased beneficiation of coals 

resulting in lower sulphur and ash contents, the utilisation of a wider range of coal ranks 

resulting in increased unburned carbon if operating conditions shift outside of design 

conditions, the inclusion of non-coal fuels, and low NOX burners resulting in increased 

unburned carbon in fly ash are all responses to increasing environmental regulations 

effecting the coal industry (Hower, et al. 1999).  The impact of these technologies and 

practices are discussed in Section 2.1.3. 

 

In 2000 the US EPA published its regulatory determination on wastes from the combustion 

of fossil fuels; it concluded that CCPs do not pose sufficient danger to the environment to 

warrant being regulated as hazardous (Kalyoncu 2001b), so maybe Australia’s classification 

of fly ash as a waste will be dropped in the near future. 

 

An issue that has received much international attention recently is a tax on carbon emissions.  

Under such a scheme, any reductions in CO2 emissions can be directly equated in a reduction 

in tax payable, which encourages reductions in CO2 emissions.  Fly ashes capacity to reduce 

overall green house gas emissions, of the processes which utilise it as a substitute for raw 

materials, is an attribute which could play a key strategic role for the coal industry in the 

form of green house gas displacement credits in a carbon trading system, the increased 

economic value that a carbon tax system installs on fly ash will reduce economic barriers by 

increasing the economic viability of more ash utilisation strategies, and ultimately serve to 

encourage the increased utilisation of fly ash, increasing the contribution of coal to the 

economy. 
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Deregulation 

Deregulation of the power industry results in the restructuring and transferral of sections of 

the industry from government control to the private sector, the implications for fly ash 

utilisation are: 

1. An end to government protections (Heidrich 2001), resulting in increased regulations 

and costs for; 

i. new ash dams which encourages a substantial increase in fly ash utilisation 

(Innes and Davis 1999), and 

ii. environmental emissions 

2. Bring about lowest cost practice (Kalyoncu 2001b) which will encourage increased 

fly ash sales, and the increased use of lower cost fuel 

 

Due to increasing focus on low fuel costs by power utilities, Innes and Davis (1999) lists 

four future purchasing strategies which may be adopted, they are; 

• Increased coal ash content 

• Shift to spot market purchasing 

• Reduced coal stockpile levels 

• Co-firing with alternative fuels 

The impacts of these strategies are; 

• Increased coal ash content will increase fly ash production 

• Spot purchasing will increase compositional variability of fly ash 

• Reduced stockpiles will decrease operators ability to identify and blend problem 

coals 

• Co-firing with alternative fuels will increase the compositional variability of fly ash 

and increase trace element concentrations 

 

Carpenter (1995) sees the blending of different types of coal becoming common, because it 

can help lower costs, meet SO2 emission regulations, and improve the combustion behaviour 

of their coal. 
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2.2.6 Refine Objectives 
The objective of this work is to contribute to the arena of fly ash utilisation in a direction 

which has real potential to lead to the capability of significantly increasing fly ash utilisation.  

There are two broad avenues for research into fly ash utilisation, they relate to i) fly ash 

quality, and to ii) utilisation strategies, as listed in Section 2.2.3.1. 

 

Ash Quality 

Although fly ash quality may currently be an issue for some ash producers it is not 

preventing ash utilisation as a whole in Australia.  For example the cement industry, which 

has strict quality requirements, is consuming close to all the ash it can. 

 

The changing environmental and regulatory climate in Australia may lead to changes in 

boiler operation, fuel use, and emission mitigation technologies, with a major impact on ash 

quality Australia wide, which will threaten the current state of fly ash utilisation.  Research 

into issues related to fly ash quality may help prevent such reductions in ash utilisation, 

however maintaining or improving fly ash quality can not contribute to a significant increase 

on the current state of fly ash utilisation. 

 

Utilisation Strategies 

There are a number of known fly ash utilisation strategies, see Figure 2.10, each having its 

own advantages and disadvantages, and some form of barriers.  In the interest of selecting 

the right strategy to meet research objectives, the following concepts need to be considered, 

the strategy needs: 

• to be high volume, capable of consuming a significant quantity of fly ash 

• to be significantly value-added so that it is not inhibited by the transport cost barrier 

• to be a new product or explore new applications or markets for fly ash, so that it is 

not inhibited by market inelasticity 

• to be inhibited by significant technical barriers where research can make a difference 

 

By deduction, zeolites and geopolymers prevail as viable candidates, from which zeolites 

were chosen as the focus of this thesis. 
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Refined Objective 

A zeolite strategy for fly ash utilisation offers significant technical challenges worth tackling 

as part of a PhD, and is consistent with the philosophy of broad project objectives.  Zeolites 

offer significant added value to overcome the transport cost barrier, and have application in a 

diverse range of products, including agricultural markets currently not exploited by fly ash, 

and potentially of high volume.  Therefore zeolites have the potential to contribute to a 

significant increase in fly ash utilisation beyond its current state. 

 

There are a number of different types of zeolites, offering a diverse range of applications.  

Like fly ash it is recognised that the current market for zeolite will not represent the full 

range of potential zeolite applications, nor will its current size represent its potential size. 

 

The refined objective is; 

 

To study the potential products and markets for zeolites in Australia, and identify the best 

opportunities to support a zeolite fly ash utilisation strategy which has real potential to lead 

to the capability of significantly increasing fly ash utilisation. 
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2.3 Zeolites: A Strategy for Fly Ash Utilisation 
A.F. Cronstedt is accredited with the discovery of stilbite in 1756, and he coined the term 

zeolite based upon observations of water boiling from it.  In 1948 R.M. Barrer reported the 

first definitive synthesis of zeolites (the zeolite mineral mordenite).  In recent years extensive 

research into synthetic zeolites has been carried out on both catalysts and molecular sieve 

applications, driven by the rapid commercialisation of synthetic zeolite technology, 

specifically in the petrochemical industry (Flanigen 1991). 

 

However the traditional global synthetic zeolite market is small at around 1.36 Mt in 2000 

(O'Connor 2001), and dominated by detergent grade zeolites, with 1.04 Mt of zeolites 

consumed by the detergent industry in 1998 (Virta 2001).  Although there is significant 

production overcapacity of detergent grade zeolites, estimated to be 80% in Asia, 10% in 

Europe, and between 10 and 20% in North America at the end of 2001 (Virta 2002) at 

current market demand, there is room for significant growth in these established markets, 

mostly in the Asia-pacific region. 
 

The successful large-scale synthesis of zeolites from fly ash will require the exploration of 

new zeolite markets, and above all, the key to true market success is the capacity to produce 

low cost zeolites capable of meeting the performance requirements of specific applications. 

 

Can zeolite applications deliver as a fly ash utilisation strategy capable of consuming 

significant quantities of fly ash?  This section identifies the potential markets and their sizes 

for zeolites in Australia, looks at zeolite properties, with particular attention to agricultural 

application, and evaluates previous work into the application of zeolites produced from fly 

ash. 
 

2.3.1 What is a Zeolite? 
Zeolites are aluminosilicate minerals with a structure containing SiO4 and AlO4

− tetrahedra, 

linked together with adjacent tetrahedra sharing oxygen to form distinctive crystalline 

structures (framework structures), which contain large vacant spaces (cages) (see Figure 2.41 

below) that can accommodate cations (Na+, K+, Ba2+, Ca2+), as well as large molecules and 

cation groups (H2O, NH4
+).  The cations are distributed throughout the material and play a 

charge balancing role with the AlO4
− tetrahedra. 

 

The cage structures of zeolites are interconnected in three dimensions by channels of 

constant diameter (see Figure 2.41 below).  Only molecules with a small enough molecular 



Chapter 2 – Background Elliot A.D., PhD Thesis 
 

 80

size to pass through these channels can enter the internal structure of the zeolite (geometrical 

selectivity).  These void spaces can be filled with water (or other molecules), which can be 

driven off and reabsorbed without changing the framework structure. 

 

 
Figure 2.41 : Illustration of SiO4 and AlO4

− tetrahedra, the orientation of tetrahedra to form 
framework structures*, and external access to internal framework structure through channels 

 

The charge balancing cations (Na+, K+, Ba2+, Ca2+) can be exchanged with other cations in 

aqueous solution, without affecting the aluminosilicate framework (see ion exchange 

capacity in Table 2.18 below). 

 

Table 2.18: Typical properties of some economic zeolites, adapted from Holmes (1994) 

Zeolite Typical unit cell formula Framework 
structure[A]

Void 
volume

(%) 

Specific 
gravity 

Channel 
dimensions 

(Å) 

Cation 
exchange 
capacity[B]

(meq/g) 
Analcime Na16(Al16Si32O96).16H2O ANA 18 2.24-2.29 2.6 4.54 
Chabazite (Na2Ca)6(Al12Si24O72).40H2O CHA 47 2.05-2.10 3.7×4.2 3.81 
Clinoptilolite (Na4K4)(Al8Si40O96).24H2O HEU 39? 2.16 3.9×5.4 2.54 
Erionite (Na2Ca6K)9(Al9Si27O27).27H2O ERI 35 2.02-2.08 3.6×5.2 3.12 
Laumontite Ca4(Al8Si16O48).16H2O LAU 34 2.20-2.30 4.6×6.3 4.25 
Mordenite Na8(Al8Si40O96).24H2O MOR 28 2.12-2.15 2.9×5.7 2.29 
Linde A[C] Na12(Al12Si12O48).27H2O LTA 47 1.99 4.2 5.48 
Linde X[C] Na66(Al66Si106O364).264H2O FAU 50 1.93 7.4 4.73 
[A] Framework structure types are classified according to a capitalised three letter code [B] Calculated from unit cell formula, 
[C] synthetic phases 
 

                                                      
* The framework structure graphic was created using chabazite crystal data (Smith, et al. 1963) and 
Balls & Sticks (Kang and Ozawa 2003) 3D chemical visualisation software 

Ca2+
K+

NH2-CO-NH2 
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-
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Different zeolites have different selectivity for different cations; a strong selectivity for a 

particular ion will see that ion preferentially exchanged into the zeolite, while the non-

selective species is preferentially released from the zeolite into solution. 

 

These properties distinguish zeolites as unique materials, and are important in their 

application.  For example, large void space is important in animal nutrition, fertilisers, and 

pesticide applications where the zeolite acts as a carrier medium.  Large ion exchange 

capacities are important in soil construction and repair, fertilisers, water softeners, waste 

stabilisation and encapsulation applications.  Pore size is critical in pesticide and drug 

delivery applications where active ingredients must be free to enter and exit the zeolite 

structure. 

 

For many applications, like controlled release fertilisers, most zeolites will suffice.  

However, not all zeolites were created equal; consequently some zeolites perform better than 

others for a particular application.  Understanding this and knowing how to control the 

production process to produce the desired zeolite product is critical for the identification and 

manufacture of a superior product. 

 

2.3.2 Potential Products and Markets in Australia 
A significant number of zeolite markets have been identified and classified into groups, see 

Figure 2.42 below.  A rough evaluation of the potential of these markets to consume zeolite 

products in Australia is presented, which clearly illustrate the potential for zeolite 

applications to consume significant quantities of fly ash through value added products. 
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Figure 2.42: Classification of different zeolite markets  

 

For market calculations in this review all zeolites are assumed to have a void volume of 

35%, a cation exchange capacity (CEC) of 3.5 meq per gram of Na+ loaded zeolite on a 

dehydrated zeolite basis, and a specific gravity of 2.3.  For competitiveness, three scales of 

zeolite value were chosen for this study, based on the current market value of natural zeolites 

presented in Figure 2.12 in Section 2.1.6: 

1. $AU150/tonne for low value bulk applications requiring minimal processing 

2. $AU500/tonne for medium value application requiring intermediate processing for 

medium to large markets 

3. $AU2000/tonne for high value applications requiring high processing requirements 

with small potential markets 
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2.3.2.1 Agricultural Applications 
Of all the zeolite markets, agriculture, which currently exclusively consumes natural zeolites, 

offers the most diverse range of applications with the greatest potential zeolite volume 

consumption, in particular, the application of zeolite as a fertiliser or as a soil conditioner. 
 

Soil Conditioning and Remediation 

The addition of zeolite to soil improves its productivity by increasing its cation exchange 

capacity (CEC), water infiltration, water availability (water holding capacity), and aeration.  

Increased water holding capacity lowers water requirements, and increased CEC reduces 

fertiliser requirements (Ming and Allen 2001). 
 

Soil conditioner and soil remediation markets include high intensity agriculture (Table 2.19), 

floriculture (Table 2.20) potting mixes, and turfs.  The potential for zeolite in these markets 

is illustrated in Table 2.21 below. 
 

Table 2.19 : High intensity agricultural market sizes in Australia by type for year ending 30th 
June 2001, adapted from ABS (2002) 

Industry Production Area 
(ha) 

Local Value 
(Millions $AU) 

Area Irrigated 
(%) 

Sugar cane cut for crushing 403,000 633.8 52 
Cotton lint 536,000 1,273.8 82 
Vegetables [A] 137,051 1,623.3 85 
Total 1,076,051 3,530.9 71 
[A] Includes; asparagus, beans, beetroot, broccoli, cabbages, capsicums, chillies and peppers, carrots, cauliflowers, celery, 
cucumbers, green peas, lettuces, marrows, squashes and zucchini, melons, onions, parsnips, potatoes, pumpkins, sweet corn, 
and tomatoes. 
 

Table 2.20 : Floriculture market sizes in Australia by type for year ending 30th June 1997, 
adapted from Agric WA (2000) 

Industry Production Area 
(ha) 

Local Value[A] 
(Millions $AU) 

Nursery [B] 4,267 539.7 
Cut Flower 5,371 270 
Total 9,638 809.7 
[A] At the farm gate, [B] Includes turf farming, excludes units grown for cut flower and forest industries 
 

Table 2.21 : Potential zeolite markets as a soil conditioner 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

High intensity agriculture 1,076 [A] 150 161.4 
Floriculture 222 [B] 150 33.3 
Home Garden (potting mix) 115 [C] 150 17.3 
Turf (Perth) [D] 55 [E] 150 8.3 
[A] Assuming national 1 t ha−1 application rates.  Trials by Talon Resources of 1.25 t ha−1 zeolite on sugar cane saw a $1,760 
per hectare increase in crop revenue (Talon 2001a).  [B] Assuming a zeolite application of 10% of soil volume within average 
root depth of 0.01 m, or 23 t ha−1, based upon information given by (Zeo Inc 2000).  [C] Approximate annual Australian potting 
mix production of 500,000 m3 with and average diatomite content of 10 vol% (Thomas 2003) assuming zeolite replaces this 
component of potting mix.  [D] There is more than 5,500 ha of publicly irrigated turf in the Perth metropolitan area (Johnston 
and Johnston 1996).  [E] Assuming an annual application 10 t ha−1 aerification, traditionally performed using sand, based upon 
suggested application rates given by (Zeo Inc 2000). 
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The application rates for high intensity agriculture and floriculture are conservative, for 

many specific crops higher application rates may be required, especially for crops with high 

water and fertiliser requirements. 

 

Soil Decontamination 

By applying a zeolite which has a strong selectivity for a pollutant ion (e.g. Cu, Cd, Pb, Zn, 
137Cs, 90Sr) present in a contaminated soil, the soil can be repaired by locking that ion up in 

the zeolite, removing it from the ecosystem (Ming and Allen 2001).  The potential market for 

zeolite as a soil decontaminant is illustrated in Table 2.22 below. 

 

Table 2.22 : Potential zeolite market as a soil decontaminant 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Heavy metals and radioactive species 30 [A] 150 4.5 
[A] Assuming that demand to cleanup current inventory of contaminated sites could, in the short term, parallel that required to 
clean-up current annual nuclear and industrial waste production, see section 2.3.2.3. 
 

Zeoponics 

Hydroponics involves growing plants in a medium without soil, and with managed nutrient 

feed.  Zeolite can be used as a hydroponic medium, where the zeolite will buffer ionic 

species from the nutrient feed, allowing for their slow release over time in the plant root 

zone.  The potential market for fly ash zeolite zeoponic materials is illustrated in Table 2.23 

below. 

 

Table 2.23 : Potential zeoponic market 

Market Market Demand 
(kt p.a.) [A] 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Australian 230 [B] 150 34.5 
The Netherlands 2,300 [C] 150 345 
Spain 920 [D] 150 138 
Total World 5,175 [E] 150 776 
[A] 91% of the total world market uses solid media (Hassall & Associates 2001), in these calculations 100% solid media 
dominance of the hydroponic market is assumed, and replacement of zeoponic media occurs every 5 years, and with an average 
bed depth of 0.01 m.  [B] The Australian hydroponic  market was 500 ha in 1996 and is expected to be 1000 ha in 2001 (Hassall 
& Associates 2001).  [C] 10,000 ha in 2001 (Hassall & Associates 2001).  [D] 4,000 ha in 2001, 100% solid media (Hassall & 
Associates 2001).  [E] 20,000 to 25,000 ha (Hassall & Associates 2001), assuming 22,500 ha. 
 

Fertilisers 

If a zeolite is loaded up with nutrient cations K+ and/or NH4
+ in charge balancing sites, and 

applied to the soil, it will function as a fertiliser through the release of nutrient cations in 

exchange for other cations present in the soil (e.g. Na+ and Ca2+).  In addition, if urea is 

loaded into the void spaces of a dehydrated zeolite, it will function as a fertiliser by releasing 

urea through a diffusion process. 
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The Australian fertiliser market is summarised in Table 2.24 below.  The fertiliser market is 

filled with a variety of different fertiliser types that target different applications; Table 2.25 

below lists a few different potential zeolite controlled release fertilisers, as well as some 

established fertilisers for comparison.  The scale of the fertiliser market in terms of zeolites 

is illustrated in Table 2.26 below. 

 

Table 2.24 : Australian fertiliser consumption in terms of nutrients (tonnes) (FIFA 2003) 

 1996 1997 1998 1999 
Nitrogen (N) 762,000 811,900 857,300 1,003,000 
Phosphorus (P) 478,800 436,700 482,100 432,900 
Potassium (K) 158,900 203,800 195,600 192,300 
Total 1,399,700 1,452,400 1,535,000 1,628,200 
 

Table 2.25 : Fertiliser prices 

Element (mass %) Fertiliser N P K Ca 
Cost [A] 

($AU t −1) 
Urea (U) [B] 46 0 0 0 340 
Phosphate Rock (P) 0 14 0 35 55 [C] 
K-Zeolite (K) [D] 0 0 13.0 0 150 
NH4-Zeolite (N) [D] 5.0 0 0 0 150 
U-K [E] 7.7 0 10.8 0 182 
U-N [E] 11.8 0 0 0 182 
U-K-P [F] 5.1 4.7 7.2 11.7 140 
U-N-P [F] 7.9 4.7 0 11.7 140 
CAN [B] 27 0 0 8.4 370 
DAP [B] 18 20 0 0 458 
NPK Extra [B] 7.5 16.4 10.3 0 502 
Pasture Perfect [B] 12.6 0 19.8 0 273 
Murate of Potash [B] 0 0 49.5 0 395 
[A] For December 2002 [B] (UFCC 2002) [C] Australia’s phosphate rock requirements have always been predominantly 
imported (Wallis 1997) therefore the price is controlled by international commodity markets, the price for phosphate rock was 
$US41 in 2002 (IMF 2002).  An exchange rate of $AU1 = $US0.75 is assumed. [D] Nutrient cations are loaded to fill 100% of 
available cation exchange sites. [E] Urea is added to fill zeolites void space in dehydrated zeolite. [F] One part (by mass) 
phosphorus rock is physically blended with two parts urea filled zeolite. 
 

Table 2.26 : Potential Australian zeolite fertiliser market 

Product Market Demand 
(Mt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

K-Zeolite [A] 1.5 150 225 
Urea-NH4-Zeolite [B] 8.5 150 1,275 
Blend [C] 9.1 150 1,365 
[A] Market demand for zeolite component of fertiliser product assuming that it supplies the total 1999 market requirements for 
potassium. [B] Market demand for zeolite component of fertiliser product assuming that it supplies the total 1999 market 
requirements for nitrogen.  [C] Blend of U-K and U-N such that N and K markets are satisfied, occurs with (20% U-K and 80% 
U-N) 
 

Based upon information given by IFA et al. (1999), the total world use of nitrogen (N) and 

potassium (K2O) in fertilisers for 1997, is roughly 70 Mt, and 20 Mt respectively, and 

represents a significant large potential export market for zeolite fertilisers. 
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Pesticides 

Zeolites have the potential to act as a carrier medium for pesticides and other organic 

molecules although most are to large to enter the internal structure of natural zeolites (Ming 

and Allen 2001), synthetic zeolites may accommodate them.  The pesticide market is 

summarised in Table 2.27 below.  The potential for zeolites in the pesticide market is 

illustrated in Table 2.28 below. 

 

Table 2.27 : Pesticide market sizes in Australia by type, adapted from Radcliffe (2002) 

Sector Product Production 
(t) 

Value [A] 
(Millions $AU) 

Herbicides All 30,000 800 
 • Glyphosate 15,000  
 • Atrazine 3,000  
 • Simazine 3,000  
Insecticides All 10,000 500 
 • Organophosphates [B] 5,000  
 • Carbamates [C] 3,000  
Fungicides All [D] 4,000 200 
Plant Growth Regulators All [E] 800 60 
[A] Annual sales in 1998 and 1999.  [B] Includes; Parathion methyl >1,000 t p.a., chlorpyriphos > 1,000 t p.a., dimethoate, 
profenfos and diazinon.  [C] Acetyl choline esterase inhibitors, where metham sodium is the most common.  [D] The two most 
significant were mancozeb, and captan at 100 t p.a. each.  [E] The main chemical in this group is ethephon. 
 

Table 2.28 : Potential pesticide carrier grade zeolite market in Australia 

Market Market Demand 
(t p.a.) [B] 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Glyphosate 56,650 [C] 500 28.3 
Atrazine [A] 16,610 [D] 500 8.3 
Simazine [A] 15,140 [E] 500 7.6 
Metham sodium 8,110 [F] 500 4.1 
Parathion methyl [A] 4,830 [G] 500 2.4 
Chlorpyriphos [A] 4,700 [H] 500 2.4 
Mancozeb [A] 340 [I] 500 0.17 
Captan [A] 390 [J] 500 0.20 
[A] Possibly to large in molecular dimensions to enter into zeolites internal structure  [B] Assuming a zeolite can be synthesised 
to accommodate pesticide  [C] Based upon a glyphosate density of 1.74 (NIST 2002)  [D] Based upon a density of 1.187 
(Extoxnet 1993a)  [E] Based upon a density of 1.302 (Extoxnet 1993c)  [F] Based on 1995 market of 1,500 t (ACTED 
Consultants 1997), and a density of 1.216 (Metampsc 1999)  [G] Based upon a density of 1.36 (Extoxnet 1994), and an annual 
market of 1,000 t  [H] Based upon a density of 1.398 (Extoxnet 1993b), and an annual market of 1,000 t  [I] Based upon a 
density of 1.92 (Cleary Chemical 1997)  [J] Based upon a density of 1.7 (RTVanderbilt 2003). 
 

Glyphosate’s use in the US was over 45,000 tonnes in 2001, and rapidly increasing due to 

increased use of genetically engineered crops resistant to it (Cox 2002), and metham 

sodium’s use in the US is over 26,800 tonnes each year (Cox 2000).  There is significant 

export market potential for zeolites as a pesticide carrier medium. 
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Odour control 

Ammonia, hydrogen sulphide and various organic waste decomposition products from 

animal excrement, which are unpleasant and can be hazardous to animal health*, can be 

adsorbed into the zeolite structure.  The zeolite is applied to the floor as a litter which 

extracts these hazardous compounds from excrement, and the air. 

 

The Australian confined livestock, and live animal export markets are summarised in Table 

2.29 and Table 2.30 respectively.  The potential for zeolite products in the odour control 

market is illustrated in Table 2.31 below. 

 

Table 2.29 : Confined livestock rearing market sizes in Australia by type, adapted from ABS 
(2002) 

Industry Production 
(Livestock `000) 

Local Value 
(Millions $AU) 

Chickens for meat production 398,869 [A] 1,039.4 
Chickens for egg production 14,276 [B] 296.8 
Pigs 5,016 [C] 747.7 
[A] Total broilers, fryers and roasters slaughtered over year ending 30 June 2001 for Australia excluding Tasmania, the 
Northern Territory and the Australian Capital Territory, [B] Number at years end, 30 June 2001 for Australia excluding 
Tasmania, [C] slaughtered over year ending 30 June 2001. 
 

Table 2.30 : Australian live animal export market by animal for 1999-00, adapted from AFF 
(2001) 

Animal Live Export[A] 
(livestock ‘000) 

Export Value 
(Millions $AU p.a.) 

Cattle 850 436 
Sheep 4,859 180 
[A] Excluding animals for breeding 
 

Table 2.31 : Potential Australian zeolite odour control market 

Market Market Demand 
(kt p.a.) [A] 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Chickens for meat production 120 [B] 150 18 
Chickens for egg production 71 [C] 150 10.7 
Live Animal Transport 37 [D] 150 5.6 
Pigs Negligible [E] --- --- 
[A] Assuming an average application rate of 5 kg m−2 (GSA Resources 2000a), [B] An average batch of meat chickens has 
20,000 chickens in a 1,200 m2 shed, where the shed is cleaned and fresh litter placed on floor for each batch (49-56 days) 
(ACMF 2003) [C] Assuming all barn chickens (no cage chickens), with a chicken density of 7 birds m−2 used by Barnett (1998), 
and barn cleaned every 52 days,  [D] Assuming a space allocation of 3m2 for each head of cattle, and 1m2 for sheep,  [E] 
Piggeries generally use concrete pens connected to sewage, and regularly hosed down. 
 

                                                      
* Elevated levels of ammonia in chicken coops is associated with ascites, gastrointestinal irritation, 
respiratory disease and contact dermatitis resulting in infections like E. Coli, pain and stress, reduced 
growth rate and feed conversion (Estevez 2002). 
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Drug Delivery and Dietary Supplement 

Zeolites have the potential to act as a carrier medium for organic molecules such as drugs as 

long as they can enter and exit the internal structure of zeolite.  The zeolite acts as a delivery 

system for the drug, and has applications in medicine for livestock feeds*†.  The potential for 

zeolites in the dietary supplement and drug delivery markets is illustrated in Table 2.32 

below. 

 

Table 2.32 : Potential Australian market for zeolites as a drug delivery medium and dietary 
supplement 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Dietary supplement in pig feeds 62 [A] 500 31 
Drug delivery medium 2 [B] 500 1 
[A] Based upon average pig meat weight 72.8 kg per pig (ABS 2002), the corresponding feed consumption is 248 kg p.a. (Agric 
NSW 2001), and assuming the inclusion of 5% zeolite in feed (Baidoo 2001).  [B] Estimated order of magnitude based on small 
drug dose, 100 mg kg−1 per dose for aspirin in cattle (Gingerich, et al. 1975), across whole Australian livestock burden (cattle 
sheep pigs and chickens), estimated at ~4 million tonnes based on rough calculation based on information in (ABS 2002) 
assuming a density of 1.3, with low drug use of 1 dose per year. 
 

Aquaculture 

Ammonia can be filtrated out of artificial aquatic systems using the ion exchange capability 

of an appropriate zeolite, preventing its accumulation to toxic levels (Holmes 1994).  The 

zeolite can be regenerated with a brine solution allowing the reuse of the ion exchange bed.  

Alternatively spent zeolite rich in ammonia can be used as an ammonium fertiliser.  The 

Australian fresh water aquaculture market is summarised in Table 2.33 below.  The potential 

for zeolites in the aquaculture market is illustrated in Table 2.34 below. 

 

Table 2.33 : Aquaculture market sizes in Australia by type 1996-97 

Industry Production 
(t) 

Local Value 
(Millions $AU) 

Barramundi 487.4 [A] 5.4 [C] 
Rainbow and Brown Trout 2651.1 [A] 16.8 [D] 
Silver Perch 114.4 [A] 1 [E] 
Total 3,252.9 23.2 
World Rainbow Trout (1995) 360,000 [B] 1,733 [F] 
[A] (McLennan 1997).  [B] (Aquaculture WA 1999c).  [C] Based upon $11 kg−1 average value for 1995/96 (Aquaculture WA 
1999a).  [D] Based upon $6.35 kg−1 average value for rainbow trout in 1998 (Aquaculture WA 1999c).  [E] (Aquaculture WA 
1999b).  [F] $US1.3 billion (Aquaculture WA 1999c), and an exchange rate of $AU1 = $US0.75 is assumed. 
 

                                                      
* Dietary supplement resulted in faster growth, increase in body weight, decreased excrement odour, 
decrease in disease (Mumpton 1999).  A 5% inclusion of zeolite in pig feed resulted in a 21% 
reduction in ammonia emissions (Baidoo 2001).  
† Erionite is the only zeolite shown to have toxic effects, which are attributed to its fibrous crystal 
morphology (Roland, et al. 1996) other zeolites including mordenite have fibrous morphology and 
should be handled with care (Holmes 1994).  Studies of zeolite A have demonstrated that it is 
essentially non-toxic via oral, and respiratory routes of exposure (Roland, et al. 1996), and so suitable 
for ingestion by animals, as would other non fibrous zeolites. 
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Table 2.34 : Potential Aquaculture zeolite market in Australia 

Market Market Demand 
(t p.a.) [A] 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Recirculating Aquiculture [B] 2,633 [C] 150 0.39 
Live fish transport 29 [D] 500 0.015 
Home aquarium filters 291 [E] 500 0.15 
[A] 280 g per day of total ammonia is produced per tonne of fish, assumption made by (AAC 2003).  [B] Assuming whole 
market consisted of recirculating aquiculture systems.  [C] Assuming there is liner growth of fish from near zero to sale size 
over one year (average mass = 0.5 sale mass), zeolites are consumed as single use ion exchange.  [D] Assuming all recirculating 
aquaculture fish are transported live on average for 2 days  [E] There were 12 million pet fish in Australia in 1994 (Petnet 
2003), and assuming the average fish weighs 15g. 
 

2.3.2.2 Household and Commercial Applications 
Household and commercial applications currently make use of both natural and synthetic 

zeolite products ranging from small to large in scale.  Pet litter, desiccants and detergent 

builder markets have a history of zeolite use, on the other hand zeolite solar systems are a 

zero emissions energy technology which has the potential to contribute to a sustainable or 

zero emission energy society, is currently not employed and speculative, but significant in 

potential volume and value. 

 

Absorption, Adsorption and Ion Exchange 

All three processes (absorption, adsorption, and ion exchange) make zeolites valuable as a 

pet litter media: absorption of liquid excrement, adsorption of odours, and ion exchange of 

ammonia.  The potential for zeolites in the pet litter market is illustrated in Table 2.35 below. 

 

Table 2.35 : Potential Australian Pet litter zeolite market 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Pet litter media [A] 42 [B] 150 6.3 
[A] Zoos, kennels, pet shops, pet litter trays.  [B] Annual Australian kitty litter market (Planning & Managing Projects Pty Ltd 
1996). 
 

Absorbents 

Hydrophilic (lipophobic) zeolites will selectively absorb water and other polar compounds 

into its void structure; likewise lipophilic (hydrophobic) zeolites will selectively absorb 

organic compounds into its void structure.  The potential for zeolites in the desiccant market 

is illustrated in Table 2.36 below.  Zeolites may also be used to treat oil spills (including 

tanker spillage during transport, spillage from machinery, cars, workshops, petrochemical 

plants etc) and other organic wastes. 
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Table 2.36 : Potential market for zeolite desiccants 

Market Market Demand 
(t p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Desiccants [A] 300 [B] 500 0.15 
[A] Including applications in packaging, food storage.  [B] Approximate current annual Australian consumption (Bassett 2003) 
 

Gas Adsorbents 

Based upon zeolites ability to selectively adsorb molecules of gases and vapours, there is 

potential for zeolites to be used as an adsorbent in air purification (pollution scrubbing in 

cars, pubs and clubs etc), a rough air purification adsorbent market is illustrated in Table 

2.37 below. 

 

Table 2.37 :  Potential market for zeolite as air purification adsorbents 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Air purification (pollutant scrubbing) 200 [A] 150 30 
[A] This market is highly speculative, however assuming the average Australian requires 10 kg of zeolite adsorbent each year, 
and the Australian population is 20 million. 
 

Water Softeners 

By ion exchanging hard water cations (Ca2+ and Mg2+) for sodium (Na+) in zeolite, zeolites 

act as water softeners, removing the hard components of water to prevent scum formation 

with soap, or scale formation in boilers (e.g. kettles).  The potential for zeolites as a water 

softener in the detergent market is illustrated in Table 2.38 below. 

 

Table 2.38 : Potential Australian water softening zeolite market 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

SE Asia Detergent Builders 248 [A] 500 124 
Australian Detergent Builders 84 [B] 500 42 
[A] Detergent grade zeolite demand in Asia Pacific region for 1995 (Krivyakina 1995),  New legislation in parts of China, 
discouraging the use of phosphate binders (McCoy 2000), may significantly increase demand for zeolite detergent binders.  [B] 
Up to 70% of a powder laundry detergent may consist of binders such as zeolite (Morse 1999), although Zeolites are not used in 
liquid detergents (McCoy 2000), assuming that the average Australian consumes 6 kg p.a. of solid laundry detergent, and the 
Australian population is 20 million. 
 

In the near future the growth potential for zeolites as detergent builders will be concentrated 

in the Asia-pacific region (O'Connor 2001).  Phosphates are often used in detergents to 

reduce water hardness, and a 1998 survey of 47 Australian laundry powder detergents 

revealed that 9 were phosphate free, while 24 contained greater than 1 % by weight 

phosphorous with the max being 10.4% (EPA SA 1999).  A significant potential market for 

zeolites in detergents exists within Australia, with environmental benefits from reducing 

phosphate emissions in wastewater. 
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Building materials and fillers 

A composite is a material that contains two or more individual and separable components.  

There are two reasons for adding materials to form composites; (i) to produce a product with 

special properties and (ii) to occupy space within a valuable material.  These added materials 

are referred to as filler or reinforcement materials (Åström 1997).  Potential Australian 

markets for zeolites as a filler material or an additive in concrete is illustrated in Table 2.39 

below. 

 

Table 2.39 : Potential markets for zeolites as a filler material and additive in concrete 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Lightweight zeolite concrete [A] 425 [B] 150 64 
Paint filler 80 [C] 150 12 
Paper filler 240 [D] 150 36 
Polymer filler 120 [D] 150 18 
[A] Lightweight aggregate (Mumpton 1999).  [B] Assuming that there is demand for a 1% replacement of sand and stone 
(together comprise 85% of concrete) components of concrete for zeolite equivalents over total market (~50 Mt of concrete)  [C] 
Total extender market (Nairn, et al. 2001).  [D] Total mineral filler markets (Nairn, et al. 2001). 
 

Heat Storage and Solar Refrigeration 

Based upon their ability to hydrate and dehydrate without any change to the framework 

structure, as well as their hydroscopic nature, and exothermic hydration reaction, zeolites can 

be used to store heat energy for heating and cooling.  The potential for zeolites in heat 

storage and refrigeration markets is illustrated in Table 2.40 below. 

 

Table 2.40 : Australian Zeolite market for heat storage grade zeolites 

Product Current consumption 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Solar zeolite system [A] 150 [B] 2000 300 
[A] A 60 m2 solar zeolite collector provides heating cooling and hot water needs for a typical US family home in almost any 
climate, a demonstration collector provided over 90% of the households energy needs (Tchernev 2001)  [B] Assuming a bed 
loading of 50 kg m−2 used by (Tchernev 2001), and the system installed in 1 million average family homes, with a 20 year life 
span.  
 

2.3.2.3 Industrial Applications 
The industrial market is currently represented by very high value synthetic zeolites in low 

volume molecular sieve and catalyst applications, although there are significant potential 

markets for ion exchange zeolites in waste management applications. 

 

Molecular sieves 

Nano-scale geometric selectivity allows zeolites to act as molecular sieves by; (i) limiting 

molecules access to internal zeolite structure through the size and shape of pores, (ii) 

differences in diffusion through zeolite structure with some molecules quicker than others, 
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(iii) differentiation of molecules based on their electrostatic interactions with charge 

balancing species.  The potential for zeolites in the molecular sieve market is illustrated in 

Table 2.41 below. 

 

Table 2.41 : World molecular sieve market 

Product Current consumption 
(t p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

World molecular sieve [A] 85,000 [B] 2000 170 
Australian molecular sieve 500 [C] 2000 1 
[A] Examples include natural gas sweetening (H2O, CO2, SO2 removal), and O2 or N2 separation from air.  [B] (O'Connor 2001) 
[C] Approximate annual consumption (Bassett 2003) 
 

Ion exchange 

The capacity for zeolite to exchange cations is useful in industrial ion exchange applications, 

once spent the zeolite can be regenerated and ions recovered (concentrated), or zeolite can be 

used as a waste stabilisation and encapsulation media.  Table 2.42 lists the annual production 

of aqueous heavy metal waste produced in Australia, which may be stabilised with zeolites.  

The potential for zeolites in the ion exchange market is illustrated in Table 2.43 below. 

 

Table 2.42 : Annual Australian aqueous waste pollution inventory, adapted using information 
from EA (2003) 

Waste Element Emission 
(t p.a.) Waste Element Emission 

(t p.a.) 
Cadmium (Cd2+) [A] 3.7 Lead (Pb2+) [1] 32 
Chromium (Cr3+) 13 Manganese (Mn2+) [1] 2,100 
Chromium (Cr6+) 5 Nickel (Ni2+) [1] 36 
Cobalt (Co2+) [1] 32 Zinc (Zn2+) [1] 260 
Copper (Cu2+) [1] 530   
[A] Assumed oxidation state 
 

Table 2.43 : Potential Australian markets for ion exchange zeolites 

Market Market Demand 
(kt p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

Industrial waste water cleaning 30 [B] 150 4.5 
Municipal Sewage 1,235 [C] 150 185 [F] 
Liquid arsenic wastes 4 [D] 150 0.6 
Arsenic wastes in air [A] 12 [E] 150 1.8 
[A] Assuming gaseous arsenic emissions are scrubbed and oxidised to As(III)  [B] Based upon information in Table 2.42,  [C] 
Assuming a domestic and municipal waste water ammonia production equivalent to the US of 3.9 kg NH3 per person per year 
(Henze 1997), and zeolites are used instead of nitrification/denitrification plants for the removal of ammonia from all sewage 
produced in Australia.  And the Australian population is 20 million.  [D] 9.4 t p.a. of As (EA 2003), assuming all As(V) which 
has lowest separation performance of 2.25 g As(V) per kg of iron-laden zeolite media (GSA Resources 2000b)  [E] 100 t p.a. of 
As (EA 2003), separation performance of As(III) is 8.5 g kg−1 of iron-laden zeolite media (GSA Resources 2000b).  [F] This 
works out to be $AU9.40 per person per year. 
 

The market for ammonia removal from municipal sewage has assumed single use; however a 

system could be set up for multiple uses, using a higher-grade zeolite that is regenerated with 

a brine solution.  Alternatively a service can be provided where payment is based upon 



Chapter 2 – Background Elliot A.D., PhD Thesis 
 

 93

ammonia removal, and spent zeolites can be sold as ammonia zeolites to agricultural and 

fertiliser industries. 

 

Additional ion exchange applications include nuclear effluent cleaning of radioactive ions 
137Cs 90Sr 60Co 51Cr 45Ca (Mumpton 1999), as a sorbent additive to permeable waste dump 

liners, and the removal of arsenic built up in ash dams with recirculating water, and arsenic 

which occurs naturally in groundwater reservoirs for drinking water.  The total potential 

market for industrial ion exchange zeolites may be significantly larger than indicated in 

Table 2.43 above. 

 

Catalysts 

Zeolites can catalyse chemical reactions that take place within its void spaces, including; (i) 

those that are catalysed by hydrogen-exchanged zeolites, whose framework-bound protons 

give rise to very high acidity, and (2) those used as oxidation or reduction catalysts, often 

after metals have been introduced into the framework. 

 

The transport of reactants in and products out of zeolite is controlled by channel geometry, 

and the possible transition states are limited by cage geometry, making zeolites shape 

selective catalysts.  The potential for zeolites in the catalyst market is illustrated in Table 

2.44 below. 

 

Table 2.44 : World zeolite catalyst market 

Product Current consumption 
(t p.a.) 

Zeolite Value 
($AU t −1) 

Market Value 
(Millions $AU p.a.) 

World catalysts [A] 117,000 [B] 2000 234 
Australian catalysts 690 [C] 2000 1.4 
[A] Examples include zeolite acid catalysis (e.g. Crude oil cracking, Isomerisation, and Fuel synthesis), and copper zeolites 
(NOX decomposition).  [B] (O'Connor 2001) [C] Assuming roughly the same fraction of world consumption as molecular 
sieves, see Table 2.41. 
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2.3.2.4 Potential Australian Zeolite Market Overview 
Significant potential markets have been identified for zeolite products in Australia, with a 

maximum total potential market size of 13.6 Mt at a value of $AU2.2 billion per annum, and 

the potential for significantly larger export markets.  Put into perspective, assuming 1t of fly 

ash is required to produce 1t of zeolite; capturing 9% of the potential Australian zeolite 

market with zeolites produced from fly ash would consume an annual quantity of fly ash 

equal to the cementatious utilisation of fly ash in Australia for 2001. 

 

The most significant potential zeolite markets are the fertiliser and soil conditioner markets 

which together represent 76% of the total potential market volume and 65% of the total 

potential market value for zeolites in Australia (see Figure 2.43 below). 

 

 
Figure 2.43: Summary of potential markets for zeolite products in Australia, A) share of total 

volume (13.9Mt) B) share of total value (2.4 billion $AU p.a.) 
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2.3.3 Cation Exchange Selectivity (CES) 
Cation exchange is a reversible chemical reaction between cations (e.g. plant nutrients Na+, 

K+, NH4
+, Ca2+, Mg2+) in the solid phase (e.g. zeolite) and in solution (e.g. water in soil), see 

Equation 2.2 below.  The dynamics of this exchange will depend upon the selectivity of the 

zeolite and the types and quantities of cations present in the zeolite and surrounding solution. 

 

For a non-selective zeolite, all cations are exchanged into the lattice and are released to 

maintain the same cation ratios in solution as in the zeolite.  A dynamic equilibrium occurs 

where the zeolite behaves as a general ion buffer. 

 

However by the nature of ion exchange reactions, ion exchangers always exhibit a greater 

selectivity or affinity for particular ions over others, and have an ordered selectivity 

sequence for cations (Khym 1974; Harland 1994), which is in part a function of cation and 

framework geometry and charge densities. 

 

Under equilibrium conditions a cation that a zeolite has a high selectivity toward, will have a 

higher relative concentration (relative to a low selective cation) in that zeolite compared to 

the solution.  The relative selectivity between any two cations is usually described by the 

separation factor ( B
Aα ), Equation 2.3, or the selectivity coefficient ( B

AK ), Equation 2.4 

below. 
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(Khym 1974; Harland 1994) 

 

As a consequence of this phenomenon, in plant growth applications, zeolite dominated by 

exchangeable Na+ may potentially have harmful effects through salinity poisoning, and 

zeolite deficient in K+, Ca2+, and NH4
+ can scavenge these ions from the soil and result in 

deficiencies of these nutrients that may stunt growth.  Soil chemistry and zeolite properties 

must be taken into consideration for plant growth applications on a case by case basis so that 

a suitable zeolite can be selected for use. 
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2.3.4 Nutrients, Zeolites, and the Soil-Water Environment 
The soil-water-plant environment is complicated; therefore an understanding of the 

processes which take place in this environment is important for the application of suitable 

zeolite fertiliser products.  This section looks at the nature of nutrients in the soil-water 

environment, the action of zeolites, efficiency and environmental considerations for fertiliser 

application. 

 

2.3.4.1 Nutrients and the Soil-Water Environment 
There are 16 known essential elements for plant growth, see Figure 2.44, in the absence of 

any one of these elements the plant will fail (Fried and Broeshart 1967).  Some elements are 

required in greater quantities than others (macro elements); some of these elements can be 

delivered to the plant (in part or completely) through the atmosphere, where the remainder 

must be supplied through the soil. 

 

 
Figure 2.44: Classification of elements essential to plants, adapted from information presented 

by Fried and Broeshart (1967) 

 

The soil is a reservoir of elements; however plants only have access to those elements 

dissolved in the soil solution exposed to their roots, see Figure 2.45.  The concentration of 

nutrient elements in the soil solution may be below optimal growing conditions, and ongoing 

harvesting and grazing will deplete the soil of nutrients (Fried and Broeshart 1967).  To 

counteract this, fertilisers are added to bring nutrient levels in solution up to appropriate 

levels, and regularly reapplied to maintain these levels.  In addition to losses through crops, 

consideration needs to be given to the processes that interfere with the action of fertilisers.  

These processes are (i) immobilisation, (ii) leaching, and (iii) gaseous loss. 
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Figure 2.45: Over-all reaction pathway for nutrient ion (M) uptake in the soil-plant system, 

adapted from Fried and Broeshart (1967) 

 
Immobilisation 

Nutrient immobilisation occurs through ion exchange, fixation, electrostatic attraction, and 

precipitation.  These phenomena are controlled by soil properties and no two soils are 

identical. 

 

Clay minerals have cation exchange sites within their layered structure which have 

selectivity for K+ and NH4
+ cations in preference to Na+ (Fried and Broeshart 1967).  

Following application of K+ and NH4
+ fertiliser nutrients, K+ and NH4

+ will be exchanged 

into clay within the limitations of its total cation exchange capacity, reducing the presence of 

these nutrients in the soil solution.  As the K+ and NH4
+ levels in solution are depleted the 

clay will release K+ and NH4
+ to maintain a dynamic equilibrium. 

 

Under certain circumstances the crystal structure of some clay minerals can be unstable, 

notably when the soil dries, causing the crystal lattice to collapse, and K+ and NH4
+ cations 

present become fixed between the plates and are no longer able to participate in cation 

exchange with the external solution (Fried and Broeshart 1967). 

 

The clay particle surface has a net negative charge which induces an electrical double layer 

of positively charged ions in close proximity to the clay (Fried and Broeshart 1967).  

Subsequently, soil solution nutrient concentrations are higher near the surface of clay 

particles than in the bulk solution. 

 

Most soluble P fertilisers rapidly react with the soil (e.g. react with surfaces containing Fe, 

Ca, and Al producing insoluble phosphates), removing them from the soil solution (Fried and 

Broeshart 1967).  They migrate very little from their point of immobilisation. 
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Leaching 

The movement of ions in the soil occurs primarily through the bulk flow of the water phase, 

diffusion occurs, but only over a small range (Fried and Broeshart 1967).  Fertiliser nutrients 

that have not been immobilised are free to leach downward.  Nutrients cannot move faster 

than the rainfall or irrigation flow within which they are entrained, but following each 

downward moving flowing water event, nutrients will move further down away from the 

roots.  Soil type has a significant influence on leaching.  Sandy soils have a poorer water 

holding capacity than clays and will subsequently experience greater leaching losses (Fried 

and Broeshart 1967).  Soils which experiences higher rainfall will have greater leaching 

losses. 

 

Different nutrient ions interact differently with the soil; subsequently the rate at which they 

move downward can differ by several orders of magnitude, and no two soils are identical. 

 

For the case where K+ and NH4
+ are exchanged into the soil and concentrated in electrical 

double layers, their downward movement is slow, however if the soils capacity to exchange 

cations is exceeded (which can occur in soils with low cation exchange capacity e.g. sandy 

soils), the excess K+ and NH4
+ will reside in the soil solution and can leach in appreciable 

quantities (Fried and Broeshart 1967; Black 1968). 

 

In most cases leaching losses of P are negligible even following heavy fertilisation due to 

immobilisation, the exception being in sandy soils and peats, where insoluble phosphate 

compounds are scare (Fried and Broeshart 1967). 

 

Nitrate anions, NO3
−, are very soluble and are not immobilised by the soil, and have no 

resistance to downward movement with the water, subsequently, leaching losses can be 

extreme (Fried and Broeshart 1967). 
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Gaseous Loss 

Of the nutrients supplied through the soil, see Figure 2.44, nitrogen is the main element lost 

from the soils in the gaseous form.  The rate of nitrogen loss in this way is significantly 

influenced by moisture content, pH, and temperature.  Under the right conditions, gaseous 

nitrogen losses can be extreme. 

 

The three main mechanisms for gaseous loss are: (1) direct loss of NH3 resulting from a high 

soil pH, (2) losses in the form of N2, N2O, or NO resulting from de-nitrification, and (3) 

losses in the form of N2, N2O, or NO which occur during the nitrification of NH4
+ fertilisers 

and urea. 

 

If the soil pH is greater than 7, the equilibrium described by Equation 2.5 is pushed to the 

right, and can result in significant loss of ammonia; this process is exacerbated where there 

are high temperatures and drying of the soil surface (Fried and Broeshart 1967).  The use of 

urea can produce high local pH as it is hydrolysed by the soil solution (see Equations 2.6 and 

2.7), enhancing ammonia loss. 

 

 −+ + OHNH4  ⇋ OHNH 23 +  (2.5) 

 ( ) O2HCONH 222 +  ⇋ −+ + 2
34 CO2NH  (2.6) 

 OHCO 2
2
3 +−  ⇋ −− + OHHCO3  (2.7) 

 

Nitrifying bacteria draw energy through the oxidation of ammonia (ammonia-oxidising 

bacteria) or nitrite (nitrite-oxidising bacteria) (Watson, et al. 1981), see Equations 2.8 and 

2.9.  The reduction of nitrate to dinitrogen through bacterial denitrification occurs through a 

sequence of anaerobic respiration reactions (Jeter and Ingraham 1981), see Equation 2.10. 

 

 energy+++→+ +−+ O2H4H2NO3O2NH 2224  (2.8) 

 energy+→+ −−
322 2NOO2NO  (2.9) 

(Addiscott 2005) 

 ( ) ( ) ( ) ( ) ( )2NO2NNO2NO3NO DinitrogenOxideNitrousOxideNitricNitriteNitrate →→→
−

→
−  (2.10) 

(Jeter and Ingraham 1981) 

 

Bacterial denitrification is usually the greatest contributor to gaseous nitrogen losses (Fried 

and Broeshart 1967), ranging between 5 and 80% of applied nitrogen (Jeter and Ingraham 

1981).  Nitrite is an intermediate in biological nitrification and denitrification reactions and 
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will decompose into varying quantities of N2, N2O, and NO gases depending on the pH 

(Fried and Broeshart 1967). 

 

The removal of ammonia from soil solution by exchange into clay structure will isolate it 

from these processes, preventing its loss through volatilization. 

 

2.3.4.2 Zeolite Fertiliser Mechanisms 
Various potential zeolite fertiliser products were listed in Table 2.25, Section 2.3.2.1.  These 

products cover the three nutrient elements consumed the most in Australia, namely nitrogen, 

phosphorus, and potassium.  There are three mechanisms through which zeolites facilitate 

the slow or controlled release of these nutrient elements; (1) nutrient cation exchange, (2) 

nutrient diffusion, and (3) nutrient mobilisation. 

 

Nutrient Cation Exchange 

A zeolite loaded with K+ and/or NH4
+, and applied as a fertiliser onto the soil, will result in 

the exchange of K+ and NH4
+ ions from the zeolite to water in the soil in the zone of 

application, to maintain an equilibrium concentration in the soil governed by its selectivity as 

discussed in Section 2.3.3.  As K+ and NH4
+ are stripped from the soil by plants, more is 

released by the zeolite to maintain this dynamic equilibrium between the soil and the zeolite, 

a controlled release process.  In conjunction with the release of K+ and NH4
+ ions, other ions 

in the soil, such as Ca2+ will be exchanged into the zeolite lattice to maintain charge 

neutrality (See equations 2.11 and 2.12). 

 

 )(
2Ca2KZ Aq

++  ⇋ ++ )(2 2KCaZ Aq  (2.11) 

 )(
2

4 CaZ2NH Aq
++  ⇋ )(42 2NHCaZ Aq

++  (2.12) 

 

By controlling the selectivity of zeolite, the concentration of nutrients in solution can be 

controlled.  By having fewer nutrients in solution at any one time, there is reduced loss 

through leaching or volatilisation, the efficiency of fertiliser application is improved, and the 

fertiliser lasts longer. 

 

Once zeolite fertiliser has been consumed, the zeolite will remain and behave like soil 

conditioner.  Nutrients are exchanged into the lattice when they are in excess in the soil (e.g. 

following the application of a soluble fertiliser), and are released when they are deficient in 

the soil to maintain equilibrium concentrations. 
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Urea Encapsulation and Diffusion 

Urea is a nitrogen fertiliser that is very soluble in water, and can be occluded within the 

micro-porous structure of dehydrated zeolite when molten and crystallised at 132°C.  The 

urea is protected from rapid leaching through its physical encapsulation within the zeolites 

framework structure, and is slowly leached into the soil by a diffusion process (Eberl 2002).  

The NH4
+ released into the soil through this process will participate in the dynamic soil-

zeolite cation equilibrium. 

 

Mobilisation of Phosphate in Phosphate Rock – Zeolite Blends 

Phosphate rock (calcium phosphate) can be physically blended with a zeolite fertiliser to act 

as a slow or controlled release phosphate fertiliser.  Phosphate release is controlled by two 

reactions (i) ion exchange of Ca2+ into the zeolite in exchange for NH4
+ and/or K+, where the 

removal of calcium from the soil system replaces insoluble calcium phosphate with soluble 

potassium and ammonium phosphates, making them more available to plants (Ming and 

Allen 2001; Pickering, et al. 2002), see Equation 2.13, and (ii) acid leaching of phosphate 

facilitated by the conversion of ammonium ions to nitrate ions through nitrification (Eberl 

2002), see Equation 2.14.  This fertiliser blend has a faster phosphate release than phosphate 

rock, and a lower solubility than super phosphate. 

 

 ( )
( )S243 POCa6KZ +  ⇋ ( )Aq432 PO2K3CaZ +  (2.13) 

 ( )
( )S243 POCa2H ++  ⇋ ( )Aq

−+ + 2
4

2 2HPO3Ca  (2.14) 
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2.3.4.3 Efficiency 
There are various pathways through which fertiliser nutrients can be lost from the soil-water 

environment (see Figure 2.46), including leaching, volatilisation, runoff and erosion. 

 

 
Figure 2.46 : Illustration of nutrient cation exchange between zeolite fertiliser and the soil-water 

environment 

 

Nutrients contained within the zeolite do not take part in aqueous phase reactions or 

leaching, and are out of the reach of bacteria, so they will not be lost to leaching or 

vaporisation processes.  Once released into the soil from the zeolite, nutrients will be 

available to these mechanisms of loss.  Reaction rates are usually proportional to available 

concentration (see Equation 2.15 for a pseudo reaction); therefore by reducing the 

concentration of nutrients available for loss at any moment in time, the total loss over the 

lifecycle of fertiliser is reduced. 

 

 [ ]nZkr Z
+=− + M'

M
 (2.15) 

 

There are many local factors which influence the efficiency of a fertiliser, discussed 

previously in section 2.3.4.1, and it is rare for fertiliser use efficiency to exceed 50% for 

conventional fertilisers (Ming and Allen 2001).  For example, Hollinger et al. (2001) found 

that 31% of nitrogen applied to the soil at a rate of 414 kg/ha in a market garden in the 
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Hawkesbury-Nepean catchment near Sydney, runs into a nearby creek.  And a study by the 

US EPA found that over 48% of N applied to container grown plants is leached (Robbins 

2003). 

 

The theory behind the mechanisms of nutrient delivery provided by zeolites and responsible 

for its greater efficiency relative to traditional soluble fertilisers has been presented 

previously in Section 2.3.4.2; however the following case studies from extreme leaching 

environments demonstrate this capability in practice: 

• A experiment of nutrient leaching in 1.5 litres of potting medium found that over 

90% of K from KNO3 was leached from the soil apposed to 10% of K from K-

Clioptilolite after 3 litres of leachate was collected (Hershey, et al. 1980) 

• In another experiment, 1.5 litres of potting medium used to grow chrysanthemums 

was irrigated daily producing 200 mL of leachate.  The control pots received soluble 

K at 234 ppm in irrigation water.  To obtain an equal yield of chrysanthemums over 

3 months, a once off application of 50 g of K-Clioptilolite was required at the start of 

the trial, which contains half as much K than was applied to control pots over 3 

month period (Hershey, et al. 1980) 

• A 42 day plant growth study for corn in sandy soil, involving a range of sand particle 

sizes, and a range of nutrient application rates, found that the nitrogen-use efficiency 

of NH4-Clioptilolite amended soils was > 95% as apposed to 10-73% for (NH4)2SO4, 

while maintaining normal corn growth (Perrin, et al. 1998) 

 

For the current situation with traditional soluble fertilisers, resources and energy have been 

invested in producing a product for which a significant percentage is lost.  By using zeolite 

fertilisers, the consumer can save through improved efficiency, and be able to purchase less 

for the same result, or the same for a longer lasting effect, with an associated reduction in the 

ecological footprint of fertiliser application. 

 

2.3.4.4 Environmental Considerations 
By far the most publicised environmental impact resulting from fertiliser use are algal 

blooms, which can have a devastating impact on the environment and the economy, for 

example in 1991 the New South Wales Government called a state of emergency over a 1000 

km long toxic algal bloom (dominated by the neurotoxin producing Anabaena circinalis 

species) in the Barwon and Darling Rivers in New South Wales (Nova 1997).  However 

gaseous N2O emissions and NO3
− in drinking water which result from nitrogen fertiliser 

application are also cause for concern. 
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Algal Blooms 

Abnormal supplies of nutrients can result in outbreaks of organisms like blue green algae.  

Some species of blue-green algae produce toxins which can infect humans or wildlife that 

drink or swim in the contaminated water, while some are buoyant and can form a scum over 

the waters surface which is unpleasant (Addiscott 2005), see Table 2.45 below.  The bacteria 

which consume deceased algae consume dissolved oxygen, competing and reducing supply 

to other organisms like fish (resulting in hypoxia); subsequently these organisms may die 

(Addiscott 2005). 

 

Table 2.45: Common algae, cyanobacteria and plant species which are a nuisance in the Swan-
Canning estuary, and their effects (Rose, et al. 2005) 

Problem Species Notes 
Heterosigma – a haptophyte phytoplankton Slimy, potential killer of fish[A] 

Scrippsiella, Gyrodinium, Gymnodinium, 
Karlodinium – dinoflagellate phytoplankton 

Cause red tides, may stick to body and stain skin. Some 
species cause fish deaths[A] 

Rhizoclonium – green macro-algae Can create unpleasant smells[B] 
Anabaena, Microcystis – blue green 

cyanobacterium 
Unsafe for recreation, health threat – can cause skin 

irritation, toxic if consumed[C] 

Hydrocotyle – microphyte plant Noxious aquatic weed, navigation hazard, chokes 
waterways[B] 

Salvinia – aquatic fern Noxious aquatic weed, chokes waterways[B] 
[A] General criterion for health alert when > 15,000 – 20,000 cells mL-1 [B] No health threat, [C] General criterion for health 
alert when > 20,000 cells mL-1 
 

Cyanobacteria (blue green algae) are very small single-celled plants which can fix 

atmospheric nitrogen (Gordon 1981; Rippka, et al. 1981; Waterbury and Stanier 1981), there 

growth and therefore outbreaks are therefore usually limited by the concentration of 

phosphate.  For inland waters, the concentration of phosphate is usually limited, in contrast, 

for ocean waters nitrogen is usually the limiting nutrient (Isherwood 2000), subsequently 

cyanobacteria are responsible for a significant portion of the oceans primary productivity 

(Waterbury and Stanier 1981). 

 

Of particular interest, coral reefs are suited to low levels of plant nutrients, where slight 

nutrient enrichments can stimulate algal growth which inhibits the propagation of coral 

through the attachment of macro-algae to the reef (Addiscott 2005). 

 

The Swan-Canning estuary in Perth, Western Australia, is particularly susceptible to algal 

blooms (see Table 2.46) where low nutrient holding sandy soils, hot sunny summers, and 

significant seasonal water flow variation contribute to favourable algal growth conditions 

(Rose, et al. 2005). 
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Table 2.46: Recent toxic phytoplankton blooms observed in the Swan-Canning estuary in 
Western Australia (Rose, et al. 2005) 

Date Dominant Species Location Cell Count 
(cells mL-1) 

Feb to April 
1994 Anabaena circinalis[A] u/s Kent Street Weir 10,000 – 

2,000,000[E] 
13 Jan to 

17 Feb 1998 Anabaena circinalis[A] Kent Street Weir – Greenfield Street 14,600 – 326,000[E] 

Feb 2000 Microcystis aeruginosa[A] Swan and lower Canning 2 – 16,000[E][F] 
24 Jan to 

13 Feb 2001 Anabaena circinalis[A] Kent Street Weir – Hester Park 29,620 – 191,611[E] 

05 Mar to 
09 Apr 2002 

Anabaena circinalis[A], 
Aulocoseira[B], and [C] Kent Street Weir – Warf St 123,949[E] 

07 Apr to 
23 Jun 2003 Karlodinium micrum[D] East Perth – Bassendean and lower 

Canning River >100,000[G][H] 

26 Feb to 
08 Jun 2004 Karlodinium micrum[D] Maylands - Caversham 20,000 – 94,000[G] 

[A] Cyanobacteria [B] diatom, [C] various other species, [D] dinoflagellate [E] Toxic to humans, [F] Dense scums in sheltered 
bays, [G] Toxic to fish, [H] killed thousands of fish 
 

The impact of algal blooms is not just environmental, the total annual cost of algal blooms in 

Australia, considering water treatment costs as well as losses incurred by agriculture and 

tourism industries, is estimated to be $AU200 million (Chudleigh and Simpson 2000). 

 

Gaseous Emissions 

Of particular concern is nitrous oxide (N2O), which is a greenhouse gas 310 times more 

potent than CO2 (Isherwood 2000), and N2O breaks down to NO in the stratosphere, and the 

NO produced reacts with and destroys ozone from the ozone layer which protects life on 

earths surface from ultraviolet radiation (Jeter and Ingraham 1981; Addiscott 2005). 

 

Health Effects 

The World Health Organisation (WHO) recommends a 50mg limit to nitrate levels per litre 

of drinking water, and the European Union (EU) has the same limit imposed on all fresh and 

ground water supplies for drinking water and to control eutrophication (Isherwood 2000), 

although nitrate levels in drinking water have been linked to methaemoglobinaemia and 

stomach cancer, the link to cancer has been discredited and numerous studies differ in their 

assessment of the importance of nitrate in methaemoglobinaemia, citing bacterial pollution 

as the principle cause (Addiscott 2005). 
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2.3.5 Application and Performance of Fly Ash Zeolites 
A comprehensive evaluation of the different utilisation options available for zeolite products 

and their potential market sizes in Australia was presented in Section 2.3.2.  Some of the 

research done specifically regarding the application of fly ash zeolites is presented here. 

 

2.3.5.1 Ion exchange 
Ion exchange materials can be produced by the hydrothermal treatment of coal fly ash for 

industrial ion exchange, waste treatment and encapsulation applications.  These applications 

require large cation exchange capacities and therefore a preference for zeolites with small 

Si/Al ratios.  Previous research in this area is classified according to element*. 

• Al [1-3] 

• Ba [3-6] 

• Cd [1-11] 

• Co [1][3][5][11][12] 

• Cr [6][13] 

• Cs [4][8][14-16] 

• Cu [1-9] 

• Fe [1-3][6] 

• Mg [1-4][17] 

• Mn [1-3][11] 

• Ni [1][3][5][6][17] 

• Pb [1-4][6][8][9][13][18] 

• Sr [1-4][8] 

• Tl [1-3][11] 

• Zn [1-6][8][9][11][13][17] 

 

Due to differences in framework geometry and charge density, different zeolites have a 

different selectivity for different elements.  The selectivity sequences for zeolite NaP1 (GIS) 

produced from fly ash are listed below; however previous work has not included cations 

important to agricultural applications.   

                                                      
* [1] (Moreno, et al. 2001b) [2] (Moreno, et al. 2001a) [3] (Querol, et al. 2002) [4] (Amrhein, et al. 
1996) [5] (Steenbruggen and Hollman 1998) [6] (Querol, et al. 2001) [7] (Lin and Hsi 1995) [8] 
(Singer and Berkgaut 1995) [9] (Berkgaut and Singer 1996) [10] (Lin, et al. 1998) [11] (García-
Sánchez, et al. 1999) [12] (Chang and Shih 2000) [13] (Juan, et al. 2002) [14] (Shih and Chang 1996) 
[15] (Chang and Shih 1998) [16] (Mimura, et al. 2001) [17] (Hollman, et al. 1999) [18] (Scott, et al. 
2001) 
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Cr3+ > Cu2+ > Ba2+ > Fe2+ > Pb2+ > Zn2+ > Cd2+ > Ni2+ (Querol, et al. 2001) 

Pb2+ > Sr2+ > Cu2+ > Cd2+ > Zn2+ > Cd2+ > Cs+ (Singer and Berkgaut 1995) 

Ba > Cu > Cd ~ Zn > Co > Ni (Steenbruggen and Hollman 1998) 

Fe3+ = Al3+ ≥ Cu2+ ≥ Pb2+ ≥ Cd2+ = Tl+ > Zn2+ > Mn2+ > Ca2+ = Sr2+ > Mg2+ (Moreno, et al. 2001b) 

Cr3+ > Zn2+ > Pb2+ (Juan, et al. 2002) 

 

The differences in the observed selectivity sequences above may be due to slight variations 

in the Si/Al ratio of the zeolites produced.  In addition, the measurement of elemental 

selectivity’s can be significantly influenced by the precipitation of solid phases (Moreno, et 

al. 2001b); When adding fly ash zeolite to a low pH waste, Amrhein et al. (1996) found that 

pH increased resulting in the removal of Zn, Fe, Ni, and Cu from solution via either 

precipitation or adsorption. 

 

Ion exchange materials can be produced by the hydrothermal treatment of coal fly ash for 

nutrient exchange applications (in addition to agricultural applications, nutrient elements, in 

particular NH4
+, have industrial relevance e.g. municipal sewage*).  These applications also 

require large cation exchange capacities and therefore a preference for zeolites with small 

Si/Al ratios.  Previous research in this area is classified according to element†. 

• Na+ (usually the reference cation) 

• K+ [1][2] 

• NH4
+ [1][3-7] 

• Ca2+ [1][2][7] 

• PO4
3- (via precipitation) [7] 

 

No investigation of the elemental selectivity of fly ash zeolites for the essential macro plant 

growth nutrient cations has been sighted. 

 

                                                      
* NH4

+ and PO4
3- can both be removed from solution by substituting NH4

+ with Ca2+ in zeolite P 
which then results in the precipitation of Ca3(PO4)2 (Murayama, et al. 2003).  The resulting spent 
zeolite can be used as a soil amendment on account of its water holding capacity and slow release P 
and N properties (Murayama, et al. 2003) 
† [1] (Amrhein, et al. 1996) [2] (Hollman, et al. 1999) [3] (Singer and Berkgaut 1995) [4] (Shih and 
Chang 1996) [5] (Querol, et al. 1997a) [6] (Juan, et al. 2002) [7] (Murayama, et al. 2003) 
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2.3.5.2 Gas Adsorption 
For the application of fly ash zeolites in flue gas treatment, separation and recovery, 

important zeolite properties include pore size, Si/Al ratio and charge balancing species, 

which all affect the interactions between gas molecules and the zeolite.  Previous research in 

this area is classified according to adsorbed molecules, namely SO2 (Srinivasan and 

Grutzeck 1999; Querol, et al. 2002), CO2 and NH3 (Querol, et al. 2002). 

 

2.3.5.3 General 
The framework structure of zeolite P is broken (dissolved) by the action of protons (acid) at 

pH below 4 (Murayama, et al. 2003), which may have a significant impact on its suitability 

for low pH applications. 

 

2.3.5.4 Unique product 
The glass cenospheres component of fly ash can be converted into zeolite cenospheres (type 

GIS, FAU, and LTA).  The hollow zeolitic spheres have applications as catalyst, adsorbents, 

controlled release capsules, and storage media (Wang, et al. 2003). 
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2.4 Science, Philosophy and Objectives: Part B – Zeolites: 
The Opportunity 

Can zeolite products deliver as a strategy for fly ash utilisation?  This section looks at the 

market potential of zeolite products in the context of research objectives, considers research 

opportunities with a zeolite flavour, and in this context refines the research objectives. 

 

2.4.1 Market Philosophy 
The following market requirements were identified previously (see Section 2.2.6) as crucial 

in qualifying a fly ash utilisation strategy as a viable avenue for research: 

1. to be high volume, capable of consuming a significant quantity of fly ash 

2. to be significantly value-added so that it is not inhibited by the transport cost barrier 

3. to be a new product or explore new applications or markets for fly ash, so that it is 

not inhibited by market inelasticity 

 

Controlled release fertiliser and soil conditioner markets are the largest potential markets for 

zeolite in Australia (see Section 2.3.2.4), they are high volume and capable of consuming a 

significant quantity of fly ash, and have sufficient value to overcome the transportation cost 

barrier. 

 

Coal mines are often connected to power stations as well as major shipping ports with rail 

infrastructure to meet there transport requirements for domestic and export markets.  A fly 

ash to zeolite manufacturing plant located in proximity to this infrastructure will be in a good 

position to export zeolite products around the world.  Exploring international markets greatly 

increases the capacity for large economies of scale to be achieved, and can potentially 

contribute to significant if not complete utilisation of Australia’s fly ash production. 

 

Zeolite products all engage markets that are not currently employed by fly ash products.  

These markets are the domain of established products and practices, and consequently 

represent an environment where new zeolite products will have to compete for market share.  

Ultimately the achievable market size will be governed by: 

1. Sale Price 

2. Performance 

3. Marketing 
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The sale price for zeolite fertiliser products assumed in Section 2.3.2.1 is cost competitive 

with established fertiliser products (see Table 2.25).  Key factors associated with achieving a 

competitive sale price include: 

1. Capital requirements 

2. Operating costs (in particular raw materials) 

3. Economies of scale 

 

Zeolite fertiliser and soil conditioner products offer superior environmental and application 

specific performance advantages which give them a competitive advantage. 

 

Zeolites have significantly greater potential for profitability than most other fly ash 

utilisation strategies.  To establish production infrastructure in the short term, the first 

markets exploited would need to be at the higher end of target markets (e.g. domestic and 

high intensity fertiliser markets, or hydroponics and potting mix soil construction markets), 

followed by a shift to all markets in the longer term. 

 

2.4.2 Research Opportunities 
There are two classes of research opportunities for a zeolite strategy for fly ash utilisation; 1) 

those that relate to its sale price, and 2) those that relate to its performance. 

 

The following issues have an impact upon sales price; consequently research in these areas 

may help reduce the cost of producing zeolite products from fly ash. 

• Process design 

o Reactor 

o Zeolite treatments 

♦ Nutrient loading 

♦ Aggregation 

• Operating conditions 

• Raw materials 

• Utilities 

• The influence of the above on the type and properties of zeolite product produced 

 

A significant number of potential zeolite products and markets were presented in Section 

2.3.2.  Application testing will be required to evaluate the technical and environmental 

performance of fly ash zeolite products in these markets.  To identify the best products for a 

particular application, a range of different zeolite types with different properties need to be 
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tested and indexed against key performance criteria.  This will allow product performance to 

be correlated with zeolite properties which could be correlated with production conditions 

and economics, which will allow the identification of viable products. 

 

2.4.3 Refine Objectives 
The objective of this work is to contribute to the arena of fly ash utilisation in a direction 

which has real potential to lead to the capability of significantly increasing fly ash utilisation.  

Zeolites produced from fly ash for application in fertiliser and soil conditioner markets have 

been identified as having the greatest potential to achieve this objective; however given 

• that the principles behind the application of zeolite as a fertiliser and a soil 

conditioner are well known 

• that performance based research has a prerequisite of products to benchmark 

• the infancy of zeolite fertiliser technology and markets 

• the importance and uncertainty in the current capacity to produce fly ash zeolite 

products at a competitive price 

 

The refined objective is; 

 

To study the process of producing zeolite from fly ash for controlled release fertiliser 

applications with an eye on multiple products and cost minimisation. 
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2.5 Producing Zeolites from Fly Ash 
The objective of this section is to encapsulate what is known, from a scientific perspective, 

about the process of zeolite synthesis from fly ash, and in doing so define the scientific basis 

for the production of zeolite from fly ash. 

 

2.5.1 Historical Perspective 
A.F. Cronstedt is accredited with the discovery of stilbite in 1756, and he coined the term 

zeolite based upon observations of water boiling from it.  In 1948 R.M. Barrer reported the 

first definitive synthesis of zeolites (the zeolite mineral mordenite).  In recent years extensive 

research into synthetic zeolites has been carried out on both catalysts and molecular sieve 

zeolites, driven by the rapid commercialisation of synthetic zeolite technology, specifically 

in the petrochemical industry (Flanigen 1991). 

 

In an attempt to quantify the research history of producing and using zeolites from fly ash an 

electronic search for patents and journals was performed using Scifinder Scholar using the 

search terms “fly ash zeolite” which produced a list of full abstracts of each publication 

matching search criteria, these abstracts were then reviewed and all unrelated articles were 

discarded*.  From this information Figures 2.47 and 2.48 were produced.  This study is 

expected be a representative sample which includes the majority of relevant publications. 
 

 
Figure 2.47: Patent issues by time and jurisdiction, with total numbers by jurisdiction given in 

the Pie insert 

                                                      
* Review of abstracts matching key word search “fly ash zeolite” of journal and patent document types 
using Scifinder Scholar Version 2002, on the 19th December 2003 
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Figure 2.48: Journal publications by date, with total numbers published according to 

researching country presented in the Pie insert 

 

It can be seen from Figures 2.47 and 2.48 and that the first publications were patents which 

demonstrates that research in this area is commercially driven, with the greatest drive 

coming from Japan, who is the greatest consumer of Australian coal exports, and the 

majority of coal imported into Japan is from Australia (IEA 2000).  We can see from Figure 

2.48 that the number of journal publications on fly ash zeolites has grown substantially in 

recent years, a clear indication of the growing interest in this application for coal fly ash. 

 

2.5.2 Established Commercial Zeolite Synthesis Manufacture 
Commercial molecular sieve manufacturing processes are classified into three groups listed 

in Table 2.47 below (fly ash is analogous to volcanic glass).  These processes are performed 

as batch operations.  The process flow for the Hydrogel process is illustrated in Figure 2.49, 

with the clay conversion process illustrated in Figure 2.50, and mass balances given in Table 

2.48.  Many applications require zeolites to be in the form of agglomerates or pellets; an 

example of an agglomeration process for zeolites is illustrated in Figure 2.51 below. 
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Table 2.47: Molecular sieve zeolite preparation processes, taken from Breck (1974) 

Process Reactants Products 

Hydrogel 

Reactive oxides 
Soluble silicates 

Soluble aluminates 
Caustic 

High purity  powders 
Gel preform 

Zeolite in gel matrix 

Clay Conversion 

Raw kaolin 
Metakaolin 

Calcined kaolin 
Soluble silicate 

Caustic 
Sodium chloride 

Low to high purity powder 
Binderless, high purity preform 
Zeolite in clay-derived matrix 

Other 

Natural SiO2 
Acid-treated clay 

Amorphous minerals 
Volcanic glass 

Caustic 
Al2O3.3H2O 

Low to high purity powder 
Zeolite on ceramic support 

Binderless preforms 

 

 
Figure 2.49: A schematic of the Hydrogel process, taken from Breck (1974) 

 

 
Figure 2.50: A schematic of the clay process, taken from Breck (1974) 
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Table 2.48: Mass balances to Figures 5 and 6, taken from Breck (1974) 

 Hydrogel Process Clay Process 
Raw Materials 4A 13X Y 4A 

 Weight (To produce 1000lbs, dry basis) 
Sodium Silicate [A] 1350 2000 - - 

SiO2 powder [B] - - 1450 - 
Aluminium Trihydrate [C] 575 500 340 - 

Calcined kaolin [D] - - - 800 
Caustic, 50% NaOH 870 1600 1400 1100 

Water 3135 7687 5300 3755 
 Gel or reactant composition (moles) [E] 

Na2O 2.04 4.09 4.0 2.0 
Al2O3 1.00 1.00 1.0 1.0 
SiO2 1.75 3.00 10.6 2.0 
H2O 70 176 161 70 

[A] 9.4% Na2O, 28.4% SiO2, [B] 95% SiO2, [C] 65% Al2O3, 35% H2O, [D] 44.8% Al2O3, 52.8% SiO2, [E] Gel composition for 
Hydrogel process and reactant composition for clay process 
 

 
Figure 2.51: A schematic of the pelletization process, taken from Breck (1974) 

 

2.5.3 Zeolite Synthesis from Coal Fly Ash 
The objective of this chapter (outlined in Figure 2.52 below) is to illustrate the processes 

involved in the synthesis of zeolite from coal fly ash, as well as a summary of what research 

has been conducted in this field. 

 

 
Figure 2.52: Outline of zeolite synthesis from fly ash 

Zeolite Synthesis 
from Coal Fly Ash 

Hydrothermal 
Synthesis 

Silica Extracts 

Direct 
Zeolitisation 

Alkali Fusion 

Salt Thermal 
Synthesis 

Mechanism Influencing 
Factors 

Pilot and 
Demonstration Plants

Additional 
Processing

Pre or Post Treatment 

Supplements 

Microwave Heating 

Continuous Processing 



Chapter 2 – Background Elliot A.D., PhD Thesis 
 

 116

 

Many authors have investigated the hydrothermal synthesis of zeolite materials from coal fly 

ash as the starting material*, for direct hydrothermal synthesis[1-21], for hydrothermal 

synthesis using silica extracts[14][22-24], and for hydrothermal synthesis from alkali fused fly 

ash[14][25-29]. 

 

A number of different types of zeolite have been synthesised from fly ash by previous 

authors.  They are classified according to synthesis method, base, and framework structure: 

 

Direct Hydrothermal Synthesis 

• Sodium Hydroxide 
o ANA – Analcime[1-6] 

o CAN – Cancrinite[1], Hydroxy-Cancrinite[4-6] 

o CHA – Herschelite[5] 

o FAU - Faujasite[5][7], Zeolite X[8-11] 

o GIS - Zeolite P[1][7-8][12-16], Zeolite P1[2-6][9-10][17-19], Gobbinsite[18] 

o GME – Gmelinite[3] 

o JBW - Nepheline hydrate[3-4] 

o LTA - Linde Type A[5][7][11-12] 

o PHI – Phillipsite[10] 

o SOD – Sodalite[14], Hydroxy-Sodalite[1][4-6][8][13][15-16][19], Sodalite Octahydrate[10] 

• Potassium Hydroxide 
o CHA - Potassium Chabazite[5][9][17] 

o EDI - Linde F[4-6] 

o LTL - Linde Type L (K exchanged)[20], Perlialite[5] 

o MER – Merlinoite[2], K-M[4-6], Zeolite W (K exchanged)[20] 

o NAT - Natrolite (K exchanged)[21] 

o PHI – Phillipsite[2-3], ZK19[17] 

 

                                                      
* [1] (Lin and Hsi 1995) [2] (Querol, et al. 1995) [3] (Querol, et al. 1997b) [4] (Querol, et al. 1997a) 
[5] (Querol, et al. 2001) [6] (Zeng, et al. 2002) [7] (Shih and Chang 1996) [8] (Mondragon, et al. 
1990) [9] (Amrhein, et al. 1996) [10] (Scott, et al. 2001) [11] (Tanaka, et al. 2002) [12] (Catalfamo, et 
al. 1993) [13] (Singer and Berkgaut 1995) [14] (Berkgaut and Singer 1996) [15] (Murayama, et al. 
2002a) [16] (Murayama, et al. 2002b) [17] (Steenbruggen and Hollman 1998) [18] (Mouhtaris, et al. 
2003) [19] (Vucinic, et al. 2003) [20] (Belardi, et al. 1998) [21] (Mimura, et al. 2001) [ 22] (Moreno, 
et al. 2002) [23] (Hollman, et al. 1999) [24] (Moreno, et al. 2001a) [25] (Chang and Shih 1998) [26] 
(Shigemoto, et al. 1993) [27] (Chang and Shih 2000) [28] (Rayalu, et al. 2000) [29] (Rayalu, et al. 
2001) 
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Silica Extracts 

• Sodium Hydroxide 
o FAU - Zeolite X[22-24] 

o GIS - Zeolite P[14][23] 

o LTA - Linde Type A[22-24] 

o SOD – Sodalite[14], Hydroxy-sodalite[22] 

 

Alkali Fusion 

• Sodium Hydroxide 
o FAU – Faujasite[25], Zeolite X[14][26-27], Zeolite Y[28] 

o GIS - Zeolite P[14][25] 

o LTA - Linde Type A[25-27][29] 

 

2.5.3.1 Hydrothermal 
For hydrothermal synthesis, the zeolitisation of aluminium and silicon takes place in the 

presence of water at elevated temperatures.  Varying the conditions of hydrothermal zeolite 

synthesis could be used to produce either (i) ~100% zeolite products or (ii) <95% zeolite 

product (low grade zeolite), which have superior properties to fly ash, at a lower cost than 

pure zeolite. 

 

2.5.3.1.1 Direct Hydrothermal Synthesis 
Direct hydrothermal synthesis of fly ash is where the ash in its solid particulate form, 

without any prior chemical transformation, is combined with other reactants and treated 

hydro-thermally to produce a zeolitic product which contains both zeolite and un-reacted fly 

ash phases. 

 

2.5.3.1.1.1 Mechanism 

The mechanism for zeolite synthesis from fly ash in a batch hydrothermal synthesis process 

has three stages; 1) The dissolution of aluminium and silicon from fly ash, 2) The deposition 

of aluminosilicate gel on ash surface, 3) The crystallisation of zeolite from aluminosilicate 

gel (Murayama, et al. 2002b; a), see Figure 2.53 below. 
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Figure 2.53 : Illustration of reaction mechanism for the batch hydrothermal conversion of fly 

ash to zeolite given by Murayama, et al. (2002b; 2002a) 

 
Dissolution 

The key sources of aluminium and silicon in fly ash are the 1) amorphous aluminosilicate 

glass, 2) quartz, and 3) mullite phases.  The aluminosilicate glass phase is the largest and 

most unstable of these phases in the hydrothermal environment, and therefore has the highest 

rate of dissolution (Querol, et al. 1997b; Belardi, et al. 1998; Poole, et al. 2000; Murayama, 

et al. 2002b; a), which increases with decreasing silica concentration in the glass (Höller and 

Wirsching 1978), and is therefore the largest contributor to the zeolites produced.  Quartz is 

less stable than mullite (Querol, et al. 1995; Singer and Berkgaut 1995; Querol, et al. 1997b; 

Poole, et al. 2000; Murayama, et al. 2002b; a), although quartz and mullite phases are 

significantly more stable than the glass phase to the extent that some authors report little to 

no reactivity for quartz (Mondragon, et al. 1990), and for mullite (Catalfamo, et al. 1993; 

Berkgaut and Singer 1996). 

 

Aluminosilicate Gel, Nucleation and Crystal Growth 

There are two prominent theories for primary nucleation in the hydrothermal synthesis of 

zeolites, developed through research into the sol-gel synthesis method, are i) nuclei form 

through homogeneous nucleation in solution, and ii) nuclei form through homogeneous 

nucleation in the gel phase (Figure 2.54 below). 
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Figure 2.54: Illustration of alternative primary nucleation and crystal growth mechanism 

theories 

 

For homogeneous solution nucleation mechanism during sol-gel synthesis, a gel forms 

following the mixing of aluminium and silicon solutions, producing a stable solution, see 

Figure 2.55 below.  During ageing the concentration of aluminium and silicon in solution 

can increase through the dissolution of gel in conjunction with the formation and destruction 

of oligomeric species (including secondary building units), which can shift the solution into 

the metastable region and ultimately the labile region (Feijen, et al. 1994) where, it is 

speculated, nucleation can occur through the chemical aggregation of oligomeric species 

(Bell 1989; Feijen, et al. 1994).  Oligomeric species are assumed to be at their greatest 

concentration within the diffusion boundary layer of the gel-solution interface, subsequently 

nucleation is expected to be greatest in these regions (McCormick and Bell 1989). 

 

Numerous studies into the types of oligomeric species present in hydrothermal solutions 

have been conducted (McCormick and Bell 1989), using 29Si Nuclear Magnetic Resonance 

(NMR) spectroscopy the types and quantities of oligomeric have proven to be sensitive to 

the pH and cation type of reaction solution (Bell 1989).  However “there is, as yet, no direct 

proof for the participation of these species in zeolite nucleation and/or growth” (McCormick 

and Bell 1989); although recently Wakihara, et al. (2004) demonstrated that faujasite crystal 

growth proceeded through the direct incorporation of soluble aluminosilicate species equal to 

or smaller than the 6R oligomer species* using atomic force microscopy (AFM). 

                                                      
* The types and properties of oligomer species are described using codes, see McCormick and Bell 
(1989), and Bell (1989) 
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Figure 2.55 : Relationship between reactant concentrations and the crystallisation processes of 

nucleation and crystal growth, based on Feijen, et al. (1994) 

 

For homogeneous gel nucleation mechanism during sol-gel synthesis, the initial mixing of 

aluminium and silicon solutions produces a supersaturated solution in which nuclei can form, 

and from which a predominantly amorphous aluminosilicate gel precipitates (Katovic, et al. 

1989).  During gel precipitation an initial number of nuclei are formed in both the aqueous 

and gel phases (Katovic, et al. 1989). 

 

There are two effects occurring during gel ageing; i) new nuclei are formed in the gel phase, 

and ii) nuclei are released into solution during gel recrystallization (where small gel particles 

are dissolved and reprecipitated to form large gel particles (Katovic, et al. 1989).  The types 

of nuclei favoured during precipitation and during gel ageing can be different and result in 

different types of zeolite being produced following gel ageing than without ageing (Katovic, 

et al. 1989). 

 

There is a solubility equilibrium between the gel phase and solution (Zhdanov 1971), during 

crystallisation the nuclei in solution consume aqueous aluminium and silicon facilitating the 

net dissolution of gel phase releasing encapsulated nuclei accelerating crystallisation rate in 

turn accelerating gel dissolution (Katovic, et al. 1989). 

 

The homogeneous gel nucleation mechanism is still under review (Thompson 2001).  The 

presence of extraneous material in the solution can catalyse primary nucleation (Thompson 

2001) consequently the presence of fly ash particles in the hydrothermal reaction system may 

have a significant effect on nucleation. 
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2.5.3.1.1.2 Factors influencing zeolitisation 

There are a number of different factors which influence the zeolitisation of fly ash, they 

include fly ash properties, base, temperature, time, cations, templates, water, ageing and 

seeding.  Generally but not exclusively, direct hydrothermal synthesis is carried out between 

70 and 200°C, 3 and 48 hours, 0.5 and 5 mol OH¯ per litre of solution, 2 and 20mL of 

solution per g of coal fly ash, and usually with Na+ or K+ cations in the form of hydroxides. 

 

Coal Fly Ash (Aluminosilicate source) 

As the source for both silicon and aluminium for zeolite synthesis, the properties of fly ash 

will have a significant influence on the composition and quantity of these species liberated 

into solution and therefore the composition and yield of the zeolite produced. 

 

The important components of fly ash are 1) Amorphous aluminosilicate glass, 2) Quartz, 3) 

Mullite, 4) Metal oxides (e.g. Na2O, K2O, and CaO), 5) Iron Oxides (e.g. Hematite and 

Magnetite), 6) Unburned Carbon, and 7) Trace elements 

 

Highest synthesis yields >80wt%  correspond to highest glass containing fly ash, the lower 

conversions (yields) are attributed to (i) larger contents of non-reactive phases (hematite, 

magnetite) in fly ash, and (ii) larger content of resistant aluminosilicate phases (mullite, 

quartz) (Querol, et al. 2001) 

 

The crystallisation of zeolites can be split into primary and secondary crystallisation stages, 

where the primary crystallisation is fuelled by the amorphous aluminosilicate glass, while the 

secondary crystallisation is fuelled by the aqueous silica excess left by primary 

crystallisation and further extracts from quartz and mullite (Querol, et al. 1997b) (see Figure 

2.56 below). 

 

As the largest and most reactive aluminosilicate source, the glass phase has the greatest 

influence over the composition and type of zeolite produced.  Fly ashes with similar bulk 

SiO2/Al2O3 ratios have produced different zeolites under the same conditions, this is 

attributed to differences in the composition of glass matrix (Querol, et al. 1997b) (see Figure 

2.56 below). 
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Figure 2.56: Illustration of the influence of glass composition on zeolite crystallisation, 

reproduced from description of findings given in Querol et al. (1997b) 

 

The composition of silicon and aluminium in solution has a significant effect on the zeolite 

product formed.  Generally higher temperature and higher Si/Al molar ratios favour zeolite P 

formation, lower Si/Al and temperature favour faujasite and zeolite A (Shih and Chang 

1996; Tanaka, et al. 2002).  Figure 2.56 above illustrates this for higher Si/Al solutions.  By 

controlling the ratio of Si/Al in solution greater control over products formed can be realised. 

 

The hydrothermal treatment product has significantly reduced Si content relative to fly ash 

(Lin and Hsi 1995), Tanaka et al. (2002) calculated that only 24% of the Si eluted from fly 

ash was converted to Zeolite NaP1, with the remainder remaining in the effluent.  This 

excess Si can be utilised by the addition of easily mobilised Al materials. 

 

Many metal oxides are readily dissolved in hydrothermal media to produce cations in 

solution; the effect of charged species in solution is discussed later.  Of particular interest is 

the effect of calcium content in fly ash material on the synthesis of zeolites, materials with a 

calcium content exceeding a critical level (3-5 wt% of fly ash), have a suppressing effect on 

the crystallisation of zeolites (in particular zeolite A) (Catalfamo, et al. 1997). 

 

The magnetite phase is not altered (not affected) during the course of hydrothermal reaction 

(Querol, et al. 1995).  The iron oxide and unburned carbon phases, which are not altered 

during hydrothermal synthesis, form part (impurities) of the zeolitic product; their presence 

in fly ash makes it impossible to produce a pure zeolite product. 

 

Most anion forming elements are mobile and largely extracted into aqueous phase during 

hydrothermal synthesis (Steenbruggen and Hollman 1998), including As, Se (Steenbruggen 
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and Hollman 1998), Mo (Amrhein, et al. 1996; Steenbruggen and Hollman 1998), B, and P 

(Amrhein, et al. 1996) (see Table 2.49 below).  Cations forming heavy metals (e.g. Cu, Pb, 

Zn) remained in zeolite product (i) as precipitated hydroxides or (ii) absorbed into the zeolite 

framework (Steenbruggen and Hollman 1998). 

 

Table 2.49: Extractable B, Mo, Cu, Ni, and Cd in fly ash before and after hydrothermal 
treatment (mg/kg), taken from Singer and Berkgaut (1995) 

Fly Ash  Se Mo B Cu Ni Cd 
1 Before 0.20 3.15 37.1 0.50 0.90 0.90 
 After <0.002 0.25 25.6 <0.002 0.05 0.05 

2 Before 3.75 11.6 149.7 <0.002 0.05 0.05 
 After 0.05 0.75 18.3 <0.002 <0.002 0.05 

 
Base 

In the reaction mixture, OH− ions create an environment which mobilise Si and Al oxides 

into solution, OH− ions control the concentrations of saturation and supersaturation which 

are a key to nucleation and crystal growth (Feijen, et al. 1994).  The Si/Al ratio of solutions, 

gels and zeolites are strongly correlated with pH (Mariner and Surdam 1970), subsequently 

pH is often the primary means of controlling a products Si/Al ratio (Robson 1989).  However 

different zeolite types generally crystallise within a narrow range of pH (Lechert 2001), and 

OH− is consumed by the hydrothermal synthesis reactions. 

 

The strength of this base is related to the cations it is coupled with, NaOH has a greater 

efficiency for dissolving quartz and Mullite than KOH (Querol, et al. 1997b), and NaOH 

solutions produce greater yields of zeolite than KOH solution (Querol, et al. 2001).  The use 

of NH4OH as base resulted in no change in the CEC compared to fly ash starting material 

(Amrhein, et al. 1996). 

 

Increased pH will increase reactant concentrations in solution; this will accelerate the rate of 

nucleation and crystallisation (Feijen, et al. 1994).  Dissolution is low at low OH− 

concentration, and results in low zeolite yields (Murayama, et al. 2002b; a).  Increasing 

NaOH concentration results in increased Mullite digestion (Querol, et al. 1997b), however 

increasing the NaOH concentration results in a greater increase in Si dissolution than the 

increase in Al dissolution from fly ash (Catalfamo, et al. 1993; Poole, et al. 2000), resulting 

in an increase in the Si/Al ratio in solution which influences the gel composition and 

subsequently zeolite product type produced (Catalfamo, et al. 1993)*. 

 

                                                      
* For NaOH concentrations less than 2 mol L-1 zeolite P yield increases with increasing concentration, 
while for concentrations above 2 mol L-1 zeolite P yield decreases with increasing concentration due 
to increased yield of hydroxysodalite (Murayama, et al. 2002b; a). 
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Alternative fly ash mineralising agents have been investigated, including KF, NaF, NH4F, 

NH4-HF, and HF which were unable to produce any zeolites (Amrhein, et al. 1996).  The use 

of carbonates as mineralising agents requires long reaction durations making them unviable 

for industrial application*. 

 

Temperature and time 

The first phase to crystallise from solution according to Ostwald’s rule of successive phase 

transformation is the thermodynamically least favourable phase, with time this phase will be 

followed successively with increasingly more stable phases (Goldsmith 1953; Barrer 1989; 

Feijen, et al. 1994)†, while increasing temperature increases the nucleation and growth rate 

of zeolite crystals (Feijen, et al. 1994), therefore the speed at which successive phase 

transformations take place.  Coombs et al. (1959) found that equilibrium was not obtained 

for hydrothermal synthesis experiments even after 30 days, and according to Breck (1974), 

“true equilibrium may never be attained” during hydrothermal zeolite synthesis. 

 

Increasing temperature results in increased mullite digestion (Querol, et al. 1997b), however 

it also results in a greater increase in Si dissolution than it increases Al dissolution from fly 

ash (Catalfamo, et al. 1993; Poole, et al. 2000), resulting in an increase in the Si/Al ratio in 

solution which influences the gel composition and subsequently zeolite product type 

produced (Catalfamo, et al. 1993)‡§. 

 

Charged molecules and templates 

Templates are structure directing species which increase the stability of particular 

aluminosilicate structures during zeolite synthesis depending on the properties of template 

(size and charge), and so have a significant influence on the structure and composition of 

zeolites produced (Flanigen 1973; McCormick and Bell 1989; Feijen, et al. 1994).  

 

                                                      
* Lin and Hsi (1995) were unable to produce zeolites from fly ash using Na2CO3 solutions, however 
Murayama et al. (2002b; 2002a) was able to detect trace levels of zeolite P following such synthesis.  
Hawkins et al. (1978) produced varying amounts of Clinoptilolite, Mordenite and Phillipsite from 
volcanic glass using 2 mol L-1 CO3

2− solutions with varying K:Na ratios, temperatures of 130°C or 
higher and reaction durations of two or more days 
† For example when using NaOH in the hydrothermal treatment of fly ash, 4 hours of synthesis 
produced zeolite A while 6-8 hours produced zeolite P from zeolite A (Catalfamo, et al. 1997) 
‡ For example when using NaOH in the hydrothermal treatment of fly ash, between 70 and 130°C 
zeolite P was produced, while between 130 and 170°C analcime was produced (Lin and Hsi 1995).  
Generally higher temperature favour zeolite P formation, while lower temperatures favour faujasite 
and zeolite A (Shih and Chang 1996) 
§ In the KOH environment, zeolite KL is replaced with zeolite KW which is replaced by Kaliofillite 
with increasing reaction time or temperature (Belardi, et al. 1998) 
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The use of sodium produces FAU, EMT, MAZ, and MOR framework structure types, while 

potassium produces LTL, ERI, and OFF framework structure types (Feijen, et al. 1994).  

Zeolite framework structures produced from fly ash (which contains a cocktail of cations) 

using NaOH solutions include FAU, LTA, GIS, ANA, SOD, and CAN, while KOH 

solutions have produced LTL, MER, PHI, CHA, and EDI framework structures. 

 

In addition to being structure and composition directing species, cations also influence the 

rate of zeolite synthesis (McCormick and Bell 1989; Feijen, et al. 1994)*. 

 

Solvent 

Water acts as a template by its interaction with cations, in addition to its action as a solvating 

and hydrolysing agent (Feijen, et al. 1994).  Water molecules also aid zeolite formation by 

filling void space which stabilises the structures (Barrer 1968; 1989; Feijen, et al. 1994). 

 

Increasing the liquid to solid ratio in the hydrothermal synthesis of zeolites from fly ash was 

found to increase dissolution of mullite, quartz and the glassy matrix (Querol, et al. 2001), 

increase yield (Querol, et al. 1995), and decrease reaction rate (Querol, et al. 1995; Belardi, 

et al. 1998). 

 

Ageing and Seeding 

Both of these processes can significantly affect the reaction kinetics and the type of zeolite 

produced (Feijen, et al. 1994).  Ageing results in the formation of semi-crystalline particles 

(nuclei) dispersed throughout the aqueous phase, their concentration increases with 

increasing periods of ageing prior to synthesis (Feijen, et al. 1994)†, and an increased 

quantity of nuclei will decrease the average crystallite size in product (Barrer 1989).  

Seeding involves adding small particles of the desired zeolite product to the reaction soup, 

reaction starts with crystal growth, bypassing the induction and nucleation stages of 

synthesis (Feijen, et al. 1994)‡, and typically results in increased crystallisation rates 

(Thompson 2001). 

                                                      
* For example, for the hydrothermal treatment of fly ash using a fixed 3 hour reaction time and a fixed 
pH using a NaOH and KOH solution, increasing the sodium concentration results in increased zeolite 
P yield, and an increasing potassium chabazite yield for sodium concentration less than potassium 
concentration, starting from no potassium chabazite when sodium concentration is zero (Murayama, et 
al. 2002b; a) 
† Following 12h of aging of NaOH fused fly ash, and hydrothermal synthesis at 100°C, Shigemoto et 
al. (1993) produced NaX with 62% yield, and NaA by enriching reaction mixture with aluminium, 
while Berkgaut and Singer (1996) produced NaX with CEC of 400 meq/100g, and without aging NaP 
was produced with CEC of 420 meq/100g 
‡ Following zeolite A seeding and aging of NaOH fused fly ash, Rayalu et al. (2001) produced zeolite 
A with 50-100% yield and a CEC of 290 to 560 meq/100g using hydrothermal synthesis at 90-105°C 
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2.5.3.1.1.3 Pilot and Demonstration Plants 

Pilot and demonstration plants are of particular interest because they are a testament to how 

zeolites can be produced on a commercial scale; they facilitate improvement in the process, 

and produce large quantities of zeolite for application testing.  Four references to such 

facilities have been cited in the literature made known to the authors. 

1. A demonstration plant built by Nippon Steel in Japan produces a powder coal ash 

zeolite for ¥40,000/t, and fly ash zeolite pellets for ¥70,000/t (Sloss, et al. 1996) 

2. A pilot plant study commissioned by the European Coal and Steel community has 

demonstrated a high degree of reproducibility between laboratory scale testing (g and 

kg scale synthesis performed in laboratory) and pilot scale (metric tonne sample size) 

processes (Querol, et al. 2001). 

3. Details from a semi industrial scale coal fly ash zeolitisation experiment are 

presented by Kikuchi (1999); the process flow diagram is given in Figure 2.57 

below.  This plant produces 1.2 t/h of zeolite from 1.5 t/h of fly ash. 

4. A commercial zeolite manufacturing plant is operated by Maeda Corporation, in 

Osaka Japan, which produces artificial zeolite products from fly ash, which are used 

in water-purification, heavy metal adsorption and deodorising applications (Maeda 

2003). 

 

 
Figure 2.57: Process flow diagram of a 1.2 tonne per hour coal fly ash zeolitisation plant, 

reproduced from Kikuchi (1999) 
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2.5.3.1.2 Alkali Fusion 
Alkali fusion is used to enhance the dissolution of fly ash.  Alkali fusion involves heating fly 

ash with sodium hydroxide at 500 – 650°C fusing the two, and converting most of the ash 

into sodium salts (silicate and aluminate).  The fused ash can then be dissolved in water and 

reacted by hydrothermal synthesis to produce zeolites*. 

 

Shigemoto et al. (1993) found that mullite was only partially converted into aluminium 

silicate by alkali fusion.   Berkgaut and Singer (1996) improved the fusion process by adding 

a small quantity of water to the reaction mixture resulting in the complete decomposition of 

Mullite after 2h of fusion by improving the contact between NaOH and fly ash during fusion. 

 

2.5.3.1.3 Silica Extracts 
Following a batch hydrothermal synthesis reaction the aqueous phase contains a significant 

quantity of dissolved silica.  This solution can be recovered and used to produce pure 

zeolites using a sol-gel hydrothermal synthesis technique. 

 

Hollman et al. (1999) prepared NaP1, NaX and NaA zeolites from silica extracts, 

representing an extra 85g of pure zeolite produced per kg of fly ash used in original batch 

hydrothermal synthesis.  Aluminium-rich waste solutions from the aluminium-anodising 

industry can be used as the aluminium source in the hydrothermal synthesis of silica extracts 

to zeolites (Moreno, et al. 2002). 

 

2.5.3.1.4 Pre or post treatment 
Acid treatment prior to hydrothermal synthesis can be employed to reduce the iron content of 

fly ash as well as metal oxides and trace elements.  However no significant improvements in 

the properties of zeolite synthesised from fly ash following acid treatment have been 

observed (Rayalu, et al. 2001).  The framework structure of zeolite P is broken (dissolved) 

by the action of protons (acid) at pH below 4 (Murayama, et al. 2003), therefore the post 

synthesis leaching of iron by acid treatment is not advantageous. 

 

                                                      
* The hydrothermal treatment of fly ash in 3.5M NaOH for 6 hours produced zeolite P with a cation 
exchange capacity of 250-300 meq/100g.  The same fly ash was fused with NaOH (1g Fly ash with 
1.2g NaOH), and following hydrothermal treatment for 4 hours, zeolite P was produced with a cation 
exchange capacity of 420 meg/100g (Berkgaut and Singer 1996) 
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A significant portion of iron can be separated from fly ash using magnetic separation, which 

results in an increased yield therefore increased cation exchange capacity (Poole, et al. 2000; 

Rayalu, et al. 2001), the resulting magnetic product could be sold as a dense medium for 

gravity separations (Nairn, et al. 2001). 

 

Carbon can be separated using froth flotation or electrostatic separation.  However, unless 

this phase comprises a major volume of the fly ash, it is probably not economically 

advantageous. 

 

Some applications of fly ash zeolite require post treatment to exchange the charge balancing 

cations from synthesis with cations vital for the application, using an ion exchange process 

where the zeolite is exposed to a concentrated aqueous solution of the appropriate cation.  

For example fertilisers require K+ or NH4
+ zeolites. 

 

Some applications may require that the zeolite product be in a pellet or aggregate form.  This 

could be done before or after synthesis.  Pelletising prior to synthesis may affect the 

conversion and zeolite yield, although Garcia-Martínez, et al. (2002) produced zeolites Na-

P1, analcime, cancrinite and sodalite from hydrothermal synthesis of fly ash briquettes with 

no loss in yield or disintegration of briquette. 

 

2.5.3.1.5 Supplements (making use of other waste resources) 
Not all fly ashes have compositions (Si/Al ratio available) suitable for the synthesis of 

specific zeolite products, and if the correct composition cannot be achieved through 

blending, alternative sources of Al and/or Si for blending include incinerator ash, alkaline 

wastes from the alumina industry, slags from the iron industry, and silica fume. 

 

2.5.3.1.6 Microwave heating 
By employing microwave heating of batch hydrothermal zeolite synthesis, the reaction time 

can be reduced from 24h when using conventional heating, to 30 min when using microwave 

heating (Querol, et al. 1997a; Querol, et al. 2001).  This is due in part to microwaves 

capability to heat a batch to reaction temperature more quickly with a more homogeneous 

heat distribution therefore faster reaction and decreased batch time. 
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2.5.3.1.7 Continuous Processing 
Continuous processing will be very important for low cost production of zeolites, currently 

the synthetic zeolite industry is based on batch processing.  The demonstration plant 

presented by Kikuchi (1999) is a continuous process, however the zeolite products produced 

were not identified, and no comparisons between continuous and batch processing were 

drawn.  Amrhein et al. (1996) looked at reusing (recycle) the filtrates from hydrothermal 

synthesis of zeolites from fly ash up to 4 times without any observable detrimental effect. 

 

2.5.3.2 Salt thermal 
The salt thermal method for zeolite synthesis involves heating fly ash with a base (e.g. 

NaOH, KOH or NH4F) and a salt (e.g. KNO3, NaNO3, or NH4NO3) as dry solids at 350°C 

for 12h producing sodalite and cancrinite zeolites (Park, et al. 2000b; a; Choi, et al. 2001), 

This technique has not been independently verified. 
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2.6 Science, Philosophy and Objectives: Part C – Producing 
Zeolites from Fly Ash 

Zeolites have been known to science for nearly 250 years, and have been produced 

synthetically for over 50 years.  Fly ash is an abundant raw material which can be used to 

produce zeolites, and research to this end has been ongoing for over 20 years, with pilot and 

demonstration plant scale studies conducted over the last decade or so.  There has been a 

substantial increase in fly ash zeolite research in recent years, particularly from Japan, who is 

the largest consumer of Australian coal exports. 

 

A number of different batch zeolite manufacturing processes have been developed and 

established, including (i) Hydrogel, and (ii) Clay conversion processes; fly ash is simply an 

alternative raw material (reactant).  A level of understanding exists regarding the processes 

which take place during the direct batch hydrothermal conversion of fly ash to zeolite which 

has allowed production to occur on a pilot plant, demonstration, and semi-industrial plant 

scale.  However in order to achieve a cost competitive cost structure capable of producing 

zeolites for high volume markets, a process for the continuous hydrothermal conversion of 

fly ash to zeolite will be required. 

 

Can fly ash deliver as a raw material for high volume zeolite synthesis?  This section 

evaluates the merits of fly ash as a raw material for zeolite production, and identifies 

research opportunities for the high volume processing of fly ash to zeolite. 

 

2.6.1 Considerations: Coal Fly Ash – A Raw Material for Zeolite 
Synthesis 

There are existing processes and raw materials for the manufacture of synthetic zeolites, this 

section is intended to layout from a technical and processing perspective what advantages 

can be gained from the use coal fly ash for the production of zeolites in general. 

 

Disadvantages 

• Contains some low reactivity components (quarts and mullite) which dissolve slowly 

• Contains some impurities 

o Some of which form part of the products produced (e.g. iron oxides, 

unburned carbon) 

o Some of which are released into the base solution (e.g. As, Se, Mo, B, and P) 
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Advantages 

• Already processed to a finely divided form appropriate for use (no crushing, grinding 

or clarification requirements) 

• Aluminium and silicon already present predominantly in reactive glass phase, no 

additional calcination (energy intensive) required as in the case of clays 

• Low value raw material relative to soluble silicates and soluble aluminates 

• Large reliable raw material source with significant unused annual production and 

significant stockpiled reservoirs 

• Geographically located close to major population centres and rural centres 

• Size and location distribution of coal fly ash is analogous to potential size and 

location of zeolite markets 

• Low synthesis temps (as low as 100°C) means that a process located near a power 

station (coal ash source) may satisfy most process heating requirements using low 

grade heat from the power station, in addition to all of its electricity requirements. 

 

The disadvantages may prevent the application of a fly ash zeolite product in some 

specialised applications, depending on the production process (Direct and Alkali fused 

synthesis versus silica extracts synthesis methods), but do not prevent its application in large 

scale applications such as agricultural* and waste processing applications.  Overall there are 

certainly significant advantages in using fly ash which will help consolidate process 

economics. 

 

2.6.2 Knowledge Gaps 
Fly ash, an aluminosilicate composite containing many impurities, is a non standard material 

with significant technical gaps regarding its use.  A basic process flow for a zeolite 

processing plant using fly ash as the aluminosilicate source is presented in Figure 2.58 below 

which illustrates the configuration of various process options. 

 

                                                      
* Trace elements and heavy metals are of potential concern for agricultural applications and should be 
subject to investigation and verification 
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Figure 2.58 : Conceptual process flow diagram for a zeolite synthesis plant employing fly ash as 

the aluminosilicate source 

 

The research path to commercial products is illustrated in Figure 2.59 below, with the 

essential stages represented by shaded diamonds.  The clear diamonds represent non 

essential stages whose insight may increase our knowledge of the process allowing greater 

product control and higher quality products, and potentially cheaper operation. 

 

 
Figure 2.59 : Research path for the commercial production of fly ash zeolites 
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Broad explanations of the different stages which make up the research path illustrated in 

Figure 2.59 above: 

1. The suitability of different Australian fly ashes (including ponded ash) in zeolite 

synthesis, identification of likely zeolite products and product quality, the 

development of a method for fly ash zeolite synthesis, and identification of optimal 

reaction conditions 

2. Identification of the influence of fly ash components and properties on zeolite 

synthesis, developing pre-synthesis treatments, if required, to improve zeolite 

product quality, and modelling the integration of a zeolite strategy into other fly ash 

utilisation strategies 

3. Investigation of continuous reactor configurations and design, resulting in the 

identification of most suitable reactor system for commercial synthesis 

4. Identification of the properties unique to fly ash zeolites, and their effect on zeolites 

utilisation 

5. Pilot plant and zeolite synthesis process demonstration; further process optimisation, 

development, and promotion of fly ash zeolites to potential markets 

6. Application testing and demonstrations of fly ash zeolites improving the 

understanding of performance, cost effectiveness, and property requirements 

7. Development of fly ash zeolites to meet specific product requirements, including 

changes to production conditions, and post synthesis treatments such as drying, 

aggregation and nutrient loading 

8. Investigate the use of other waste materials (e.g. red mud) as supplementary raw 

materials in the synthesis of zeolite from fly ash 

9. Investigate formation mechanisms and intermediate products of zeolite synthesis 

from fly ash to gain greater insight into the process 

10. Investigate the effect of rheology on synthesis products 

11. Investigate chemical kinetics (rate of reaction) of zeolite synthesis from fly ash to 

gain greater insight into the process 

12. Investigate thermodynamics (equilibrium constant) of zeolite synthesis from fly ash 

to gain greater insight into the process 

13. Investigate heat transfer effects upon zeolite synthesis from fly ash to gain greater 

insight into the process 

14. Investigate mass transfer effects upon zeolite synthesis from fly ash to gain greater 

insight into the process 

15. Investigate and design an impurity removal system from synthesis plant reaction 

liquors, and investigate the possible recovery of metals and compounds from 

impurity concentrates 



Chapter 2 – Background Elliot A.D., PhD Thesis 
 

 134

 

2.6.3 Refine Objectives 
The direct hydrothermal conversion of fly ash to zeolite was chosen as the synthesis method 

to study, as it is perceived by the author to be the lowest cost method for producing zeolites, 

due to fewer processing steps and lower energy requirements then silica extracts and alkali 

fusion methods.  In particular a continuous hydrothermal reaction system was identified as 

the most cost effective reactor configuration for producing zeolites from fly ash due to lower 

energy requirements, and higher capacity throughput than batch processing. 

 

The situation summarised by Barrer and Cole in 1970 is as relevant today as it was then, 

especially in relation to the use of fly ash for zeolite production. 

 

“The art of synthesizing molecular sieve zeolites has developed more quickly than the 

chemical science which would properly account for their formation in nature and in the 

laboratory from apparently simple aluminosilicate compositions” 

(Barrer and Cole 1970) 

 

To this end there are three questions whose study would contribute significantly to the 

science and subsequently improve the art of producing zeolite from fly ash; 

1. How does fly ash perform as a raw material in zeolite synthesis? considering: 

• Its heterogeneity 

• It comprises of various contributing phases, namely glass, quartz, and mullite 

• It often contains a significant quantity of iron 

2. What is the influence of hydrothermal chemistry on the performance of fly ash as a 

raw material? 

3. What is the influence of continuous processing on the performance of fly ash? 

 

The refined objective is; 

 

To study the influence of ash properties, hydrothermal chemistry, and continuous processing 

on the hydrothermal synthesis of zeolite from fly ash. 
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3 Philosophy and Methodology 
This section presents several hypotheses regarding the synthesis of zeolite from fly ash, 

defines the methodology used to investigate these hypotheses and the questions posed in 

Section 2.6.3, and summarises the significance and expectations of this work. 
 

3.1 Hypotheses 
Several hypotheses pertaining to specific aspects of the questions posed in Section 2.6.3 have 

been developed and are presented here. 
 

1. The influence of iron on fly ash performance as a raw material in zeolite synthesis 

• Iron has low solubility at high pH.  Therefore it will reduce the reactivity of 

glass phase proportional to the iron content in the glass 

• Low iron etched away leaving high iron glass and non-reactive iron phases 

(hematite, magnetite, hercynite) 

• Iron rich phases are liberated to produce discrete excluded particles 

• But what happens to iron when iron containing glass is dissolved? 
 

2. The individual influence of M+ and OH− during hydrothermal synthesis on the 

performance of fly ash as a raw material in zeolite synthesis 

• Previously Murayama, et al. (2002b; 2002a) investigated the substitution of 

NaOH for KOH and Na2CO3 while maintaining a constant concentration of 

M+ in initial solution, and concluded that: 

o The OH− in alkali solution contributes to the dissolution of coal fly 

ash, while 

o The Na+ contributes to the crystallisation of zeolite P 

• It is believed by the author that to truly evaluate the individual contribution 

of M+ and OH−, their available contents within the hydrothermal system need 

to be independently controllable, which can be achieved through the use of 

MOH and MNO3 

• Building on this, it is hypothesised by the author that: 

o OH− controls the total solubility and dissolution rates of Al and Si 

o M+ controls the type of zeolite product, and the rate of reaction 

o Together MOH and MNO3 occupy soluble space, and the selection of 

different compounds and concentrations will change the saturation 

curves of the species that participate in the hydrothermal reaction (see 

Figure 2.55), therefore the reaction chemistry. 
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3. Fly ash encapsulation during gel precipitation, its minimisation and potential 

elimination through the manipulation of hydrothermal chemistry in a continuous 

process 

• During the direct hydrothermal treatment of fly ash to produce zeolites, 

reactions take place coating the fly ash reactant with an aluminosilicate gel 

retarding ash dissolution, and resulting in low conversion rates (Murayama, 

et al. 2002b; a; Hasuyama, et al. 2003) (see Section 2.5.3.1.1.1). 

• Gel precipitation occurs when the concentration of M, Al, and Si in solution 

reaches a critical level.  Even in a continuous system where the bulk 

concentration is maintained at a steady state concentration below this critical 

level (see Figure 3.1), concentration gradients occur between the particle 

surface and bulk solution with the highest Al and Si concentrations near ash 

particle surface. 

• For continuous processing, both reactants and products are present together at 

all times in the reactor under constant reaction conditions.  It is hypothesised 

by the author that the reaction solution could be maintained in a saturated 

state with dissolution from reactants in sync with crystal growth (see Figures 

3.1 and 3.2) through a combination of (i) suppressing fly ash dissolution 

through the manipulation of M+ and OH− concentrations, and (ii) enhancing 

crystallisation through the manipulation of M+ concentration and the ratio of 

zeolite to fly ash maintained within the reactor (relative crystallisation to 

dissolution surface areas).  By doing this the precipitation of gel over fly ash 

surfaces should be minimised* and better control over the products produced 

should result because: 

o The concentration of dissolved reactants (Al, Si, M, and OH) will be 

a constant with time 

o Reaction mixture is seeded with products 

• Ultimately it is hypothesised that greater yields at higher capacities are 

achievable through continuous processing over batch processing through 

these mechanisms by increasing the availability of fly ash to contribute to 

dissolution. 

 

 

                                                      
* It should also be noted that gelation kinetics which are a complicated function of the type of cation, 
its concentration, and the concentrations of both Si and Al in solution (Dent Glasser and Harvey 
1984), will also be impacted by these measures 
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Figure 3.1 : Relationship between reactant concentrations and the crystallisation processes of 

nucleation and crystal growth for batch and continuous reaction processes, based on Figure 2.55 

 

 

 
Figure 3.2 : A) Reaction mechanism for the batch hydrothermal conversion of fly ash to zeolite 

(Murayama, et al. 2002b; a), and B) Hypothesised reaction mechanism for the continuous 
hydrothermal conversion of fly ash to zeolite 
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3.2 Methodology 
The objective of the experimental component of this research is to investigate the questions 

posed in Section 2.6.3, in particular the hypotheses presented in Section 3.1, with fertiliser 

products as the target application, where the zeolite product is optimisation according to 

specific criteria; 1) fertilizer efficiency (related to cation exchange capacity (CEC) and 

cation selectivity) 2) yield of zeolite product, and 3) quality measures (e.g., morphology, 

particle size) is important. 

 

To achieve this objective the reaction process is simulated in small laboratory reactors under 

various conditions.  All fly ash and hydrothermal treatment products (which contains both 

zeolite and un-reacted fly ash phases) were characterised using X-ray diffraction (XRD), 

while elemental analysis, scanning electron microscopy (SEM), and cation selectivity 

analysis were performed on a selection of samples.  By analysing the zeolites formed under 

different operating conditions the fundamental processes behind the reaction process can be 

better understood and conditions identified to improve the production of zeolite for a 

particular application, this process is iterative and is illustrated in Figure 3.3 below, 

ultimately, optimal reaction conditions can be identified for particular applications. 

 

 
Figure 3.3 : Flow diagram illustrating the relationship between each stage which constitutes the 

research methodology 
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3.2.1 Hydrothermal Synthesis 
In this work, zeolitic products were produced from fly ash using the direct hydrothermal 

synthesis method, for which there are a number of important reaction conditions, including: 

• Reaction Temperature (T) 

• Reaction Time (t) 

• n (Si/Al mole ratio, related to fly ash composition) 

• M (Cation type) 

• pH (related to x and p) 

• p (H2O/Al mole ratio) 

• m (excess M+/Al mole ratio) 

 

The terms in bold are defined by the reaction mixture Equation (3.1) which is based on 1 

mole of Al. An illustration of reaction conditions investigated is presented in Figure 3.4 

below; it illustrates the relationship between some of the operating conditions studied, and 

illustrates the systematic methodology of investigating the multi-dimensional hydrothermal 

environment one dimension at a time, to build up a map of the influence of each independent 

variable.  A full list of the hydrothermal treatment runs conducted is presented in Tables 3.1 

and 3.2. 

 

 ( )( ) OH.SiOOAl5.0NOOHM
1

223213 pn
z
m

zxx
z

−
−−+ +

+
 (3.1) 

 

 
Figure 3.4: Plots illustrating the relationship between the operating conditions under 

investigation: A) m=2.5 (Na+), pH=13.65, p=400, B) T=140°C, t=24h, M=Na+, n=1.92 (fly ash A), 
p=400, C) T=140°C, t=24h, M=Na+, n=1.92 (fly ash A) 
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Nitrate was chosen as the anion to accompany Na+ in the experiments to differentiate Na+ 

from OH− in NaOH, over more traditional anions (Cl−, CO3
2−) because: 

• It has the highest solubility which increases with temperature 

• It has a neutral pH 

• Cl− has low solubility which decreases with increasing temperature 

• CO3
2− is divalent with NaCO3

− a weak base therefore not independent of pH, and will 

have a pH and M+ buffering effect, see Equation 3.2 below 

 

 −+ 32 NaCOOH  ⇋ −+− ++ 3HCONaOH  (3.2) 

 

It is conventional to use pH when describing H+ and OH− concentrations, however pH is 

based on molarity (moles L−1), and many of the conditions investigated are mixtures of 

hydroxides and nitrates where the density of mixture and therefore resulting pH are 

unknown.  To properly define the experimental conditions used, the ratio OH/H2O is given 

in Tables 3.1 and 3.2.  Because pH has established significance, it is used here in reference to 

or charting of conditions and results.  The pH is calculated from OH/H2O assuming standard 

laboratory conditions and a pure NaOH solution (no nitrates or fly ash), see Figure 3.5; as 

such it is an idealised value. 

 

The hydrothermal conditions of each synthesis experiment are described (see condition code 

in Tables 3.1 and 3.2) by their departure from standard reference conditions (SRC), namely 

T = 144°C, t = 24h, M+ = Na+, pH = 13.65, p = 400, m = 2.5, using fly ash A.  The reasons 

behind the selection of conditions used as SRC are as follows: 

 T Reaction rates are proportional to temperature; therefore to maximise 

conversion, the highest temperature that the non-agitated reactors were 

capable of operating at without significant H2O loss was chosen 

 t 24 hours balances the provision of sufficient time for reactions to proceed, 

while being short enough to conduct a significant number of batches within 

the time constraints 

 pH pH13.65 is high enough to produce significant quantities of zeolite while 

leaving a significant quantity of unreacted quartz to study.  NaOH was used 

to set pH in all experiments as the most commercially viable alkaline base. 

 m m = 2.5 is a round number close to the m = 2.23 provided by NaOH used to 

get pH 13.65, using NaNO3 for simplicity. 
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 p p = 400 was chosen to provide sufficient sample for characterisation, while 

minimising mass transfer limitations of sediment in a non-agitated solid-

liquid reaction environment 

 n Fly ash A was used i) for its large average particle size to help minimise 

mass transfer limitations of sediment in a non-agitated solid-liquid reaction 

environment, and ii) because it contains significant quantities of all four 

major components in fly ash, namely, glass, quartz, mullite, and Fe2O3 

needed to investigate question 1 in Section 2.6.3, and hypothesis 1 of Section 

3.1. 

 M Na+ was the reference cation type used for most experiments. For some 

conditions in this work different cations were introduced as nitrates, 

completely replacing NaNO3, while OH− was always supplied using NaOH, 

therefore Na+ was present in all experiments. Equation 3.3 is a special form 

of the general equation (Equation 3.1) which illustrates how cations and 

anions (OH− and NO3
−) are associated in the original reactants used to 

control conditions in this study. 

 

 ( ) ( )( ) ( ) OH.SiOOAl5.0NOM11NaOH1 22323 pn
z

mxmx z
z −++−

+  (3.3) 

 

The recipe for each hydrothermal treatment experiment was calculated from the desired pH, 

m, and p to occupy 330 mL of reactor volume at room temperature based on unmixed 

reactant densities.  Recipes consisted of a mass* of fly ash, volumes† of various 

concentrations of NaOH solutions‡, volumes of various concentrations of NaNO3 or mass of 

solid MNO3, and volume of double distilled water§.  The values for p, m, and OH/H2O given 

in Tables 3.1 and 3.2 are the actual values calculated from recorded measurements of 

ingredients and instrument uncertainties. 

 

                                                      
* Solids weighed on an analytical balance 
† Volumes added to the nearest mL using a range of pipettes 
‡ NaOH solutions were titrated against HCl or HNO3 solutions which were standardised against a 
Na2CO3 standard solution 
§ For example; HTP 67 (SRC) consisted of 9.90g of fly ash A, 192mL of H2O using 2×100mL, 
1×50mL, 2×20mL pipettes, and 2mL of a 10mL graduating pipette, as well as 6mL of 0.04M NaOH, 
10mL of 0.4M NaOH, 14mL of 10M NaOH, 2mL of 0.004M NaNO3, 1mL of 0.08M NaNO3, and 
6mL of 2M NaNO3 using 10mL graduating pipettes.  Likewise HTP 57 ((K+)pH14m30) consisted of 
8.58g of fly ash A, 94.7g of KNO3, 233mL of H2O using 1×100mL, 2×50mL, 1×20mL pipettes, and 
13mL using a 10mL graduating pipette, as well as 7mL of 0.04M NaOH, 24mL of 0.4M NaOH, and 
27mL of 10M NaOH using a 10mL graduating pipette. 
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Table 3.1: Experimental conditions for the first half of hydrothermal treatment experiments 

HTP Condition Code p m OH/H2O 
( )

p
mx +1

 

(x1000) 

% H2O Lost 

1 t3 390.3 ±6.6 2.49 ±0.02 8.20 ±0.15 0.89 ±0.02 
2 t3m30 391.8 ±5.8 29.1 ±0.14 8.18 ±0.13 0.89 ±0.02 
3 SRC 390.2 ±6.6 2.49 ±0.02 8.20 ±0.15 0.42 ±0.01 
4 m30 391.7 ±5.8 30.1 ±0.1 8.18 ±0.13 2.68 ±0.04 
5 t48 390.5 ±6.6 2.49 ±0.02 8.20 ±0.15 1.02 ±0.02 
6 t48m30 391.6 ±5.8 30.1 ±0.1 8.18 ±0.13 5.01 ±0.07 
7 pH12 399.7 ±5.7 2.52 ±0.02 0.180 ±0.003 1.13 ±0.02 
8 pH12m30 399.5 ±5.8 30.1 ±0.2 0.180 ±0.003 3.91 ±0.06 
9 pH13 399.7 ±5.6 2.49 ±0.02 1.80 ±0.04 2.54 ±0.04 

10 pH13m30 400.0 ±5.3 30.2 ±0.2 1.80 ±0.04 0.64 ±0.01 
11 pH14m30 399.8 ±6.3 30.1 ±0.1 18.0 ±0.3 1.58 ±0.03 
12 pH14.3m30 399.5 ±6.2 30.1 ±0.1 36.0 ±0.6 3.79 ±0.06 
13 pH14.48m30 400.5 ±6.0 30.0 ±0.1 54.4 ±0.8 1.68 ±0.03 
14 pH14.6m30 402.3 ±6.6 29.9 ±0.1 71.4 ±1.2 10.1 ±0.2 
15 p300 299.6 ±4.1 2.49 ±0.02 8.06 ±0.13 0.81 ±0.01 
16 p200 200.0 ±2.8 2.51 ±0.02 8.05 ±0.13 1.11 ±0.02 
17 p100 100.0 ±1.4 2.51 ±0.02 8.06 ±0.13 1.82 ±0.03 
18 p50 50.1 ±0.8 2.52 ±0.02 8.05 ±0.15 1.08 ±0.02 
19 p25 25.0 ±0.4 2.52 ±0.02 8.06 ±0.15 1.93 ±0.04 
20 pH13m0.25 400.1 ±6.3 0.25 ±0.01 1.80 ±0.04 1.40 ±0.02 
21 pH13m0.5 399.8 ±6.3 0.49 ±0.01 1.80 ±0.04 1.61 ±0.03 
22 pH13m1 399.9 ±6.3 0.99 ±0.01 1.80 ±0.04 0.80 ±0.02 
23 pH13m5 399.7 ±5.5 5.03 ±0.03 1.80 ±0.04 1.77 ±0.03 
24 pH13m10 399.5 ±5.7 10.0 ±0.1 1.80 ±0.04 2.27 ±0.03 
25 pH13m20 399.8 ±6.9 20.1 ±0.1 1.80 ±0.04 1.59 ±0.03 
26 pH13m30 400.1 ±6.2 30.1 ±0.2 1.80 ±0.04 3.23 ±0.05 
27 AshB 399.9 ±6.2 2.49 ±0.02 8.05 ±0.14 4.47 ±0.07 
28 AshC 394.9 ±5.9 2.49 ±0.02 8.15 ±0.14 4.63 ±0.07 
29 AshD[A] 476.6 ±6.9 2.87 ±0.03 7.97 ±0.13 1.74 ±0.03 
36 t12 400.4 ±5.7 2.50 ±0.02 8.05 ±0.13 1.64 ±0.02 
37 t12p100x1 100.1 ±1.6 -0.126 ±0.006 8.06 ±0.14 0.75 ±0.02 
38 pH12x1 400.3 ±5.8 -0.928 ±0.000 0.181 ±0.003 4.18 ±0.06 
39 pH13x1 400.1 ±5.7 -0.279 ±0.011 1.80 ±0.04 1.22 ±0.02 
40 x1 399.7 ±5.9 2.23 ±0.02 8.07 ±0.13 3.55 ±0.05 
41 pH14x1 400.4 ±6.1 6.22 ±0.05 18.0 ±0.3 3.54 ±0.05 
42 pH14.3x1 399.4 ±6.3 13.4 ±0.0 36.1 ±0.6 4.87 ±0.08 
43 pH14.48x1 400.6 ±6.0 20.8 ±0.1 54.5 ±0.8 1.32 ±0.02 
44 pH14.6x1 399.9 ±6.8 27.8 ±0.1 71.9 ±1.2 5.02 ±0.09 
45 m5 400.7 ±5.5 5.01 ±0.03 8.05 ±0.13 1.36 ±0.02 
46 m10 400.4 ±6.3 10.0 ±0.0 8.05 ±0.14 4.59 ±0.07 
47 pH14m10 399.6 ±6.4 10.0 ±0.1 18.1 ±0.3 0.96 ±0.02 
48 m20 400.5 ±5.6 20.1 ±0.1 8.05 ±0.12 3.75 ±0.05 
49 pH14m20 399.1 ±5.9 20.1 ±0.1 18.1 ±0.3 1.18 ±0.02 
50 pH14.3m20 399.8 ±5.9 20.0 ±0.1 36.0 ±0.5 5.66 ±0.08 
51 pH14.3p300x1 300.0 ±4.4 9.81 ±0.03 36.0 ±0.5 0.39 ±0.01 
52 pH14.3p200x1 199.9 ±3.1 6.20 ±0.02 36.0 ±0.6 0.72 ±0.01 
53 pH14.3p100x1 100.1 ±1.5 2.6 ±0.01 36.0 ±0.5 0.49 ±0.01 
54 p300x1 299.5 ±4.4 1.62 ±0.02 8.07 ±0.13 0.30 ±0.01 
55 p200x1 200.3 ±3.2 0.748 ±0.012 8.05 ±0.14 0.92 ±0.02 
56 (K+)pH13 399.8 ±5.5 2.51 ±0.02 1.80 ±0.04 0.29 ±0.01 
57 (K+)pH14m30 400.6 ±6.7 30.1 ±0.1 18.0 ±0.3 0.78 ±0.02 
60 p100x1 100.1 ±1.8 -0.126 ±0.006 8.06 ±0.16 0.42 ±0.01 

[A] Careless weighing error 1.5g short of intended recipe requirement 
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Table 3.2: Experimental conditions for the second half of hydrothermal treatment experiments 

HTP Condition Code p m OH/H2O 
( )

p
mx +1

 

(x1000) 

% H2O Lost 

61 p50x1 50.2 ±0.8 -0.557 ±0.003 8.03 ±0.15 1.30 ±0.02 
64 T80pH14m10[A] 399.7 ±6.4 10.0 ±0.1 18.1 ±0.3 1.76 ±0.03 
66 p25x1 25.0 ±0.4 -0.782 ±0.001 8.06 ±0.13 0.56 ±0.01 
67 SRC 400.4 ±5.7 2.50 ±0.02 8.05 ±0.13 0.69 ±0.01 
68 AshE 393.6 ±5.6 2.44 ±0.02 8.07 ±0.13 0.59 ±0.01 
69 AshF 392.8 ±5.6 2.43 ±0.02 8.07 ±0.13 3.22 ±0.05 
70 AshG[B] 401.6 ±5.7 2.51 ±0.02 8.05 ±0.13 1.74 ±0.03 
71 AshH[B] 447.9 ±6.3 2.91 ±0.03 8.06 ±0.13 0.87 ±0.01 
72 BAshA 399.7 ±7.1 2.49 ±0.03 8.05 ±0.15 0.78 ±0.02 
73 BAshB 400.7 ±5.7 2.50 ±0.02 8.05 ±0.13 0.95 ±0.02 
74 (Li+)pH13 399.7 ±5.8 2.52 ±0.02 1.81 ±0.04 0.79 ±0.01 
75 (Li+)pH14m30 400.2 ±6.5 30.1 ±0.1 18.0 ±0.3 0.42 ±0.01 
76 pH14.3p50x1 50.0 ±0.7 0.801 ±0.005 36.1 ±0.5 1.32 ±0.02 
77 pH14.3p25x1 25.0 ±0.4 -0.097 ±0.003 36.1 ±0.6 7.74 ±0.12 
78 T130 400.1 ±5.7 2.49 ±0.02 8.06 ±0.13 0.33 ±0.01 
79 (K+)T130 400.3 ±5.6 2.50 ±0.02 8.05 ±0.13 0.77 ±0.01 
80 T120 400.3 ±5.7 2.50 ±0.02 8.06 ±0.13 0.45 ±0.01 
81 (K+)T120 400.2 ±5.6 2.50 ±0.02 8.05 ±0.13 0.47 ±0.01 
82 T110 399.9 ±5.7 2.49 ±0.02 8.06 ±0.13 0.18 ±0.01 
83 (K+)T110 400.4 ±5.6 2.50 ±0.02 8.05 ±0.13 0.27 ±0.01 
84 T100 399.2 ±5.7 2.50 ±0.02 8.08 ±0.13 0.18 ±0.01 
85 (K+)T100 400.2 ±5.6 2.50 ±0.02 8.05 ±0.13 0.20 ±0.01 
86 T85 400.4 ±5.7 2.50 ±0.02 8.06 ±0.13 0.10 ±0.00 
87 (K+)T85[C] 445.5 ±6.2 2.89 ±0.03 8.05 ±0.13 0.11 ±0.00 
88 pH14.6m30 400.0 ±6.6 30.0 ±0.1 71.8 ±1.2 1.84 ±0.03 
89 pH14x1 400.4 ±6.1 6.22 ±0.05 18.0 ±0.3 1.10 ±0.02 
91 pH14.3x1 399.1 ±6.6 13.4 ±0.0 36.1 ±0.6 0.82 ±0.02 
94 m10 400.5 ±5.8 10.0 ±0.0 8.05 ±0.13 1.96 ±0.03 
95 pH14.3m20 399.8 ±6.8 20.0 ±0.1 36.0 ±0.6 1.84 ±0.03 
97 SRC 400.6 ±5.7 2.50 ±0.02 8.06 ±0.13 2.19 ±0.03 
98 SRC 400.3 ±5.7 2.50 ±0.02 8.06 ±0.13 2.42 ±0.04 
99 67-s-T80(Ag) 400.8 ±5.7 2.50 ±0.02 8.06 ±0.13 1.48 ±0.02 
100 pH14.3p25x1 25.0 ±0.3 -0.099 ±0.003 36.1 ±0.5 2.26 ±0.03 
101 T80pH14x1AshG(Ag) 402.8 ±6.2 6.27 ±0.05 18.0 ±0.3 1.86 ±0.03 
102 T130(NH4

+)m5 400.6 ±5.7 5.01 ±0.03 8.05 ±0.13 1.78 ±0.03 
103 T130(TMA+) 399.3 ±5.4 2.50 ±0.03 8.07 ±0.13 1.21 ±0.02 
104 101-s-T80pH14x1AshG(Ag) 401.7 ±6.1 6.24 ±0.05 18.0 ±0.3 1.67 ±0.03 
105 T80pH14x1(Ag) 400.3 ±6.1 6.22 ±0.05 18.0 ±0.3 2.03 ±0.03 
106 105-s-T80pH14x1(Ag) 376.1 ±6.0 6.23 ±0.05 19.2 ±0.3 1.93 ±0.03 
107 67-s- T80pH14x1(Ag) 375.8 ±6.0 6.22 ±0.05 19.2 ±0.3 1.90 ±0.03 
108 76-s-T80pH14.3p100x1(Ag) 100.1 ±1.5 2.60 ±0.01 36.0 ±0.6 1.03 ±0.02 
109 76-s-T80pH14.3x1(Ag) 399.7 ±6.4 13.4 ±0.1 36.1 ±0.6 2.12 ±0.04 
110 76-s-T80pH14.3p200x1(Ag) 200.2 ±3.1 6.22 ±0.03 36.0 ±0.6 0.92 ±0.02 
111 76-s-T80pH14.3p50x1(Ag) 46.6 ±0.7 0.801 ±0.006 38.7 ±0.6 1.68 ±0.03 
112 76-s-T80pH14.3p25x1(Ag) 24.9 ±0.4 -0.103 ±0.003 36.1 ±0.6 2.26 ±0.04 
113 111-s-SRC 400.7 ±6.0 2.50 ±0.02 8.06 ±0.14 6.92 ±0.10 
114 104-s-AshG 401.6 ±6.0 2.51 ±0.02 8.06 ±0.14 10.1 ±0.2 
115 T80pH14x1AshG(Ag) 402.6 ±6.2 6.26 ±0.05 18.0 ±0.3 2.18 ±0.03 
116 (Ca2+)[D] 400.5 ±5.4 2.51 ±0.02 8.06 ±0.12 10.2 ±0.1 
117 101-s-T80pH14x1AshG(Ag) 401.5 ±6.1 6.24 ±0.05 18.0 ±0.3 1.77 ±0.03 
118 T80pH14x1 400.7 ±6.1 6.23 ±0.05 18.0 ±0.3 0.11 ±0.01 
119 111-s-T80pH14x1 400.2 ±6.1 6.22 ±0.05 18.0 ±0.3 0.12 ±0.01 
120 104-s-T80pH14x1AshG(Ag) 402.2 ±6.2 6.25 ±0.05 18.0 ±0.3 2.35 ±0.04 
121 FAG-s-T80pH14x1AshG(Ag) 401.8 ±5.6 6.25 ±0.05 18.0 ±0.3 1.99 ±0.03 
[A] Produced using system with unstable temperature control, significant temperature uncertainty [B] note LOI for these 
samples was not known at time of experiments consequently their p’s are higher than intended [C] Careless weighing error 1g 
short of intended recipe requirement [D] Note: left to cool for one hour longer than usual 
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Seed was not treated as a raw material, therefore not used as part of p and m calculations.  

Hydrothermal treatment recipes for seeded experiments are calculated based on un-seeded 

conditions, to which seed is added in addition.  To define the experimental conditions the 

weights of fly ash and seed used are given in Table 3.3 below. 

 

Table 3.3: Solid additions for seeded experiments 

HTP Condition Code Fly Ash Weight (g) Seed Weight (g) 
99      67-s-T80(Ag) 9.889 1.0074 
104      101-s-T80pH14x1AshG(Ag) 9.188 1.0168 
106      105-s-T80pH14x1(Ag) 9.907 1.0093 
107      67-s- T80pH14x1(Ag) 9.915 1.0013 
108      76-s-T80pH14.3p100x1(Ag) 38.20 4.002 
109      76-s-T80pH14.3px1(Ag) 9.907 4.044 
110      76-s-T80pH14.3p200x1(Ag) 19.55 4.020 
111      76-s-T80pH14.3p50x1(Ag) 72.84 4.007 
112      76-s-T80pH14.3p25x1(Ag) 133.8 4.012 
113      111-s-SRC 9.893 1.0710 
114      104-s-AshG 9.176 0.6208 
117      101-s-T80pH14x1AshG(Ag) 9.191 0.9645 
119      111-s-T80pH14x1 9.918 1.0046 
120      104-s-T80pH14x1AshG(Ag) 9.175 1.0051 
121      FAG-s-T80pH14x1AshG(Ag) 9.184 1.0102 

 

 
Figure 3.5: Relationship between OH/H2O and common measures of concentration under 

standard laboratory conditions 

 

A 

B 
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To meet the objectives, the study of the direct hydrothermal treatment process was split into 

two components due to equipment cost limitations: 

• A sealed non-agitated batch reactor is used for the investigation of reaction 

conditions where temperature is greater than 100°C, and 

• A open agitated tank batch reactor is used for the investigation of low temperature 

reaction conditions, the effect of mixing, and the simulation of continuous processing 

 

To gain an insight into the behaviour of a continuous hydrothermal process, a continuous 

reaction system is crudely simulated using a semi-continuous process where: 

1. The aqueous reactants are heated to reaction temperature then 

2. A mixture of ground fly ash zeolite product from a previous hydrothermal treatment 

is added with fresh fly ash, and 

3. At the end of reaction time, the products are filtered from reaction mixture at reaction 

temperature 

 

Batch non-agitated reactors were heated in a convective oven; two at a time, placed with 

geometric symmetry perpendicular to hot air flow (see Figure 3.6).  Reaction temperatures 

were monitored using a thermocouple attached to reactor surface.  The oven is programmed 

such that the reactors reach reaction temperature over a 2 hour period (t1), as illustrated in 

Figure 3.7 below.  On completion of reaction period (t2), reactors cool convectively in 

ambient conditions until the surface temperature dropped to ~70°C (t3~50 min), at which 

point they are opened and the contents vacuum filtered while still hot, and washed with 

double distilled water.  It is the reaction time t2 which is used to describe or plot reaction 

conditions associated with non-agitated synthesis experiments throughout this thesis. 
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Figure 3.6: Configuration of non-agitated reactors within oven 

 
 

 
Figure 3.7 : Heating profile for batch hydrothermal treatment experiments 

 

Batch agitated reactors (see Figure 3.8A) containing aqueous reactant were preheated to 

80°C at which point fly ash is added, preceded by seed where used.  This point is taken as 

time zero.  At the end of reaction duration, the reaction mixture is immediately filtered and 

washed with double distilled water.  The small quantity which sticks to the magnetic stirrer* 

(see Figure 3.8B), is collected separately from the bulk product. 

 

                                                      
* Magnetic stirrer was washed with a jet of water which washed most non-magnetic material off 
magnet and back to collection of bulk material 
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Figure 3.8: A) Agitated reactor system, B) Magnetic fraction attached to magnetic stirrer 

following agitated hydrothermal treatment experiment 

 

To evaluate water loss over the duration of experiments, batch non-agitated reactors were 

weighed 1) empty, 2) full of reactants prior to placement in oven, and 3) at the end of 

synthesis prior to opening.  The batch agitated reactor system was weighed 1) empty, 2) full 

of aqueous reactants prior to preheating, and 3) at the conclusion of synthesis prior to 

opening.  Runs which exceeded a 5% loss of water over experiment duration were repeated, 

see Tables 3.1 and 3.2. 

 

Between these two reactions systems, much of the phenomena which control zeolite 

synthesis in a continuous reaction system can be investigated. 
 

3.2.2 Characterisation 
Characterisation of fly ash starting material and the solid product from hydrothermal reaction 

is required to qualify and quantify changes which have taken place over the progress of the 

hydrothermal reaction.  By analysing and interpreting the characterisation results in 

conjunction with changes in operating conditions, the processes and mechanisms which have 

taken place can be better understood. 

 

The main characterisation techniques used in this investigation are: 

• XRD (quantitative) 

• XRF 

• ICP 

• SEM/EDS 

• CEC/cation selectivity 

A B 
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From quantitative XRD the wt% of each mineral phase in reactants and products can be 

determined, and the wt% of X-ray amorphous phase can be calculated by difference.  

Reactant and product morphology can be identified using SEM, and EDS can be employed 

to quantify the elemental composition of a phase, together they give an idea of the 

distribution of composition for a phase, and given a significant statistical sample of data 

points, an idea of the average phase composition. 

 

XRF can identify the average bulk elemental composition over the whole sample, which 

when combined with the average phase composition from the quantitative XRD result, 

allows the average composition of the X-ray amorphous phase to be calculated.  Particle to 

particle variation of the amorphous phase is too large to be reliably averaged from the 

SEM/EDS data of amorphous phases, and probe analysis of glass phase will include mullite, 

which grows within, due to the large interaction volume of the electron probe, see Section 

3.2.2.4. 

 

Cation selectivity will be used as a measure of performance of zeolite product for fertiliser 

applications.  Ideally the cation selectivity will correlate strongly with the zeolite type and 

quantity present in product as quantified by XRD.  And from experiments, the variation of 

zeolite type and quantity as a function of operating conditions will be understood; therefore 

the performance of product can be modelled as a function of operating conditions allowing 

for the incorporation of economic considerations in the process optimisation. 

 

3.2.2.1 XRD 
X-ray powder diffraction patterns are produced from the diffraction of X-rays by the 

different crystal planes within the minerals present in sample.  Different minerals have 

different unit cell (smallest divisible unit of crystal structure which is repeated to make the 

whole mineral) structure, and therefore diffract differently.  The pattern that is produced is 

unique to the mineral from which it was produced (a mineralogical fingerprint).  Therefore 

this technique allows for the qualitative identification of the phases present in a sample 

(Azároff and Buerger 1958; Jenkins and Snyder 1996). 
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The peak intensities of a phase in XRD are related to the volume fraction of that phase in the 

sample (Azároff and Buerger 1958).  The value of peak intensities can be used as a semi-

quantitative measurement.  Three major limitations with this technique are: 

1. Uncertainty relating to particle counting statistics (Smith, et al. 1988; Zorn 1988; 

Jenkins and Snyder 1996) 

2. Intensity attenuation/adsorption differences between samples (Azároff and Buerger 

1958) 

3. Crystallite size peak broadening.  Although integrated peak intensities have lower 

uncertainties than peak intensities (Smith, et al. 1988) 

 

By adding an internal standard (e.g. corundum), the peak intensity of each phase relative to 

corundum (I/Ic, reference intensity ratio) can be determined, overcoming the second problem 

mentioned above (Azároff and Buerger 1958; Jenkins and Snyder 1996; Hurst, et al. 1997).  

This technique is considered to be quantitative since the composition of phases in a sample 

can be calculated and quantifies the presence of X-ray amorphous component of sample 

(Smith, et al. 1988); however the error can be significant. 

 

These techniques are not suitable where excessive peak overlap occurs, or where quantitative 

information on trace phases is required. 

 

The diffraction pattern of any known mineral phase can be modelled from theory (using unit 

cell and atomic position information), by using full profile Rietveld analysis, which fits a 

mathematical model to experimental data (for all peaks over the whole experimental 2θ 

range) by refining instrument, microstructural, and atomic parameters, circumvents the 

overlap problem (Rietveld 1969; McCusker 1994), and allows the quantitative determination 

of the mineralogical phases present in the material (including trace phases) with significantly 

improved error relative to other techniques. 

 

The Rietveld method was chosen for this work because: 

• Quantitative information for trace phases was desired 

• Significant (sometimes total) peak overlap is present in samples 

• Best confidence in the reliability of result is desired  

 

For XRD experiments, solid samples were ground to finely divided form and standardised 

samples prepared by combining a measured quantity of sample with a measured quantity of 

corundum with thorough mixing.  The analysis was conducted on a Siemens D500 

diffractometer using Cu kα wavelength, with 1° divergence slits, over the range 3 – 70° 2θ, 
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with a 0.02° step size, and a speed of 0.6° min−1.  The resulting diffract-o-grams were 

quantitatively analysed using multi-component Rietveld refinement method by Hill and 

Howard (1987) with the program Rietica (Hunter 1997), using the refinement sequences 

outlined in Tables 3.4 to 3.9. 

 

Due to unsatisfactory capacity of Rietica to model the amorphous backgrounds present in 

samples (see Figure 3.9A), the backgrounds were fit and removed separately using manual 

peak removal (Figure 3.9B) and background modelling in a spreadsheet (see Figure 3.9C and 

D).  The background model less 100 counts was subtracted from raw diffract-o-gram to 

produce amorphous background removed diffract-o-gram (see Figure 3.9E) used in 

quantitative analysis. 

 

 
Figure 3.9: Stages in manual background removal method, illustrated using HTP 67 (SRC), A) 

original diffract-o-gram, B) peak removed diffract-o-gram, C) background modelled peak 
removed diffract-o-gram, D) background model, and E) amorphous background removed 

diffract-o-gram  

 

A B

C

D
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Table 3.4: Corundum refinement procedure 

Sequence NO Task 
1 Input Corundum phase, set literature defaults[A], and 2θ exclusion of range 3-24° 
2 Set initial shape values u = v = 0, w = Asy1 = 0.05 and Gam0 = 0.5 
3 Check phase scale (PS) [refine] 
4 Check sample displacement (SD) [refine] 
5 Check background (B0, B1, B2, and B3) [refine] 
6 Check v and w [refine] 
7 Check Asy1 and Gam0 [refine] 
8 Check BAl and BO [refine] 
9 Uncheck SD and BO (gives negative result), set BO = 0, 
10 Check a and c [refine] 
11 Save and exit 

[A] See Appendix A 
 

Table 3.5: Fly ash refinement and quantitative analysis procedure 

Sequence NO Task 
1 Use refined corundum input file as initial input file 
2 Set SD, B0, B1, B2 and B3 to 0, exclude 2θ range 3 to 15°, uncheck all 
3 Check PS Corundum [refine] 
4 Check SD [refine] 
5 Check B0 [refine] 
6 Uncheck SD, check B1, B2 and B3 [refine] 
7 Input Quartz phase, set literature defaults (see Appendix A) 
8 Set initial shape values u = v = 0, w = Asy1 = 0.05 and Gam0 = 0.5 
9 Check PS Quartz [refine] 
10 Check a and c Quartz [refine] [A] 
11 Check w Quartz [refine] [B] 
12 Uncheck a, c and w Quartz, check Asy1 and Gam0[C] [refine] [D] 
13 Check BSi and BO [refine] [E] 
14 Check v Quartz [refine] [F] 
15 Uncheck all Quartz variables except PS 
16 Repeat steps 7 to 15 for Mullite[G], Hercynite[H], Magnetite, Hematite and Cristobalite[I] 
17 Check all variables refined at some point in this sequence except SD [refine] 
18 Save output file 
19 Save and exit 

[A] For mullite performed in two steps 1) check a and b [refine] 2) check c [refine], for hercynite and magnetite check a [refine]  
[B] Hercynite1, Magnetite and Hematite are to trace for this refinement, not refined and initial values kept [C] Note: Gam0 
must be between 0 ≤ Gam0 ≤ 1 [D] Hercynite, Magnetite and Hematite are to trace for Asy1 and Gam0 refinement, not refined 
and initial values kept [E] For mullite check overall thermal [refine], Hercynite, Magnetite and Hematite are to trace for 
refinement of thermal parameters, not refined and initial values kept [F] this step is performed by Quartz only [G] Steps 11 to 
14 for Quartz were often performed after mullite refinement to avoid divergence caused by mullite peak hkl 210 [H] Two 
phases, one with a sharp main peak (hkl 113) at 2θ = 36.63° (hercynite1), and the other broad with main peak at 2θ = 36.10° 
(hercynite2) [I] present in bottom ash samples only   
 

Table 3.6: Refined mineral phase variables from fly ash A 

 Phase 
Variable Quartz Mullite Hercynite1 Magnetite Hematite Hercynite2 

a 4.9158 7.5564 8.1196 8.3491 5.0147 8.2369 
b  7.6867     
c 5.4054 2.8862   13.7303  
v 0.15 0 0 0 0 0 
w 0.01 0.048 0.05 0.05 0.05 0.73 
Asy1 -0.0182 -0.0127 0.05 0.05 0.05 0.05 
Gam0 0.220 0.425 0.5 0.5 0.5 0.5 
OT 0 1.47 0 0 0 0 
Bi [A] 0 Def[B] 0 0 Def[B] 
[A] BSi = 1.276, BO = 1.732 [B] literature defaults (see Appendix A) 
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Table 3.7: Initial zeolite phase refinement procedure 

Sequence NO Task 
1 Use refined fly ash[A] input file as initial input file 
2 Set SD, B0, B1, B2 and B3 to 0, exclude 2θ range up to first peak, uncheck all 
3 Set PS for Quartz, mullite, Hercynite1, Magnetite, Hematite and Hercynite2 to 0 
4 Check PS Corundum [refine] 
5 Check SD [refine] 
6 Check B0 [refine] 
7 Uncheck SD, check B1, B2 and B3 [refine] 

8 Check PS for Quartz, Mullite, Hercynite1, Magnetite, Hematite and Hercynite2 
[refine] 

9 Check a and c Quartz [refine] 
10 Check v and w Quartz if major phase [refine] 
11 Uncheck a, c, v and w Quartz 
12 Input zeolite phase, set literature defaults (see Appendix A) 
13 Set initial shape values u = v = 0, w = 0.05, Asy1 = -0.05 and Gam0 = 0.5 
14 Check PS zeolite [refine] 
15 Refine unit cell parameters (a, b, and c) 
16 Check v and w [refine] [B] 
17 Check Asy1 and Gam0 [refine] [C] 
18 Check OT [refine] [D] 
19 Refine n and x, y ,z where necessary 
20 Save refined zeolite variables, see Table 3.8 below, exit 

[A] the fly ash from which the hydrothermal treatment product was produced [B] all zeolites except for ABW, GME and MAZ 
which are to trace to refine [C] all zeolites except for ABW and GME which are to trace to refine [D] for ANA, CAN and SOD 
only, other zeolites either contained default Bi’s (see Appendix A) or were to trace to refine, where kept within the range 0 ≤ 
OT ≤ 5 
 

Table 3.8: Refined zeolite phase variables 

 Phase 
Variable ABW ANA CAN CHA GIS GME LTL MAZ SOD 
HTP[A]  28 13 80 111 16 57 57 11 
a 10.2321 13.7229 12.6917 13.8032 10.0263 Def[3] 18.4189 18.1[H] 8.9711 
b 8.2229         
c 4.9894  5.1958 15.1372 10.0333 Def[3] 7.5108 8.0992  
v 0 -0.0179 0.0131 0.0393 0.213 0 -0.0423 0 0.319 
w 0.05 0.0358 0.0617 0.0533 0.0233 0.05 0.068 0.05 -0.0083 
Asy1 -0.05 -0.0101 -0.0119 -0.0202 -0.0212 -0.05 -0.0021 -0.0025 -0.0192 
Gam0 0.5 0.612 0.856 1 0.711 0.5 1 1 1 
OT 0 2.03 2.19 0 0 0 0 0 5 
Bi 0 0 0 Def[C] Def[C] 0 Def[C] Def[C] 0 
n   [B]  [D] [E] [G]  [I] 
x, y, z      [F]    
[A] Sample used to refine default and initial values [B] n(O5) = 0.218, n(O6) = 0.331, n(O7) = 0.251, n(O8) = 1/3 [C] literature 
defaults (see Appendix A) [D] n(O5) = 0.5, [E] n(Al) = 1/3, n(Si) = 2/3, n(Na2) = 1/6, n(O6) = ¼, n(O7) = ½ ,[F] z(Na2) = 0, 
z(O7) = 1/8, [G] n(O7) = ¼, n(O8) = 0.203, n(O9) = 0.479, n(O10) = 0.132, [H] manually refined, [I] n(O2) = 0.244 
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Table 3.9: Hydrothermal treatment product refinement and quantitative analysis procedure 

Sequence NO Task 
1 Use refined fly ash[A] input file as initial input file 

2 Set SD, B0, B1, B2 and B3 to 0, exclude 2θ range 3 to just before first peak, uncheck 
all 

3 Set PS for Quartz, mullite, Hercynite1, Magnetite, Hematite and Hercynite2 to 0 
4 Check PS Corundum [refine] 
5 Check SD [refine] 
6 Check B0 [refine] 
7 Uncheck SD, check B1, B2 and B3 [refine] 

8 Check PS for Quartz, Mullite, Hercynite1, Magnetite, Hematite and Hercynite2 
[refine] 

9 Check a and c Quartz [refine] 
10 Check v and w Quartz if major phase [refine] 
11 Uncheck a, c, v and w Quartz 

12 Input appropriate zeolite phase, set initial values (see Table 3.8), where necessary[B] 
remove fly ash iron phases in the order Hercynite1, Magnetite, Hematite, Hercynite2 

13 Check PS zeolite [refine] 
14 Refine unit cell parameters (a, b, and c) if major phase 
15 Check v and w if major phase [refine] 
16 Check Asy1 and Gam0 only where necessary [refine] 
17 Repeat steps 12 to 16 for each additional zeolite phase 
18 Check a and b Mullite for HTP 68 and 69 only [refine] 
19 Check c Mullite for HTP 68 and 69 only [refine] 
20 Check v and w Mullite for HTP 68 and 69 only [refine] 
21 Check all variables refined at some point in this sequence except SD [refine] 
22 Save output file 
23 Save and exit 

[A] The fly ash from which the hydrothermal treatment product was produced [B] due to 8 phase limitation of Rietica 
 

The agreement between theoretical model and experimental data for a refinement are given 

by the Bragg R value, Equation 3.4, (Jansen, et al. 1994).  The Bragg R values for all 

quantitative results are listed in Appendix B. 

 

Using the values of phase scale (S)*, density (p), and unit cell volume (V) calculated by 

Rietica from diffract-o-gram and saved in output file for each phase analysed, the 

concentration ratio of each phase to that of the corundum standard can be calculated using 

Equation 3.5, from which the original sample composition for each phase modelled in 

Rietica can be calculated from the weight fraction of corundum in standard sample using 

Equation 3.6. 

 

 
∑

∑
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Ι−Ι
=

j
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j
CO

B
j

jj

R  (3.4) 

(Jansen, et al. 1994) 

                                                      
* The standard deviation in S for each phase refined is calculated by Rietica, where 2σS is used for 
uncertainty analysis of quantitative reults 
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3.2.2.2 XRF 
X-ray fluorescence spectrometry (XRF) is a method for the bulk elemental analysis of solids, 

where the sample is irradiated with X-rays, causing the atoms to fluoresce.  The fluorescent 

X-rays emitted by the sample are detected, from which the elements present in the sample, 

and their concentrations are determined from the wavelength and intensity of the emitted X-

rays. 

 

By using XRF in conjunction with quantitative XRD the following can be inferred 

(approximated): 

• The average composition of X-ray amorphous phase in fly ash raw material (mostly 

glass) 

• The composition of X-ray amorphous phase in product (a mixture of un-reacted 

glass, aluminosilicate gel, and trace minerals) 

 

XRF analysis was performed by commercial labs, on a selection of samples 

 

3.2.2.3 ICP 
Elemental analysis was performed by commercial labs, on fly ash, selected hydrothermal 

treatment products and solutions, and included inductively coupled plasma mass 

spectrometry (ICP-MS), atomic emission spectroscopy (AES). 
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3.2.2.4 SEM/EDS 
Scanning electron microscopy (SEM) uses a scanning beam of focused electrons (electron 

probe) to build up an image of sample in fine detail, at higher resolution and better depth of 

field than optical microscopy (Hearle 1972).  A number of interactions take place between 

the electrons and the sample, including: 

• Ejection of loosely bound electrons from the outer shells of atoms, termed secondary 

electrons (SE) they have low energy consequently only those produced close to the 

surface can escape and are detected.  Used for high resolution topographical imaging 

(Northrop 1972; Bishop 1974). 

• The elastic scattering of electrons, which changes their direction of motion allowing 

some to re-emerge from the sample, referred to as backscattered electrons (BSE), the 

probability and therefore frequency of backscattering is in part directly related to the 

mean atomic number of sample.  However the volume of interaction with sample is 

significantly larger than SE, therefore it has lower resolution (Northrop 1972; Bishop 

1974). 

• The ejection of inner shell electrons from atoms in sample, results in shell transitions 

producing X-rays which have an energy which is characteristic of the element from 

which it came (from the intensities sample chemistry can be determined) (Belk 

1974).  These X-rays can be detected using either a wavelength dispersive (WDS) or 

energy dispersive (EDS) spectrometer (detector), important configurations include: 

o Using a stationary probe the composition of a point can be determined 

quantitatively 

o A repetitive scan along a line (between two points) can produce a graph of 

elemental intensity with distance. 

o In normal scanning mode a two dimensional compositional map (image) can 

be produced for each element. 

 

WDS use moveable shaped mono-crystals as monochromators so that X-rays within a small 

range of the characteristic wavelength are detected.  EDS uses a silicon wafer under positive 

bias which produces a current proportional to the energy of X-ray it absorbs, and 

sophisticated electronics to measure and count pulses.  Because each element is analysed 

separately WDS is slower (Belk 1974), but has better sensitivity resulting in better accuracy 

and precision for elements at low concentrations (Kuisma-Kursula 2000).  The relative error 

and limit of detection for EDS analysis is improved with larger counting statistics (longer 

analysis time) (Griffin and Nockolds 1997).  The electron probe micro-analyser (EPMA) 
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uses multiple WDS detectors each dedicated to the detection of specific elements to speed up 

the analysis time. 

 

There is a size limitation for X-ray analyses, limiting what can be studied, for EDS (and 

WDS) the phase being analysed must be > 1µm in size (3D) otherwise the result will include 

components from adjacent phases (Belk 1974). 

 

For SEM analysis, solid samples were set into an epoxy resin and polished to give a smooth 

cross section of particles for analysis.  SEM analysis included the use of EDS* and EMPA† 

point analysis for the determination of local chemical composition. 

 

3.2.2.5 CEC/CES  
The cation exchange capacity (CEC) is the total quantity of cations which are available for 

exchange with other cations, for fertiliser applications it represents the total quantity of 

fertiliser that can be stored and released by cation sites in the zeolite material. 

 

The principles behind cation exchange and selectivity, and their significance for fertiliser 

applications were discussed in Sections 2.3.3 and 2.3.4.  The CEC can not indicate how well 

a zeolite product will perform as a controlled release fertiliser (a theoretical value can be 

calculated from samples mineral composition and the crystal structure of each cation 

exchangeable mineral phase).  For this reason cation exchange selectivity was chosen as the 

means of evaluating the potential performance of selected products as a fertiliser. 

 

The cation exchange selectivity of a sample of known composition is evaluated by 

measuring the equilibrium concentration it obtains with a solution containing multiple 

cations‡, and by using Equation 2.3.  To be representative of the soil environment (see Table 

3.10), and therefore relevant to agricultural applications, a solution consisting of 0.1 molar 

M+ equivalent for each of Na+, K+, NH4
+, and Ca2+ was used§ for exchange experiments. 

 
                                                      
* Philips XL30 SEM with Oxford Instruments EDS (SiLi detector with super ultra thin window) using 
INCA Suit version 4.00 software 
† JEOL JXA-8600 Superprobe with data interpreted by JEOL XM-86PAC quantitative analysis 
program 
‡ Solid was finely ground using a mortar and pestle to aid in the attainment of equilibrium, and 1.5g 
was exposed to 100mL of exchange solution for a period of 88.5 hours, after which the equilibrium 
solution was separated from solids by filtration, recovered and analysed using ICP-OES and IC.  The 
ion cromatographer was a Dionex® High performance ion chromatographer, ICS-1000, in isocratic 
mode, using column set AG14A/AS14A, with a 3.5 mM Na2CO3 and 1.0 mM NaHCO3 eluant 
§ Based on the upper limit of ions in soils presented in Table 3.10, and containing 2 mM HNO3 to 
minimise volatilisation and subsequent loss of NH4

+ 
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Table 3.10: Typical soil water nutrient concentrations in moles per litre (x103) (Fried and 
Broeshart 1967) 

Element Range of all soils Acid soil Calcareous Soil 
Ca 0.5-38 3.4 14 
Mg 0.7-100 1.9 7 
K 0.2-10 0.7 1 

Na 0.4-150 1.0 29 
N 0.16-55 12.1 13 
P 0.001-1 0.007 0.03 
S 0.1-150 0.5 24 
Cl 0.2-230 1.1 20 

 

3.2.3 Uncertainty Analysis 
All experimental measurements contain a small experimental uncertainty (see Table 3.11).  

Where these measurements are used in calculations, the uncertainties propagate.  Uncertainty 

analysis was used to evaluate the propagation of uncertainties through calculations, 

employing Equations 3.7 and 3.8 to derive Equations 3.9 and 3.10 for addition and 

subtraction, Equations 3.11 and 3.12 for multiplication and division, Equations 3.13 and 3.14 

for variables raised to a power (assuming no uncertainty in the power), and Equations 3.15 

and 3.16 for natural logarithms of variables. 
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For formulas using combinations of addition and multiplication etc., substitutions were used.  

These equations are based on the independence of each variable on the right hand side of the 

equation; therefore where a variable appears twice in an equation, the equation is rearranged 

to maintain independence, for example Equation 3.6 was rearranged to 3.18 using the linear 

approximation given by Equation 3.17 (which is good of the experimental range of wcor) for 

uncertainty analysis, through which the uncertainty equation (Equation 3.19) is derived. 
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Table 3.11: Instrumental experimental uncertainties 

Item Uncertainty Units 
Balance 0.02 g 

Analytical Balance 0.0002 g 
250 mL Volumetric 0.12 mL 

1 L Teflon Volumetric 0.3 mL 
2 L Glass Volumetric 0.6 mL 

50 mL Burette 0.05 mL 
100 mL Pipette 0.1 mL 
50 mL Pipette 0.05 mL 
25 mL Pipette 0.03 mL 
20 mL Pipette 0.03 mL 
10 mL Pipette 0.02 mL 
5 mL Pipette 0.01 mL 

10 mL Graduated Pipette 0.05 mL 
Titration Endpoint 0.1 mL 
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3.3 Expectations and Significance 
Zeolite manufacture is not new. Manufacturing plants exist which produce zeolites for 

industrial absorbers and adsorbents, ion exchangers, and catalysts applications. They are also 

used as water softeners in powder detergents. These manufacturing plants use calcined 

kaolinite or other more expensive aluminosilicate sources, and produce small quantities of 

zeolite at great cost, making the zeolites unviable for agricultural application. 

 

This is a major driving force behind the experimental work conducted in thesis, which 

investigates the processes involved in converting coal fly ash to various zeolite products, 

with the expectation that findings can be used to redesign the zeolite manufacturing process 

so that it incorporates coal fly ash as a raw material, taking advantage of fly ash properties 

and hydrothermal chemistry to increase productivity and reduce costs.  

 

If this work can lead to knowledge providing the capability to significantly reduce 

production costs it will have contributed significantly to the realisation in the near future of a 

zeolite fertiliser industry with many technical, economic, and ecological beneficiaries as 

presented in Sections 2.1 to 2.4.  It is expected that the experimental study of questions asked 

in Section 2.6.3 and the hypothesis posed in Section 3.1, will add value to the understanding 

of the synthesis of zeolites from fly ash.  At the very least this work will bring focus to future 

work through more enlightened questions. 
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4 Results and Discussion 
This section presents the results of experiments outlined in Section 3, and includes 

discussion and interpretation of results with particular attention to the questions of Section 

2.6.3 and the hypothesis of Section 3.1, and is structured according to Figure 4.1. 

 

 
Figure 4.1: Structure of results and discussion section 

 

4.1 Uncertainty 
Before the main results of this thesis are presented and discussed it is pertinent to address the 

main points of uncertainty within the methods and equipment used.  Namely the reaction 

temperature for non-agitated synthesis experiments, the loss of water over duration of 

hydrothermal treatment experiments, and quantitative analysis using X-ray diffraction. 

 

4.1.1 Oven Temperature Calibration 
The batch non-agitated reactor experiments were conducted within a convective oven as 

illustrated in Figure 3.6.  The side walls of the oven are perforated and heated air is forced 

through perforations in the left wall and return to heating element through the right wall. 
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The temperature of the oven is controlled by a PID controller employing a k-type 

thermocouple located at the centre of the inlet wall over a perforation.  The temperature of 

reactors cannot be measured directly (cost limitation on design).  Instead, the reactors surface 

temperature measured using a k-type thermocouple attached to the reactor surface.  To 

maximise the heat transfer similarity between two reactors in the oven they are placed 

symmetrically with respect to the flow of hot air (see Figure 3.6). 

 

The experimental temperature cycle is described by Figure 3.7, for which the oven set points 

T1 and T2 were determined experimentally by correlating the reactor surface temperature 

with oven set point temperature following two hours and six hours respectively of heating 

(see Figure 4.2) using reactors filled with 330 mL of double distilled water. 

 

It is assumed that during the reaction period t2, the system is under isothermal conditions; 

therefore the temperature of reactants is equal to the temperature of the reactors external 

surface.  From reactor surface temperature measurements taken over the duration of non-

agitated synthesis program the following sources of uncertainty were raised: 

1. Surface temperature tends to drift a little up and down over the duration of reaction 

period (at a much lower frequency than oven temperature swings around set point) 

2. The surface temperature of reactor at the front of oven (Reactor F), near door, is 

slightly lower than that of the back (Reactor B), see Table 4.1. 

3. To narrow the range of oven temperature over on/off cycles, the controller settings 

were modified between synthesis runs HTP 29 and HTP 36, this also resulted in a 

narrowing of the temperature difference between oven set point and reactor surface 

temperature.  As the thermocouple was not available for use following this change, 

this side effect was not picked up until HTP 67, at which point it was decided to keep 

T1 and T2 for standard reference temperature unchanged, see Table 4.1. 

 

From the reactor surface temperature measurements at standardised reference temperature 

condition (144°C), this temperature uncertainty can be evaluated from the standard deviation 

of measurements (see Table 4.1).  Using this information, the calibration curve, and further 

surface temperature measurements, average temperature and uncertainties were calculated to 

cover all runs at each T3 condition (see Table 4.2). 

 

The full range of this uncertainty is relatively large and may be sufficient to impact the 

hydrothermal outcome, although for the small 3°C difference between front and back 

reactors, the hydrothermal outcomes were found to be the same, see samples HTP 97 and 98 

in Table 4.4.  The level of temperature uncertainty appears to be tolerable. 
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Figure 4.2: Reactor surface temperature versus oven preset temperature for calibration of T1 

and T2 given desired T3 (see Figure 3.7) 

 
Table 4.1: Experimental reactor surface temperature (T3) 

Reactor Position TAv σ ε/TAv 
Front Pre-Change[A] 140 0.5 0.0035 

Front[B] 143.2 1.3 0.0088 
Back[C] 146.4 1.5 0.0103 

[A] Measurements made on front reactors during reaction period (t2) for hydrothermal treatment conducted prior to retuning of 
oven temperature controller, based on 15 measurements having no decimal places, [B] Measurements made on front reactors 
during reaction period (t2) for hydrothermal treatment conducted following the retuning of oven temperature controller, based 
on 15 measurements having one decimal place, [C] Measurements made on rear reactors during reaction period (t2) for 
hydrothermal treatment conducted following the retuning of oven temperature controller, based on 14 measurements having one 
decimal place 
 

Table 4.2: Calculated average reactor surface temperatures for each reaction temperature 
condition 

TF
[A] ε[B] TB

[C] ε TAv
[D] ε[E] ε/TAv 

140 1.0      
143.2 2.9 146.4 2.9 144.0 5.3 0.0369 
130 2.6 133.2 2.7 131.6 4.2 0.0320 
120 2.4 122.9 2.5 121.5 3.9 0.0319 
110 2.2 113.1 2.3 111.6 3.8 0.0339 
100 2 103.3 2.1 101.7 3.7 0.0362 
85 1.7 86.6 1.7 85.8 2.5 0.0293 
80 1.6 78.8 1.6 79.4 2.2 0.0279 

[A] Unshaded values are based on calibration (see Figure 4.2), [B] using 2 standard deviations to measure error (see Table 4.1), 
therefore assume that ε/T = 0.02 for all post change temperatures [C] Unshaded values are based on one or two measurements 
[D] see Equation 4.1, [E] see Equation 4.2 
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4.1.2 Quantitative XRD: Scientism or Quixotism 
In quantitative XRD, the quantitative result is produced by fitting mathematical models to 

real experimental data, the process is complicated and open to human interference, as such it 

is not a universally accepted technique, however for this work it is the only option for 

quantitative mineral determination (see Sections 3.2.2.1 and 4.1.2.1), and subject to a robust 

refinement protocol (see Section 3.2.2.1), is reproducible (see Section 4.1.2.2). 

 

4.1.2.1 Demonstration of Value 
To illustrate the capacity of quantitative XRD technique to contribute to our understanding 

of the transformation processes taking place during hydrothermal reactions, the following 

examples are given. 

 

Example A – HTP67 (SRC) 

From characteristic peak location and relative peak intensities, major mineral constituents 

can be identified (qualitative result) see Figure 4.3.  Using Rietveld refinement (using Rietica 

software program), the quantitative analysis of mineral components contained in sample can 

be calculated from the XRD pattern of internally standardised sample.  See Figures 4.3 and 

4.4. 

 

From the XRD pattern of fly ash A (Figure 4.3), five mineral phases can be identified, where 

quartz and mullite are phases that contain Al and Si which are required for zeolite synthesis, 

while hematite, magnetite, and hercynite are iron phases (impurities).  From the XRD pattern 

of hydrothermal treatment product (SRC), see Figure 4.3, four zeolite phases are identified, 

zeolite ZK-14, analcime, zeolite P1, and gmelinite. 

 

From the quantitative results there was an approximate reduction of 74, and 30% in the 

composition of quartz and other phases as a result of hydrothermal treatment, while mullite 

concentration in product is 23% higher than in reactant.  The hydrothermal treatment product 

(SRC) contains roughly 30% zeolite (see Figure 4.4).  Quantitative results allow the direct 

comparison of different hydrothermal treatment outcomes, therefore the performance of 

treatment conditions. 
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Figure 4.3 : XRD diffract-o-grams of fly ash A, HTP67 (SRC), and the individual mineral 

phases which they contain 

 

 
Figure 4.4 : Quantitative analysis of fly ash A and HTP 67 (SRC) samples using diffraction 

patterns illustrated in Figure 4.3 above 

 

3.43±0.19 
12.5±0.6 
26.4±1.2 
0.69±0.22 
1.00±0.24 
2.37±0.31 
53.6±1.5 

13.3±0.5 
10.2±0.7 

 
 
 
 

76.5±1.0 

A – Fly Ash 
B – HTP 67 - SRC 

A B 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 165

Example B – Peak Overlap 

A number of zeolite products were produced from fly ash A using the non-agitated batch 

reactor over a range of pH conditions.  The diffraction pattern for fly ash A and three of 

these products is presented in Figure 4.5, from which the following observations can be 

noted: 

• The emergence of zeolite peaks resulting from hydrothermal treatment 

• Increasing zeolite peak intensity with increasing reaction soup pH 

• A shift in zeolites produced from sodalite to cancrinite with increasing pH 

• A decrease in the quartz peak intensity with increasing pH 

 

However there are limitations with direct peak comparison due to peak overlap between 

sodalite and cancrinite products.  There are 4 major peaks which emerge (see Figure 4.5) at 

2θ’s of 13.96, 18.88, 24.30 and 27.49.  The first and third of these peaks corresponds to the 

011 and 112 hkl orientations of sodalite, while all four peaks correspond to the 110 011 030 

121 hkl orientations of cancrinite respectively.  Rietveld refinement is needed to de-

convolute these peaks.  The quantitative mineral composition of products can be plotted as a 

function of operating conditions which is much more informative than a visual comparison 

of change between diffraction patterns, see Figures 4.5 and 4.6.  From the quantitative results 

(Figure 4.6) we see: 

• The relative consumption of quartz and mullite phases, and the reduction of “other” 

phase (see Section 4.1.2.3) with increasing reactant pH 

• The emergence of zeolite phases cancrinite and sodalite and their relative abundance 

as a function of pH 
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Figure 4.5 : XRD diffract-o-grams of fly ash A and hydrothermal treatment products HTP 4 
(pH13.65m30), HTP 11 (pH14m30) and HTP 13 (pH14.48m30), as well as individual sodalite 

(SOD) and cancrinite (CAN) zeolite phases 

 

 
Figure 4.6 : Mineral compositional trends for hydrothermal treatment products* as a function 

of reaction pH 

 

                                                      
* HTP 8 (pH12m30), HTP 10 (pH13m30), HTP 4 (m30), HTP 11 (pH14m30), HTP 12 (pH14.3m30), 
HTP 13 (pH14.48m30) 
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4.1.2.2 Reproducibility 
To evaluate the reproducibility of quantitative XRD technique employed, a selection of 

samples were rerun through the diffractometer, with quantitative refinement results from 

both original and repeat diffract-o-grams presented in Table 4.3.  Most results agree within 

the calculated uncertainty of quantitative analysis.  Sources of unmeasured uncertainty 

include possible particle packing effects during preparation of samples in XRD sample 

holder.  A comprehensive review of parameters that influence the accuracy of quantitative 

XRD is presented by Hurst and Schroeder (1997).  No significant abnormalities exist in 

results, the technique is considered reproducible. 

 

Table 4.3: Quantitative XRD repeats 

 Sample[A] 
Phase FA A HTP 3 HTP 9 HTP 11 HTP 13 HTP 28 HTP 57 

13.3 ±0.5 2.35 ±0.14 11.7 ±0.4 5.61 ±0.18 1.24 ±0.10   6.24 ±0.26Quartz 
12.2 ±0.5 2.59 ±0.16 12.5 ±0.4 6.05 ±0.22 1.56 ±0.11   7.27 ±0.30
10.2 ±0.7 9.70 ±0.43 11.6 ±0.5 11.1 ±0.4 4.02 ±0.28 11.6 ±0.5 12.4 ±0.6 Mullite 
10.8 ±0.8 10.5 ±0.5 12.0 ±0.5 12.0 ±0.5 4.29 ±0.30 11.9 ±0.5 13.2 ±0.6 

      14.0 ±0.4 2.83 ±0.40     SOD 
      15.8 ±0.6 3.44 ±0.43     
      7.29 ±0.34 46.5 ±1.1     CAN 
      8.06 ±0.41 49.1 ±1.2     
  19.2 ±0.9 4.67 ±0.41     27.4 ±1.0   CHA 
  20.2 ±1.0 4.79 ±0.43     29.0 ±1.0   
  1.16 ±0.17 0.17 ±0.16     5.51 ±0.28   ANA 
  1.36 ±0.19 0.24 ±0.17     6.05 ±0.35   
  0.54 ±0.16 1.54 ±0.21         GIS 
  0.35 ±0.16 1.66 ±0.22         
  2.01 ±0.22 2.30 ±0.25     0.48 ±0.22   GME 
  2.11 ±0.24 2.34 ±0.25     --- ---   
            15.7 ±0.8 LTL 
            15.8 ±0.7 
            3.95 ±0.45MAZ 
            3.64 ±0.44

76.5 ±1.0 65.0 ±1.1 68.1 ±0.9 62.0 ±0.8 45.4 ±1.3 55.0 ±1.2 61.8 ±1.2 Other[B] 
77.0 ±1.1 62.9 ±1.2 66.5 ±1.0 58.1 ±0.9 41.7 ±1.4 53.1 ±1.3 60.1 ±1.1 

[A] Top row of each phase is original result, [B] X-ray amorphous and iron mineral phases (see Section 4.1.2.3) 
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4.1.2.3 Limitations 
In X-ray diffraction it is the crystalline materials which diffract X-rays to produce the peaks 

which make up the diffract-o-gram.  Diffract-o-grams are modelled to calculate the ratio of 

each crystalline components composition in the material.  For samples containing an internal 

crystalline standard of known composition, the composition of each crystalline phase can be 

calculated with the difference consisting of X-ray amorphous phases, crystalline phases 

whose composition is below the detection limit, and crystalline phases not modelled due to 

an inherent modelling limitation (Rietica models a maximum of eight crystalline phases).  

These phases are referred to as the “other” phases. 

 

For hydrothermal treatment products the “other” phases can consist of: 

i. Amorphous glass from the fly ash 

ii. Amorphous aluminosilicate gel product produced during hydrothermal treatment 

iii. Iron mineral phases* 

iv. Fly ash mineral or zeolite product phases which are X-ray amorphous due to a short 

range of continuous crystallinity (coherent diffraction domain, CDD), including nano 

particles† (small CDD) or semi crystalline materials (misorientated CDDs).  Fine 

CDD effects can range from peak broadening and reduced intensity to no peak and 

higher-than-normal background (Hurst, et al. 1997), see Figure 4.7A. 

v. Fly ash or zeolite product mineral phases with composition below the detection limit 

 

Quantitative XRD is not able to differentiate between the various sources of “other” phases.  

However based on properties of fly ash raw material, an understanding of glass dissolution 

with quartz as a reference point, and assuming iron mineral phases are constant, from trends 

in “other” phases generalisations can be made about the formation of X-ray amorphous 

products. 

 

                                                      
* Due to the eight phase limitation of Rietica, rarely were all iron mineral phases able to be modelled, 
as many of these phases were modelled as possible, however for consistency the “other” phase 
composition used comparing hydrothermal product samples includes all iron mineral phases 
† As synthesised or resulting from grinding performed during sample preparation for XRD analysis 
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Figure 4.7: Illustration of A) broad anomaly feature in diffract-o-gram caused by short range 

crystallinity, and B) directional broadening of zeolite ZK-14  

 

Another limitation in quantitative analysis relates to crystalline morphology.  Rietica is not 

capable of accurately modelling phases which have both long range crystal repetition in 

some directions (which produce sharp peaks) and short range repetition in others (which 

produce broadened peaks), like needles, plates and sheets.  Rietica models the same peak 

shape in all directions, an average peak shape, which may introduce uncertainty into the 

quantitative result.  This phenomenon is common for Zeolite ZK-14 and is illustrated in 

Figure 4.7B for sample HTP 70 for which this phenomenon is most exaggerated, with broad 

peaks at hkl’s 101 and 211, and sharp peaks at hkl’s 110 and 003.  Cartlidge and Meier 

(1984) found that for zeolite ZK-14, stacking faults result in broad reflections (hkl) with l ≠ 

3n, and narrow reflections for l = 3n. 

 

A 

B 
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4.1.3 Water Loss and Hydrothermal Reproducibility 
On account of the heterogeneity of fly ash, and experimental uncertainties, the experimental 

reproducibility needed to be demonstrated, and was using SRC condition, see Table 4.4. 

 

Table 4.4: Hydrothermal outcomes for repeats of SRC condition 

Reaction Sample 
Condition HTP 3[A] HTP 67[B] HTP 97[C] HTP 98[B] 

m 2.49 ±0.02 2.50 ±0.02 2.50 ±0.02 2.50 ±0.02 
OH/H2O[D] 8.20 ±0.15 8.05 ±0.13 8.06 ±0.13 8.06 ±0.13 

p 390.2 ±6.6 400.4 ±5.7 400.6 ±5.7 400.3 ±5.7 
% H2O lost 0.42 ±0.01 0.69 ±0.01 2.19 ±0.03 2.42 ±0.04 

p end 388.6 ±6.6 397.6 ±5.7 391.8 ±5.7 390.6 ±5.7 
Phase         
Quartz 2.35 ±0.14 3.43 ±0.19 2.88 ±0.17 3.49 ±0.18 
Mullite 9.70 ±0.43 12.5 ±0.6 12.7 ±0.6 12.5 ±0.5 
CHA 19.2 ±0.9 26.4 ±1.2 24.8 ±1.1 25.5 ±1.1 
ANA 1.16 ±0.17 0.69 ±0.22 0.67 ±0.20 0.30 ±0.19 
GIS 0.54 ±0.16 1.00 ±0.24 0.93 ±0.21 1.09 ±0.20 

GME 2.01 ±0.22 2.37 ±0.31 2.30 ±0.28 1.98 ±0.26 
Other 65.0 ±1.1 53.6 ±1.5 55.7 ±1.4 55.1 ±1.3 

[A] Back reactor position prior to retuning of oven temperature controller (see Section 4.1.1), [B] Front reactor position 
following retuning, [C] Back reactor position following retuning [D] ×1000 
 

The difference in HTP 3 is probably due to sampling induced error (low mullite is a tip-off 

since it experiences minimal dissolution under the reaction conditions used, see Section 

4.3.1) which may have occurred for the first few samples (affect samples HTP 1, HTP 3, and 

HTP 5) as technique was refined and improved, later product was ground finer to achieve 

more homogeneous more representative sample for XRD and other analysis. 

 

For the hydrothermal reactor equipment used in this work, some water loss was unavoidable.  

Where the water loss was deemed to be significant, the hydrothermal treatment experiments 

were repeated.  By comparing these duplicate experiments, the impact of water loss on the 

outcome of hydrothermal treatment conditions can be evaluated (see Tables 4.5 to 4.8). 

 

Table 4.5: Hydrothermal treatment water loss duplicates – Part A 

Reaction Sample 
 pH14.6m30 pH13m30 

Condition HTP 14 HTP 88 HTP 26 HTP 10 
m 29.9 ±0.1 30.0 0.1 30.1 0.2 30.2 0.2 

OH/H2O 71.4 1.2 71.8 1.2 1.80 0.04 1.80 0.04 
p 402.3 6.6 400.0 6.6 400.1 6.2 400.0 5.3 

% H2O lost 10.1 0.2 1.84 0.03 3.23 0.05 0.64 0.01 
p end 361.7 6.8 392.7 6.6 387.2 6.2 397.4 5.3 
Phase         
Quartz 0.85 0.09 1.03 0.11 15.2 0.4 15.8 0.4 
Mullite     11.7 0.4 11.7 0.4 
SOD   8.62 0.58     
CAN 56.8 1.3 37.0 1.1     
Other 42.4 1.4 53.4 1.3 73.1 0.7 72.5 0.7 

 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 171

Table 4.6: Hydrothermal treatment water loss duplicates – Part B 

Reaction Sample 
 pH14x1 pH14.3x1 

Condition HTP 41 HTP 89 HTP 42 HTP 91 
m 6.22 ±0.05 6.22 0.05 13.4 0.0 13.4 0.0 

OH/H2O 18.0 0.3 18.0 0.3 36.1 0.6 36.1 0.6 
p 400.4 6.1 400.4 6.1 399.4 6.3 399.1 6.6 

% H2O lost 3.54 0.05 1.10 0.02 4.78 0.08 0.82 0.02 
p end 386.2 6.1 396.0 6.1 380.0 6.3 395.8 6.6 
Phase         
Quartz 1.76 0.15 2.94 0.17 0.91 0.11 1.02 0.13 
Mullite 10.5 0.5 10.5 0.5 2.68 0.33 3.20 0.36 
SOD 4.22 0.39 3.55 0.31 3.80 0.46 5.09 0.50 
CAN 3.62 0.36   27.9 1.0 26.0 1.1 
CHA 5.26 0.70 15.1 0.8     
ANA 1.48 0.22 0.20 0.17     
Other 73.2 1.2 67.7 1.1 64.7 1.2 64.7 1.3 

 
Table 4.7: Hydrothermal treatment water loss duplicates – Part C 

Reaction Sample 
 m10 pH14.3m20 

Condition HTP 46 HTP 94 HTP 50 HTP 95 
m 10.0 ±0.0 10.0 0.0 20.0 0.1 20.0 0.1 

OH/H2O 8.05 0.14 8.05 0.13 36.0 0.5 36.0 0.6 
p 400.4 6.3 400.5 5.8 399.8 5.9 399.8 6.8 

% H2O lost 4.59 0.07 1.96 0.03 5.66 0.08 1.84 0.03 
p end 382.0 6.3 392.6 5.8 377.2 5.9 392.4 6.8 
Phase         
Quartz 5.47 0.20 4.10 0.20 1.28 0.10 0.99 0.10 
Mullite 11.8 0.4 12.7 0.5 3.76 0.27 2.58 0.26 
SOD 11.8 0.5 6.54 0.35 3.08 0.56 2.85 0.42 
CAN     48.6 1.1 49.2 1.2 
CHA   2.58 0.35     
ANA 0.77 0.14       
GIS 1.33 0.17 1.77 0.21     

GME 1.07 0.20 3.13 0.26     
Other 67.7 0.8 69.2 0.9 43.2 1.3 44.4 1.4 

 
Table 4.8: Hydrothermal treatment water loss duplicates – Part D 

Reaction Sample 
 pH14.3p25x1  

Condition HTP 77 HTP 100   
m -0.097 ±0.003 -0.099 0.003     

OH/H2O 36.1 0.6 36.1 0.5     
p 25.0 0.4 25.0 0.3     

% H2O lost 7.74 0.12 2.26 0.03     
p end 23.1 0.4 24.4 0.3     
Phase         
Quartz 8.65 0.34 12.2 0.3     
Mullite 12.3 0.6 11.0 0.4     
CAN   0.55 0.19     
CHA 9.51 0.55       
ANA 0.44 0.18       
GIS 1.79 0.23 0.61 0.14     
GME 2.25 0.27       
Other 65.0 1.0 75.6 0.7     
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From the water loss duplicates presented in Tables 4.5 to 4.8 it appears that conditions where 

a greater number of different zeolite phases are produced are more sensitive to water loss 

producing significantly different quantities of the same type of zeolite as well as different 

types of zeolite (see pH14x1, m10, and pH14.3p25x1).  The larger the water loss, the 

bigger its impact on the product produced (see pH14.6m30 and pH14.3p25x1).  For some 

conditions (pH13m30, pH14.3x1, and pH14.3m20) the loss of water had a minimal impact 

on the experimental outcome. 

 

Overall water loss is the single greatest potential source of uncertainty in the results of 

hydrothermal treatment experiments conducted for this thesis, and is a consideration for all 

results, particularly anomalies. 

 

4.2 Morphology and Composition 
Morphology and composition have a significant influence on the reactivity of fly ash, and on 

the application of hydrothermal products.  This section details the results and interpretation 

of fly ash and hydrothermal product morphology and compositional characterisation. 

 

4.2.1 Fly Ash 
A comprehensive characterisation of fly ash raw material was conducted to qualify and 

quantify differences and similarities between each fly ash used to produce zeolite, in 

particular: 

• Bulk chemical and mineralogical compositions 

• Particle morphology 

• Chemical and mineral segregation between and within particles 

 

The bulk chemical composition was determined using XRF, and the bulk mineral 

composition determined using quantitative XRD.  The results are presented in Table 4.9 

below from which it can be seen that the bulk mineral composition of each fly ash can vary 

significantly, while having similar bulk chemical compositions. 
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Table 4.9: Chemical, Mineral and Physical properties of ashes studied [A] 

 Fly Ash Bottom Ash  
Component A B C D E F G H A B 

SiO2 53.7 50.0 48.7 52.3 55.2 57.1 68.6 65.1 66.6 58.1 
Al2O3 23.7 27.3 28.4 24.2 33.8 34.6 25.5 27.3 8.9 14.1 
Fe2O3 14.5 13.9 13.8 15.4 3.9 3.2 1.3 2.0 20.0 18.9 
CaO 1.7 1.8 1.9 1.9 3.1 1.2 0.22 0.37 0.86 1.3 
MgO 1.1 1.2 1.2 1.3 0.70 0.67 0.25 0.35 0.54 0.88 
Na2O 0.27 0.39 0.40 0.63 0.38 0.36 0.37 0.36 0.15 0.22 
K2O 0.94 0.99 1.0 0.88 0.57 0.71 2.5 3.2 0.44 0.64 
TiO2 1.4 1.4 1.4 1.4 1.9 1.7 1.1 1.2 0.82 1.0 

Mn3O4 0.14 0.15 0.15 0.15 0.08 0.07 0.02 0.04 0.08 0.11 
P2O5 1.7 2.1 2.3 1.4 0.06 0.06 0.10 0.14 0.69 0.84 
SO3 0.09 0.09 0.07 0.10 0.08 0.03 <0.02 <0.02 0.23 2.9 
SrO 0.34 0.37 0.39 0.27 0.04 0.04 0.03 0.04 0.19 0.21 
BaO 0.48 0.53 0.54 0.49 0.12 0.10 0.04 0.06 0.32 0.36 

C
he

m
ic

al
[B

]  

LOI (1000°C) 2.2 2.2 1.5 2.2 0.4 0.1 2.2 12.4 0.2 2.7 
13.3 9.47 7.74 14.1 3.15 4.27 5.85 9.75 45.4 25.0 Quartz ±0.5 ±0.42 ±0.42 ±0.5 ±0.32 ±0.37 ±0.34 ±0.36 ±1.2 ±0.8 
10.2 12.7 13.6 10.7 23.3 28.7 10.2 16.4 7.28 6.20 Mullite ±0.7 ±0.8 ±0.9 ±0.9 ±0.9 ±0.9 ±0.6 ±0.7 ±0.96 ±0.98 

        1.05 2.65 Cristobalite         ±0.09 ±0.13 
0.77 0.71 0.69 1.07 0.15 0.18   2.14 2.18 Hematite ±0.09 ±0.09 ±0.10 ±0.10 ±0.07 ±0.07   ±0.12 ±0.16 
0.52 0.52 0.44 0.54 0.17 0.16  0.14 0.61 0.46 Magnetite ±0.08 ±0.08 ±0.09 ±0.09 ±0.05 ±0.05  ±0.04 ±0.08 ±0.09 
2.87 2.88 2.80 3.84  0.27  0.20 0.27 2.21 Hercynite ±0.34 ±0.33 ±0.39 ±0.40  ±0.13  ±0.12 ±0.17 ±0.38 
72.3 73.7 74.7 69.7 73.2 66.4 84.0 73.5 43.2 61.3 

M
in

er
al

[B
]  

Glass ±0.9 ±1.0 ±1.0 ±1.1 ±0.9 ±1.0 ±0.7 ±0.8 ±1.6 ±1.4 
Unburned 

Carbon 
(LECO)[B] 

1.60 1.49 0.85 1.78     0.27 1.83 

Relative 
Density 

2.37[C] 
2.56[D] 2.41[C] 2.53[C] 2.40[C] 1.91[D] 1.81[D] 2.18[D] 2.20[D] 2.78[C] 2.65[C]

BET Surface 
Area[E] 5.61 5.64 3.44 12.93 2.66 2.18 3.62 11.25 0.41 5.03 

O
th

er
 

D50 (µm) [F] 18.7 6.9 4.6 12.1 29.3 50.3 18.2 14.7   
[A] Source details for samples, fly ash A, B, and C are from Muja power station in Western Australia, Unit 7, 240MW, first, 
second and third stage electrostatic precipitators respectively.  Fly ash D is from Collie power station in Western Australia, 300 
MW.  Fly ash E and F are from a supercritical facility.  Fly ash G is from Mt Piper power station in New South Wales, unit load 
660 MW.  Fly ash H is from Wallerawang power station in New South Wales, unit 7, 480 MW.  Bottom ash A is from Muja 
power station unit 7, and bottom ash B is from Collie power station, [B] Units Wt% [C] AS3583.5 determination of relative 
density (uses Kerosene) [D] Absolute density (g mL−1) by ASTM D4892 - '89,‘Helium Pycnometry’ [E] Units m2g-1 [F] As 
determined using Malvern particle size analysis 
 

Based on the bulk chemical composition of ash determined by XRF, combined with the bulk 

mineral composition of ash determined by quantitative XRD (see Table 4.9), and the 

theoretical unit cell composition of mineral phases, the average X-ray amorphous phase 

(mostly glass) composition can be determined (see Table 4.10).  The high iron fly ashes have 

similar average X-ray amorphous compositions, as do the low iron fly ashes.  The bottom 

ashes have significantly different Al2O3 and Fe2O3 compositions. 
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Table 4.10: Average ash X-ray amorphous phase composition 

 Component 
Ash SiO2 Al2O3 Fe2O3 

Fly Ash A 50.6 ±1.0 19.4 ±0.8 16.1 ±0.3 
Fly Ash B 49.1 ±0.8 21.4 ±0.9 15.0 ±0.3 
Fly Ash C 49.2 ±0.8 22.0 ±1.0 15.0 ±0.3 
Fly Ash D 49.1 ±1.0 19.6 ±1.0 16.8 ±0.4 
Fly Ash E 62.6 ±0.9 22.8 ±0.9 4.9 ±0.1 
Fly Ash F 68.4 ±1.1 20.3 ±1.1 4.1 ±0.2 
Fly Ash G 69.8 ±0.7 20.9 ±0.6 1.5 ±0.0 
Fly Ash H 58.6 ±0.7 16.2 ±0.7 2.1 ±0.1 

Bottom Ash A 41.9 ±2.0 7.9 ±1.7 39.7 ±0.7 
Bottom Ash B 44.5 ±1.3 12.9 ±1.3 24.1 ±0.5 

 

The concentration of trace elements is of particular importance to the application of fly ash 

for environmental reasons (see Section 2.1.8).  A comparison of trace element concentrations 

in fly ash samples and natural references is given in Table 4.11.  The elements most 

significantly elevated are Molybdenum, lead, and selenium.  However trace element content 

is not as important or of as much importance as trace element mobility.  To evaluate trace 

element mobility, leaching tests were performed on a selection of fly ash and natural 

reference samples (see Figure 4.8), and presented in Table 4.12 below. 

 

Table 4.11 : Trace element analysis for fly ash (ppm) 

Element[A]  Soil[B] Shale[B] Crust[B] Fly Ash A Fly Ash B Fly Ash C 
Elements of greatest concern 
Arsenic As 7 13 1 6.0 11 14 
Boron B 30 130 10 20 20 40 
Cadmium Cd 0.6 0.3 0.2 0.5 1.0 1.5 
Mercury Hg 0.1 0.18 0.08 0.07 0.17 0.13 
Molybdenum Mo 1 2.6 1.5 12.5 18 20 
Lead Pb 20 25 13 52 78 101 
Selenium Se 0.4 0.5 0.05 <5 5.0 5.0 
Elements of Moderate Concern 
Chromium Cr 55 90 100 150 150 200 
Copper Cu 25 40 55 82 112 126 
Nickel Ni 20 68 75 254 268 266 
Vanadium V 80 130 135 146 150 156 
Zinc Zn 70 120 70 187 306 371 
[A] Classified according to environmental concern as presented by Clarke and Sloss (1992) [B] (Sloss, et al. 1996) 
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Table 4.12 : Trace element leaching analysis for a selection of fly ash and natural reference 

samples (µg L-1) 

  Clay[A] Sand[B] Zeolite[C] Fly Ash A Fly Ash C 
Analysis Conditions[D] 
Mass[F] 5.021 5.045 5.034 5.029 5.063 
Volume[G] 100 100 100 100 100 
pH[H] 4.87 4.87 4.97 4.87 4.97 
Elements of greatest concern[E] 
Arsenic As 1.66 4.34 2.64 10.4 8.73 
Boron B 130 20 <10 90 165 
Cadmium Cd <0.1 <0.1 0.16 5.4 14.2 
Mercury Hg <0.02 <0.02 <0.02 <0.02 0.04 
Molybdenum Mo 0.1 1.0 <1 110 74 
Lead Pb 0.7 1.1 1.3 1.2 0.9 
Selenium Se <0.2 <0.2 0.02 28.5 29 
Elements of Moderate Concern[E] 
Chromium Cr 16 10 0.8 17 14.8 
Copper Cu 7.4 1.6 1.0 82 107 
Nickel Ni 6 6 9.1 58 146 
Vanadium V 3 3 0.5 23 17.4 
Zinc Zn 43 64 9 160 290 
Bulk Reference Elements 
Aluminium Al   205  2690 
Iron Fe   <10  30 
[A] Collected from the bank of Swan river at Lilac Hill Park, Guildford, Perth on 14/06/2005 [B] Collected from the bank of 
Canning river at Salter Point, Salter Point, Perth on 14/06/2005 [C] Natural zeolitic material sourced from mine at Werris Creek 
in New South Wales, product name “zelbrite”, pool filter media 15kg bag, manufactured in Australia by Zeolite Australia LTD, 
web: www.zeolite.com.au and www.zelbrite.com. [D] USEPA 1311 (TCLP Leach) procedure, [E] Classified according to 
environmental concern as presented by Clarke and Sloss (1992) [F] Sample mass (g) [G] Fluid extraction volume (mL) [H] pH 
of Extraction Fluid  
 

 
Figure 4.8: XRD diffract-o-grams of natural reference samples, and individual mineral phases* 

which they contain 

 

                                                      
* Mordenite (Shiokawa, et al. 1989) ICSD #68445, Clinoptilolite ICSD #68258, Albite low (Ferguson, 
et al. 1958) ICSD #16744, Kaolinite (Neder, et al. 1999) ICSD #87771 (FIZ Karlsruhe 2005).  The 
phase scales have been adjusted 

http://www.zeolite.com.au/
http://www.zelbrite.com/
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From the results it appears, with the exception of mercury, that all elements of concern listed 

are significantly mobile and cause for concern, and based on aluminium mobility, the 

dissolution (reactivity) of fly ash is in part responsible. 

 

Information about particle morphology can be pieced together from BET surface area and 

average particle size (D50) (Table 4.9), Particle size distribution (Figure 4.9), and SEM 

imaging (Figures 4.10 to 4.13).  Surface area and particle size data demonstrates that 

significant variation in morphology exists between each ash. 

 

 
Figure 4.9: Particle size distributions of fly ash samples 
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Figure 4.10: Particle cross sections viewed under SEM for A) fly ash A, B) fly ash B, C) fly ash 

C, and D) fly ash D 

 

(i,A) (ii,A)

(iii,B) (iv,B)

(v,C) (vi,C)

(vii, D) (viii, D)
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Figure 4.11: Particle cross sections viewed under SEM for E) fly ash E, F) fly ash F, G) fly ash 

G, and H) fly ash H 

 

(i, E) (ii, E)

(iii, F) (iv, F)

(v, G) (vi, G)

(vii, H) (viii, H)
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Figure 4.12: Particle cross sections viewed under SEM for A) bottom ash A, and B) bottom ash 

B 

 

To evaluate the chemical and mineral variation within and between fly ash particles, SEM 

was used in conjunction with EPMA analysis, with the mineralogy inferred from the 

chemistry.  A selection of sample points from a range of particle types is illustrated in Figure 

4.13 below for fly ash, with the chemistry of test points given in Table 4.13. 

 

(i, A) (ii, A)

(iii, B) (iv, B)
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Figure 4.13 : Particle cross sections viewed under SEM for fly ash A illustrating the location of 

EPMA point analysis 

 

It can be seen that there is significant chemical and mineralogical variation between different 

ash particles and even within a single particle.  From Table 4.13 we know that the total iron 

content of Collie coal fly ashes (fly ashes A to D) is high, while their content of iron in the 

form of mineral phases is low, therefore significant iron is present in the glass phase (see 

Table 4.10), from the EPMA analysis presented in Table 4.13, the glass phase iron content 

varies significantly, where all the glass phases tested contained at least 4% iron.  For these 

reasons, investigating the hydrothermal treatment of fly ash A should shed light on 

hypothesis 1 of Section 3.1. 

A
C 

B 

E
D Quartz F 

N 

H 

P Q

Quartz 

IG 

L 

J 

O 

M 

R 

K



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 181

 

Table 4.13: Chemical composition of phases analysed using EPMA point analysis as illustrated 
in Figure 4.13 above (wt%) 

Phase[A] Point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 Tot 
A 55.2 37.9 4.27  0.59 0.74 1.97 1.18 0.61 102.7 
B 59.0 36.3 4.06  0.64  1.37 0.95  103.1 
C 60.4 25.9 5.37  0.93  2.23 1.77  97.7 
D 54.0 35.2 6.64  0.52  1.72 0.86 0.98 100.9 
E 46.9 33.0 13.0 2.09 1.84  0.76 1.44 1.5 101.0 
F 47.4 33.2 6.77  0.65 0.65 1.37 0.57 1.85 93.0 
G 57.6 35.8 4.17  1.96  0.77 1.68  102.8 
H 51.2 35.1 9.11 0.65 0.83  1.07 1.75 0.59 100.8 
I 52.0 40.6 7.06  0.51     101.8 
J 38.5 31.1 21.1 3.37 1.76   0.87 1.90 99.5 
K 57.2 36.0 4.38  0.58 0.52 1.84 0.98 0.87 102.8 

Average 52.7 34.6 7.81 2.04 0.98 0.64 1.46 1.21 1.19 100.6 

G
la

ss
[B

]  

Std Dev 6.5 3.8 5.16 1.36 0.57 0.11 0.52 0.43 0.56 3.0 
L 64.6 19.3     15.4   100.4 Potash 

Feldspar M 69.0 19.4     9.52   99.1 
Hematite N 0.93 0.59 91.5       93.8 
Hercynite O 8.30 29.5 52.82 3.98 3.18   1.50 5.19 105.0 

P 24.8 29.0 16.0 9.09 4.22   5.39 1.81 91.4 
Q 15.7 39.0 24.1 5.25 6.92   4.22 2.58 98.8 Unknown 
R 24.3 28.6 26.3 7.52 3.08   0.96 1.41 92.8 

[A] Mineralogy inferred from chemistry [B] The electron beam volume of excitation of glass phase may include mullite phases 
which grow within the glass phase, giving a composition which is a blend of glass and mullite phases. 
 

4.2.2 Product Morphology 
By studying the morphologies of reactants and products, an insight into the transformations 

which have taken place can be gained.  The study of non-agitated hydrothermal treatment 

products is broad covering both reactants and product phases and addresses question 1 in 

Section 2.6.3 and hypothesis 1 in Section 3.1, while the study of agitated hydrothermal 

treatment products focuses on question 3 in Section 2.6.3 and hypothesis 3 in Section 3.1. 

 

4.2.2.1 Non-Agitated 
Initial comparison of SEM images for the fly ash starting material (see Figures 4.10 and 

4.11) and zeolite products produced using batch non-agitated hydrothermal reaction (see 

Figures 4.14 to 4.22), reveals several transformations which are evident: 

1. The small particles which dominate fly ash are not present in hydrothermal treatment 

products, the average particle size has significantly increased, often the product is a 

single solid plug at the bottom of reactor, which is crushed into granules for handling 

and analysis 

2. Three types of particle morphology exist in the hydrothermal product: 

i. Macro-particles which includes components of un-reacted fly ash particles 

glued together by or encapsulated within hydrothermal product phases (see 

Figures 4.14, 4.15(i) and (ii), 4.20 to 4.22) 
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ii. Single phase product particles which contain few included un-reacted fly ash 

particles, and have highly geometric crystalline structure (see particles A and 

B in Figures 4.15(iii), 4.15(iv)* and 4.16) 

iii. Excluded components of un-reacted fly ash particles (see Figures 4.15(i), 

4.15(iii), 4.17 and 4.19) 

3. From an inspection of the light contrast phases (high atomic number, e.g. high iron), 

two types are present: 

i. Phases which retain full spherical form (un-reacted fly ash particles, see 

particles C in Figure 4.15(iii)) 

ii. Free iron phases which often occur in spherical like clusters indicating 

originally part of spherical fly ash particle where more reactive phases have 

etched away (see Figure 4.19) 

4. Quartz particles show significant signs of internal etching (see Figure 4.17).  From 

quartz unit cell parameter refinements during quantitative analysis of hydrothermal 

treatment products resulting from varying p (see Figure 4.23), the unit cell decreases 

with increasing dissolution of quartz.  This result combined with the observed 

internal etching of quartz suggests that some quartz phases are more reactive than 

others, and dissolve significantly faster.  This increased reactivity seems to be 

associated with larger unit cell size. 

5. Ghosts of fly ash particles remain where glass has been completely etched away to 

reveal mullite crystals which retain the overall morphology of original fly ash 

particle (see Figure 4.18).  This demonstrates that mullite was accessible to solution 

but did not dissolve under the reaction conditions of HTP 3 (SRC), HTP 13 

(pH13.48m30) or HTP 28 (AshC). 

6. Of special interest, HTP 57 contains needle like zeolite products (see Figure 4.22(i 

and ii)) which may be a health concern on account of its fibrous crystal morphology†, 

likewise liberated mullite crystals may also be a concern. 

 

 

                                                      
* Note Figure 4.15(iv) is an image of a coarsely polished cross section which has fractured zeolite 
crystal along crystal planes 
† Erionite is the only zeolite shown to have toxic effects, which are attributed to its fibrous crystal 
morphology (Roland, et al. 1996) other zeolites including mordenite have fibrous morphology and 
should be handled with care (Holmes 1994) 
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Figure 4.14: Particle cross sections viewed under SEM for i) HTP 9, ii) HTP 11, iii) HTP 28, and 

iv) HTP 57, illustrating the aggregation which occurs in non-agitated synthesis 

 

 
Figure 4.15 : Particle cross sections viewed under SEM for HTP 3 (SRC) illustrating different 

product phases present in hydrothermal product 

A 

B

A

(i) (ii)

(iii) (iv)

C

(i) (ii)

(iii) (iv)
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Figure 4.16: Particle cross sections viewed under SEM for HTP 3 (SRC) illustrating two 

different highly crystalline zeolite phases present in hydrothermal product 
 

 
Figure 4.17: Particle cross sections viewed under SEM for i to iii) HTP 3 (SRC), and iv) HTP 11 
(pH14m30), illustrating the etching of quartz phase which has occurred during hydrothermal 

treatment 

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)
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Figure 4.18: Particle cross sections viewed under SEM for i and ii) HTP 3 (SRC), iii) HTP 13 

(pH14.48m30), and iv) HTP 28 (Ash C), illustrating the morphology of unreacted mullite 
present in hydrothermal product 

 

 
Figure 4.19: Particle cross sections viewed under SEM for HTP 3 (SRC) illustrating the 

morphology of unreacted iron mineral phases present in hydrothermal product 

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)
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Figure 4.20: Particle cross sections viewed under SEM for i) HTP 3 (SRC), ii) HTP 27 (AshB), 
iii) HTP 28 (AshC), and iv) HTP 9 (pH13), illustrating the morphology of hydrothermal phase 
binding with unreacted fly ash to form aggregated product, produced under low pH conditions 

 

 
Figure 4.21: Particle cross sections viewed under SEM for i to ii) HTP 11 (pH14m30), and iii to 

iv) HTP 13 (pH14.48m30), illustrating the morphology of hydrothermal phase binding with 
unreacted fly ash to form aggregated product, produced under high pH conditions 

(i) (ii) 

(iii) (iv) 

(i) (ii) 

(iii) (iv)
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Figure 4.22: Particle cross sections viewed under SEM for i to iii) HTP57 ((K+)pH14m30), and 
iv) HTP 75 ((Li+)pH14m30), illustrating the morphology of hydrothermal phase binding with 
unreacted fly ash to form aggregated product, produced in the presence of different cations 

 

 
Figure 4.23: Unit cell dimensions for quartz phases in hydrothermal treatment products 

resulting from hydrothermal treatments of varying p, as a function of yield expressed as a 
fraction (see Equation 4.5), where fraction ≥ 0.2* 

 

                                                      
* For fraction < 0.2 the error in a and c increases substantially, where εa = 2σa and εb = 2σb where σa 
and σb are calculated by Rietica during refinement 

(i) (ii) 

(iii) (iv)
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All of the hydrothermal experiments presented were conducted using the non-agitated batch 

hydrothermal process, which was expected to follow the reaction mechanism illustrated in 

Figure 3.2A.  Figures 4.20 to 4.22 confirm this in part, however the zeolite phase has not 

grown to surround ash particles, encapsulating them and isolating them from dissolution, 

instead they have grown into the spaces between particles, and joined ash particles (present 

in close proximity to each other as sediment at the bottom of the non-agitated reactor) 

together like a glue (see Figure 4.15(ii)).  The difference is likely to be due to the absence of 

viscous effects in non-agitated systems which are present in agitated systems.  This type of 

growth creates a spongy macro-scale particulate product which allows access for the 

continued dissolution of fly ash particles with time, and whose morphology changes with 

changing hydrothermal treatment conditions and zeolite products (see Figures 4.20 to 4.22 

and Table 4.15). 

 

In the context of question 1 of Section 2.6.3 and hypothesis 1 of Section 3.1: 

• Glass is the most reactive phase even given the significant presence of iron (see 

Tables 4.9, 4.10, and 4.13) as indicated by transformation 5 above 

• Quartz particles are often large and subsequently have small surface areas (see Figure 

4.17), but the appearance of etching following hydrothermal treatment is a testament 

to their reactivity 

• The dissolution of glass has exposed mullite crystals, which are small with high 

surface areas, to the hydrothermal solution.  However no signs of dissolution are 

evident which supports previous authors’ claims that mullite is the least reactive of 

the major contributing aluminosilicate reactants (see Section 2.5.3.1.1.1). 

• The notion that increased iron content in glass reduces its reactivity is supported by 

the growth rings of zeolite product in HTP 13 (see Figure 4.21 (iii and iv)), where 

initial zeolite growth at the centre of particles has low atomic number (low iron) and 

last stages of growth (outer most growth rings of zeolite particles) have significantly 

higher atomic number (high iron).  Consequently high iron glass must be dissolving 

near the end of hydrothermal treatment. 

• Transformation 3(ii) alludes to the dissolution of reactive phases (probably glass) in 

close proximity to high iron phases, subsequently the reactive phase is expected to 

contain significant iron which has not inhibited its dissolution 

• There is no evidence that iron mineral phases are dissolving 
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4.2.2.2 Agitated 
Four hydrothermal product samples produced using different agitated hydrothermal 

treatments and analysed using SEM are presented, two of which were seeded with ground up 

product from previous hydrothermal treatments to help shed light on question 3 of Section 

2.6.3, and hypothesis 3 of Section 3.1. 

 

From the un-seeded treatments (see Figures 4.24 and 4.25) the primary location for sodium 

enriched phases were spread over the outer surfaces of unreacted particles, some which are 

thick, see Figure 4.24(ii), and some thin, see Figure 4.24(iii and iv). 

 

By seeding the hydrothermal system, the primary location for sodium enriched phases has 

shifted with the significant presence of product faces independent of unreacted fly ash phases 

(see Figures 4.26(i to iii), and 4.27(ii and iii)), although product phases are still present on 

the external surfaces of unreacted ash particles (see Figures 4.26(iii and iv) and 4.27(iv to 

vi)). 

 

Another phenomenon which is clearly evident in these samples is the shrinking core 

dissolution of reactive glass phases with the outline of original particles surviving in the 

form of unreacted mullite phases (see Figures 4.25(iii), 4.26(iv), and 4.27(iv and v)), this 

phenomenon was not so definably evident in non-agitated synthesis, two reasons are 

proposed: 

1. Dissolution of reactive phases is much higher under the non-agitated conditions 

characterised due to much higher reaction temperatures (see Figure 4.18) 

2. The difficulty in distinguishing between unreacted glass and hydrothermal products 

within the aggregate which forms the bulk of material produced by non-agitated 

hydrothermal treatment (see Figure 4.20) 

 

In continuous processing, reactants and products are present together at all times in the 

reactor.  Seeding allows this condition to be duplicated in a batch process and the contrasting 

results between seeded and un-seeded experiments support hypothesis 3 of Section 3.1*. 

 

                                                      
* The evidence of unreacted glass in unobstructed shrinking core and the constant composition of 
zeolite in product (see Section 4.3.7), suggests that under these conditions (agitated at 80°C) the 
hydrothermal system is under a bottleneck limitation relating to the dissolution of reactants.  These 
conditions are good to mitigate encapsulation problem, and subsequently not the best to demonstrated 
the problem 
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Figure 4.24: Particle cross sections viewed under SEM for HTP 64 (T80pH14m10), illustrating 
morphological features of un-seeded agitated hydrothermal treatment products, including A) 

sodium containing product phases, B) regions of etched reactant, and C) unreacted fly ash core 

 

 
Figure 4.25: Particle cross sections viewed under SEM for HTP 105 (T80pH14x1) illustrating 

typical morphological features of un-seeded agitated hydrothermal treatment products 

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)
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Figure 4.26: Particle cross sections viewed under SEM for HTP 106 (105-s-T80pH14x1) 
illustrating morphological features of seeded agitated hydrothermal treatment products 

 

(i) (ii)

(iii) (iv)
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Figure 4.27: Particle cross sections viewed under SEM for HTP 104 (101-s-T80pH14x1AshG), 

illustrating typical morphological features of seeded agitated hydrothermal treatment products 

 
 

(i) (ii)

(iii) (iv)

(v) (vi)
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4.2.3 Product Composition 
By studying the compositions of both reactants and products an insight into the chemistry 

and chemical transformations which take place during hydrothermal treatment can be gained.  

This work is split into four sections, i) bulk composition, ii) phase composition, iii) 

amorphous composition, and iv) trace elements. 

 

4.2.3.1 Bulk Composition and Iron Tracer 
It is the changes in the bulk composition of hydrothermal treatment products which result 

from changing treatment conditions that are the primary means of evaluating the influence of 

reaction chemistry on the hydrothermal outcome as presented in Section 4.3. 

 

XRF bulk chemical analysis was conducted on a selection of hydrothermal product samples, 

the results are presented in Table 4.14 below.  The bulk mineral composition of products was 

determined by quantitative XRD, a selection of results is presented in Table 4.15 below, and 

the full set of results is presented in Appendix B. 

 

During the hydrothermal process some elements from the fly ash are leached and not present 

in solid product, while others present in aqueous reactants form part of the solid product (e.g. 

Na, H2O).  Iron has a low solubility under hydrothermal reaction conditions, therefore all 

iron inputted from the fly ash can be assumed to be present in the hydrothermal product.  If 

Fe2O3 is used as a tracer, changes in the total Al and Si content and in the quartz, mullite and 

zeolite contents can be quantified. 

 

By using iron as a tracer, the yield of component i (Yi), expressed as grams of component i 

in product per gram of fly ash used, can be calculated using Equation 4.3.  For reactants the 

yield can be expressed as a fraction of original amount in grams of component in product per 

gram of that component in fly ash, calculated using Equation 4.4.  Yields for a selection of 

hydrothermal treatment products are given in Table 4.16 and Figures 4.28, 4.29, and 4.31. 
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Table 4.14: Bulk chemical analysis of hydrothermal treatment products by XRF (wt%) 

HTP SiO2 Al2O3 Fe2O3 Na2O K2O CaO MgO 
1 43.8 23.6 14.3 4.54 0.62 1.75 1.14 
3 38.6 24.1 14.6 6.52 0.42 1.77 1.15 
4 48.7 23.3 14.3 2.59 0.73 1.72 1.12 
5 39.3 24.2 14.5 7.48 0.41 1.78 1.15 
8 52.7 23.2 14.0 0.47 0.90 1.71 1.10 
10 51.7 23.3 14.1 1.11 0.86 1.72 1.12 
11 39.4 23.6 13.9 9.05 0.26 1.71 1.11 
12 35.1 25.2 13.7 11.1 0.08 1.67 1.11 
13 32.6 22.4 13.2 15.5 0.03 1.62 1.06 
20 50.9 23.8 14.1 1.06 0.86 1.75 1.13 
21 49.4 24.1 13.8 1.68 0.78 1.73 1.13 
22 49.2 24.0 13.8 1.75 0.76 1.74 1.13 
23 49.0 22.9 13.7 2.68 0.57 1.66 1.08 
24 49.9 23.0 13.8 2.31 0.67 1.69 1.09 
25 51.3 23.6 13.8 1.37 0.81 1.72 1.11 
26 51.7 23.6 13.9 0.90 0.87 1.72 1.13 
27 36.3 25.8 13.2 8.03 0.40 1.69 1.13 
28 36.3 26.4 12.5 8.70 0.39 1.68 1.13 
29 36.4 24.7 15.3 6.90 0.35 1.88 1.34 
36 40.1 24.3 13.4 6.79 0.46 1.73 1.13 
39 49.9 24.3 14.2 1.23 0.85 1.77 1.14 
40 39.4 24.6 13.9 6.72 0.46 1.76 1.15 
43 33.3 23.7 14.1 14.3 0.09 1.72 1.13 
45 38.9 24.2 13.9 7.54 0.26 1.76 1.14 
51 33.3 23.7 14.0 14.1 0.17 1.74 1.13 
52 34.4 23.4 14.2 12.8 0.33 1.73 1.13 
53 42.5 22.2 13.7 8.23 0.66 1.66 1.06 
57 43.5 22.9 13.9 0.44 8.09 1.67 1.09 
67 38.7 24.2 14.0 6.81 0.43 1.76 1.13 
68 40.7 33.0 3.51 9.14 0.17 2.96 0.68 
69 39.6 37.6 3.10 7.71 0.26 1.24 0.70 
70 46.8 25.7 1.19 9.85 1.44 0.23 0.25 
71 38.3 27.4 1.47 7.69 1.40 0.35 0.32 
72 60.2 9.85 22.3 2.37 0.25 0.93 0.59 
73 48.1 16.2 21.7 3.91 0.37 1.49 1.00 
75 44.1 19.0 12.0 0.26 0.29 1.34 0.92 
76 46.4 22.8 14.0 4.65 0.77 1.68 1.10 
78 40.6 24.4 14.0 6.27 0.46 1.75 1.15 
80 42.0 24.0 13.5 5.87 0.49 1.70 1.10 
82 44.1 24.3 13.7 4.73 0.51 1.74 1.13 
84 47.8 24.4 14.8 2.24 0.67 1.79 1.16 

 

Table 4.15: Bulk mineral analysis of a selection of hydrothermal treatment products (wt%) 

HTP Quartz Mullite SOD CAN CHA ANA GIS GME LTL MAZ Other[A] 
2.35 9.70   19.2 1.16 0.54 2.01   65.0 3 ±0.14 ±0.43   ±0.9 ±0.17 ±0.16 ±0.22   ±1.1 
11.7 11.6   4.67 0.17 1.54 2.30   68.1 9 ±0.4 ±0.5   ±0.41 ±0.16 ±0.21 ±0.25   ±0.9 
5.61 11.1 14.0 7.29       62.0 11 ±0.18 ±0.4 ±0.4 ±0.34       ±0.8 
1.24 4.02 2.83 46.5       45.4 13 ±0.10 ±0.28 ±0.40 ±1.1       ±1.3 
0.51 11.8   24.5 2.71  1.74   58.8 27 ±0.09 ±0.5   ±1.0 ±0.23  ±0.24   ±1.2 

 11.6   27.4 5.51  0.48   55.0 28  ±0.5   ±1.0 ±0.28  ±0.22   ±1.2 
6.24 12.4       15.7 3.95 61.8 57 ±0.26 ±0.6       ±0.8 ±0.45 ±1.2 
16.7 14.4     21.1    47.9 105 ±0.4 ±0.5     ±0.6    ±0.9 
15.4 14.5     24.4    45.7 106 ±0.4 ±0.5     ±0.6    ±1.0 

[A] X-ray amorphous phases and iron based mineral phases (see Section 4.1.2.3) 
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Table 4.16: Component yield for of a selection of hydrothermal treatment products 

Component HTP 3 HTP 11 HTP 13 HTP 27 HTP 28 HTP 57 
SiO2

[A] 714 ±1 765 ±1 667 ±1 765 ±1 823 ±2 845 ±1 
Al2O3

[A] 1010 ±2 1039 ±2 1038 ±2 995 ±2 1026 ±2 1008 ±2 
Quartz[A] 171 ±12 430 ±21 100 ±9 56 ±10   479 ±26 
Mullite[A] 921 ±77 1109 ±88 422 ±42 955 ±74 923 ±71 1233 ±104 
SOD[B]   143 ±5 30 ±4       
CAN[B]   74 ±3 500 ±12       
CHA[B] 187 ±9     252 ±10 298 ±10   
ANA[B] 11 ±2     28 ±2 60 ±3   
GIS[B] 5.3 ±1.5           

GME[B] 20 ±2     18 ±2 5.2 ±2.3   
LTL[B]           160 ±9 
MAZ[B]           40 ±5 

Other[A][C] 826 ±18 827 ±15 637 ±20 778 ±19 761 ±20 824 ±20 
[A] Yield expressed as a fraction of original component in mg per g of original component in fly ash [B] yield of component 
expressed in mg per gram of fly ash reactant used, [C] X-ray amorphous phases and iron based mineral phases (see Section 
4.1.2.3) 
 

From plots of the Al2O3 and SiO2 bulk chemistry yields for a selection of hydrothermal 

treatment products, see Figures 4.28 and 4.29, it is apparent that: 

i. There has been a significant reduction in the quantity of silicon following 

hydrothermal treatment, with no obvious reduction in aluminium.  This phenomenon 

has been quantified through the analysis of aqueous waste from a selection of 

hydrothermal treatments; see Table 4.17 and Figure 4.30. 

ii. There is apparently more aluminium in many products than in respective reactants, 

indicating that the assumption of zero iron loss during hydrothermal treatment is 

flawed.  From Table 4.17 and Figure 4.30 we see that not only is iron lost to the 

aqueous waste, but the quantity lost varies with changing hydrothermal treatment 

conditions, supported in principle by the strong correlation of Al2O3 with particle size 

in Figure 4.28B. 
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From Figures 4.29 and 4.31 it is apparent that mullite has been concentrated in products 

more than Al2O3 in non-agitated synthesis, possible causes include: 

1. Zeolite and gel products are sticking to reactor more than reactants, concentrating 

reactants up in extractable material* 

2. Dense iron rich particles concentrate near bottom of sediment during settling 

therefore is concentrated in residue stuck to reactor, and depleted in extractable 

product 

3. Regular heterogeneity and spatial variability of fly ash between each experiment 

4. Over estimation of mullite composition in hydrothermal treatment products from 

quantitative analysis 

5. Under estimation of mullite composition in fly ash from quantitative analysis 

6. Mullite phase is growing during hydrothermal treatment 

7. Fine iron mineral and zeolite particles are imbed into filter paper and subsequently 

depleted in characterised products 

 

To better understand the types of transformations which have taken place it is convenient to 

express the quantity of unreacted reactants as a fraction of their original quantity.  For the 

study of hydrothermal chemistry, see Section 4.3, this was done by taking the ratio of the 

composition of unreacted phase in product (wt%) with that in ash reactant (wt%), see 

Equation 4.5. 

 

 Ash
i

HTP
i

i x
x

F =  (4.5) 

 

There are three competing phenomena which take place during hydrothermal treatment 

which influence the value of Fi including: 

i. The dissolution of phase i resulting from hydrothermal treatment 

ii. The net dissolution and loss of fly ash components to the hydrothermal solution 

reducing the total mass of solid product relative to fly ash reactant 

iii. The reaction of aqueous components of hydrothermal solution (M+ and H2O) to form 

solid product phases which form part of solid product produced from hydrothermal 

treatment, increasing the total mass of solid product relative to fly ash reactant 

 

                                                      
* During non-agitated treatment reactants and products aggregate together into a single fused block, 
even with forceful chiselling and scraping with screw driver a residue remains stuck to reactor walls, 
prior to next treatment run residue is removed by dissolution in concentrated NaOH solution at 
elevated temperatures followed by further scraping and rinsing 
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Notes: 

a. For an individual hydrothermal treatment product, the influence of phenomena (ii) 

and (iii) above are the same, therefore the differences between Fi are solely the result 

of phenomena (i) 

b. Where substantial variation in the dissolution of phase i occurs between different 

hydrothermal treatment conditions, the variation of phenomena (i) between different 

treatments is expected to be significantly greater than the variation in phenomena (ii) 

and (iii), in which case trends in Fi can be discussed qualitatively in terms of trends 

in phenomena (i) 

 

To gauge the validity of the assumption made in note (b) above, Fi from a selection of 

hydrothermal treatments over changing conditions are presented in Figure 4.31 along with 

yields calculated using the iron tracer method discussed previously.  The iron tracer method 

eliminates all of phenomena (ii) and (iii) with the exception of iron dissolution.  Although 

there is a slight variation in relative results between the two methods, the trends are 

preserved, supporting the assumption made in note (b). 

 

 
Figure 4.28: Component yield expressed as a fraction (see Equation 4.5), and as a function of A) 

Bulk Si/Al mole ratio, B) Average particle size (D50), and C) Amorphous phase Fe2O3 
composition in fly ash reactant 

 

A 

C 

B 
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Figure 4.29: Component yield expressed as a fraction (see Equation 4.5), and as a function of A) 

Reaction time*, and B) reaction temperature† 

 

Table 4.17 : Elemental analysis for a selection of post synthesis hydrothermal and reference 
solutions [A] (mg L-1) 

  H2O[B] Rxn[C] HTP 110 HTP 108 HTP 111 HTP 112 
pH[D]   14.30[E] 14.27[F] 14.24[F] 14.18[F] 14.04[F] 

p    200 100 50 25 
Element[G]        
Silicon Si <0.1 <0.1 253 408 651 906 
Aluminium Al <0.05 0.05 3.55 2.85 2.45 1.20 
Iron Fe <0.02 <0.02 0.80 0.72 1.12 1.04 
Sodium Na <0.5 2240 2150 2000 1790 1310 
Potassium K <0.5 1.0 24.0 39.5 59.0 57.0 
Calcium Ca <0.05 <0.05 <0.05 <0.05 0.05 0.15 
Magnesium Mg <0.05 <0.05 <0.05 <0.05 <0.05 0.10 
[A] 50 mL of filtrate from HTP 110, 108, 111, and 112, and 50 mL of reaction solution from HTP 110 recipe were collected 
(before washing were relevant) and made up to 1 L in a volumetric flask for analysis, results presented are for diluted solutions 
(multiply by 20 to get original concentration).  Solutions were diluted to minimise reaction or precipitation, [B] Double distilled 
water used in solution preparation and dilutions, [C] Prepared using solution recipe for HTP 110, [D] Hydrothermal solution pH 
prior to dilution,  [E] calculated from recipe, [F] based on titration of diluted solution, [G] Analysed by ICP-AES 
 

 
Figure 4.30: Composition of diluted post synthesis hydrothermal solutions as a function of 

treatment condition p 

 

                                                      
* HTP’s 1, 5, 36, and 67 
† HTP’s 67, 78, 80, 82, 84, and 86 

A B 
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Figure 4.31: Relationship between mineral composition trends expressed as a function of 

composition (Fi, see Equation 4.5) to those expressed as a fractional yield (Fi
Y, see Equation 4.4), 

for A) varying reaction temperature*, and B) varying reaction time† 

 

4.2.3.2 Zeolite Phase Composition 
The macro aggregated product particles are too complicated to discriminate between the 

different zeolite phases and aluminosilicate gel, therefore the EDS analysis of zeolites was 

limited to the highly geometric crystalline phases which are clearly identifiable. 

 

From fly ash characterisation (see Section 4.2.1) we know that a significant portion of iron is 

present in the glass phase of fly ash A (standard reference ash).  However this has not 

prevented it from being dissolved by the alkaline hydrothermal solution.  The iron released 

by glass dissolution has been incorporated into the zeolite phases produced by hydrothermal 

reaction (see Table 4.18), although it is unknown how it is incorporated (within framework, 

as a charge balancing cation, or discreet nano-particles). 

 
                                                      
* HTP’s 67, 78, 80, 82, 84, and 86, note for clarity, temperature error bars have only been placed on 
one series, they are the same at each temperature condition for all series. 
† HTP’s 1, 5, 36, and 67 

A 

B 
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Although the fly ash has significant chemical and mineralogical variation, the variation in 

the composition of zeolite particles (A and B) from SRC and illustrated in Figure 4.15(iii) is 

low, see Table 4.18. 

 

Table 4.18 : Chemical composition of phases analysed using EDS analysis of zeolite phases of 
type A and B in sample HTP 3 (SRC) as illustrated in Figure 4.15(iii) (wt%) 

Phase[A] SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 H2O Tot 
Average 56.3 18.4 5.09 0.15 0.03 12.1 0.09 0.11 0.11 8.11 100.6 A Standard Deviation 1.6 0.6 0.50 0.26 0.09 0.7 0.08 0.07 0.17 1.04 2.9 
Average 56.3 22.6 2.29 0.48 0.00 10.2 2.14 0.56 0.05 5.17 99.9 B Standard Deviation 2.5 1.1 0.42 0.17 0.01 1.9 1.40 0.13 0.05 1.19 3.2 

[A] Compositions based on 14 analysis points for phase A, and 10 for phase B 
 

4.2.3.3 Amorphous Phase Composition 
A consequence of large (mm scale) product particles with spongy structure is that reactant 

solution containing NaOH and NaNO3 can in principle be isolated from the wash procedure, 

and be present in the product.  The presence of NaOH and NaNO3 in products is supported 

by their bulk Na2O contents, see Table 4.14, which are larger than prescribed by the zeolite 

phases present, see Table 4.15 and Appendix B.  However neither NaOH nor NaNO3 were 

detected in any XRD patterns.  The discrepancy is most likely due to the formation of 

amorphous aluminosilicate gel (see Section 2.5.3.1.1.1), which has not crystallised to form 

any zeolite.  Either way additional X-ray amorphous phases contribute to the “other” 

components in Table 4.15.  Under these circumstances the dissolution of amorphous glass 

phases in fly ash cannot be investigated directly using quantitative XRD results. 

 

An approximate bulk composition of the “other” components in hydrothermal treatment 

products can be calculated from the bulk chemical composition of product from XRF (see 

Table 4.14), its bulk mineral composition from XRD (see Table 4.15 and Appendix B), and 

from unit cell formula of mineral phases (see Appendix A for reactants, and Table 4.19 for 

zeolite phases*).  The approximate bulk composition for a selection of hydrothermal 

treatment products is presented in Table 4.20 below. 

 

                                                      
* The unit cell formula for LTL and MAZ used for approximation of “other” composition for HTP 57 
are K4.63Na6(Al10.63Si25.38O72)(H2O)21.78 and K2.76Mg2Ca0.84(Al8.44Si27.56O72)(H2O)32.38 respectively 
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From the results in Table 4.20 it is immediately evident that some calculations have 

produced negative results for sodium composition.  Proposed potential causes of negative 

sodium composition calculated for the “other” phases are: 

1. Idealised unit cell formula used in calculations differ significantly from true 

composition by way of; 

• Containing a mix of charge balancing species 

• May have different Si/Al ratio 

• May contain different levels (including none) of occluded NaOH or NaNO3 

2. Overestimation of zeolite yields 

3. A low to zero yield of amorphous gel phase 
 

At any rate a significant quantity of successive calculations using high uncertainty data and 

assumptions to produce these results means they are qualitative in nature 

 

From the results in Figure 4.32 the significant presence of sodium in the X-ray amorphous 

phase indicates the presence of gel or very small (X-ray amorphous) zeolite phases, with low 

or negative values indicating low yields of these phases. 

 

For the reaction conditions pH14.3x1 with varying p (all other variables at SRC), the zeolite 

yields were not sufficiently high to introduce too much unmeasured uncertainty (bias) into 

the composition of Na in “other” phases.  The decreasing SiO2 composition with increasing p 

is probably due to loss of Si to the aqueous waste stream (see Section 4.2.3.1), the significant 

concentration of Na2O is indicative of the significant presence of amorphous gel or X-ray 

amorphous zeolite phases, and the increasing concentration of Na2O with increasing p is 

indicative of a reduction in unreacted glass with increasing p akin to the increased 

dissolution of quartz with increasing p (see Figure 4.45A). 
 

Table 4.19: Theoretical properties of zeolite phases used in or calculated from quantitative 
analysis 

Zeolite Unit Cell Formula[A] Framework 
Structure 

Specific 
Gravity[B] 

Cation 
Exchange 
Capacity[C] 
(meq g−1) 

Sodalite Na8(Al6Si6O24)(OH)2(H2O)3.9 SOD 2.27-2.33 ---[D] 
Cancrinite Na8(Al6Si6O24)(OH)2(H2O)4.8 CAN 2.30-2.32 5.89[E] 
Zeolite ZK-14 Na14.4(Al11.1Si24.9O72)(OH)3.3(H2O)35.7 CHA 2.04-2.07 3.49 
Analcime Na16(Al16Si32O96)(H2O)16 ANA 2.24-2.25 4.54 
Zeolite P1 Na6(Al6Si10O32)(H2O)13.6 GIS 2.11-2.16 4.49 
Gmelinite Na8(Al8Si16O48)(H2O)24 GME 2.01 3.90 
[A] used in Rietveld refinement, [B] calculated during Rietveld refinement [C] calculated from unit cell formula based on 
exchangeable cations, does not include occluded NaOH, [D] all Na contained within sodalite cage is assumed unavailable for 
exchange, [E] 2b occupancy site within sodalite cage is assumed unavailable for exchange, also assumed that NaOH occupies 
2b site for Na.  If NaOH is fully occupied by the 6c occupancy site for Na, the cation exchange capacity is calculated to be 3.93 
meq g−1 
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Table 4.20: Approximate bulk composition of “other” phases for a selection of hydrothermal 
treatment products 

Component HTP 3 HTP 11 HTP 13 HTP 27 HTP 28 HTP 57 
SiO2 35.2 ±1.0 37.6 ±0.7 28.3 ±1.2 32.3 ±1.1 31.3 ±1.1 38.1 ±1.2 
Al2O3 19.7 ±0.6 14.6 ±0.6 10.2 ±0.9 20.2 ±0.8 21.3 ±0.9 16.8 ±0.8 
Fe2O3 22.5 ±0.4 22.4 ±0.3 29.1 ±0.8 22.5 ±0.5 22.7 ±0.5 22.5 ±0.4 
Na2O 2.0 ±0.3 0.7 ±0.4 -9.4 ±1.1 2.4 ±0.4 1.8 ±0.4 -2.0 ±0.2 
K2O 0.6 ±0.0 0.4 ±0.0 0.1 ±0.0 0.7 ±0.0 0.7 ±0.0 10.7 ±0.5 

 

 
Figure 4.32: Approximate bulk composition of “other” phases as a function of treatment 

condition p* 

 

4.2.3.4 Trace Elements 
From the analysis of trace element concentrations in fly ash (see Table 4.11) and 

hydrothermal treatment products following various hydrothermal conditions covering a 

range of different zeolite phases (see Table 4.21 below), showed some elements were 

significantly reduced in concentration (As and Mo), some were slightly reduced (Hg, Pb, Cu, 

V), some stayed constant (Cr, Ni, Zn), and some were already at or below the detection limit 

of analysis (B, Cd, Se).  Most of the elements of greatest concern have been reduced in 

concentration to or below their average levels in soil, shale, or crust.  However it is trace 

element mobility which is the true indicator of environmental suitability. 

 

From the results of leaching tests (see Tables 4.12 and 4.22) it is clear that with the exception 

of HTP’s 57 and 75 the trace element mobility of elements in hydrothermal treatment 

products is lower than that of fly ash, and the mobility of elements from agitated 

                                                      
* For HTP’s 51, 52, 53, and 76 
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hydrothermal reactor products (HTP’s 104, 106, and 108) are lower than the natural 

reference samples given in Table 4.12. 

 

For comparison with the fertiliser industry in Australia, Table 4.23 lists typical trace element 

concentrations for single superphosphate in Australia, which has comparable trace element 

compositions to the hydrothermal treatment products listed in Table 4.21.  In addition the 

contaminants in phosphate fertilisers are present as inorganic salts (McLaughlin, et al. 2000) 

making them significantly more mobile than their zeolite counterparts. 

 

In Australia regulations vary from state to state.  Cadmium is the main focus of regulatory 

control in fertilisers, with limits ranging from 10 ppm for non-phosphorous fertilisers to 500 

ppm for phosphorous fertilisers.  In Queensland Hg is limited to 2 ppm and Pb to 50 and 500 

ppm for phosphatic and trace element fertilisers respectively (McLaughlin, et al. 2000).  

From these limits, and the trace element analysis of hydrothermal treatment products (see 

Table 4.21), it does not appear that trace elements will present a significant barrier to the 

utilisation of fly ash zeolites as fertilisers. 

 

Given the high mobility of aluminium in HTP 75 and Fly ash C and corresponding high trace 

element mobility, it is reasonable to conclude that stable non-reactive phases are desirable as 

products, for safe application in agriculture.  Clearly some products perform better than 

others, and given the importance of trace element in agriculture, trace element composition 

and mobility should be determined and considered on a case by case basis prior to 

application in Agriculture. 

 

Table 4.21 : Trace element analysis for a selection of hydrothermal treatment products (ppm) 

Element[A]  HTP9 HTP11 HTP13 HTP27 HTP28 HTP53 HTP57 HTP67 HTP76 
Elements of greatest concern 
Arsenic As 1.0 <1.0 <1.0 1.0 <1.0 1.0 <1.0 <1.0 3.59 
Boron B <20 20 40 20 <20 20 40 20  
Cadmium Cd 0.5 0.5 <0.5 1.0 1.5 0.5 <0.5 0.5 1.13 
Mercury Hg 0.04 0.05 0.06 0.1 0.05 0.04 0.05 0.09 1.01 
Molybdenum Mo 2.5 2.5 1.5 1.5 1.0 2.0 3.0 2.0 3.61 
Lead Pb 45 49 30 66 76 38 45 41 51.5 
Selenium Se <5 <5 <5 <5 <5 <5 <5 <5 3.02 
Elements of Moderate Concern 
Chromium Cr 150 200 150 150 150 150 200 150 184 
Copper Cu 77 79 55 98 94 67 78 76 52.6 
Nickel Ni 248 270 258 282 256 240 286 256 173 
Vanadium V 96 98 36 46 34 84 96 68 67.9 
Zinc Zn 176 196 180 303 330 157 185 189 95.1 
[A] Classified according to environmental concern as presented by Clarke and Sloss (1992) 
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Table 4.22: Trace element leaching analysis for a selection of hydrothermal product samples 

 (µg L-1) 

HTP 4 9 13 28 53 57 68 75 97 104 106 108 
Analysis Conditions[A] 
Mass[B] 1.034 1.040 1.072 1.504 5.099 0.983 1.497 1.513 1.072 1.492 1.512 5.043
Volume[C] 20 20 20 20 100 20 20 20 20 20 20 100 
pH[D] 4.87 4.87 2.93 4.97 2.93 2.93 4.97 2.88 4.87 4.97 4.97 4.87 
Elements of greatest concern[E] 

As 3.32 2.65 1.56 <0.2 1.56 1.56 5.59 53.8 1.83 <0.2 <0.2 1.71 
B 20 <10 <10 10 130 20 100 100 <10 20 <10 20 

Cd 1.0 0.1 2.8 0.07 0.3 4.1 0.07 1.05 <0.1 0.02 0.05 <0.1 
Hg <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Mo 3.7 2.5 2.7 7 6.9 0.2 12 124 4.5 6 11 11.5 
Pb 0.2 <0.1 0.2 <0.2 0.1 1.3 <0.2 0.4 <0.1 <0.2 <0.2 <0.1 
Se 14.2 13.3 5.9 10.3 30.9 5.5 4.2 40 20.0 1.35 0.62 2.06 

Elements of Moderate Concern[E] 
Cr 9 8 16 6.0 13 42 20 44 10 7.5 8.9 14 
Cu 6.1 5.7 19 0.6 11 126 0.8 1.0 0.3 0.1 0.1 0.2 
Ni 97 24 60 7.2 47 185 10.9 5.0 1 1.4 6.5 0.4 
V 23 4 4 2.9 25 3 58 484 8 2.1 1.8 7 
Zn 46 35 88 <1 74 570 <1 4 18 4 <1 14 

Bulk Reference Elements 
Al    61   <1 32000  243 6  
Fe    <10   <10 620  <10 <10  

[A] USEPA 1311 (TCLP Leach) procedure, [B] Sample mass (g), [C] Fluid extraction volume (mL), [D] pH of Extraction 
Fluid, [E] Classified according to environmental concern as presented by Clarke and Sloss (1992) 
 

Table 4.23: Concentrations (in ppm) of elements in single superphosphate in Australia, taken 
from McLaughlin, et al. (2000) 

Element Range Mean 
Cd 20 – 49 40 
Cr 20 – 78 61 
Cu 10 – 201 28 
F 9600 – 17400 14300 

Pb 2 – 71 19 
Mo 0.1 – 3.2 0.5 
Ni 1.4 – 7.5 3.9 
Zn 269 – 488 393 

 

Hydrothermal treatment reduces the trace element concentrations from initial concentration 

present in fly ash as previously demonstrated.  A consequence of this phenomenon is the 

accumulation of these elements in the aqueous phase which is of particular relevance for 

processes utilising recycle loops of aqueous phase, and for disposal of aqueous waste 

streams. 

 

To evaluate this phenomenon, the aqueous waste from the agitated hydrothermal treatment 

of fly ash with different p conditions (see Section 4.3.7) were collected and analysed for 

trace elements using ICP-MS, the results are summarised in Table 4.24 below. 
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Table 4.24 : Trace element analysis for a selection of post synthesis hydrothermal solutions and 
reference solutions (ppb) [A] 

  H2O[B] Rxn[C] 110 108 111 112 
pH[D]   14.30[E] 14.27[F] 14.24[F] 14.18[F] 14.04[F] 

p    200 100 50 25 
Elements of greatest concern[1] 
Arsenic As <0.10 0.358 11.3 22.6 43.5 101 
Boron B       
Cadmium Cd <0.10 0.129 0.172 0.214 0.534 0.355 
Mercury Hg <0.10 2.61 0.733 1.20 1.25 1.76 
Molybdenum Mo <0.10 16.3 31.8 59.4 122 267 
Lead Pb 0.145 0.496 6.96 6.31 32.2 15.8 
Selenium Se 0.464 0.886 5.40 11.0 20.2 46.7 
Elements of Moderate Concern[1] 
Chromium Cr 0.575 1.43 3.93 2.80 2.38 2.63 
Copper Cu 1.12 0.783 3.66 2.52 2.70 2.40 
Nickel Ni 0.409 0.357 0.480 0.631 12.6 2.17 
Vanadium V 0.150 0.361 190 328 531 1066 
Zinc Zn 2.98 1.52 13.8 7.92 7.00 5.24 
[A] 50 mL of filtrate from HTP 110, 108, 111, and 112, and 50 mL of reaction solution from HTP 110 recipe were collected 
(before washing were relevant) and made up to 1 L in a volumetric flask for analysis, results presented are for diluted solutions 
(multiply by 20 to get original concentration).  Solutions were diluted to minimise reaction or precipitation, all solutions were 
analysed by ICP-AES, [B] Double distilled water used in solution preparation and dilutions, [C] Prepared using solution recipe 
for HTP 110, [D] Hydrothermal solution pH prior to dilution, [E] calculated from recipe, [F] based on titration of diluted 
solution, [G] Classified according to environmental concern as presented by Clarke and Sloss (1992) 
 

Arsenic, Molybdenum, Selenium and Vanadium are extracted significantly into the 

hydrothermal solution, with waste stream concentrations of these elements increasing with 

decreasing p.  This will need to be accounted for in the design and operation of any 

manufacturing plant. 

 

4.3 Hydrothermal Chemistry 
It is through the various reaction conditions that the chemistry of hydrothermal synthesis 

process can be manipulated and controlled.  First an understanding of the influence of 

reaction conditions on the hydrothermal outcome needs to be achieved.  This work will 

address question 2 in Section 2.6.3, and the findings may present with means of 

manipulating reaction chemistry in the gist of hypothesis 3 in Section 3.1. 

 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 206

4.3.1 Alkalinity and Base (pH, m and x) 
The investigation of the influence of alkaline and basic materials on the hydrothermal 

treatment of fly ash is presented here in the broader context, and in relation to hypothesis 2 

of Section 3.1.  A summary of hydrothermal treatment outcomes for these experiments is 

presented in Figures 4.33 to 4.38*. 

 

From Figure 4.33, where m is fixed and pH is varied, the yields of zeolite produced and 

dissolution of reactants following hydrothermal treatment changes with changing pH.  By 

comparison, from Figure 4.34, where m is varied and pH constant, the abundances and types 

of zeolite produced change with the changing m conditions, this pattern is repeated in Figure 

4.33 where x = 1 (both pH and m changing).  Clearly M+ and OH− play a different role in the 

overall reaction mechanism. 

 

 

 
Figure 4.33: Mineral compositional trends for hydrothermal treatment products as a function of 

reaction pH, grouped according to constant m and x 

 

                                                      
* Note: potentially significant water loss occurred for samples HTP 8 (pH12m30 of 3.9%), HTP 12 
(pH14.3m30 of 3.8%), HTP 38 (pH12x1 of 4.2%), HTP 40 (x1 of 3.5%), and HTP 48 (m20 of 3.8%) 
over the duration of hydrothermal treatment 
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Figure 4.34: Mineral compositional trends for hydrothermal treatment products as a function of 

m, grouped according to constant pH 
 

To better visualise the changes which are taking place in the fly ash reactants, their 

composition in products are plotted as functions of the changing reaction conditions (see 

Figures 4.35 and 4.36).  From these plots, the following observations are evident: 

1. The dissolution of quartz increases with increasing pH (see Figures 4.35A and 

4.36A) 

2. From x = 1 there is an initial increase in quartz dissolution with increasing m, 

followed by a decrease (see Figures 4.35A and 4.36A) 

3. Mullite does not dissolve until the pH passes above a critical value which is above 

pH 14 (see Figure 4.35B and 4.36B) 

4. From x = 1 there is an initial increase in mullite dissolution with increasing m, 

followed by a decrease (see Figure 4.36B) 

5. The fraction of original component composition for “other” (iron mineral and X-ray 

amorphous) phases remains close to 1 even in the face of substantial mullite (which 

is encapsulated within glass phase) dissolution, indicating the significant presence of 

an amorphous aluminosilicate gel or X-ray amorphous zeolite phases 

6. In Figure 4.35C there is a general decrease in other phases with increasing pH and 

constant m.  For x = 1 there is a shift between pH’s 13.65 and 14 toward increased 

other phases which corresponds with a transition towards different types of zeolite 

phases produced (see Figure 4.33) 

7. In Figure 4.36C, starting from x = 1 there is an initial decrease in the other phase 

content with increasing m to a minima followed by an increase as m is increased 

further. 
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By plotting the composition of hydrothermal treatment products produced as a function of 

the changing reaction conditions used (see Figures 4.37 and 4.38), the following 

observations are evident: 

8. Increasing pH at constant m increases the yield of a particular zeolite until a 

maximum is achieved, after which increasing pH results in a decrease in yield (see 

Figure 4.38) 

9. Different zeolite phases have optimal yields at different pH ranges, where the 

optimal pH for CHA < SOD < CAN (see Figure 4.37) 

10. For SOD (see Figure 4.37A) an increase in m from x = 1 sees a decrease in the pH of 

optimal yield at constant m, after which the pH of optimal constant m yield increases 

with increasing m 

11. Increasing m at constant pH increases the yield of a particular zeolite until a 

maximum is achieved, after which further increases in m result in a decrease in yield 

(see Figure 4.38) 

12. CHA is produced and yields are optimised at m < 10, while SOD and CAN are 

produced at m > 5 (see Figure 4.38) 

13. For constant pH, CAN is favoured and optimised at low m relative to x = 1, while 

SOD is favoured and optimised at high m relative to x = 1 (see Figure 4.38 A and B) 
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Figure 4.35: Component composition expressed as a fraction of original component composition 

in fly ash (see Equation 4.5), and as a function of pH, for A) Quartz, B) Mullite, C) Other 

 
 

A 

C 

B 
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Figure 4.36: Component composition expressed as a fraction of original component composition 

in fly ash (see Equation 4.5), and as a function of m, for A) Quartz, B) Mullite, C) Other 

 
 
 

A 

C 
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Figure 4.37: Composition of zeolite phases in products as a function of pH, for A) SOD, B) CAN, 

C) CHA 

 
 
 

A 

C 

B 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 212

 
Figure 4.38: Composition of zeolite phases in products, as a function of m, for A) SOD, B) CAN, 

C) CHA 

 

A 

C 

B 
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In the context of hypothesis 2 in Section 3.1 

1. The dissolution of reactants is most strongly correlated to the OH− concentration 

2. The types of zeolite produced are clearly most strongly correlated to m 

3. There is reduced dissolution of quartz at high m and low x resulting from the 

occupation of soluble space 

4. Since zeolite yield increases with increasing m starting from x = 1, M+ concentration 

must be increasing reaction rates particularly considering that the additional MNO3 is 

occupying soluble space 

5. The presence of MNO3 clearly has two conflicting effects: 

i. At low m, relative to x = 1, its impact on increased reaction rates dominates, 

with increased reaction rates removing dissolved Al and Si from solution 

faster allowing faster dissolution of reactants and increasing overall yield. 

ii. At high m, relative to x = 1, the occupation by MNO3 of soluble space 

dominates reducing the dissolution rates of reactants and total solubility of Al 

and Si, since reaction rates are also proportional to Al and Si concentrations 

in solution, the total dissolution of reactants and yield of products is reduced 

6. All the evidence supports hypothesis 2 of Section 3.1, however the OH− 

concentration does influence the relative yields of zeolite phases produced at 

constant m (see Figure 4.38 A and B), two possible causes are proposed: 

i. The changing OH− concentration changes the dissolution of reactants, 

changing the Si/Al ratio in solution influencing the relative yields 

ii. The changing OH− concentration changes the rates of dissolution of different 

zeolite products to different extents changing the relative equilibrium yield 

ratios between different zeolite products 

 

The increased zeolite formation rates and decreased dissolution rates support in principle 

hypothesis 3 of Section 3.1. 
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4.3.2 Temperature 
The experimental study of the influence of reaction temperature on the outcome of 

hydrothermal treatment of fly ash is presented here.  The upper temperature limit is imposed 

by leaking limitation.  A summary of hydrothermal outcomes for temperature are presented 

in Figures 4.39 and 4.40. 

 

Inspection of Figures 4.39 and 4.40 reveals that increasing reaction temperature results in: 

1. Increased quartz dissolution 

2. Decreased yields of “other” phases (iron and X-ray amorphous phases) 

3. Increased yields of zeolite 

 

 
Figure 4.39: Mineral compositional trends for hydrothermal treatment products as a function of 

reaction temperature, grouped according to M+ 
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Figure 4.40: Component composition of hydrothermal treatment products as a function of 

reaction temperature, for A) reactants expressed as a fraction of original component 
composition in fly ash (see Equation 4.5), and B) zeolite product phases 

 

A 
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4.3.3 Reaction time 
The experimental study into the influence of reaction time on the outcome of the 

hydrothermal treatment of fly ash is presented here.  A summary of hydrothermal treatment 

outcomes for reaction time are presented in Figures 4.41 and 4.42*. 

 

From Figures 4.41 and 4.42 the following observations are apparent: 

1. Excluding t48 as outlier†, increasing reaction time results in increased zeolite yield 

and increased quartz dissolution towards an asymptotic limit (probably due to 

decreasing pH as OH− is consumed and/or encapsulation of quartz in product phases) 

2. For m = 2.5, increased reaction time sees the emergence of new zeolite phases 

(Analcime and Zeolite NaP1), two possible causes are proposed: 

i. Ostwald’s rule of successive phase transformation 

ii. Changing solution chemistry with time 

 

 
Figure 4.41: Mineral compositional trends for hydrothermal treatment products as a function of 

reaction time, grouped according to constant m 

 

                                                      
* Note: potentially significant water loss occurred for samples HTP 6 (t48m30 of 5%) over the 
duration of hydrothermal treatment 
† t3 and t48 have sampling uncertainty (see Section 4.1.3), and t48 is a major outlier in trends 
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Figure 4.42: Component composition of hydrothermal treatment products as a function of 

reaction time, for A) reactants expressed as a fraction of original component composition in fly 
ash (see Equation 4.5), and B) zeolite product phases 

 

4.3.4 Water Content (p) 
The experimental study into the influence of water content (p) on the outcome of the 

hydrothermal treatment of fly ash is presented here.  A summary of hydrothermal treatment 

outcomes for p are presented in Figures 4.43 to 4.46. 

 

Mass transport and sedimentation profiles are a major limitation of non-agitated reactors.  

These effects are compounded at lower p with significant quantities of ash isolated from the 

bulk of reaction solution by sediment depth.  Capping was observed in low p experiments 

where the top cm of solid is aggregated into solid plug, below which solid retains original fly 

ash texture.  The bulk of hydrothermal treatments were conducted at p = 400 to minimise 

this phenomena while still producing sufficient material for characterisation requirements, 

however Figure 4.43 demonstrates that these phenomena are still significant, therefore a 

major contributor to the difference in hydrothermal outcome between agitated and non-

agitated synthesis. 

A 

B 
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Figure 4.43: XRD diffract-o-grams of hydrothermal product collected from the top* and 

bottom† of aggregated sediment‡ produced following a non-agitated hydrothermal treatment 
run§ 

 

From Figures 4.44 to 4.46, the following observations are apparent: 

1. The dissolution of quartz increases with increasing p (see Figure 4.45A) 

2. For pH sufficient to dissolve mullite, mullite dissolution increases with increasing p 

(see Figure 4.45B) 

3. The yield of X-ray amorphous phase increases with decreasing p (see Figure 4.45C) 

4. The types of zeolite produced and their relative yields changes with changing p, four 

possible reasons are proposed: 

i. Sedimentation effects 

ii. At lower p, increased quantities of more reactive high Al glass which 

dissolves first to produce initial solution with lower Si/Al ratio than high p 

iii. At lower p the dissolution of larger quantities of material consumes more 

OH− resulting in a lower pH solution when crystallisation commences 

relative to higher p. 

iv. For x = 1 initial precipitation of gel and zeolites removes significant M+ from 

solution, the level of this precipitation varies with p, and for m = 2.5, the 

initial [M+] varies with p, and [M+] influences the type of zeolite formed (see 

Section 4.3.1) 

5. Higher p produces higher zeolite yields (per g of fly ash) 
                                                      
* Crumbled for easy collection 
† Required significant chiselling and scraping to remove 
‡ Compositional effects are expected to be a function of both particle settling during preparation and 
mass transfer effects during treatment 
§ SRC reaction conditions were used where p = 390.3±6.6, m = 2.49±0.02, 1000(OH/H2O) = 
8.20±0.15, and where H2O lost was 0.89±0.02 % 

Quartz 

CHA CHA 
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Three possible causes of observations 1, 2, and 5 above are proposed: 

1. There is less reactant to dissolve per unit of soluble space in H2O 

2. Due to mass transport limitations and sedimentation effects 

3. Increased effective m in solution due to the dissolution of soluble salts present in fly 

ash of which there is more per unit of soluble space at lower p 

 

 
Figure 4.44: Mineral compositional trends for hydrothermal treatment products as a function of 

p, grouped according to constant pH, m, and x 

 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 220

 
Figure 4.45: Component composition expressed as a fraction of original component composition 

in fly ash (see Equation 4.5), and as a function of p, for A) quartz, B) mullite, and C) other 

 
 

A 

C 

B 
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Figure 4.46: Composition of zeolite phases in products, as a function of p, for A) SOD, B) CAN, 

and C) CHA 

 

A 

C 
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4.3.5 Ash Properties 
When using different fly ashes more things are changing than bulk Si/Al ratio, variables 

which may in part influence the hydrothermal outcome include glass Si/Al Ratio (n), quartz 

and iron contents, particle size and surface area.  By plotting reactant fractions (Fi) and 

product compositions as functions of these variables, their importance to the various 

hydrothermal transformations can be evaluated shedding light on question 1 of Section 2.6.3, 

and hypothesis 1 of Section 3.1.  A summary of outcomes from the hydrothermal treatment 

of different ashes is presented in Figures 4.47 to 4.53*. 

 

 
Figure 4.47: Mineral compositions for various hydrothermal treatment products and their 

source ashes  

 

From analysis of the influence of composition on the hydrothermal outcome, as presented in 

Figures 4.47 to 4.50, the following observations are evident: 

1. For mullite: 

• There is no solid correlation between mullite fraction (Fi) and fly ash n, 

surface area, glass Fe2O3 composition, or with initial mullite composition. 

• The absence of any significant correlation for mullite yield between different 

fly ashes is in part due to its very low reactivity under the pH conditions 

used. 

                                                      
* Note: potentially significant water loss occurred for samples HTP 27 (AshB of 4.5%), HTP 28 
(AshC of 4.6%), and HTP 69 (AshF of 3.2%) over the duration of hydrothermal treatment 
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2. For quartz: 

• There is a strong correlation between bulk n in fly ash, and quartz dissolution 

following hydrothermal treatment (see Figure 4.49A), however this 

correlation is due to the strong correlation between the quartz content of fly 

ash, and the bulk n in fly ash. 

• There is an apparent correlation between the quartz yield and Fe2O3 

composition of fly ash amorphous phase (see Figure 4.51A) however this is 

an artefact of the strong correlation between quartz and Fe2O3 (see Figure 

4.50BA) 

• The strong correlation between quartz yield and its original composition (see 

Figure 4.48A) indicates that the other fly ash properties have only a small 

influence over quartz dissolution 

3. For “other” (iron mineral and X-ray amorphous): 

• The weak correlation between the yield of “other” phases and its original 

composition (see Figure 4.48) indicates that there are other fly ash properties 

imposing a significant influence over amorphous phase dissolution and gel 

formation 

• A stronger correlation exists between “other” phase yields (expressed as Fi) 

with bulk Si/Al (n) than with amorphous phase n (see Figure 4.49A), 

apparently indicating that the quartz content of fly ash exhibits greater 

influence over X-ray amorphous phase yields than fly ash glass Si/Al ratios 

(n) 

• The strong correlation between X-ray amorphous phase yields and fly ash 

quartz composition is confirmed in Figure 4.50B. 

• However, the strongest correlation for between the “other” phase yield is 

with the Fe2O3 composition of glass phase in fly ash (see Figure 4.51A), 

which given the strong correlation between glass phase Fe2O3 composition 

and quartz composition in fly ash (see Figure 4.50A) is responsible for 

previous two correlations.  Two potential reasons for the contribution of 

Fe2O3 to X-ray amorphous yields are proposed: 

i. Iron decreases the reactivity of glass 

ii. Iron inhibits zeolitisation kinetics and or enhances gel stability 
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4. Zeolite 

• There is no correlation between CHA and GIS yields with the Fe2O3 

composition of glass phase in fly ash (see Figure 4.51B), or with fly ash Si/Al 

ratios (glass or bulk, see Figure 4.49B) 

• There is a weak correlation between chabazite yield and the amorphous phase 

content of fly ash (see Figure 4.48B), which is probably an artefact of the 

next point, 

• There is a strong correlation between total zeolite yield and Fe2O3 

composition of amorphous phase in fly ash (see Figure 4.51C) which is 

consistent with amorphous phase trend in products, as discussed in “other” 

phase observations above. 

 

 
Figure 4.48: Component composition of hydrothermal treatment products, for A) unreacted 

reactants expressed as a fraction (Fi, see Equation 4.5) as a function of their initial composition 
in fly ash, and B) zeolite products as a function of initial quartz, mullite, and amorphous phase 

compositions in fly ash 

 
 
 
 

A 

B 
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Figure 4.49: Component composition of hydrothermal treatment products as a function of bulk 
and glass phase Si/Al ratios in fly ash, for A) reactants expressed as a fraction (Fi, see Equation 

4.5), and B) zeolite products 

 

 
Figure 4.50: Relationship between the quartz content of fly ash used and A) the Fe2O3 

composition of amorphous phase in fly ash, and B) the composition of “other” in product, 
expressed as a fraction (Fi, see Equation 4.5) 

A 

B 

A B 
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Figure 4.51: Component composition of hydrothermal treatment products as a function of the 

Fe2O3 composition of fly ash glass phase, for A) reactants expressed as a fraction (Fi, see 
Equation 4.5), for B) individual zeolite products, and C) total zeolite content 

 

A 

B 

C 
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From analysis of the influence of particle morphology on the hydrothermal outcome as 

presented in Figures 4.52 and 4.53, the following observations are apparent: 

• There is no significant overall correlation between surface area or particle size (D50), 

with quartz, mullite or “other” phase yields, indicating that they are not controlling or 

limiting factors under the conditions used.  However by looking just at Collie coal 

ashes which have similar compositions (minimising compositional based variation 

from influencing trends), there appears a strong correlation between particle size and 

quartz and mullite yields (see Figure 4.52B), demonstrating that particle size is 

important, but whose effect can be dwarfed by that of compositional variation 

between different fly ashes. 

• Larger particles take longer to dissolve, this is clearly demonstrated for hydrothermal 

treatment by Figure 4.52B, where the yield of unreacted mullite and quartz decreases 

as particle size decreases.  For mullite, dissolution cannot start until the glass phase 

within which it is encapsulated is dissolved, exposing mullite to reaction solution 

• There is no correlation between the surface area and zeolite types or yields, neither is 

there between D50 and CHA yield, however there is a weak correlation between D50 

and GIS yield, for which the following reasons are suggested: 

i. Larger particles take longer to dissolve, and 

ii. GIS forms at latter stages of hydrothermal treatment (see Section 4.3.3) 
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Figure 4.52: Component composition of hydrothermal treatment products as a function of 

average particle size (D50), for A) reactants expressed as a fraction (Fi, see Equation 4.5), for B) 
reactants expressed as a fraction (Fi) for Collie fly ash samples, and C) zeolite products 

 
 

A 

B 

C 
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Figure 4.53: Component composition of hydrothermal treatment products as a function of fly 
ash surface area, for A) reactants expressed as a fraction (Fi, see Equation 4.5), and B) zeolite 

products 

 

The absence of any definitive correlations between the types and yields of zeolite produced 

and individual ash properties suggests that they are complicated functions of multiple 

properties.  However with respect to the participation of fly ash reactants toward the 

hydrothermal outcome, some definitive conclusions can be drawn, namely: 

1. The participation (Fi) of quartz is a function primarily of its initial content in fly ash 

and its particle size 

2. The participation (Fi) of mullite is a function of the particle size of fly ash particles 

within which it is encapsulated 

3. The yield of “other” phases, which is a function of glass dissolution and X-ray 

amorphous product (zeolite and gel) formation, is a function of the Fe2O3 

composition of the fly ash glass phase 

 

A 

B 
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The notion that iron decreases the reactivity of glass is strongly supported by the 

observations presented in Section 4.2.2.1, and the likely cause of point 3 above, however the 

possibility that iron also inhibits zeolite formation kinetics and/or enhances gel stability 

cannot be ruled out as contributing factors. 

 

4.3.6 Template (M+) 
A few different hydrothermal treatment conditions were investigated to study into the 

influence of template cation (M+) on the outcome of the hydrothermal treatment of fly ash is 

presented here.  The hydrothermal outcomes are summarised in Figures 4.39, 4.40, and 4.54, 

from which the following observation is apparent.  The inclusion of different template 

cations changes the type and relative yields of zeolite phases produced. 

 

 
Figure 4.54: Mineral compositions for fly ash and various hydrothermal treatment products 

produced using different types and quantities of M+ 

 

The hydrothermal treatment product HTP 75* is of particular interest due to the formation of 

a crystalline product phase which has a main XRD peak at a 2θ of 33.4, but could not be 

identified.  Its diffract-o-gram and the theoretical diffract-o-grams of the closest peak fitting 

phases are presented in Figure 4.55 below.  For SEM characterisation (see Figure 4.22(iv)), 

the product morphology appeared analogous to other hydrothermal treatment products (see 

Figure 4.20) no obvious differences were noted.  From XRF analysis (see Table 4.14) it has 

unusually low Al2O3 and Fe2O3 composition for typical products produced from fly ash A.  
                                                      
* Produced using LiNO3 at a pH of 14, and an m of 30 with all other conditions standard reference 
conditions 
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The trace element leaching analysis (see Table 4.22), demonstrates that this product is 

significantly more reactive with an acidic medium than typical hydrothermal treatment 

products on account of its relatively high levels of aluminium leached.  It remains 

unidentified. 

 

 
Figure 4.55: X-ray diffraction diffract-o-gram for HTP 75 and peak matching phases* 

 

4.3.7 Agitation and Seeding 
The investigation of the influence of agitation and seeding on the outcome of the 

hydrothermal treatment† of fly ash is presented here in its broad context, and in relation to 

question 3 of Section 2.6.3, and hypothesis 3 of Section 3.1.  The relationship between the 

different hydrothermal treatment conditions studied is illustrated in Figure 4.56 below. 

 

No suitable crystal data information could be found for the FAU zeolite phase produced; 

therefore quantitative analysis could not be performed on many of the agitated products (see 

Figure 4.57).  Consequently, the impact of agitation on the dissolution of reactants and yield 

of products could not be evaluated given the treatment conditions and subsequent products 

which comprise this body of work. 

 

For comparability with non-agitated hydrothermal treatments without seeding the same 

conditions were run in agitated (HTP 105) and non-agitated (HTP 118) reactor systems (see 

                                                      
* Ca2Fe2O5 (Bertaut, et al. 1959) ICSD #26474, Ca8.5NaAl6O18  (Nishi and Takéuchi 1975) ICSD 
#1880, and hematite (Blake, et al. 1966) ICSD #15840 
† Note:  Teflon shavings present in the solid product from erosion of beaker and magnetic stirrer may 
add up to a 2% bias to quantitative results 
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Figure 4.56).  The key difference in resulting hydrothermal outcomes was the production of 

different types of zeolite products (see Figures 4.57 and 4.58). 

 

The addition of seed, where the seed was generated under different hydrothermal treatment 

conditions to the conditions being seeded, to non-agitated treatments, changed the types and 

yields of zeolite produced*.  The addition of seed generated under different hydrothermal 

treatment conditions to the agitated treatment conditions in which it was added†, did not 

result in any significant change in the hydrothermal outcome. 

 

Where a hydrothermal product is used as a seed in a hydrothermal treatment employing the 

same conditions through which the seed was produced two outcomes were observed: 

1. The seeded product (HTP 106) contained the same type of zeolite (GIS) as un-seeded 

product (HTP 105) which was used to seed it.  The seeded product also contained a 

lower composition of unreacted reactants and more zeolite (see Figure 4.58) 

2. The seeded product (HTP 104 and HTP 117) contained zeolite (FAU) where the un-

seeded product (HTP 101 and HTP 115) contained no trace of any zeolite (see Figure 

4.57).  Where the seeded product HTP 104 (FAU) was used as seed in a subsequent 

treatment (HTP 120), a FAU zeolite product was produced 

To evaluate the influence of additional ground material towards the hydrothermal outcome 

the conditions of HTP 104 and HTP 117 were repeated using ground fly ash G‡ instead of 

ground HTP 101 and resulted in trace levels of FAU (see Figure 4.57), therefore from 

observation 2 above the following conclusions can be drawn: 

i. An amorphous product is produced in un-seeded conditions (HTP 101 and HTP 115) 

ii. Some property of the amorphous phase is facilitating the significant formation of 

FAU 

 

 

                                                      
* T80pH14x1 un-seeded produced FAU (see HTP 118 in Figure 4.57) while seeding with HTP 111 
produced GIS (see HTP 119 in Figure 4.58).  SRC un-seeded produced 26±1% CHA, 0.7±0.2% ANA, 
1.0±0.2% GIS, and 2.4±0.3% GME (HTP 67, see Figure 4.47) while seeding with HTP 111 
(1.2±0.3% CHA, 0% ANA, 21.1±0.6% GIS) produced 0% CHA, 20.5±0.6% ANA, and 11.7±0.4% 
GIS (HTP 113, see Figure 4.58).  Without seeding AshG condition produces 35±2% CHA, 0.9±0.2% 
ANA, 9.9±0.6%GIS, 2.4±0.3%GME (HTP 70, see Figure 4.47), following seeding with HTP 104 
(FAU), 49±2% GIS was produced (HTP 114, see Figure 4.58) 
† The seeded product contained 2.5±0.3% CHA and 17.7±0.5% GIS (HTP 107, see Figure 4.58), 
where the CHA composition of HTP 107 is equivalent to the original HTP 67 – Fly ash A blend at the 
start of treatment 
‡ Theoretically, seeded experiments are equivalent to a smaller p in experiments without seed due to 
the additional reactants present in seed (seed contains un-reacted fly ash components which will take 
part in hydrothermal reactions) which are not included in calculations of reaction conditions p and m.  
The contribution of additional reactants versus the action of seed can be differentiated by repeating 
seed experiment using fly ash in place of seed 
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Figure 4.56: The relationship between seeded and un-seeded hydrothermal products and the 

hydrothermal treatment conditions used in their creation* 

 
 

                                                      
* Where shaded region represents groups of hydrothermal treatments with common hydrothermal 
conditions, squares with red arrows indicate the fly ash raw material used, diamonds represent 
hydrothermal products produced using non-agitated reactor system, octagons represent hydrothermal 
products produced using agitated reactor system, circles with green arrows highlight individual 
reaction conditions, and blue arrows indicate which materials have been used as seeds and the 
products they are used to produce 
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Figure 4.57: X-ray diffraction diffract-o-grams for fly ash and hydrothermal treatment 

products involved with FAU* zeolite production 

 

 
Figure 4.58: Mineral compositions for various hydrothermal treatment products and their 

source ashes 

 

For an economically viable zeolite manufacturing plant operating in continuous mode (see 

Sections 4.5 and 4.6.1), the following key synthesis conditions are present: 

i. Low p, ≤ 30 

ii. The presence of products at all times in the reactor with reactants 

iii. Steady state conditions 

 
                                                      
* Note there is a difference in unit cell size between reference FAU (Breck and Tonawanda 1964) and 
experimental diffract-o-grams resulting in reference peaks being located at slightly higher 2θ 
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Condition (iii) cannot be met in batch reactors, however a preliminary investigation into the 

first two conditions using 4 g of seed (HTP 76) with treatment conditions of varying p in 

batch agitated hydrothermal treatment is summarised in Figures 4.58 and 4.59, from which 

the following conclusions are evident: 

• The yield of zeolite per gram of fly ash is roughly the same for all p 

• The yield of zeolite in grams per batch increases with decreasing p 

• The yield of zeolite under agitated and seeded conditions is significantly greater than 

those produced under non-agitated conditions (see Section 4.3.4) 

However to differentiate between the contributions of agitation and of seeding to these 

results, more experiments are required but beyond the scope of the present research. 

 

 
Figure 4.59: Mineral compositional trends for hydrothermal treatment products from seeded 

experiments as a function of p, including fly ash and seed compositions 
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Figure 4.60: Component composition as a function of p, for A) reactants expressed as a fraction 
of original component composition in fly ash – seed blend (see Equation 4.5), and B) products 

 

With respect to hypothesis 3 of Section 3.1, the capacity of seeding to increase zeolite yields, 

combined with a shift away from fly ash encapsulation following seeding (see Section 

4.2.2.2) supports in principle the basic concepts of hypothesis.  This work is preliminary, and 

there is plenty of scope for more comprehensive work into the role of agitation and seeding 

with respect to hypothesis 3. 

 

B 

A 
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4.4 Cation Exchange 
The principles behind zeolite cation exchange were introduced in Sections 2.3.1 and 2.3.3.  

The total cation exchange capacity for a zeolite can be calculated from the unit cell structure, 

while the cation exchange selectivity is determined through experimentation. 

 

With the exception of SOD all produced zeolite have theoretical cation exchange capacities 

at or above the value assumed in market calculations (see Table 4.19).  Since real product 

will contain some dead weight in the form of unreacted reactants and gel the assumed value 

for market calculations (Section 2.3.2) is reasonable given a high zeolite composition in 

product. 

 

The sole source of potassium in HTP 3 (SRC) hydrothermal reaction is from the fly ash.  The 

total mole ratio of sodium to potassium in HTP 3 reaction soup was 59.  The Na/K mole ratio 

in phase A and B indicated in Figure 4.15(iii) and Table 4.18 previously is 204 and 7 

respectively.  Clearly there is a difference in cation selectivity between these different zeolite 

phases, with phase A selective toward sodium (Na > K), and phase B selective toward 

potassium (K > Na).   

 

To evaluate the net cation exchange selectivity of a selection of hydrothermal treatment 

products representing a range of different zeolite phases, the selectivity experiments 

described in Section 3.2.2.5 were conducted on fly ash A, HTP 11 (SOD), HTP 13 (CAN), 

HTP 57 (LTL/MAZ), and HTP 67 (CHA).  The initial and equilibrium exchange solution 

compositions are presented in Table 4.25 below; the initial sample compositions are 

presented in Table 4.14 in Section 4.2.3.1, from which separation factors (see Equation 2.2 

in Section 2.3.3) are calculated (see Table 4.26), from which the selectivity sequences given 

in Table 4.27 were determined. 
 

Table 4.25: Composition of equilibrium solutions from exchange experiments 

 Element 
 Na+ [A] K+ [A] NH4

+ [A] Ca2+ [A] Fe[B] Al[B] 
Solid Test Sample[C] mg L-1 mg L-1 Moles L-1 mg L-1 mg L-1 mg L-1 
Fly Ash A 3514 4145 0.1142 2248 <0.05 0.2 
HTP11 3081 3977 0.1182 2206 <0.05 0.1 
HTP13 3004 4031 0.1193 2260 <0.05 0.1 
HTP57 2584 4653 0.1179 2289 <0.05 0.1 

57-Rep 2587 4657 0.1176 2290   
HTP67 3230 3694 0.1067 2185 <0.05 0.1 

67-Rep1 3238 3686 0.1081 2202   
67-Rep2 3252 3718 0.1106 2179   

Exchange Solution 2561 4217 0.1248 2279 <0.05 <0.1 
ε/value[D] 0.01 0.035 0.01 0.01   
[A] Analysed by IC [B] Analysed by ICP-AES [C] results denoted with Rep represent samples where IC analysis of equilibrium 
exchange solution was repeated, [D] used in calculations 
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Table 4.26: Calculated [A] separation factors 

 Solid Test Sample[B] 
 Fly Ash A HTP 11 HTP 13 HTP 57 HTP 67 

+

+
K
Na

α  1.44 ±0.79 0.39 ±0.09 0.11 ±0.03 12.1 ±15.4 5.41 ±1.91 
+

+
4NH

Na
α  2.91 ±2.09 0.32 ±0.29 0.10 ±0.11 6.22 ±9.19 5.24 ±2.39 

+

+

2Ca
Na

α  3.08 ±1.46 0.68 ±0.10 0.20 ±0.03 8.30 ±10.7 4.50 ±1.60 
+

+
Na
K

α  0.69 ±0.38 2.55 ±0.57 9.47 ±2.90 0.08 ±0.11 0.18 ±0.07 
+

+
4NH

K
α  2.02 ±1.29 0.80 ±0.75 0.97 ±1.10 0.52 ±0.39 0.97 ±0.30 

+

+

2Ca
K

α  2.14 ±0.74 1.73 ±0.42 1.88 ±0.65 0.69 ±0.13 0.83 ±0.10 

[A] Calculations are based on initial solid test sample (see Table 4.14) and exchange solution, equilibrium solution 
compositions, and a mass balance, [B] Highlighted separation factors are in the form with lowest error, larger error occurs 
where the reference cation (Na+ top three or K+ bottom three) used for calculations is calculated to be present low concentration 
in equilibrium solid. 
 

Table 4.27: Experimental selectivity sequences 

Sample Selectivity Sequence 
Fly Ash A Ca2+ = NH4

+ > K+ > Na+ 
HTP 11 Na+ > Ca2+ > K+ = NH4

+ 
HTP 13 Na+ >> Ca2+ > K+ = NH4

+ 
HTP 57 K+ > Ca2+ > NH4

+ >> Na+ 
HTP 67 K+ = NH4

+ > Ca2+ >> Na+ 
 

Since bulk experimental selectivity calculations use the bulk composition of fly ash, which 

includes cations present in un-reacted fly ash components which are not available for 

exchange, introducing a bias into the calculations and subsequent results. 

 

With respect to hypothesis 1 of Section 3.1, the concentration of aluminium in exchange 

solutions is trace (therefore zeolite or gel phases are not redissolving), and the concentration 

of iron in exchange solution is below the detection limit, meaning that: 

• Zeolites produced are all extremely selective for iron 

• Iron is released and subsequently precipitates out of solution and therefore not 

detected in equilibrium exchange solutions, or 

• Iron is not present in zeolite as a charge balancing species 
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4.5 Process Flow and Mass Balance 
The objective of developing a process flow sheet with mass balance based on ideal processes 

(perfect mixing, separation, equilibria etc, in a mixed flow reactor system) for a zeolite 

fertiliser manufacturing plant, is to illustrate how the manufacture of zeolite fertiliser from 

fly ash works in practical terms, roughly how big the component items of manufacturing 

plant are, and to facilitate the determination of crude ballpark economic figures based on 

simple and reasonable assumptions (see Section 4.6). 

 

From the economic case study presented at the World of Coal Ash (WOCA) Conference in 

Kentucky (see Section 4.6.1), we know that for economic viability at a competitive sale price 

constraints will exist on the operating conditions.  The model presented here operates within 

these constraints, however differs on account of its increased complexity. 

 

This model is based on a 300 kt per annum consumption of idealised fly ash (containing 

SiO2, Al2O3 and Fe2O3 only) based on ash produced in the Collie region of Western Australia 

which includes a substantial weight percent of iron (see Table 4.28).  The process 

configuration used is presented in Figure 4.61.  For simplicity the NaOH and KCl raw 

material and H2O inputs are assumed to be pure.  A list of all material property, equipment 

sizing, operating conditions and constraints, and equipment sizing outputs can be found in 

Tables 4.28 to 4.30.  A full mass balance for all streams, including zeolite phase 

compositions is presented in Tables 4.31 and 4.32, and a summary of annual production 

statistics is presented in Table 4.33.  The final packaged fertiliser product contains 9.45 wt% 

K+ and 1.41 wt% Na+, where both Na and K are present as charge balancing cations in 

zeolite and as chlorides.  The final packaged fertiliser product contains 4.7 wt% free 

moisture with a pH of 12.1. 
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Table 4.28: General operating design conditions 

Condition[A] Value Units 
Annual operation time 300 Days 

Annual fly ash consumption 300 Kt 
Fly ash properties   

SiO2 56 wt% dry basis 
Al2O3 27 wt% dry basis 

Fe2O3 17 wt% dry basis 
Moisture 5 wt% 

Bulk Density 2.2 t 
Zeolite Product Properties   

Si/Al mole ratio 2  
H2O/Al mole ratio 3  

Bulk density 2 t m-3 
Other materials   

H2O 1 t m-3 
NaOH 1.2 t m-3 

NaCl 2 t m-3 
KCl 2.2 t m-3 

[A] Temperature is not considered in this model, densities are assumed constant, and solution volumes are calculated from 
individual components mass and densities 
 
 

 
Figure 4.61: Process flow for zeolite fertiliser manufacturing plant, with reactor section on the 

left and nutrient loading and product handling sections on the right 
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Table 4.29: Equipment sizing constraints 

Component Equipment Capacity 
 Min Max Units 

Solid bowl centrifuge 2 55 t h-1 
Rotating drum dryer 5 900 t h-1 

Vacuum filtration[A] 0.5 100 m2 
Dry solids hopper[B] 1 100 m3 

Agitated tank[B] 0.5 75 m3 
Reactor[B] 0.1 30 m3 

Open – liquids storage tank[B] 1 10000 m3 
[A] Using a factor relating filtration surface area to mass flow of 0.2 t h-1 m-2, [B] Assuming a fraction of total vessel capacity 
available for use of 0.8 
 

Table 4.30: Equipment sizing results 

Item    
Code Description Total number[A] Individual capacity Units 
C01 Centrifuge[B] 3 40.6 t h-1 
C02 Centrifuge[B] 3 43.6 t h-1 
C03 Centrifuge[B] 3 44.5 t h-1 
D01 Dryer[C] 3 5 t h-1 
F01 Filtration and wash[D] 9 78.6 t h-1 
F02 Filtration and wash[D] 6 89.8 t h-1 
F03 Filtration and wash[D] 6 89.2 t h-1 
H01 Solid NaOH storage hopper[E] 3 84.5 m3 
H02 Solid fly ash storage hopper[E] 12 94.7 m3 
H03 Solid KCl storage hopper[E] 4 76.7 m3 
M01 Reactor solution preparation tank[F] 6 41.5 m3 
M02 Re-slurry mixing tank[G] 3 34.4 m3 
M03 Re-slurry mixing tank[G] 3 34.1 m3 
M04 Nutrient loading tank[H] 9 51.1 m3 
M05 Nutrient loading tank[H] 9 54.6 m3 
M06 Nutrient loading tank[H] 12 62.2 m3 
M07 KCl solution preparation tank[I] 2 69.3 m3 
P01 Product packaging plant 1 58.4 t h-1 
R01 Reactor[J] 18 25.5 m3 
T01 Water storage tank[E] 1 4050 m3 
T02 Recycle feed tank[K] 3 25.8 m3 
T03 Recycle feed tank[K] 3 25.6 m3 

[A] The total number of trains is calculated from reactor requirements, where the minimum number of reactors per train is 6, the 
centrifuges, dryer, vacuum filtration, and mixing tanks have a minimum requirement of one per train, and all other items have a 
minimum requirement of one item [B] Based on a 25 wt% moisture in solid concentrate and 100% solids recovery in solids 
concentrate stream, [C] Based on 5 wt% aqueous phase in product , [D] Based on a 20 wt% moisture in filter cake, [E] Based 
on a 48 hour storage capacity, [F] Based on a 2 hour storage capacity, [G] Based on a residence time of 1 hour, and a ratio of 
H2O mass flow in streams T02-M02 and T03-M03 to that in stream R01-F01 of 0.5, [H] Based on a residence time of 4 hours, 
and a cation exchange selectivity of K over Na of 3 (see Equation 2.4), [I] Based on a storage capacity of 2 hours, a KCl 
solution concentration of 3 moles per kg, and a ratio of moles of KCl in stream H03-M07 to moles of Na in zeolite in stream 
F03-M04 of 1.2, [J] Based on a H2O/Al mole ratio of 25 for reactants, a percent conversion of aluminium in fly ash of 60%, a 
pH14 reaction solution, and a residence time of 3 hours, [K] Based on a storage capacity of one hour 
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Table 4.31: Process streams – bulk flow (t h-1) 

Stream Fly ash Zeolite H2O NaOH NaCl KCl Total 
Reactor section streams 

F01 – M01 --- --- 92.2 3.73 --- --- 95.9 
F01 – M02 18.1 32.2 12.6 0.36 --- --- 63.3 
F02 – M03 18.1 32.2 12.6 0.16 --- --- 63.1 
F02 – T02 --- --- 61 1.13 --- --- 62.1 
F03 – M04 18.1 32.2 12.6 0.04 --- --- 62.9 
F03 – T03 --- --- 61 0.41 --- --- 61.4 
H01 – M01 --- --- 0 5.07 --- --- 5.07 
H02 – R01 39.6 --- 2.08 --- --- --- 41.7 
M01 – R01 --- --- 92.2 8.8 --- --- 101 
M02 – F02 18.1 32.2 56.3 1.17 --- --- 108 
M03 – F03 18.1 32.2 56.3 0.46 --- --- 107 
R01 – F01 18.1 32.2 87.5 3.77 --- --- 142 
T01 – F03 --- --- 17.3 --- --- --- 17.3 
T02 – F01 --- --- 17.3 0.32 --- --- 17.6 
T02 – M02 --- --- 43.8 0.81 --- --- 44.6 
T03 – F02 --- --- 17.3 0.12 --- --- 17.4 
T03 – M03 --- --- 43.8 0.3 --- --- 44.1 

Nutrient loading and product handling streams 
C01 – M05 18.1 32.9 17 0.0155 2.01 0.27 70.3 
C01 – WH --- --- 45.5 0.0415 5.39 0.72 51.7 
C02 – M04 --- --- 49.9 0.0142 5.55 3.25 58.7 
C02 – M06 18.1 33.6 17.2 0.0049 1.91 1.12 71.9 
C03 – D01 18.1 34 17.4 0.0013 1.01 2.52 73 
C03 – M05 --- --- 50.2 0.0037 2.93 7.28 60.4 
D01 – P01 18.1 34 2.74 0.0013 1.01 2.52 58.4 
F03 – M04 18.1 32.9 62.5 0.057 --- --- 114 
H03 – M07 --- --- --- --- --- 11.3 11.3 
M04 – C01 18.1 32.9 62.5 0.057 7.4 0.99 122 
M05 – C02 18.1 33.6 67.1 0.0192 7.46 4.37 131 
M06 – C03 18.1 34 67.5 0.0049 3.94 9.8 133 
M07 – M06 --- --- 50.3 --- --- 11.3 61.6 
P01 – PFP 18.1 34 2.74 0.0013 1.01 2.52 58.4 
T01 – M07 --- --- 50.3 --- --- --- 50.3 
 

Table 4.32: Composition of zeolite phase at different stages of nutrient loading 

Zeolite Composition (wt%) Stream SiO2 Al2O3 Na2O K2O H2O 
F03 – M04 46.9 19.9 12.1 0 21.1 
M04 – C01 
C01 – M05 46.2 19.6 9.06 4.35 20.8 

M05 – C02 
C02 – M06 45.2 19.2 4.91 10.3 20.4 

M06 – C03 
C03 – D01 44.5 18.9 1.68 14.9 20 

 

Table 4.33: Annual production statistics 

Statistic Value Units 
Fly ash consumption 300 kt 

Fertiliser production (zeolite) 245 kt Zeolite 
Sale price (zeolite) 160 $AU per tonne of zeolite 

Fertiliser production (total) 420 kt Total 
Sale price (total) 93.3 $AU per tonne of total product 

NaOH consumption 36.5 kt 
KCl consumption 81.4 kt 
H2O consumption 487 kt 
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Nitrogen based fertilisers could be produced using ammonium salts the same way as present 

in model, to lower overheads, the raw sodium zeolite could be used to extract ammonia from 

sewage waters, from aquaculture waters, from industrial waste streams of processes 

employing ammonia (like the Kwinana Nickel Refinery in Western Australia), and the 

resultant nitrogen containing zeolite used directly as a fertiliser, or after additional loading in 

a circuit using ammonium salts. 

 

The potassium present in waste stream C01 − WH can be recovered using a high selectivity 

organic exchange resin which is regenerated using HCl, with the resultant KCl, HCl mixture 

injected back into vessel M04, where the HCl will neutralise NaOH, this will result in a 

product with neutral pH, as apposed to the pH 12.1 product in basic model.  In addition 

water can be recovered from waste stream C01 − WH using reverse osmosis to significantly 

reduce volume of waste stream to a concentrated NaCl brine, as well as reducing the net 

input of fresh water. 

 

For simplicity this model did not include minor and trace elements in the composition of fly 

ash.  A significant portion of these elements will be liberated into solution from the fly ash in 

the reactor and accumulate within the process recycle loops.  They can be removed from the 

system by employing a parallel solvent extraction circuit between F01 and M01 to produce 

small concentrate waste streams of these elements. 

 

4.6 Economic Modelling 
To get an idea of the core relationships between economic viability and processing 

conditions, in particular reaction time and the H2O/Al reactant mole ratio (p), a basic 

economic model was developed (see Section 4.6.1) which formed the basis from which a 

more sophisticated process flow and mass balance model was developed (see Section 4.5), 

making possible more sophisticated economic analysis of the feasibility of process, as 

presented in Section 4.6.2. 
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4.6.1 Basic Economic Model (As Presented at WOCA) 
To give a basic idea of the economic implications of processing conditions some crude 

economic calculations are presented below based on reasonable assumptions. 

 

Assuming a 300 kilo-tonne per annum zeolite plant, which sells product for $AU150 per 

tonne of zeolite, has an operating cost of $AU100 per tonne, operates under a 30% corporate 

tax rate, with a 10 year double declining depreciation period, a 15 year project life span, and 

a 10% discount rate.  For a present value ratio of 1, the fixed capital investment is $AU100 

million. 

 

With a maximum reactor size of 30m3 (Garrett 1989), and assuming that 80% of this volume 

is available for solid and liquid reactants, 300 days of 24 hours continuous operation 

(continuous reactors), assuming that solids (fly ash, zeolite and sodium hydroxide) have a 

specific gravity of 2.  Assuming a pH of 14.3, an x of 1 (see Equation 3.1), and an 

aluminium (Al2O3) composition equal to 25wt% of fly ash, where 1 tonne of zeolite is 

produced per tonne of fly ash.  Then 20 reactors are required per hour of residence time per 

100 units of p. 

 

The 30m3 reactor cost $US60,000 in 1987 (Garrett 1989).  Using a ChE index of 324 in 1987 

(Vatavuk 2002), and an extrapolated index of 404 for 2005 (Anonymous 2004), a location 

factor of 1.3 for Australia (Garrett 1989), an exchange rate of $US0.75 per $AU.  Assuming 

a plant cost factor of 4, and that the reactor section of whole plant cannot exceed 10% of 

FCI, there is a 19 reactor limit.  For a 3 hour residence time, p is limited to 32 which is 

equivalent to 11.3 g H2O per g Al2O3 in fly ash. 

 

4.6.2 Process Based Economic Analysis 
To gain a more sophisticated idea of the economic issues facing a zeolite fertiliser 

manufacturing process employing fly ash as the aluminosilicate source a process based 

economic case was developed. 

 

The general economic inputs used are listed in Table 4.34, which in addition to equipment 

sizing (see Table 4.30) and annual production figures (see Table 4.33) calculated through 

process mass balances (see Section 4.5), was used to calculate the economic outputs 

presented in Table 4.35. 

 



Chapter 4 – Results & Discussion Elliot A.D., PhD Thesis 
  

 245

Table 4.34: General economic inputs 

Variable Value Units 
Sale price 160 $AU per tonne of zeolite 

Operating cost 100 $AU per tonne of zeolite 
Corporate tax rate 30 % 

Operating life 15 Years 
Period of double declining depreciation 10 Years 

Discount rate 10 % 
Exchange rate 0.75 $AU/$US 

Location factor (Australia) 1.3  
Plant cost factor 4  

Reactor stage limit 10 % of FCI 
 

Table 4.35: Economic outputs (Indices) 

Index Value Units 
FCI[A] 83.5 Million $AU 
PBP 6.33 Years 
CCP 2.14  

ROROI 14.3 % pa 
DPBP 11.1 Years 
NPV 11.3 Million $AU 
PVR 1.13  

[A] Based on the quantity and size of reactors (see Table 4.30), the assumption that the total installed cost of reactors and 
support infrastructure is equivalent to 10% of FCI, using Equation 4.6 for reactor scale up, with reference reactor of 2.3 m3 (SR) 
costing $US 15,000 in the US for 1987 (CR) at a cost exponent (n) of 0.53 (Garrett 1989).  Using a ChE index of 324 for 1987 
(Vatavuk 2002) and 404 for 2005 (Anonymous 2004), and using exchange rate, location factor, and plant cost factors listed in 
Table 4.34. 
 

 
n
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=  (4.6) 

(Garrett 1989) 

 

This model assumes an operating cost of $AU 100 per tonne of zeolite produced (245 kt of 

zeolite per annum).  In the context of NaOH* and KCl† consumption figures (36.5 and 81.4 

kt per annum respectively) this may be insufficient.  However given Muriate of Potash (KCl, 

60% K2O equivalent) is selling locally as a fertiliser for $AU395/tonne in 2002 (UFCC 

2002), and the substantial efficiency of a zeolite based fertiliser there is room for sale prices 

higher than the $AU 160 per tonne of zeolite assumed in model. 

                                                      
* Caustic soda flakes (99% NaOH) cost $US 215 per tonne in 2002 (Anonymous 2002), alternatively 
natural soda ash (Na2CO3) could be sourced at $US 69 per tonne in 2004 (Kostick 2005), but would 
require calcining to produce Na2O consuming energy and emitting CO2 as a decomposition product, 
as well as adding 30% to the weight of transport.  Alternatively if NaOH is produced locally it can be 
purchased at a fraction of the cost as a 50wt% aqueous solution, or can be produced on site by 
electrolysis of sea water or brine from waste stream C01 − WH in process flow, and producing Cl2 as 
an additional product. 
† Murate of potash could be sourced in the USA for $US 170 per tonne of K2O equivalent f.o.b. mine 
in 2004 (Searls 2005), this represents $US 107 per tonne of KCl.  However to reduce overheads the 
bulk of potassium requirements (70%) can be met using a lower grade potassium source such as 
Sylvinite (mixed NaCl, KCl), by reconfiguring nutrient loading section of process flow so that 
Sylvinite sourced potassium is introduced into M05, with Murate of Potash sourced potassium 
introduced into M06 equivalents to current process flow configuration. 
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5 Conclusions 
A number of different topics have been covered and contributions made in this thesis, for 

clarity they have been broken up into nine components of relevance as illustrated in Figure 

5.1 below. 

 

 
Figure 5.1: Classification of the nine key issues which constitute the conclusions 

 

Fly Ash Utilisation 

Near the conclusion of this thesis, the latest statistics (2004), reveal that 12.5 million tonnes 

was produced by Australian coal-fired power stations with only 35% utilised in some way 

(ADAA 2006).  Numerous applications have been available for some time which are more 

than capable of consuming all the ash produced however they do not, this situation can be 

explained in terms of technical, economic and perceptional barriers.  By removing these 

barriers, the subsequent fly ash utilisation can play an important role towards coal in 

sustainable development. 

1. Technical barriers can be overcome through research and development 

2. Perceptional barriers can be overcome through education and demonstration 

3. Economic barriers can be overcome by finding alternative products or markets, 

lowering production costs, increasing product value, or lowering transportation 

costs 
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There are two broad avenues for research into fly ash utilisation, they relate to i) fly ash 

quality, and ii) utilisation strategies.  To solve this problem, fly ash utilisation strategies need 

to be 

1. High volume, capable of consuming a significant quantity of fly ash 

2. Significantly value-added so that it is not inhibited by the transport cost barrier 

3. Exploring new applications, products, or markets for fly ash, so that it is not inhibited 

by market inelasticity 

 

Zeolite Strategies for Fly Ash Utilisation 

Controlled release fertiliser and soil conditioner markets are the largest potential markets for 

zeolite in Australia (see Section 2.3.2.4), they are high volume and capable of consuming a 

significant quantity of fly ash, with sufficient value to overcome the transportation cost 

barrier, have significant potential to be exported, and can potentially contribute to significant 

if not complete utilisation of Australia’s fly ash production. 

 

Zeolite fertiliser and soil conditioner products offer superior environmental and application 

specific performance advantages which give them a competitive advantage; however, in 

spite of all the technical and environmental advantages, the success of this strategy is subject 

to a process design which can achieve a return on investment at a viable product sale price. 

 

Zeolite Synthesis from Fly Ash 

Zeolite manufacture is not new.  Well established manufacturing plants exist which produce 

zeolites for industrial absorbers and adsorbents, ion exchangers, and catalyst applications, as 

well as water softeners in powder detergents, using calcined kaolinite or other more 

expensive aluminosilicate sources, and recent years have seen plants using fly ash come into 

service.  These plants produce small quantities of zeolite at great cost, making them unviable 

for agricultural applications. 

 

To be viable, the zeolite production process needs to be redesigned to incorporate coal fly 

ash as a raw material, while increasing capacity, and reducing costs.  To this end, a process 

for the continuous hydrothermal conversion of fly ash to zeolite using a sequence of mixed 

flow reactors in series will be required. 
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Quantitative XRD Methodology 

The outcomes of hydrothermal treatments have traditionally been evaluated qualitatively 

from phase identification using XRD or quantitatively using CEC or individual XRD peak 

intensities.  However CEC results can not distinguish between different zeolite phases and 

are a function of both zeolite yield and Si/Al ratio, and single peak correlations carry 

substantial experimental uncertainty, and peak overlap limitations, therefore a quantitative 

XRD method was developed using Rietica, which is capable of quantifying changes in the 

composition of quartz and mullite reactants, and zeolite products with changes in 

hydrothermal reaction conditions, revealing more information and allowing direct 

comparisons of the changes taking place with changing conditions, and has proved 

invaluable in distinguishing between and quantifying complicated crystalline products (see 

Section 4.1.2.1), and subsequently distinguishing between the roles of M+ and OH− in the 

chemistry of hydrothermal treatment (see Section 4.3.1). 

 

This technique is still subject to significant uncertainty which introduces a bias in the results; 

some methods have been proposed which will help reduce these experimental uncertainties 

(see Section 7). 

 

Hydrothermal Synthesis Methodology 

Treatment conditions for the hydrothermal synthesis of zeolites from fly ash have 

traditionally been defined by the ratio of the volume of sodium hydroxide solution to the 

mass of fly ash, and by the concentration of sodium hydroxide in solution.  However this 

method is incapable of distinguishing between the role of M+ and of OH− in the chemistry of 

hydrothermal treatment.  To investigate these phenomena, a new method was developed and 

used (see Section 3.2.1), which makes use of MNO3, and where reaction conditions are 

defined by the mole ratios OH/H2O, H2O/Al (p), and m (the ratio M+/Al in excess of 

stoichiometry).  The decisive results of Section 4.3.1 demonstrate the independent role of M+ 

and OH− in the hydrothermal chemistry, therefore the value of this technique when studying 

the hydrothermal treatment of fly ash. 
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Fly Ash – a Raw Material in Zeolite Synthesis 

Fly Ash is a heterogeneous material, physically, chemically, and mineralogically.  

Established understanding within literature of the participation of different fly ash 

components towards the hydrothermal outcome is basic, and with respect to quartz and 

mullite, is often contradictory.  Un-reacted fly ash particles can be identified within the 

hydrothermal treatment product using SEM, and unreacted quartz and mullite as well as total 

X-ray amorphous content can be quantified from XRD diffract-o-grams.  Therefore the 

participation of fly ash reactants towards the hydrothermal outcome can be evaluated. 

 

Glass is the most reactive phase in fly ash.  The significant presence of iron does not prevent 

the significant dissolution of glass by an alkaline hydrothermal solution.  Increased iron 

content in glass reduces its reactivity, with high iron glass dissolving near the end of 

hydrothermal treatment.  The higher the average glass phase iron content, the lower the 

overall yield of zeolites, where the dissolution of iron containing glass has resulted in iron 

containing zeolites, although it is not known how this iron is incorporated within the zeolite 

phase (within framework, as a charge balancing cation, or discreet nano-particles). 

 

Quartz particles are often large and subsequently have small surface areas; however the 

appearance of significant internal etching following hydrothermal treatment is testament to 

their reactivity.  The participation of quartz is a function primarily of its initial content in fly 

ash and its particle size. 

 

The shrinking core dissolution of glass exposes mullite crystals, where a small with high 

surface areas, to the hydrothermal solution; the participation of mullite is in part a function 

of the particle size of the fly ash particles within which it is encapsulated.  Mullite is less 

reactive than glass and quartz.  However at pH14.6m30 (HTP 88), mullite completely 

dissolved while quartz did not, probably due to the substantially smaller size of mullite 

crystals relative to large quartz particles. 

 

There is no evidence that iron mineral phases are dissolving, and as such are not considered 

to be contributing to the hydrothermal outcome. 
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Hydrothermal Chemistry 

Different types of zeolite can be produced from fly ash by changing reaction conditions.  

Using quantitative XRD the influence of reaction conditions on the types and yields of 

zeolite and the different contributions of reactants can be quantified. 

 

Most of these experiments were conducted using non-agitated reactors where mass transport 

and sedimentation profiles are a major limitation.  All of the hydrothermal treatment 

conditions considered here were conducted at p = 400 to minimise these phenomena while 

still producing sufficient material for characterisation requirements; although these 

phenomena are still present they should be equivalent for all reaction conditions using the 

same ash.  Therefore they do not impact on the study of these reaction conditions. 

 

The influence of treatment conditions on hydrothermal outcomes which have been 

established in literature from qualitative experimental results, have been repeated here using 

quantitative XRD technique.  Increasing reaction temperature results in increased quartz 

dissolution, decreased yields of “other” phases (iron mineral and X-ray amorphous phases), 

and increased yields of zeolite.  Increasing reaction time results in increased zeolite yield and 

increased quartz dissolution, and the inclusion of different template cations changes the type 

and relative yields of zeolite phases produced. 

 

The Si/Al ratio of the aqueous phase during hydrothermal synthesis has been established by 

previous authors as a significant influence on the types of zeolite produced.  The quantitative 

mineral analysis of hydrothermal treatment products produced using different fly ashes was 

unable to identify any correlation between CHA and GIS yields and the Si/Al ratio (glass or 

bulk), with glass phase Fe2O3 composition, or with quartz or mullite contents in fly ash.  The 

absence of any definitive correlations between the types and yields of zeolite produced and 

individual ash properties suggests that they are complicated functions of multiple properties.  

 

The results of seeding experiments suggest that the role of seeds during hydrothermal 

treatment is more complicated than that described in literature.  Under some conditions the 

addition of seed can have a significant impact on the types and yields of zeolite produced, 

while under other conditions the addition of seed had no observable effect.  There is 

considerable scope for more research into the influence of seeding on the hydrothermal 

outcome. 

 

In order to differentiate between the role of M+ and OH− within the chemistry of 

hydrothermal treatment, sodium hydroxide and sodium nitrate were used together to 
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independently control the quantities of M+ and OH− within the hydrothermal system, in 

conjunction with quantitative XRD analysis of products produced.  From the results it is 

clear that M+ and OH− play a different role in the overall reaction mechanism, where: 

1. The dissolution of reactants is most strongly correlated to the OH− concentration, 

with increasing pH resulting in increased dissolution of glass, quartz, and mullite. 

2. The types of zeolite produced are clearly most strongly correlated to m.  Increasing 

m at constant pH increases the yield of a particular zeolite until a maximum is 

achieved, after which further increases in m result in a decrease in yield.  CHA is 

produced and yields are optimised at m < 10, while SOD and CAN are produced at m 

> 5.  For constant pH, CAN is favoured and optimised at low m relative to x = 1, 

while SOD is favoured and optimised at high m relative to x = 1 

3. Since zeolite yields substantially increase with increasing m starting from x = 1 (at 

low m relative to x = 1).  Considering that the additional MNO3 is occupying soluble 

space, increased M+ concentration must be increasing reaction rates. 

4. The presence of MNO3 clearly has two conflicting affects: 

i. At low m, relative to x = 1, its impact on increased reaction rates dominates, 

with increased reaction rates removing dissolved Al and Si from solution 

faster allowing faster dissolution of reactants (glass, quartz, and mullite) and 

increasing overall yield. 

ii. At high m, relative to x = 1, the occupation by MNO3 of soluble space 

dominates reducing the dissolution rates of reactants (glass, quartz, and 

mullite) and total solubility of Al and Si, since reaction rates are also 

proportional to Al and Si concentrations in solution, the total dissolution of 

reactants and yield of products is reduced 

5. OH− concentration does influence the relative yields of zeolite phases produced at 

constant m.  Increasing pH at constant m increases the yield of a particular zeolite 

until a maximum is achieved, after which increasing pH results in a decrease in yield.  

Different zeolite phases have optimal yields at different pH ranges, where the 

optimal pH for CHA < SOD < CAN.  For SOD, isoclines of constant m show a 

decrease in the pH of optimal yield at constant m for increases in m from x = 1 at low 

m relative to x = 1, after which the pH of optimal constant m yield increases with 

increasing m; two possible causes are proposed: 

i. The changing OH− concentration changes the dissolution of reactants, 

changing the Si/Al ratio in solution influencing the relative yields 

ii. The changing OH− concentration changes the rates of dissolution of different 

zeolite products to different extents changing the relative equilibrium yield 

ratios between different zeolite products 
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Bulk chemical analysis, quantitative mineral analysis, and SEM analysis together revealed 

the possibility* that the amorphous aluminosilicate gel precursor to zeolite synthesis is not 

completely converted to form zeolites, and is present in hydrothermal treatment products. 

 

Continuous Processing 

It has been hypothesised by the author that the fly ash encapsulation which results from gel 

precipitation could be minimised and potentially eliminated through a combination of (i) 

suppressed fly ash dissolution through the manipulation of M+ and OH− concentrations, and 

(ii) enhanced crystallisation through the manipulation of M+ concentration and the ratio of 

zeolite to fly ash maintained within a continuous mixed flow reactor. 

 

From the un-seeded treatments the primary location for sodium enriched phases were spread 

over the outer surfaces of unreacted particles.  By seeding the hydrothermal system, the 

primary location for sodium enriched phases has shifted with the significant presence of 

product faces independent of unreacted fly ash phases, although product phases do still occur 

on the external surfaces of unreacted ash particles, this does support the principle of the 

hypothesis. 

 

Decreasing pH decreases the rate of reactant dissolution, increasing m from x = 1 reduces 

reactant dissolution, increasing m from x = 1 substantially increases the total zeolite yield for 

m close to x = 1 condition, and under some conditions seeding increases zeolite yields.  All 

of which support in principle the hypothesis for mitigating the reactant encapsulation 

limitation. 

 

From reaction temperature experiments between 120 and 144°C there is a significant 

difference in dissolution with no significant change in zeolite yields, suggesting that reaction 

temperature may also be a tool in mitigating the reactant encapsulation limitation. 

 

From an economically viable zeolite manufacturing plant operating in continuous mode, the 

hydrothermal system, (i) operates under steady state conditions, (ii) contains both reactants 

and products together in reactor at all times, and (iii) requires low p (p ≥ 30). 

 

                                                      
* Where X-ray amorphous products can be either amorphous gel or X-ray amorphous zeolite 
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Steady state conditions cannot be met in batch reactors, while the presence of both reactants 

and products at all times can be achieved using seeding.  Preliminary treatments in the 

presence of the second two conditions* reveal that: 

• The yield of zeolite per gram of fly ash is roughly the same for all p 

• The yield of zeolite in grams per batch increases with decreasing p 

 

This work is preliminary, and there is plenty of scope for more comprehensive work into the 

mitigation of reactant encapsulation limitation. 

 

Agricultural Application 

Zeolite fertilisers show improved efficiency compared to traditional fertilisers, which means 

increased productivity and a reduced quantity of nutrients being leached into the 

environment.  Using zeolite fertilisers produced from coal fly ash instead of traditional 

fertilisers will improve the current situation where: 

• Significant energy and natural resources are invested in materials which are then 

wasted; 

• There is an adverse environmental impact associated with the large scale stockpiling 

of coal ash in ash dams; 

• The leaching of unnatural levels of nutrients into the environment has an adverse 

environmental impact, and an associated economic cost 

 

From experimental results it is clear that different zeolite phases have different cation 

selectivity’s, and therefore will perform differently as a controlled release fertiliser.  

Different zeolite fertiliser products† can be designed and produced to meet the requirements 

of specific applications.  The types and yields of zeolites can be described as functions of 

operating conditions, from which an optimal process condition can be found for each zeolite 

type in conjunction with economic modelling.  So that a manufacturing plant can produce a 

zeolite with properties optimised for a particular application, and by changing a few 

operating conditions zeolite for a different application can be produced. 

 

                                                      
* Using agitated reactor system and reaction conditions of 4g of seed (HTP 76) at 80°C, pH14.3 and x 
= 1, for p’s of 25, 47, 100, 200, and 400 (HTP’s 112, 111, 108, 110, and 109 respectively) 
† For the bigger picture it is important to note that we are not looking at one product here, there is 
potential for many based on different types of zeolite, and blending with other compounds like 
phosphate rock, to control the chemistry of release, and so tailor fertiliser product for particular 
fertiliser applications. 
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The basic process and economic calculations presented in thesis highlight the following 

issues: 

• A zeolite product produced using NaOH will always contain some Na even after 

successive nutrient loading stages 

• The lower the selectivity for a nutrient the more difficult it will be to load it into 

zeolite and require a greater number of successive nutrient loading stages 

• For economic viability there is a limitation on residence time (hours) and p (mole 

ratio H2O/Al) within the reactor, roughly pt ≤ 100 based on assumptions used in 

thesis 

• The operating cost per tonne of zeolite produced is a major limiting factor in 

achieving economic viability at a competitive sale price 

 

The ability to significantly increase the production capacity of a FCI over established 

practice, and potentially also reduce reaction temperature through the mitigation of reactant 

encapsulation limitation will contribute to making it viable to produce zeolite fertilisers from 

fly ash for bulk markets. 

 

Fly ash zeolitic materials have a reduced overall trace element load and mobility as a result 

of leaching during hydrothermal treatment resulting in (i) a more environmentally friendly 

product, and therefore (ii) a more attractive product for use in agriculture relative to fly ash. 

 

Most of the elements of greatest concern have been reduced in concentration to or below 

their average levels in soil, shale, or crust; and the mobility of elements from agitated 

hydrothermal reactor products are lower than the natural reference samples as tested.  Some 

products perform better than others; as such, trace element mobility would have to be 

determined on a case by case basis prior to application in Agriculture. 

 

A consequence of extracting trace elements from fly ash during hydrothermal treatment is 

the accumulation of these elements in the aqueous phase, and subsequent disposal of 

aqueous waste streams.  This will need to be accounted for in the design and operation of 

any manufacturing plant. 

 

Although this research focuses on the fertiliser application of zeolites, most experimental 

results presented in this thesis are relevant to all applications of fly ash zeolites. 
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6 Recommendations for Future Work 
A number of broad avenues for research relating to fly ash utilisation were proposed in 

Section 2.2.3.1, for various zeolite applications in Section 2.4.1, and for zeolite synthesis 

using fly ash in Section 2.6.1.  However this section, as summarised in Figure 6.1, focuses 

more on research ideas which are a natural evolution of the methods and results of 

experimental component of this thesis. 

 

 
Figure 6.1: Illustration of the main topics for future work presented 

 

The hydrothermal synthesis equipment used in this thesis was sufficient for the work done, 

however to take this work to the next level, including a closer study of the mechanisms, 

kinetics, and equilibriums, the major sources of avoidable uncertainty need to be eliminated, 

including temperature, water loss, sedimentation and residue sticking to reactor, through the 

use of better quality equipment.  For application testing of zeolite products, reactor quality is 

not important, only the properties of zeolitic material used are relevant. 
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Characterisation - SEM 

Using a stationary electron probe, while the sample is tilted, backscattered electrons can be 

channelled or diffracted by atomic planes, and subsequently imaged, appearing as a series of 

lines.  This technique is referred to as electron backscatter diffraction (EBSD), two important 

uses are: 

• Identifying crystalline phase by cross referencing EBSD pattern with quantitative 

chemical composition from EDS 

• Orientation mapping, by determining EBSD patterns for an array of points, where the 

crystallographic orientation (texture) is calculated at each point from diffraction 

pattern. 

(Prior, et al. 1999) 

 

There is a size limitation for EDS and EBSD analyses, limiting what can be studied: 

• For EDS (and WDS) the phase being analysed must be > 1µm in size (3D) otherwise 

the result will include components from adjacent phases 

• For EBSD the phase being analysed must have a single crystal orientation domain > 

1µm in size (3D) 

(Prior, et al. 1999) 

 

SEM-EBSD could be used to identify mineral phases in conjunction with EDS to quantify 

the elemental composition of that phase; together they give an idea of the distribution of 

composition for a phase, and an idea of the average phase composition (given a significant 

statistical sample of data points).  The results could then be used to define phase composition 

used in quantitative analysis or as part of CES analysis to reduce experimental uncertainties. 

 

An attempt was made to use EBSD in this thesis however carbon coatings were too thick to 

allow sufficiently strong patterns from zeolite phases to be obtained, and uncoated particles 

charged too much to get stable patterns.  However since then the interpretation software has 

been upgraded, substantially improving its detection and identification capabilities.  In 

addition mounting sample in a conductive resin would overcome the charging issue and 

negate the need for carbon coating. 

 

Characterisation - XRD 

Quantitative XRD using the Rietveld method provided the backbone of the research 

presented in this thesis; however it is still subject to significant uncertainty which introduces 

a bias into the results.  This was not a problem in the current research where qualitative 

conclusions were drawn from the quantitative trends.  However for future work which may 



Chapter 6 – Recommendations Elliot A.D., PhD Thesis 
  

 257

require lower uncertainty including the study of X-ray amorphous phase composition (see 

Section 4.2.3.3), zeolite reaction kinetics and equilibria, this uncertainty needs to be reduced. 

 

The uncertainty in quantitative XRD results could be reduced through the following 

techniques: 

• Better knowledge of true zeolite composition for more accurate unit cell 

composition, XRD structural parameters, and therefore quantitative results.  This 

could be achieved by grinding hydrothermal products into fine powder then using 

dense media to remove impurities like iron compounds and quartz to get a near pure 

zeolite material, which can be characterised using XRF and XRD with structural 

refinement, which can then be used for quantitative analysis.  This method may also 

prove useful in identifying or refining the structure of the unknown hydrothermal 

product phase (see Section 4.3.6). 

• Add tracer to reactants to minimise uncertainty leading to increased understanding of 

the transformations taking place, for example: 

o A mineral tracer would be useful for XRD, however it may be difficult to 

find suitable candidate which will not dissolve, or participate in hydrothermal 

chemistry by inducing seeding on mineral surfaces 

o Small particles of insoluble element which can be reliably and accurately 

quantified, like gold or platinum. 

• Manually prepare 5-10 standardised fly ash A samples for XRD, run and perform 

quantitative analysis using refinement method of hydrothermal products to evaluate a 

more certain value for fly ash composition. 

• Perform several XRD repeats of each HTP sample to reduce uncertainty in 

quantitative results 

• Use a Cobalt X-ray source for XRD analysis to reduce X-ray adsorption by iron in 

sample leading to increased peak intensities for high iron samples*. 

• Minimise the mineral heterogeneity of sample by using a fly ash starting material 

with minimal quartz and iron mineral phases, and clean fly ash to minimise the 

presence of other cations, like Ca2+, which are incorporated into zeolite product and 

shift its composition away from the theoretical composition used in quantitative 

analysis 

• Perform ion exchange on hydrothermal product to remove undesired cations prior to 

quantitative XRD determination 

 
                                                      
* Mass absorption coefficients for Cu Ka by Si, Al, and Fe are 48.6, 60.6, and 308 respectively, and 
for Co Ka by by Si, Al, and Fe are 74.8, 93.3, and 52.8 respectively (Warren 1969). 
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Cyclotron and neutron diffraction could be used for improved phase identification and 

refinement of hydrothermal products and purified zeolite phases.  In addition synthesis 

experiments could be conducted in the presence of continuous neutron or cyclotron 

diffraction, to gather information on changes in reactants, intermediates, and products with 

time including possible quantitative composition and unit cell dimensions as a function of 

time.  This will shed light on the formation of intermediate phases, on the role of gel in 

hydrothermal system, and on zeolite formation mechanisms. 

 

Raw Materials 

The experiments of this thesis have brought clarity with respect to the participation of fly ash 

components towards the hydrothermal outcome.  Some ideas of how this understanding can 

be taken to the next level are presented. 

 

To gain more information on the reactivity of mullite, smaller pH steps around the range 

where significant dissolution starts is needed.  Conclusive evidence for the reactivity of iron 

phases could be gained by conducting experiments with p at and significantly greater than 

1000, at high pH and a high temperature to ensure maximum dissolution.  Using TEM on the 

solid product of these high p treatments, it may be possible to determine if new iron phases 

forming, and/or if existing iron phases are growing. 

 

From SEM-EDS analysis conducted in this thesis it was demonstrated that iron was present 

in zeolite product particles, however the mechanism of its incorporation was not proven*.  

TEM can be used to differentiate between the incorporation of iron within zeolite mineral 

structure and/or as nano-particles.  In addition, the CES experiments conducted in Section 

4.4 could be repeated in a significantly acidic exchange solution to keep iron mobilised, 

should iron be exchanged from the zeolite into solution.  However there may be an issue 

with acid reacting with iron mineral phases producing a false positive for the cation 

exchange of iron.  To differentiate the source of iron, dense media or magnets could be used 

to produce two fractions for testing, 1) High iron mineral phase low zeolite fraction, and 2) 

Low iron mineral phases high zeolite. 

 

To achieve better ash property control (reduced heterogeneity, and incremental property 

variation), and substantially increase the data set to help identify the relationships between 

                                                      
* Ratnasamy, et al. (1989) found consistant circumstantial evidence for the isomorphous substitution 
of iron into the faujasite lattice using X-ray diffraction (XRD), differential thermal analysis (DTA), 
Fourier transform infrared (FTIR) spectroscopy, and 27Al and 29Si magic-angle spinning nuclear 
magnetic resonance (MAS NMR) spectroscopy characterisation techniques 
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fly ash properties and the types and yields of zeolite, the following property control methods 

can be employed: 

1. Classify ashes into fractions according to a) density, and b) particle size 

2. Blend different ashes and ash fractions (from the same and different ashes) 

 

Continuous Processing 

A robust efficient and continuous “mixed flow reactor” process will be vital in achieving an 

economically viable manufacturing process for bulk applications.  To this end a hypothesis 

was posed which puts forward a concept of how to improve the efficiency, therefore the 

productivity of synthesis process (see hypothesis 3 of Section 3.1).  Individual components 

of the hypothesis were demonstrated through experimentation (see Section 5).  Avenues 

through which this work can be further advanced are presented below. 

 

Investigate the use of MOH, MNO3, temperature and seeding on the suppression of 

dissolution and enhanced crystallisation.  To avoid the issue of unreacted reactant present in 

seeds (see Section 4.3.7) used in the study of the role of seeding, purified zeolite phases 

separated from hydrothermal treatment products using dense media separations can be used 

as seed.  To evaluate the influence of zeolite to fly ash ratio within the agitated reactor on the 

hydrothermal outcome, the following treatment conditions should be studied: 

• Varying p with no seed 

• Varying fly ash to seed mass ratio with a fixed p 

• Varying p with fixed mass ratios of fly ash to seed 

 

For a continuous “mixed flow” process, the most reactive components dissolve first therefore 

successive continuous reactors in series will be required to ensure less reactive components 

dissolve and contribute.  A three-reactor continuous “mixed flow” system is proposed (see 

Figure 6.2).  For the first stage where most reactive phases dissolve, reaction conditions 

desirable would slow dissolution and enhance crystal growth to minimise encapsulation of 

ash particles (low pH and x significantly less than 1).  The second stage is maintained at 

balanced conditions, the same pH as the first stage but x slightly <1 to optimise dissolution 

and crystal growth since most reactive components have been consumed.  For the third stage, 

the pH is raised to enhance dissolution of the least reactive components which remain.  The 

actual treatment conditions employed will be constrained by the zeolite types to be produced. 
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Figure 6.2: Proposed continuous three stage mixed flow hydrothermal reactor system for zeolite 

production from fly ash 

 

It is hypothesised that dissolution in the first stage will be primarily of the reactive glass 

(high Al), and for later stages, if pH is not sufficient to dissolve mullite, dissolution will 

consist primarily of less reactive lower aluminium glass and quartz phases and subsequently 

have increased Si/Al ratio in solution.  Some of this excess silicon can be bled from the third 

stage recycle and fed into the first stage recycle where there is plenty reactive aluminium; 

this has the benefit of bleeding leached elements upstream away from product.  In addition 

alternative sources of aluminium could be added to the third stage, and/or a silica gel product 

could be bled from the recycle stream to make other products including zeolites through a 

sol-gel synthesis process. 

 

Steady state conditions which occur in continuous processes cannot be reproduced in batch 

experimental reactors, however all other conditions can, for example the treatment of lower 

reactivity ash components which occur in the second and third stage of continuous process, 

illustrated in Figure 6.2, can be simulated using hydrothermal treatment products as the 

starting material. 

 

Under batch (unsteady state) conditions, solution chemistry changes with time, results in an 

increased Si/Al ratio and reduced pH and M+ concentration in solution with time, overall 

reaction chemistry can change significantly with time changing the types of zeolite which 

form at latter stages of synthesis. 
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It is in the low p to very low p where m approaches 0 or -1 that the difference between batch 

and continuous modes is most evident, concentrations will go from high levels to near zero 

over the course of hydrothermal treatment.  This effect is minimised where all aqueous phase 

reactants are sufficiently in excess such that there consumption during the course of 

hydrothermal treatment has a minimal impact on their concentration. 

 

Quantifying the changes which take place in hydrothermal outcomes as a function of time 

should yield information on the influence of changing conditions on outcomes.  The use of 

NaOH, NaNO3, and Al injections with time could further expand this understanding 

allowing reasonable prediction of the outcome of steady state conditions. 

 

Hydrothermal Synthesis Mechanisms 

Some synthesis mechanisms associated with raw materials and continuous processing were 

presented previously.  More general mechanisms relevant to the direct hydrothermal 

conversion of fly ash to zeolite, whose study could improve our understanding of the 

synthesis process, and therefore the manufacturing process and zeolite property control 

include: 

i. Zeolite phase solubility, stability, and solution equilibria.  By purifying different 

zeolites from hydrothermal treatment products using dense media, then combining 

blends of different zeolite types and ratios together in hydrothermal solutions with 

different pH, M+ concentration, ratio of H2O to zeolite, and temperature over a range 

of treatment times, and quantifying the composition of products. 

ii. The study of “other” composition in products, using XRF and quantitative XRD, has 

promising potential to reveal more information on glass reactivity and gel formation; 

however uncertainties need to be reduced for this to be reliable.  Gel phase is of 

lower density than zeolite, therefore it can be separated using dense media with a 

finely ground sample.  A purified sample of gel would allow a more detailed study of 

its properties. 

iii. Look at the influence of agitation speed, of continuous rotation in one direction or 

alternating direction, on the types and yields of zeolite produced. 
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Trace Elements 

Trace element mobility is of particular relevance for hydrothermal products targeted at 

agricultural application.  The trace element work conducted in this thesis was not 

comprehensive enough to correlate individual element mobility to individual zeolite or gel 

phases or yields or with treatment conditions.  Such an understanding of this aspect of 

product properties may be beneficial to agricultural application. 

 

For economic viability the hydrothermal solutions separated from solids need to be recycled.  

As a result, elements leached from ash during treatment will accumulate within the system.  

These elements will need to be removed from the system, which can be achieved through 

solvent extraction on a small fraction of the recycle as illustrated in Figure 6.2.  To find a 

suitable exchange media, the test protocol illustrated in Figure 6.3 could be employed to test 

different solvent extraction agents and media. 

 

 
Figure 6.3: Solvent extraction test protocol 

 

Trace elements are a major inhibitor to the direct use of unreacted fly ash in agriculture.  

Upgrading fly ash through a partial zeolite synthesis (hydrothermal treatment) will lower the 

impurity load, improve properties (water holding capacity and cation exchange capacity), 

and increase its value allowing its application as a soil amendment by overcoming the 

barriers associated with the amendment of soil using unaltered ash.  However it is 

questionable whether such a process could be economically viable, to this end a 

comprehensive economic model would need to be developed to evaluate its viability. 
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Application 

In theory, the equilibrium level of a nutrient maintained in the soil can be controlled with 

knowledge of typical soil solution composition for application and appropriate design of 

zeolite.  The cation exchange selectivity is used to measure this performance theoretically, 

however if bulk elemental composition of hydrothermal product is used which includes 

unreacted reactants and other non-zeolite impurities it can introduce a considerable bias into 

the cation exchange selectivity calculated from exchange experiments.  This uncertainty can 

be reduced by: 

i. Purify zeolite phase using dense media for more accurate XRF bulk chemistry 

resulting in more accurate cation exchange selectivity experimental results. 

ii. Expose unground hydrothermal product samples to exchange solution for a 

significant period of time then analyse exchanged solid using SEM-EDS to quantify 

the compositions of individual zeolite phases, and analyse equilibrium solution using 

IC or ICP, from which individual phase selectivity can be calculated. 

iii. Use a range of low iron fly ashes, classified and cleaned ashes, with fewer impurities 

to produce zeolite products with fewer impurities for CES experiments, so that more 

accurate CES values can be determined. 

 

It would be useful to: 

i. Test the equilibrium times for nutrient loading as well as non-equilibrium 

concentration time curves to evaluate staging requirements, economic cost and 

performance trade offs for nutrient loading section of zeolite fertiliser production 

process 

ii. Address the health issue of fibrous zeolites and mullite (see Section 4.2.2.1) through 

physiological testing 

 

To evaluate actual zeolite fertiliser performance, application testing is required.  Conducting 

controlled potplant experiments like those conducted by Hershey, et al. (1980), would be 

valuable in identifying actual fertiliser efficiency, leaching, and gaseous losses, and 

correlating them to application rates, nutrient types, zeolite types and selectivity’s.  This 

information would allow the identification of suitable products which could be related to 

operating conditions for which detailed economic modelling could be performed to evaluate 

the economic viability of potential products. 
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7 Evaluation and Reflection 
This project was bourn in an environment in which any zeolite application for fly ash 

utilisation was perceived as niche, exotic, and not worth allocating scarce resources toward, 

as a result there were considerable pressures (driving forces) to justify itself, which 

introduced a focus on applications, markets, economics, and a bigger picture appreciation of 

where zeolites fits into the fly ash utilisation mix, on top of the experimental objectives of 

my candidacy.  This additional work has played an important role in the early stage of this 

thesis of work and as such, a significant portion has been included in this thesis. 

 

This section documents the author’s opinion of which components of work presented in this 

thesis (classified into topics, see Figure 7.1) constitute a significant contribution to fly ash 

utilisation and zeolite synthesis from fly ash research, and to science. 

 

 
Figure 7.1: Illustration of the main contributions of thesis 

 

Background 

The scientific and philosophical principles and theories behind fly ash properties and 

applications, about the production of zeolites from fly ash and the application of zeolites in 

agricultural application are fragmented throughout scientific literature.  As such a significant 

achievement of this thesis is to bring these concepts together to produce a general 

comprehensive overview of most aspects relevant to the fly ash zeolite fertiliser industry. 
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In particular the contrast between the current state of fly ash utilisation and the potential 

markets for fly ash zeolites in Australia and its philosophical implications shed the issue of 

fly ash utilisation in a new light. 

 

XRD Method 

Previous authors have been limited in their ability to study the transformations which take 

place during the hydrothermal treatment of fly ash due to limitations in the detail of 

information provided by the characterisation methods employed (CEC and qualitative X-ray 

diffract-o-gram comparisons). 

 

Quantitative XRD analysis using full profile Rietveld analysis is a technique which can 

provide a significantly more detailed characterisation of reactants and products and therefore 

more detailed information on the transformations taking place. 

 

This technique is well established within various fields of science, while, to the author’s 

knowledge it has not previously been applied to the study of fly ash zeolites.  A significant 

contribution of this thesis was the application of this technique to the study of zeolites 

produced from fly ash and the associated methodology developed to this end. 

 

Fly Ash as Raw Material 

Previous authors have presented basic observations of the dissolution of glass, quartz, and 

mullite, and they are on occasion contradictory.  Only a few basic generalised qualitative 

relationships between reactivity and hydrothermal conditions have been cited by the author. 

 

The use of quantitative XRD in conjunction with SEM analysis of particle cross sections has 

provided significant information on the transformations taking place during the course of 

hydrothermal treatment, and as trends over varying conditions, which bring considerable 

clarity to our understanding of fly ash component reactivity and as such is a significant 

contribution. 

 

The use of particle cross sections in the study of mineralogy is substantially more 

informative than the study of particle surfaces for heterogeneous materials like fly ash and 

zeolites produced from fly ash.  However, to the author’s knowledge, the use of this 

technique in this work is also a first in the study of zeolites produced from fly ash. 
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Mechanism (M+ versus OH−) 

An attempt to differentiate the role of M+ and OH− towards the outcome of the hydrothermal 

treatment of fly ash was previously conducted by Murayama, et al. (2002b; Murayama, et al. 

2002a) which shed some light on the issue.  However there were limitations with the 

technique employed.  A new technique was developed to overcome these limitations, based 

on the use of NO3
− and with conditions defined by the ratio of OH/H2O, H2O/Al and m (the 

ratio M+/Al in excess of stoichiometry), and with outcomes quantified using quantitative 

XRD.  From these experiments a significantly improved understanding of the role of M+ and 

OH− towards the overall reaction mechanism was gathered, and as such represents a 

significant contribution. 

 

Mitigation of Reactant Encapsulation Limitation 

Inspired by the description of gel encapsulation, provided by Murayama, et al. (2002b; 

Murayama, et al. 2002a), which occurs during the direct hydrothermal treatment of fly ash, 

and which retards further dissolution of ash particle; and by the possibility of controlling this 

phenomenon to minimise encapsulation and subsequently increase productivity, a 

mechanism was proposed based on suppressed dissolution and enhanced crystallisation in 

the continuous presence of zeolite to mitigate this problem. 

 

Experiments were conducted to test this proposed mechanism over a range of hydrothermal 

treatment conditions using SEM to evaluate the outcomes.  The results corroborate various 

individual elements of the proposed mechanism. 

 

To the author’s knowledge, this proposed mechanism is completely original and as such 

represents a significant contribution as do the corroborating experiments. 
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Economics 

The purpose of the basic economic modelling work conducted was to provide a sense of 

perspective on the impact of hydrothermal conditions, on the economics, and subsequent 

viability of manufacturing zeolite fertilisers from fly ash.  From the results it is clear that 

economic viability is far from assured*, with the process sensitive to operating costs 

particularly NaOH and KCl raw materials, and probably energy use which highlights the 

importance of: 

• Economies of scale 

• Continuous processing 

• Aqueous stream recycles 

And all other measures which can be taken to improve productivity.  Therein lies the 

significance or value of studying fly ash component reactivity, the role of M+ and OH− 

toward hydrothermal outcomes, and the mitigation of reactant encapsulation, because each 

will contribute to our understanding of the direct hydrothermal conversion of fly ash to 

zeolite, with the potential to improve the productivity of producing zeolites from fly ash, and 

therefore its economic viability. 

 

Recommendations for Future Work 

Within the recommendations for future work are a number of innovative and original ideas 

of how to advance various aspects of the work conducted and ideas presented in this thesis to 

the next level, and as such is itself a significant contribution. 

 

 

 

                                                      
* For the high volume bulk market required to consume millions of tonnes of fly ash.  However the 
pursuit of higher value fertiliser and other zeolite markets (300 to 600 $AU per tonne) should be seen 
as the stepping stone required to establish the technology, with the lower value higher volume markets 
maintained as a longer term endgame. 
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8 Appendices 
There are two major parts to the Appendices, Appendix A lists all the mineral phase crystal 

structure variables from literature, used as the basis for quantitative mineral analysis, and 

Appendix B tables the full results of quantitative analysis. 

  

8.1 Appendix A – Mineral Phase Structure Defaults 
Mineral phases used in quantitative analysis, selected from the Inorganic Crystal Structure 

Database (ICSD) (FIZ Karlsruhe 2005) based on the following criteria: 

i. Good peak ratio fit for target phase 

ii. Structure for standard laboratory conditions 25°C and 1 atmosphere pressure 

iii. Simplicity 

iv. Accessibility of source reference 

 

The phase constants for corundum internal standard are given in Table 8.1, ash mineral 

phases in Tables 8.2 to 8.7, and zeolite phases in tables 8.8 to 8.16. 

 

Table 8.1: Corundum phase constants 

ICSD# 73725 
Source Reference (Maslen, et al. 1993) 
Composition Al2O3 
Space Group R -3 c H SG Number 167 Z 6 
Unit Cell Parameters a = b = 4.7540, c = 12.9820 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Al 1 +3 12c 0 0 0.35227 1 ⅓  
O 1 −2 18e 0.69396 0 ¼ 1 ½  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
 

Table 8.2: Quartz phase constants 

ICSD# 34644 
Source Reference (Smith and Alexander 1963) 
Composition SiO2 
Space Group P 32 2 1 SG Number 154 Z 3 
Unit Cell Parameters a = b = 4.9137, c = 5.40513 
Atom # OX[A] Site[B] x y Z[F] SOF[C] n[D] B[E] 

Si 1 +4 3a 0.4698 0 ⅔ 1 ½  
O 1 −2 6c 0.4145 0.2662 0.7856 1 1  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] values for z given by Smith and Alexander are x = 0 for Si and x = 0.1189 for O which are for space group P 32 2 1 S 
which were converted to space group P 32 2 1 for use in Rietica 
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Table 8.3: Mullite phase constants 

ICSD# 66447 
Source Reference (Ban and Okada 1992) 
Composition Al4.64Si1.36O9.68 
Space Group P b a m SG Number 55 Z 1 
Unit Cell Parameters a = 7.5640, b = 7.6923, c = 2.8806 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Al 1 +3 2a 0 0 0 1 ¼ 1.28 
Al 2 +3 4h 0.1503 0.3410 ½ 0.5 ¼ 1.28 
Si 1 +4 4h 0.1503 0.3410 ½ 0.34 0.17 1.28 
Al 3 +3 4h 0.2573 0.2031 ½ 0.16 0.08 1.28 
O 1 −2 4h 0.3548 0.4248 ½ 1 ½ 1.28 
O 2 −2 4g 0.1303 0.2176 0 1 ½ 1.28 
O 3 −2 2d ½ 0 ½ 0.519 0.12975 1.28 
O 4 −2 4h 0.430 0.064 ½ 0.16 0.08 1.28 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
 

Table 8.4: Hercynite phase constants 

ICSD# 40093 
Source Reference (Hill 1984) 
Composition FeAl2O4 
Space Group F d -3 m z SG Number 227 Z 8 
Unit Cell Parameters a = b = c = 8.15579 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Fe 1 +2 8a ⅛ ⅛ ⅛ 0.837 0.03488 0.56 
Al 1 +3 8a ⅛ ⅛ ⅛ 0.163 0.00678 0.56 
Fe 2 +2 16d ½ ½ ½ 0.0815 0.00679 0.44 
Al 2 +3 16d ½ ½ ½ 0.9185 0.07654 0.44 
O 1 −2 32e 0.2633 0.2633 0.2633 1 1/6 1.07 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
 

Table 8.5: Magnetite phase constants 

ICSD# 43001 
Source Reference (O'Reilly 1968)[6] 
Composition Fe3O4 
Space Group F d -3 m z SG Number 227 Z 8 
Unit Cell Parameters a = b = c = 8.396 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Fe 1 +2 8a ⅛ ⅛ ⅛ 1 0.04167  
Fe 2 +3 16d ½ ½ ½ 1 0.08333  
O 1 −2 32e 0.256 0.256 0.256 1 1/6  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference obtained, however atomic positions used from ICSD data card. 
 

Table 8.6: Hematite phase constants 

ICSD# 15840 
Source Reference (Blake, et al. 1966) 
Composition Fe2O3 
Space Group R -3 c H SG Number 167 Z 6 
Unit Cell Parameters a = b = 5.038, c = 13.772 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Fe 1 +3 12c 0 0 0.3553 1 ⅓  
O 1 −2 18e 0.3059 0 ¼ 1 ½  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
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Table 8.7: Cristobalite phase constants 

ICSD# 24587 
Source Reference (Barth 1932)[F] 
Composition SiO2 
Space Group P 21 3 SG Number 198 Z 8 
Unit Cell Parameters a = b = c = 7.16 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 4a 0.255 0.255 0.255 1 ⅓  
Si 2 +4 4a −0.008 −0.008 −0.008 1 ⅓  
O 1 −2 4a ⅛ ⅛ ⅛ 1 ⅓  
O 2 −2 12b 0.660 0.660 0.062 1 1  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference not cited, data from ICSD data card 
 

Table 8.8: Sodalite (SOD) phase constants 

ICSD# 36050 
Source Reference (Hassan and Grundy 1983) 
Composition Na8(Al6Si6O24)(OH)2(H2O)2 
Space Group P -4 3 n SG Number 218 Z 1 
Unit Cell Parameters a = b = c = 8.890 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 6c ¼ ½ 0 1 ¼  
Al 1 +3 6d ¼ 0 ½ 1 ¼  
O 1 -2 24i 0.1397 0.1506 0.4399 1 1  
Na 1 +1 8e 0.1755 0.1755 0.1755 1 ⅓  
O 2 −2 24i 0.0704 0.1178 −0.0526 1/6 1/6  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
 

Table 8.9: Cancrinite (CAN) phase constants 

ICSD# 63719 
Source Reference (Hassan and Grundy 1991) 
Composition Na8(Al6Si6O24)(OH)2.04(H2O)2.68 
Space Group P 63 SG Number 173 Z 1 
Unit Cell Parameters a = b = 12.664, c = 5.159 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 6c 0.3298 0.4125 ¾ 1 1  
Al 1 +3 6c 0.0764 0.4133 0.7515 1 1  
O 1 −2 6c 0.2022 0.4034 0.6653 1 1  
O 2 −2 6c 0.1184 0.5647 0.7269 1 1  
O 3 −2 6c 0.0287 0.3531 0.0579 1 1  
O 4 −2 6c 0.3190 0.3611 0.0421 1 1  
Na 1 +1 2b ⅔ ⅓ ⅛ 1 ⅓  
Na 2 +1 6c 0.1320 0.2669 0.2867 1 1  
O 5 −2 6c 0.0514 0.1087 0.6714 0.17 0.17  
O 6 −2 6c 0.0541 0.1096 0.9377 0.17 0.17  
O 7 −2 2a 0 0 0.6931 0.34 0.11333  
O 8 −2 6c 0.6152 0.3097 0.6835 0.33 0.33  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
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Table 8.10: Zeolite ZK-14 (CHA) phase constants 

ICSD# 201584 
Source Reference (Cartlidge and Meier 1984) 
Composition Na14.4(Al11.1Si24.9O72)(H2O)39 
Space Group R -3 m H SG Number 166 Z 1 
Unit Cell Parameters a = b = 13.822. c = 15.155 
Atom # OX[A] Site[B] x y Z SOF[C] n[D] B[E] 

Si 1 +4 36i −0.0013 0.2245 0.1053 0.7[F] 0.7 2.1 
Al 1 +3 36i −0.0013 0.2245 0.1053 0.3[F] 0.3 2.1 
O 1 −2 18f 0 0.2697 0 1 ½ 3.8 
O 2 −2 18g −0.0238 0.3095 1/6 1 ½ 3.4 
O 3 −2 18h 0.1248 0.2496 0.1282 1 ½ 4.6 
O 4 −2 18h −0.0932 0.0932 0.139 1 ½ 7.8 
Na 1 +1 18f 0.440 0 0 0.70 0.35 9.7 
Na 2 +1 6c 0 0 0.124 0.30 0.05 2 
O 5 −2 18h 0.1032 0.2063 0.470 1 ½ 15.1 
O 6 −2 18h 0.7293 0.4587 0.016 0.84 0.42 11.4 
O 7 −2 6c 0 0 0.456 0.60 0.1 18.0 
O 8 −2 6c 0 0 0.768 0.36 0.06 2.0 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] values used from ICSD data card, however inconsistent with composition 
 

Table 8.11: Analcime (ANA) phase constants 

ICSD# 45047 
Source Reference (Taylor 1930)[F] (Beattie 1954) 
Composition Na2(Al2Si4O12)(H2O)2 
Space Group I a -3 d SG Number 230 Z 8 
Unit Cell Parameters a = b = c = 13.73 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 48g 0.661 0.589 ⅛ ⅔ ⅓  
Al 1 +3 48g 0.661 0.589 ⅛ ⅓ 1/6  
O 1 −2 96h 0.111 0.131 0.722 1 1  
Na 1 +1 24c 0 ¼ ⅛ ⅔ 1/6  
O 2 −2 16b ⅛ ⅛ ⅛ 1 1/6  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference not cited, data from ICSD data card 
 

Table 8.12: Zeolite P1 (GIS) phase constants 

ICSD# 9550 
Source Reference (Baerlocher and Meier 1972)[F] 
Composition Na6(Al6Si10O32)(H2O)12 
Space Group I -4 SG Number 82 Z 1 
Unit Cell Parameters a = b = c = 10.043 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 8g 0.1438 0.1692 −0.0181 0.625 0.625 1.1 
Al 1 +3 8g 0.1438 0.1692 −0.0181 0.375 0.375 1.1 
Si 2 +4 8g 0.1683 0.3579 0.2329 0.625 0.625 0.9 
Al 2 +3 8g 0.1683 0.3579 0.2329 0.375 0.375 0.9 
O 1 −2 8g 0.1890 0.0215 0.041 1 1 0.5 
O 2 −2 8g 0.1885 0.2895 0.088 1 1 1.3 
O 3 −2 8g 0.0090 0.346 0.2985 1 1 2.5 
O 4 −2 8g 0.283 0.2845 0.3300 1 1 2.8 
Na 1 +1 8g 0.0140 0.1895 0.494 0.32 0.32 4.4 
Na 2 +1 8g 0.359 0.0825 0.2210 0.42 0.42 4.0 
O 5 −2 4e 0 0 0.3250 0.42 0.21 5.9 
O 6 −2 8g 0.2195 0.0240 0.3515 0.70 0.70 2.6 
O 7 −2 8g 0.2930 0.002 0.3520 0.50 0.50 4.0 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference not cited, data from ICSD data card 
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Table 8.13: Gmelinite (GME) phase constants 

ICSD# 78806 
Source Reference (Sacerdoti, et al. 1995) 
Composition Na8.08(Al7.69Si16.26O48)(H2O)14.4 
Space Group P 63/m m c SG Number 194 Z 1 
Unit Cell Parameters a = b = 13.766, c = 10.076 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 24l 0.4421 0.1058 0.0942 0.6789[F] 0.6789  
Al 1 +3 24l 0.4421 0.1058 0.0942 0.3211[F] 0.3211  
O 1 −2 12k 0.4171 0.2086 0.0598 1 ½  
O 2 −2 12k 0.8505 0.4253 0.0607 1 ½  
O 3 −2 12j 0.4110 0.0658 ¼ 1 ½  
O 4 −2 12i 0.3557 0 0 1 ½  
Na 1 +1 4f ⅓ ⅔ 0.0727 1 1/6  
Na 2 +1 12k 0.1204 0.241 0.071 0.34 0.17  
O 5 −2 12j 0.1965 0.549 ¼ 0.5 ¼  
O 6 −2 6h 0.1697 0.3394 ¼ 0.68 0.17  
O 7 −2 12k 0.163 0.0815 0.117 0.36 0.18  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] values used from ICSD data card, however inconsistent with composition 
 

Table 8.14: Zeolite Li-A (ABW) phase constants 

ICSD# 89954 
Source Reference (Norby, et al. 2000) 
Composition Li(AlSiO4)(H2O) 
Space Group P n a 21 SG Number 33 Z 4 
Unit Cell Parameters a = 10.3369, b = 8.2125, c = 5.0074 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 4a 0.3518 0.3760 0.2614 1 1  
Al 1 +3 4a 0.1553 0.0753 0.2513 1 1  
O 1 −2 4a 0.0025 0.1617 0.2326 1 1  
O 2 −2 4a 0.2621 0.2301 0.1412 1 1  
O 3 −2 4a 0.1979 0.0298 0.5849 1 1  
O 4 −2 4a 0.1777 0.8929 0.0841 1 1  
Li 1 +1 4a 0.1774 0.6784 0.2713 1 1  
O 5 −2 4a 0.4965 0.0907 0.6806 1 1  

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor 
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Table 8.15: Zeolite L (LTL) phase constants 

ICSD# 69414 
Source Reference (Sato, et al. 1990)[F] 
Composition K4.63Na6(Al10.63Si25.38O72)(H2O)19.32 
Space Group P 6/m m m SG Number 191 Z 1 
Unit Cell Parameters A = b = 18.3580, c = 7.521 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 12q 0.0927 0.3578 ½ 0.114 0.057 4.2 
Al 1 +3 12q 0.0927 0.3578 ½ 0.886 0.443 4.2 
Si 2 +4 24r 0.1712 0.5055 0.2134 1 1 3.7 
O 1 −2 6k 0 0.2886 ½ 1 ¼ 2.7 
O 2 −2 6m 0.1606 0.3212 ½ 1 ¼ 0.5 
O 3 −2 12o 0.2581 0.5162 0.246 1 ½ 2.9 
O 4 −2 24r 0.1058 0.4173 0.3159 1 1 3.4 
O 5 −2 12o 0.4292 0.8584 0.273 1 ½ 2.4 
O 6 −2 12p 0.1547 0.4798 0 1 ½ 4.1 
K 1 +1 2d ⅔ ⅓ ½ 0.95 0.07917 5.9 
K 2 +1 3g ½ 0 ½ 0.91 0.11375 5.0 

Na 1 +1 6j 0.3056 0 0 1 ¼ 4.4 
O 7 −2 6j 0.211 0 0 0.59 0.1475 7 
O 8 −2 12o 0.1277 0.2554 0.074 0.42 0.21 5 
O 9 −2 12o 0.1389 0.0694 0.282 0.67 0.335 10 
O 10 −2 6k 0.109 0 ½ 0.45 0.1125 6 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference not cited, data from ICSD data card 
 

Table 8.16: Mazzite (MAZ) phase constants 

ICSD# 6258 
Source Reference (Galli 1974)[F] 
Composition K2.76Mg2Ca0.84(Si36O72)(H2O)32.38 
Space Group P 63/m m c SG Number 194 Z 1 
Unit Cell Parameters a = b = 18.392, c = 7.646 
Atom # OX[A] Site[B] x y z SOF[C] n[D] B[E] 

Si 1 +4 12j 0.4902 0.1583 ¼ 1 ½ 1.0 
Si 2 +4 24l 0.0933 0.3536 0.0444 1 1 1.0 
O 1 −2 6h 0.5178 0.2589 ¼ 1 ¼ 2.4 
O 2 −2 6h 0.5752 0.1504 ¼ 1 ¼ 1.9 
O 3 −2 12j 0.1004 0.3821 ¼ 1 ½ 2.1 
O 4 −2 24l 0.1116 0.4353 −0.0723 1 1 2.3 
O 5 −2 12k 0.1612 0.3224 0.0005 1 ½ 2.0 
O 6 −2 12i 0 0.2740 0 1 ½ 2.3 
K 1 +1 6g ½ 0 0 0.46 0.115 2.6 

Mg 1 +2 2c ⅓ ⅔ ¼ 1 0.08333 2.9 
Ca 1 +2 4e 0 0 0.068 0.21 0.035 23 
O 7 −2 12k 0.533 0.066 −0.342 0.57 0.285 8.3 
O 8 −2 4f ⅓ ⅔ −0.016 1 1/6 4.6 
O 9 −2 6h 0.271 0.542 ¼ 0.40 0.1 3.9 
O 10 −2 12j 0.355 0.567 ¼ 0.30 0.15 3.4 
O 11 −2 24l 0.145 0.022 0.048 0.25 0.25 9.7 
O 12 −2 6h 0.178 0.089 ¼ 0.81 0.2025 18.1 
O 13 −2 12k 0.077 0.154 0.228 0.39 0.195 25 

[A] Oxidation state [B] Wyckoff site [C] site occupancy factor [D] Rietica site occupancy factor [E] Iso-thermal temperature 
factor [F] Source reference not cited, data from ICSD data card 
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8.2 Appendix B – Quantitative XRD Results 
The Bragg R value is a measure of agreement between model and experimental data.  The 

Bragg R values for fly ash refinements are given in Table 8.17, for hydrothermal product 

refinements in Tables 8.18 to 8.27, and for XRD repeats in Table 8.28.  The quantitative 

results for fly ash are given in Table 4.9, for hydrothermal treatment products in Tables 8.29 

to 8.48, and for XRD repeats in Table 8.49. 

 

Table 8.17: Bragg R values from ash refinements 

Phase FA A FA B FA C FA D FA E FA F FA G FA H BA A BA B 
Corundum 2.37 3.59 3.56 2.94 3.06 3.64 3.49 4.03 4.88 5.27 
Quartz 3.14 4.34 3.96 2.62 2.99 2.27 4.56 2.11 4.97 6.11 
Mullite 5.91 4.99 5.36 5.87 4.45 4.89 3.99 3.37 8.02 7.78 
Hercynite1 10.93 9.51 10.23 7.57      5.37 
Magnetite 6.26 7.75 7.24 6.38 6.9 2.76  2.78 4.29 6.36 
Hematite 4.49 5.12 5.16 4.89 5.56 2.84   6.02 5.84 
Hercynite2 8.67 9.94 8.27 7.66  2.96  2.27 3.7 4.2 
Cristobalite         3.81 8.85 
 

Table 8.18: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 1 2 3 4 5 6 7 8 9 10 
Corundum 3.45 3.27 5.51 3 4.2 2.8 3 3.25 4.44 3.26 
Quartz 5.25 3.72 7.29 2.72 7.36 4.21 4.6 3.17 7.24 3.52 
Mullite 6.15 6.31 7.55 7.5 7.61 6.49 6.28 6.17 7.65 7.26 
Hercynite1       9.7 8.9  7.15 
Magnetite  7.29  8.62  5.53 7.69 6.93  7.7 
Hematite 8.53 3.94  5.77  4.57 6.01 5.34  6.58 
Hercynite2 6.85 9.34 8.02 8.99 8.88 5.98 10.19 9.23 8.24 9.18 
SOD – Sodalite  5.23  5.61  5.67     
CAN – Cancrinite  5.25  6.77  6.48     
CHA – Zeolite ZK-14 5.69  8.21  8.23    9.55  
ANA – Analcime 6.43  9.04  6.75    13.45  
GIS – Zeolite P1   9.56  10.19    11.7  
GME – Gmelinite 5.47  11.44  11.91    13.05  
 

Table 8.19: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 11 12 13 14 15 16 17 18 19 20 
Corundum 2.68 3.72 2.98 3.17 5.66 4.65 3.06 3.01 3.01 2.5 
Quartz 3.98 5.69 6.69 5.74 5.47 4.38 6.08 4.79 3.59 2.78 
Mullite 6.08 7.01 4.68  7.05 7.73 6.83 6.58 6.37 6.72 
Hercynite1    8.79   10.67   12.92 
Magnetite 5.04 4.51 3.83 3.04   7.41 7.85 5.47 7.04 
Hematite 6.23 6.21 6.19 5.09   7.16 6.28 6.03 4.72 
Hercynite2 8.1 6.92 6.77 5.43 7.66 7.57 9.59 10.27 8.52 9.65 
SOD – Sodalite 7.93 8.39 7.45   4.92 7.17 5.08   
CAN – Cancrinite 6.32 6.67 6.79 5.52    7.19   
CHA – Zeolite ZK-14     7.54 9.43     
ANA – Analcime     10.52 12.08     
GIS – Zeolite P1     8.49    11.19 6.77 
GME – Gmelinite     12 12.78     
ABW – Zeolite Li-A         11.55  
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Table 8.20: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 21 22 23 24 25 26 27 28 29 36 
Corundum 2.91 3.45 3.38 2.68 2.88 2.89 5.39 4.42 4.77 4.17 
Quartz 5.08 2.64 3.52 3.17 3.6 4.7 5.39  6.33 4.69 
Mullite 6.3 6.17 8.1 7.16 6.69 6.86 5.95 6.01 10.14 5.13 
Hercynite1 7.66 8.05   5.46 6.16     
Magnetite 4.39 3.88  4.22 5.96 5.49  3.73   
Hematite 4.39 5.22  5.4 4.85 6.41 7.51 7.11  10.38 
Hercynite2 7.42 7.28 9.42 6.91 6.72 6.93 6.62 4.17 9.31 8.92 
Cristobalite           
SOD – Sodalite           
CAN – Cancrinite     8.75      
CHA – Zeolite ZK-14   6.29    8.05 5.79 7.61 8.46 
ANA – Analcime   10.9 7.39   8.07 6.98 8.12 6.39 
GIS – Zeolite P1 5.06 5.42 9.4 8.25     8.64  
GME – Gmelinite   8.35    10.16 7.35 8.79 9.32 
 

Table 8.21: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 37 38 39 40 41 42 43 44 45 46 
Corundum 3.32 3.51 3.2 4.38 4 2.79 3.31 4.13 5.42 3.43 
Quartz 3.72 3.39 4.19 6.17 4.89 5.81 5.15 5.5 11.06 6.03 
Mullite 6.5 6.06 6.57 7.69 9.52 6.65 5.02 7.68 10.72 8.07 
Hercynite1 5.69 8.77 6.56        
Magnetite 4.03 7.17 7.09   7.95 10.35 9.88   
Hematite 4.28 5.39 4.8   7.33 8.68 8.28   
Hercynite2 7.09 8.29 7.95 8.21 12.37 12.62 13.73 15.42  10.17 
SOD – Sodalite     18.69 13.47 10.37 14.56 7.07 6.34 
CAN – Cancrinite     15.64 10.45 9.96 11.1 11.65  
CHA – Zeolite ZK-14    7.82 11.08    12.94  
ANA – Analcime    9.26 7.59    12.83 9.73 
GIS – Zeolite P1    8.52      8.58 
GME – Gmelinite    10.48     13.33 11.39 
 

Table 8.22: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 47 48 49 50 51 52 53 54 55 56 
Corundum 3.43 2.63 3.46 2.55 3.25 4.12 4.49 4.66 3.83 2.55 
Quartz 3.89 4.42 4.76 6.17 5.19 6.61 6.49 8.38 5.34 5.03 
Mullite 5.52 7.04 7.04 5.55 6.46 6.4 7.83 7.36 6.91 6.59 
Hercynite1          6.84 
Magnetite 2.83 6.64 7.01 2.48 8.13     8.23 
Hematite 4.05 5.58 4.33 4.42 9.49 9.91    5.87 
Hercynite2 4.44 8 7.16 4.87 10.11 9.16 9.41 9.4 8.19 8.26 
SOD – Sodalite 6.08 6.33 7.94 3.95 13.4 16.32 7.88    
CAN – Cancrinite 6.34 6.28 7.59 5.63 11.36 15.64 8.13    
CHA – Zeolite ZK-14       7.4 8.14 8.73  
ANA – Analcime        11.53 11.21  
GIS – Zeolite P1      10.24 6.48 10.04 7.06  
GME – Gmelinite        12.27 9.01  
LTL – Zeolite L          8.16 
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Table 8.23: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 57 60 61 64 66 67 68 69 70 71 
Corundum 2.74 5.15 4.85 5.01 4.98 4.44 5.85 5.77 7.3 6.87 
Quartz 3.7 5.28 3.91 4.58 5.52 5 7.31 3.4 14.21 8.35 
Mullite 13.35 7.13 7.38 6.52 7.34 5.31 5.2 4.53 9.18 6.03 
Hercynite1    5.24 6.11      
Magnetite 9.92 5.03 6.77 4.35 6.44      
Hematite 6.8 5.88 5.95 6.43 7.25      
Hercynite2 9.86 7.07 8.33 6.03 8.16 4.92     
CHA – Zeolite ZK-14  5.15 7.77   6.07 8.91 6.37 14.53 10.73 
ANA – Analcime      5.06  5.77 16.59 11.75 
GIS – Zeolite P1  5.55 6.68 3.74 7.58 7.1 6.49 5.36 9.85 9.65 
GME – Gmelinite      7.72   16.62 14.45 
LTL – Zeolite L 6.69          
MAZ – Mazzite 11.11          
 

Table 8.24: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 72 73 74 76 77 78 79 80 81 82 
Corundum 5.49 6.48 5.16 5.64 6.95 6.73 5.99 6.64 5.94 5.84 
Quartz 9.25 8.51 4.98 7.31 6.47 7.2 8.52 6.27 4.73 5.95 
Mullite 8.59 8.96 9.03 8.34 8.77 8.02 5.64 8.21 6.85 8.14 
Hercynite1  8.95 11.16        
Magnetite 8.6 8.7 12.61        
Hematite 9.02 8.44 8.65        
Hercynite2  8.9 13.03 10.29 11.05 8.48 8.86 8.03 8.21 8.99 
CAN – Cancrinite    19.98  8.87 8.17 10.51 9.31 8.92 
CHA – Zeolite ZK-14    6.65 11.13 6.64 5.98 8.23 7.34 7.24 
ANA – Analcime 12.18   11.24 15.37 8.19 5.92 7.01 6.97 7.95 
GIS – Zeolite P1 5.47 6.69  7.56 11.64 7.8 6.55 10.52 7.59 10.34 
GME – Gmelinite     14.32      
ABW – Zeolite Li-A   11.88        
 

Table 8.25: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 83 84 85 86 87 88 89 91 94 95 
Corundum 5.25 5.42 4.81 5.54 5.02 3.74 6.27 4.02 4.98 3.62 
Quartz 5.25 5.02 5.07 5.51 4.7 3.95 8.07 7.14 5.99 4.38 
Mullite 8.55 7.14 7.41 6.78 7.23  7.24 9.03 9.04 6.39 
Hercynite1  6.23 6.48 6.21 5.8      
Magnetite  5.6 7.81 5.25 7.28 7.94  8.37  4.04 
Hematite  5.45 6.01 5.59 5.8 10.02 13 8.89  7.03 
Hercynite2 9.31 9.13 9.11 6.78 9.32 10.12 9.24 11.12 11.38 6.43 
SOD – Sodalite      9.07 15.54 14.04 7.41 7.96 
CAN – Cancrinite 9.12     9.17  10.56  6.76 
CHA – Zeolite ZK-14 7.22      8.64  10.69  
ANA – Analcime 8.21      7.73    
GIS – Zeolite P1 8.54        15.1  
GME – Gmelinite         13.33  
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Table 8.26: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 97 98 99 100 101 102 103 105 106 107 
Corundum 5.98 5.9 5.86 5.1 4.64 5.46 6.09 5.46 5.17 5.21 
Quartz 10.03 7.4 5.22 5.01 3.64 6.81 6.26 4.89 6.08 7.3 
Mullite 8.58 8.13 8.47 7.44 5.46 7.86 7.42 6.62 6.32 6.1 
Hercynite1   4.58   7.03  3.76 5.6  
Magnetite   5.5 7.33  9.87  4.82 5.85 3.93 
Hematite   6.63 7.27  6.77  6.19 6.01 6.59 
Hercynite2 9.95 8.37 7.47 8.91  10.76 8.99 6.84 5.52 6.97 
CAN – Cancrinite    11.09   10.66    
CHA – Zeolite ZK-14 9.25 8.23 7.46    6.94   7.11 
ANA – Analcime 11.13 9.42     8.35    
GIS – Zeolite P1 11.25 11.14  9.55   5.68 3.71 4.27 3.97 
GME – Gmelinite 12.47 12.27         
 

Table 8.27: Bragg R values from hydrothermal product refinements 

 HTP 
Phase 108 109 110 111 112 113 114 115 116 119 
Corundum 5.54 5.08 5.66 6.21 5.45 4.79 6.96 4.07 6.53 4.87 
Quartz 6.67 6.37 7.26 5.44 5.74 5.2 11.48 2.65 7.83 4.64 
Mullite 7.26 9.25 7.22 6.09 5.88 4.8 7.66 5.05 4.87 5.17 
Hercynite1          4.93 
Magnetite 4.05   6.28 5.09 4.62    6.06 
Hematite 6.32  9.39 7.12 5.05 6.26   9.82 7.45 
Hercynite2 6.53 9.33 7.23 7.54 6.05 7.44   5.9 8.48 
SOD – Sodalite  8.14         
CHA – Zeolite ZK-14 7.25 14.49 14.59 8.53 6.43    8.82  
ANA – Analcime      4.54   5.13  
GIS – Zeolite P1 5.19 7.86 6.25 6.1 4.96 6.73 12.67  8.29 4.83 
GIS2  8.87 6.19        
 

Table 8.28: Bragg R values from hydrothermal product refinements of XRD repeats 

 Sample 
Phase FA A(R) HTP 3(R) HTP 9(R) HTP 11(R) HTP 13(R) HTP 28(R) HTP 57(R)
Corundum 6.05 6.48 6.46 5.83 3.9 4.72 4.3 
Quartz 5.49 13.55 9.14 4.85 7.83  5.74 
Mullite 7.78 8.73 7.68 8.73 7.4 6.42 13.67 
Hercynite1 10.11     3.8  
Magnetite 11.62   5.44 4.22 4.92 9.7 
Hematite 6.05   4.04 5.49 9.56 7.23 
Hercynite2 10.78 9.05 10.1 6.4 5.17 5.46 11.43 
SOD    9.74 7.66   
CAN    7.99 6.73   
CHA  9.48 11.74   6.84  
ANA  10.76 14.42   6.39  
GIS  11.98 14.32     
GME  13.2 15.03     
LTL       8.35 
MAZ       11.16 
 



Chapter 8 – Appendices Elliot A.D., PhD Thesis 
  

 278

 

Table 8.29: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 1 2 3 4 5 
Quartz 10.6 ±0.3 13.7 ±0.3 2.35 ±0.14 11.8 ±0.3 1.95 ±0.14 
Mullite 10.8 ±0.4 10.7 ±0.4 9.70 ±0.43 10.3 ±0.4 11.8 ±0.5 
Hercynite1        
Magnetite   0.53 ±0.07  0.57 ±0.06  
Hematite 0.78 ±0.09 0.69 ±0.09  0.67 ±0.08  
Hercynite2 3.07 ±0.20 2.55 ±0.18 2.78 ±0.20 2.83 ±0.18 3.22 ±0.23 
SOD – Sodalite   0.84 ±0.19  2.31 ±0.21  
CAN – Cancrinite   1.56 ±0.23  2.49 ±0.23  
CHA – Zeolite ZK-14 13.0 ±0.5  19.2 ±0.9   17.3 ±1.0 
ANA – Analcime 0.23 ±0.14  1.16 ±0.17   4.13 ±0.26 
GIS – Zeolite P1    0.54 ±0.16   2.21 ±0.22 
GME – Gmelinite 0.71 ±0.18  2.01 ±0.22   2.03 ±0.25 
Other[A] 60.7 ±0.8 69.5 ±0.6 62.2 ±1.1 69.0 ±0.6 57.4 ±1.2 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.30: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 6 7 8 9 10 
Quartz 9.66 ±0.26 14.5 ±0.4 15.1 ±0.4 11.7 ±0.4 15.8 ±0.4 
Mullite 10.8 ±0.4 11.3 ±0.4 11.7 ±0.4 11.6 ±0.5 11.7 ±0.4 
Hercynite1   0.42 ±0.10 0.43 ±0.10   0.25 ±0.10 
Magnetite 0.55 ±0.07 0.61 ±0.07 0.64 ±0.07   0.62 ±0.07 
Hematite 0.63 ±0.09 0.84 ±0.10 0.81 ±0.10   0.84 ±0.09 
Hercynite2 2.49 ±0.18 2.80 ±0.21 2.74 ±0.21 2.99 ±0.24 2.73 ±0.21 
SOD – Sodalite 9.64 ±0.35      
CAN – Cancrinite 2.91 ±0.26      
CHA – Zeolite ZK-14     4.67 ±0.41  
ANA – Analcime     0.17 ±0.16  
GIS – Zeolite P1     1.54 ±0.21  
GME – Gmelinite     2.30 ±0.25  
Other[A] 63.4 ±0.7 69.6 ±0.6 68.6 ±0.7 65.1 ±0.9 68.0 ±0.7 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.31: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 11 12 13 14 15 
Quartz 5.61 ±0.18 3.71 ±0.16 1.24 ±0.10 0.85 ±0.09 5.40 ±0.23 
Mullite 11.1 ±0.4 10.9 ±0.4 4.02 ±0.28   12.6 ±0.5 
Hercynite1     0.34 ±0.09  
Magnetite 0.55 ±0.07 0.55 ±0.07 0.64 ±0.08 0.50 ±0.08  
Hematite 0.57 ±0.09 0.61 ±0.10 0.61 ±0.09 0.63 ±0.08  
Hercynite2 3.01 ±0.19 3.07 ±0.21 3.81 ±0.21 3.68 ±0.22 2.94 ±0.23 
SOD – Sodalite 14.0 ±0.4 18.5 ±0.6 2.83 ±0.40    
CAN – Cancrinite 7.29 ±0.34 12.7 ±0.5 46.5 ±1.1 56.8 ±1.3  
CHA – Zeolite ZK-14       19.4 ±1.1 
ANA – Analcime       0.86 ±0.19 
GIS – Zeolite P1       2.97 ±0.25 
GME – Gmelinite       2.23 ±0.27 
Other[A] 57.8 ±0.7 50.0 ±0.9 40.3 ±1.2 37.2 ±1.3 53.6 ±1.3 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.32: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 16 17 18 19 20 
Quartz 7.13 ±0.27 11.7 ±0.3 13.7 ±0.4 13.3 ±0.3 15.4 ±0.4 
Mullite 11.1 ±0.5 9.72 ±0.37 11.4 ±0.4 11.0 ±0.4 12.2 ±0.4 
Hercynite1   0.23 ±0.09    0.54 ±0.10 
Magnetite   0.55 ±0.06 0.66 ±0.07 0.55 ±0.07 0.62 ±0.07 
Hematite   0.54 ±0.08 0.69 ±0.10 0.69 ±0.09 0.76 ±0.09 
Hercynite2 3.16 ±0.24 2.38 ±0.18 2.94 ±0.21 2.59 ±0.19 2.94 ±0.21 
SOD – Sodalite 2.61 ±0.26 4.31 ±0.23 2.89 ±0.24    
CAN – Cancrinite    0.48 ±0.23    
CHA – Zeolite ZK-14 4.50 ±0.42      
ANA – Analcime 0.68 ±0.18      
GIS – Zeolite P1     1.44 ±0.17 1.44 ±0.17 
GME – Gmelinite 3.72 ±0.27      
ABW – Zeolite Li-A     0.42 ±0.12  
Other[A] 67.1 ±0.8 70.6 ±0.6 67.3 ±0.7 70.0 ±0.6 66.1 ±0.7 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.33: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 21 22 23 24 25 
Quartz 14.1 ±0.3 16.5 ±0.4 12.6 ±0.4 14.9 ±0.4 14.9 ±0.4 
Mullite 11.8 ±0.4 12.3 ±0.4 12.0 ±0.5 11.6 ±0.4 11.7 ±0.4 
Hercynite1 0.33 ±0.09 0.43 ±0.10    0.25 ±0.10 
Magnetite 0.63 ±0.07 0.74 ±0.07  0.68 ±0.07 0.64 ±0.07 
Hematite 0.67 ±0.09 0.70 ±0.09  0.60 ±0.09 0.74 ±0.09 
Hercynite2 2.71 ±0.19 2.89 ±0.19 3.30 ±0.21 2.97 ±0.20 2.63 ±0.21 
CAN – Cancrinite       0.40 ±0.22 
CHA – Zeolite ZK-14    2.02 ±0.32    
ANA – Analcime    0.32 ±0.14 0.54 ±0.13  
GIS – Zeolite P1 1.76 ±0.16 1.57 ±0.16 1.85 ±0.19 0.78 ±0.15  
GME – Gmelinite    1.31 ±0.20    
Other[A] 68.0 ±0.6 54.8 ±0.6 66.6 ±0.8 67.9 ±0.7 68.8 ±0.7 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.34: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 26 27 28 29 36 
Quartz 15.2 ±0.4 0.51 ±0.09  2.81 ±0.16 4.97 ±0.21 
Mullite 11.7 ±0.4 11.8 ±0.5 11.6 ±0.5 11.1 ±0.5 11.8 ±0.5 
Hercynite1 0.34 ±0.10      
Magnetite 0.54 ±0.07  0.36 ±0.08    
Hematite 0.81 ±0.10 0.65 ±0.10 0.67 ±0.10   0.59 ±0.10 
Hercynite2 2.71 ±0.21 2.59 ±0.22 2.58 ±0.23 4.54 ±0.27 3.12 ±0.24 
CHA – Zeolite ZK-14   24.5 ±1.0 27.4 ±1.0 23.1 ±0.9 20.7 ±1.0 
ANA – Analcime   2.71 ±0.23 5.51 ±0.28 1.65 ±0.21 2.08 ±0.22 
GIS – Zeolite P1     2.13 ±0.23  
GME – Gmelinite   1.74 ±0.24 0.48 ±0.22 1.38 ±0.25 2.03 ±0.25 
Other[A] 68.7 ±0.7 55.5 ±1.2 51.4 ±1.2 53.3 ±1.2 54.8 ±1.2 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.35: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 37 38 39 40 41 
Quartz 15.8 ±0.4 14.3 ±0.4 14.5 ±0.4 3.53 ±0.18 1.76 ±0.15 
Mullite 12.3 ±0.4 12.0 ±0.4 12.9 ±0.4 12.2 ±0.5 10.5 ±0.5 
Hercynite1 0.30 ±0.10 0.37 ±0.10 0.38 ±0.10    
Magnetite 0.58 ±0.07 0.57 ±0.07 0.66 ±0.07    
Hematite 0.75 ±0.09 0.79 ±0.09 0.73 ±0.09    
Hercynite2 2.82 ±0.20 2.73 ±0.21 2.77 ±0.20 3.26 ±0.24 4.55 ±0.31 
SOD – Sodalite       4.22 ±0.39 
CAN – Cancrinite       3.62 ±0.36 
CHA – Zeolite ZK-14     23.3 ±1.0 5.26 ±0.70 
ANA – Analcime     2.09 ±0.22 1.48 ±0.22 
GIS – Zeolite P1     1.15 ±0.20  
GME – Gmelinite     2.23 ±0.26  
Other[A] 67.5 ±0.6 69.2 ±0.6 68.0 ±0.6 52.3 ±1.3 68.6 ±1.1 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.36: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 42 43 44 45 46 
Quartz 0.91 ±0.11 1.66 ±0.19 0.83 ±0.12 3.39 ±0.20 5.47 ±0.20 
Mullite 2.68 ±0.33 3.93 ±0.50 1.34 ±0.30 11.9 ±0.6 11.8 ±0.4 
Hercynite1        
Magnetite 0.73 ±0.10 0.83 ±0.13 0.73 ±0.10    
Hematite 0.79 ±0.11 1.04 ±0.16 0.79 ±0.11    
Hercynite2 2.97 ±0.26 3.39 ±0.36 2.80 ±0.26   3.64 ±0.21 
SOD – Sodalite 3.80 ±0.46 5.71 ±0.64 3.03 ±0.46 3.04 ±0.34 11.8 ±0.5 
CAN – Cancrinite 27.9 ±1.0 26.6 ±1.2 30.4 ±1.1 2.22 ±0.36  
CHA – Zeolite ZK-14     6.89 ±0.51  
ANA – Analcime     0.73 ±0.20 0.77 ±0.14 
GIS – Zeolite P1       1.33 ±0.17 
GME – Gmelinite     4.34 ±0.32 1.07 ±0.20 
Other[A] 60.3 ±1.2 56.8 ±1.5 60.1 ±1.2 67.5 ±1.0 64.1 ±0.8 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.37: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 47 48 49 50 51 
Quartz 2.47 ±0.13 9.39 ±0.26 4.80 ±0.18 1.28 ±0.10 2.13 ±0.16 
Mullite 10.2 ±0.4 11.9 ±0.4 11.2 ±0.4 3.76 ±0.27 5.01 ±0.40 
Magnetite 0.75 ±0.08 0.57 ±0.07 0.54 ±0.07 0.53 ±0.07 0.72 ±0.10 
Hematite 0.73 ±0.10 0.67 ±0.09 0.62 ±0.10 0.69 ±0.08 0.80 ±0.12 
Hercynite2 4.17 ±0.22 2.78 ±0.19 2.94 ±0.21 3.79 ±0.20 3.41 ±0.27 
SOD – Sodalite 3.99 ±0.38 12.1 ±0.5 20.5 ±0.7 3.08 ±0.56 5.52 ±0.47 
CAN – Cancrinite 31.0 ±0.8 1.20 ±0.23 8.97 ±0.41 48.6 ±1.1 16.9 ±0.7 
Other[A] 46.7 ±1.0 61.4 ±0.8 50.4 ±1.0 38.2 ±1.3 65.5 ±1.0 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.38: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 52 53 54 55 56 
Quartz 2.39 ±0.19 8.18 ±0.25 3.98 ±0.19 8.61 ±0.30 14.7 ±0.4 
Mullite 6.70 ±0.48 9.05 ±0.36 11.8 ±0.5 11.6 ±0.5 12.7 ±0.4 
Hercynite1       0.34 ±0.10 
Magnetite       0.66 ±0.07 
Hematite 0.80 ±0.13     0.79 ±0.09 
Hercynite2 4.24 ±0.31 3.46 ±0.20 2.87 ±0.24 2.89 ±0.23 2.95 ±0.21 
SOD – Sodalite 5.59 ±0.48 2.59 ±0.25     
CAN – Cancrinite 7.41 ±0.49 2.31 ±0.26     
CHA – Zeolite ZK-14   3.40 ±0.32 20.2 ±1.1 10.5 ±0.5  
ANA – Analcime    0.52 ±0.19 0.60 ±0.17  
GIS – Zeolite P1 1.42 ±0.24 1.02 ±0.16 1.49 ±0.22 1.28 ±0.20  
GME – Gmelinite    2.40 ±0.27 2.08 ±0.24  
LTL – Zeolite L       1.75 ±0.27 
Other[A] 71.5 ±1.0 70.0 ±0.7 56.8 ±1.3 62.4 ±0.9 66.1 ±0.7 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.39: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 57 60 61 64 66 
Quartz 6.24 ±0.26 13.5 ±0.4 14.8 ±0.4 18.4 ±0.5 14.4 ±0.4 
Mullite 12.4 ±0.6 11.7 ±0.4 12.1 ±0.4 14.9 ±0.5 11.4 ±0.4 
Hercynite1     0.48 ±0.10 0.22 ±0.09 
Magnetite 0.54 ±0.09 0.60 ±0.07 0.59 ±0.07 0.21 ±0.06 0.62 ±0.07 
Hematite 0.62 ±0.12 0.53 ±0.09 0.70 ±0.09 0.55 ±0.10 0.72 ±0.09 
Hercynite2 2.56 ±0.26 2.88 ±0.21 2.78 ±0.21 2.16 ±0.20 2.71 ±0.20 
CHA – Zeolite ZK-14   3.31 ±0.31 1.65 ±0.29    
ANA – Analcime        
GIS – Zeolite P1   1.90 ±0.18 0.80 ±0.16 20.6 ±0.6 1.11 ±0.16 
LTL – Zeolite L 15.7 ±0.8      
MAZ – Mazzite 3.95 ±0.45      
Other[A] 58.1 ±1.2 65.6 ±0.7 66.6 ±0.7 42.7 ±0.9 68.8 ±0.7 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.40: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 67 68 69 70 71 
Quartz 3.43 ±0.19 0.21 ±0.06 0.65 ±0.10 0.49 ±0.09 0.65 ±0.09 
Mullite 12.5 ±0.6 23.9 ±0.7 32.6 ±0.8 10.1 ±0.5 18.3 ±0.6 
Hercynite2 3.54 ±0.28      
CHA – Zeolite ZK-14 26.4 ±1.2 2.85 ±0.27 20.7 ±0.7 35.4 ±1.7 20.9 ±0.9 
ANA – Analcime 0.69 ±0.22  0.46 ±0.16 0.88 ±0.24 0.54 ±0.17 
GIS – Zeolite P1 1.00 ±0.24 31.2 ±0.8 12.5 ±0.4 9.87 ±0.56 15.3 ±0.5 
GME – Gmelinite 2.37 ±0.31   2.35 ±0.34 0.73 ±0.22 
Other[A] 50.0 ±1.4 41.9 ±1.1 33.1 ±1.2 40.9 ±1.9 43.5 ±1.3 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.41: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 72 73 74 76 77 
Quartz 34.9 ±0.9 17.1 ±0.5 13.1 ±0.4 10.5 ±0.3 8.65 ±0.34 
Mullite 7.74 ±0.50 7.93 ±0.45 10.5 ±0.4 11.5 ±0.5 12.3 ±0.6 
Hercynite1   1.51 ±0.18 0.35 ±0.10    
Magnetite 1.48 ±0.10 0.79 ±0.10 0.58 ±0.08    
Hematite 2.61 ±0.14 2.81 ±0.17 0.86 ±0.10    
Hercynite2   1.70 ±0.30 2.10 ±0.21 3.28 ±0.22 3.12 ±0.25 
CAN – Cancrinite     1.28 ±0.24  
CHA – Zeolite ZK-14     4.00 ±0.36 9.51 ±0.55 
ANA – Analcime 0.50 ±0.13   0.11 ±0.14 0.44 ±0.18 
GIS – Zeolite P1 9.10 ±0.40 14.0 ±0.5  1.77 ±0.19 1.79 ±0.23 
GME – Gmelinite       2.25 ±0.27 
ABW – Zeolite Li-A    2.07 ±0.18    
Other[A] 43.6 ±1.1 54.2 ±1.0 70.4 ±0.7 67.5 ±0.8 61.9 ±1.0 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.42: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 78 79 80 81 82 
Quartz 5.70 ±0.23 6.35 ±0.21 9.17 ±0.33 10.6 ±0.3 11.5 ±0.4 
Mullite 12.4 ±0.5 11.8 ±0.4 12.9 ±0.5 12.9 ±0.5 13.1 ±0.5 
Hercynite2 3.12 ±0.22 3.00 ±0.20 3.36 ±0.24 3.41 ±0.22 3.15 ±0.22 
CAN – Cancrinite 0.41 ±0.23 0.80 ±0.21 0.37 ±0.24 0.93 ±0.23 0.52 ±0.22 
CHA – Zeolite ZK-14 23.3 ±0.9 14.6 ±0.6 25.2 ±0.9 18.0 ±0.7 16.9 ±0.6 
ANA – Analcime 0.18 ±0.17 0.19 ±0.14 0.31 ±0.19 0.08 ±0.15 0.18 ±0.16 
GIS – Zeolite P1 2.44 ±0.22 9.15 ±0.37 1.62 ±0.21 4.85 ±0.26 0.72 ±0.17 
Other[A] 52.4 ±1.1 54.0 ±0.9 47.1 ±1.2 49.2 ±1.0 54.0 ±0.9 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.43: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 83 84 85 86 87 
Quartz 13.0 ±0.4 15.4 ±0.4 15.1 ±0.4 16.1 ±0.4 15.3 ±0.4 
Mullite 13.4 ±0.5 12.6 ±0.5 12.5 ±0.5 12.8 ±0.5 12.3 ±0.4 
Hercynite1   0.38 ±0.10 0.41 ±0.10 0.37 ±0.10 0.34 ±0.10 
Magnetite   0.66 ±0.07 0.64 ±0.07 0.74 ±0.07 0.69 ±0.07 
Hematite   0.82 ±0.09 0.83 ±0.10 0.82 ±0.09 0.81 ±0.09 
Hercynite2 3.59 ±0.22 2.91 ±0.21 2.63 ±0.20 2.80 ±0.20 2.61 ±0.20 
CAN – Cancrinite 0.70 ±0.21      
CHA – Zeolite ZK-14 9.74 ±0.45      
ANA – Analcime 0.16 ±0.15      
GIS – Zeolite P1 1.24 ±0.17      
Other[A] 58.1 ±0.8 67.3 ±0.7 67.8 ±0.7 66.3 ±0.7 68.0 ±0.6 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.44: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 88 89 91 94 95 
Quartz 1.03 ±0.11 2.94 ±0.17 1.02 ±0.13 4.10 ±0.20 0.99 ±0.10 
Mullite   10.5 ±0.5 3.20 ±0.36 12.7 ±0.5 2.58 ±0.26 
Magnetite 0.70 ±0.09  0.75 ±0.10   0.65 ±0.08 
Hematite 0.93 ±0.10 0.86 ±0.11 0.94 ±0.12   0.66 ±0.09 
Hercynite2 3.77 ±0.25 3.63 ±0.26 3.38 ±0.28 3.76 ±0.24 3.78 ±0.22 
SOD – Sodalite 8.62 ±0.58 3.55 ±0.31 5.09 ±0.50 6.54 ±0.35 2.85 ±0.42 
CAN – Cancrinite 37.0 ±1.1  26.0 ±1.1   49.2 ±1.2 
CHA – Zeolite ZK-14   15.1 ±0.8  2.58 ±0.35  
ANA – Analcime   0.20 ±0.17     
GIS – Zeolite P1     1.77 ±0.21  
GME – Gmelinite     3.13 ±0.26  
Other[A] 48.0 ±1.3 63.2 ±1.0 59.7 ±1.3 65.4 ±0.9 39.3 ±1.4 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.45: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 97 98 99 100 101 
Quartz 2.88 ±0.17 3.49 ±0.18 17.3 ±0.5 12.2 ±0.3 7.24 ±0.22 
Mullite 12.7 ±0.6 12.5 ±0.5 14.3 ±0.5 11.0 ±0.4 13.1 ±0.4 
Hercynite1    0.48 ±0.10    
Magnetite    0.29 ±0.06 0.54 ±0.07  
Hematite    0.54 ±0.09 0.74 ±0.09  
Hercynite2 3.31 ±0.25 3.63 ±0.25 2.25 ±0.20 2.91 ±0.20  
CAN – Cancrinite     0.55 ±0.19  
CHA – Zeolite ZK-14 24.8 ±1.1 25.5 ±1.1 4.23 ±0.33    
ANA – Analcime 0.67 ±0.20 0.30 ±0.19     
GIS – Zeolite P1 0.93 ±0.21 1.09 ±0.20  0.61 ±0.14  
GME – Gmelinite 2.30 ±0.28 1.98 ±0.26     
Other[A] 52.4 ±1.4 51.5 ±1.3 60.7 ±0.8 71.4 ±0.6 79.7 ±0.4 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
 

Table 8.46: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 102 103 105 106 107 
Quartz 15.6 ±0.4 7.66 ±0.26 16.7 ±0.4 15.4 ±0.4 15.2 ±0.4 
Mullite 12.4 ±0.5 12.4 ±0.5 14.4 ±0.5 14.5 ±0.5 13.9 ±0.5 
Hercynite1 0.33 ±0.10  0.47 ±0.09 0.59 ±0.10  
Magnetite 0.66 ±0.08  0.31 ±0.06 0.29 ±0.07 0.33 ±0.07 
Hematite 0.81 ±0.10  0.49 ±0.09 0.58 ±0.10 0.40 ±0.10 
Hercynite2 2.58 ±0.22 3.09 ±0.22 2.16 ±0.18 2.20 ±0.20 2.34 ±0.20 
CAN – Cancrinite   0.62 ±0.23     
CHA – Zeolite ZK-14   19.9 ±0.8    2.50 ±0.30 
ANA – Analcime   0.21 ±0.16     
GIS – Zeolite P1   5.79 ±0.28 21.1 ±0.6 24.4 ±0.6 17.7 ±0.5 
Other[A] 67.7 ±0.7 50.3 ±1.1 44.5 ±0.9 42.0 ±0.9 47.7 ±0.9 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.47: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 108 109 110 111 112 
Quartz 14.4 ±0.4 13.4 ±0.4 13.5 ±0.4 15.1 ±0.4 14.7 ±0.4 
Mullite 13.1 ±0.5 13.7 ±0.5 13.5 ±0.5 13.0 ±0.5 12.7 ±0.4 
Magnetite 0.50 ±0.07   0.49 ±0.08 0.60 ±0.07 
Hematite 0.70 ±0.10  0.70 ±0.12 0.60 ±0.11 0.57 ±0.10 
Hercynite2 3.11 ±0.21 4.07 ±0.25 3.65 ±0.25 2.61 ±0.22 2.70 ±0.20 
SOD – Sodalite   2.31 ±0.24     
CHA – Zeolite ZK-14 0.92 ±0.28 6.38 ±0.56 8.10 ±0.63 1.16 ±0.28 0.52 ±0.26 
ANA – Analcime        
GIS – Zeolite P1 20.6 ±0.6 8.08 ±0.50 9.84 ±0.65 21.1 ±0.6 19.3 ±0.5 
GIS2[B]   5.39 ±0.42 4.47 ±0.55    
Other[A] 46.7 ±0.9 46.7 ±1.2 46.3 ±1.3 46.0 ±1.0 48.9 ±0.9 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica [B] 
Major peak at 2θ = 28 split into two distinct peaks which were modelled separately, see Figure 8.1 below. 
 

 
Figure 8.1: Evolution of separate peaks with changing hydrothermal treatment conditions 

 

Table 8.48: Bulk mineral analysis of hydrothermal treatment products 

 HTP 
Phase 113 114 115 116 119 
Quartz 3.96 ±0.16 0.38 ±0.11 7.68 ±0.21 4.00 ±0.18 12.8 ±0.3 
Mullite 10.6 ±0.4 9.93 ±0.53 13.2 ±0.4 10.5 ±0.4 12.0 ±0.4 
Hercynite1       0.36 ±0.09 
Magnetite 0.70 ±0.08     0.51 ±0.07 
Hematite 1.04 ±0.11   0.69 ±0.10 0.63 ±0.10 
Hercynite2 2.63 ±0.20   2.37 ±0.21 2.95 ±0.20 
CHA – Zeolite ZK-14     4.71 ±0.38  
ANA – Analcime 20.5 ±0.6   0.44 ±0.15  
GIS – Zeolite P1 11.7 ±0.4 48.6 ±1.7  14.4 ±0.5 22.3 ±0.6 
Other[A] 48.9 ±0.9 41.1 ±1.7 79.1 ±0.4 62.9 ±0.8 48.5 ±0.8 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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Table 8.49: Bulk mineral analysis of XRD sample repeats 

 Sample 
Phase FA A(R) HTP 3(R) HTP 9(R) HTP 11(R) HTP 13(R) HTP 28(R) HTP 57(R)
Quartz 12.2 ±0.5 2.59 ±0.16 12.5 ±0.4 6.05 ±0.22 1.56 ±0.11   7.27 ±0.30
Mullite 10.8 ±0.8 10.5 ±0.5 12.0 ±0.5 12.0 ±0.5 4.29 ±0.30 11.9 ±0.5 13.2 ±0.6 
Hercynite1 0.35 ±0.10      0.34 ±0.10  
Magnetite 0.54 ±0.08    0.60 ±0.08 0.63 ±0.08 0.37 ±0.08 0.55 ±0.09
Hematite 0.78 ±0.09    0.67 ±0.10 0.73 ±0.09 0.75 ±0.11 0.68 ±0.12
Hercynite2 2.20 ±0.31 2.93 ±0.22 2.97 ±0.24 2.74 ±0.21 3.56 ±0.22 2.45 ±0.23 2.56 ±0.26
SOD      15.8 ±0.6 3.44 ±0.43    
CAN      8.06 ±0.41 49.0 ±1.2    
CHA   20.2 ±1.0 4.79 ±0.43   29.0 ±1.0  
ANA   1.36 ±0.19 0.24 ±0.17   6.05 ±0.35  
GIS   0.35 ±0.16 1.66 ±0.22      
GME   2.11 ±0.24 2.34 ±0.25      
LTL          15.8 ±0.7 
MAZ          3.64 ±0.44
Other[A] 73.2 ±1.0 60.0 ±1.2 63.5 ±0.9 54.1 ±0.9 36.7 ±1.4 49.2 ±1.2 56.3 ±1.1 
[A] Includes X-ray amorphous phases as well as trace phases which are not refined due to 8 phase limitation of Rietica 
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