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Abstract 
Fly Ash is the unburnt portion of fuels which is carried away as solid particles in the hot gas stream of a furnace. About 
99% of the fly ash produced in a typical coal-fired power station is removed by electrostatic precipitators or baghouse 
filters located at the base of the emission stack.  Precipitator efficiency is dependent on the charging properties of the 
fly ash particles and the adhesive forces between them. These forces depend on the size, morphology, chemical 
constitution and phase distribution of the fly ash.  Larger particles are usually found as aggregates held together by 
bridging material which may be small glassy particles, graphite sheets, or a mixture of amorphous material and small 
crystallites.  
 
Introduction  
When coal is burnt in the boiler of a coal-fired power station the hot flue gases carry away the fine particulate residue.  
This “fly ash” is a mixture of unburnt carbon and the end products of chemical reactions taking place at the elevated 
temperatures (up to 1500 oC) of the boiler.  To satisfy current environmental standards the bulk of fly ash is removed 
from the gas stream either by baghouse filters or electrostatic precipitators (ESP)(White 1963).  In the latter case, the 
efficiency of collection in ESP is influenced by the size and composition of the particles (Canadas 1996). 
 
Properties of fly ash - size, morphology, chemical constitution and phase distribution – have been investigated by a 
number of techniques (Ward 2002, Vassilev 2003,4). Fly ash sizes vary from tens of microns to submicron, the 
majority of the particles are rounded aluminosilicate glassy spheres, indicative of formation temperatures at which the 
minerals are in the liquid phase, but include crystalline material such as mullite, quartz and iron oxides, and carbon 
flakes.  The details of the fly ash chemistry are dependant on the characteristics of the inorganic fraction of the fuel, 
and the furnace environment, so considerable variation can be expected from one power station to another, and indeed 
from day to day at any one power station.  Central Queensland power stations take high rank coal with low sulphur 
content from the Bowen Basin. Hence the problems implicit in particle release to the atmosphere are less severe than 
for many other areas.  But it is still desirable to minimize release of pollutants to the atmosphere, particularly the finest 
fraction of the particulates which carry the highest risk to humans through inhalation.   
 
Materials and Methods 
Fly ash was collected from two of four electrostatic precipitators (ESP) at Stanwell Power Station, Central Queensland.  
Each precipitator has four identical zones in series.  In each zone a corona discharge ionizes the dust particles in the 
flue gas stream (at a temperature of about 130 oC).  Ionised particles are then swept to the sides of the precipitator by a 
DC field.  Particles adhere to the plates carrying the DC charge and are then shaken loose by mechanical “rapping”, 
falling into collection hoppers.  Samples were taken from each zone of two of the four precipitator banks.  Samples of 
fly ash escaping to the atmosphere were also collected isokinetically at the base of the stack. 
 
Particle sizes were measured using a Malvern Mastersizer.  Major phase concentrations and percentage crystallinity 
were determined by X-Ray Diffraction (XRD) using a Siemens D100 instrument and Siroquant software. Typical 
samples were examined in the scanning electron microscope (SEM) using a JEOL JSM-6360LA system in low vacuum 
mode and average sample and individual particle elemental chemistry was determined using the instrument’s JEOL 
JED-2300 energy dispersive spectroscope (EDS).   Samples were also imaged at ANSTO by transmission electron 
microscopy (TEM) using a JEOL FX2000II instrument.  Chemical information was obtained with the attached Link 
EDX spectrometer, and phase information from selected area diffraction patterns (SADP).  
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Results and Discussion 
Collection Efficiency and Particle Size 
The collection efficiency h of particles in ESP is described by the Deutsch-Anderson equation (Kunz and Hanna 1972) 

)e( pkd--= 1h  where dp is the particle diameter and k is a constant depending on field strength, gas viscosity, and 
particle dielectric constant.  ESP units are designed to collect most of the particle flux, but the collection process will 
be much less efficient for the smaller particles.   Efficiency will be only 33% for particles with 1/10 of the mean size 
used in design, and almost zero for particles 1/100 of this size. Our results (Table 1) show the expected reduction in 
particle size on progression through the four zones of the ESP and on into the stack. 

Table 1  
Volume derived diameters (mmmmm)  

10% is upper bound of first decile, 50% is mean, 90% is lower bound of upper decile  
sample 10% 50% 90% 
Zone1#3B2       1.68      11.59      48.46  
Zone2#3B2       0.91        4.03      18.70  
Zone3#3B2       0.86        3.21      14.75  
Zone4#3B2       0.78        2.25        8.61  
Stack 5       0.27        1.10        4.65  

 
Scanning Electron Microscopy 
SEM examination of particles shows that larger ones have smaller particles adhering to them (Figure 1a) so the simple 
result above gives an overestimate of the fraction of small particles released to the air. Particle dimensions ranged from 
about 100 mm to sub-micron size.  Usually smaller spheres adhered to the larger.  Also seen were empty hollow spheres 
(cenospheres) and hollow spheres containing smaller particles (plenospheres) (Figure 1b). 

Figure 1  
a) Most large fly ash particles are decorated with smaller ones (SEM image x1000) 

b) Fractured aluminosilicate plenosphere showing contents (SEM image x450)  

 a)    b)
 
Adhesion forces between the smaller and larger particles are a major factor in determining the collection efficiency of 
ESP for small particles.  Investigation of these forces by atomic force microscopy is an ongoing part of our work on 
this topic, but results will be presented elsewhere. 

Chemical Composition 
EDS gives values for the elemental composition of the fly ash.  Since the sample volume at a magnification of 100x is 
only of the order 1mm x 1mm x 1mm, these can not be taken as fully representative, but averages over a number of 
samples are reasonably consistent.  The major constituents are aluminium, silicon, oxygen, and the larger part of the 
ash is assumed to be aluminosilicate glass, appreciable amounts of other elements (iron, carbon, calcium, titanium, 
sulphur) were found in some but not all samples. 
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Phase Information 
XRD showed about 57% of the material was non-crystalline, mostly alumino-silicate glassy spheres; the remainder was 
crystalline (Table 2); mostly mullite, quartz, and iron oxides.  Mullite accounts for about 17% of the total material. 
Mullite is a mineral not found in nature, but it is commonly formed when clays and other minerals are heated to 1200-
1500 oC.   Composition varies between   (Al2O3)3(SiO2)2 and (Al2O3)2(SiO2) depending on the exact temperature of 
formation (Holm 2002, Schmucker 2002) and the diffraction peaks were too broad to discriminate between these 
phases.  

Table 2 
Average Composition of crystalline fraction 

mullite 40% Al6Si2O3 
quartz 20% SiO2 

magnetite 14% Fe3O4 
calcite 7.5% CaCO3 

maghemite 7% Fe2O3 
others 11.5%  

TOTAL 
CRYSTALLINE  

100%  

 
Back-scattered electron imaging in the SEM combined with EDS allowed identification of individual particles.   Most 
particles were alumino-silicate spheres, but iron oxides, titanium oxides, calcium sulphates were also seen.  Most 
particles were spherical in form, but occasionally crystalline facets were in evidence.  

 
Particles were also imaged in the TEM and the combination of EDS and SADP allowed some individual particle 
phases to be identified (Giere 2005, Smith 2005).  Despite the fact that about 17% of the crystalline material was 
identified as mullite by XRD very few discrete crystals with this chemistry were seen (Figure 2a,b).  A plausible 
assumption is that most crystallites are embedded in the larger glassy spheres which are transparent to Cu Ka X-rays 
but opaque to electrons in the TEM.  Further work on this question will look at the microstructure of the spheres.  After 
magnetic separation, iron-containing spheres and cenospheres with extensive decoration of small crystallites assumed 
to be ferrites or similar (Sokol 2002) were also identified (figure 2c). 

Figure 2  
a)  TEM image of amorphous glassy mass (x40000) 

b) Mullite crystallite (SP1) identified by SADP  
c)  Magnetic decoration on cenosphere shell (SEM image x750) 

 

a) b) c) 
 
Conclusions 
The properties of a power station fly ash depend on the detailed composition of the coal supply and the operating 
parameters of the plant.  Charging of particles in ESP is particularly influenced by their electrical properties, especially 
in a low sulphur coal such as is commonly found in Central Queensland. Efficient particle removal from the flue gas 
stream by ESP is influenced by particle size, particle chemistry, especially via the resistivity, and by the adhesive 
forces between the larger and smaller particles.  Detailed understanding of the nature of the particles in the stream is a 
key to optimizing particle capture and minimizing the environmental problems that could arise 
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