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ABSTRACT  

The positive economic and technical benefits of utilizing fly ash as a replacement for 
cement in concrete have been well established.  Further, it is well known that ever 
increasing environmental regulations on coal-fired plants has led to the development of 
several types of fly ash beneficiation processes designed to make a product suitable 
for utilization. 

The SEFA Group, a long time leader in the fly ash utilization industry, has developed a 
new, unique, and proprietary thermal beneficiation technology.  The STAR – Staged 
Turbulent Air Reactor – process has been successfully demonstrated on a commercial 
scale at the South Carolina Electric and Gas McMeekin Station.  The STAR technology 
offers many new advantages/opportunities not formerly available with other 
beneficiation processes.  Further, the STAR has demonstrated the ability to provide a 
range of products that can be applied across a wide variety of new markets not 
previously open to by-product fly ash or 
other beneficiation processes. 

INTRODUCTION 

The greatest barrier to higher utilization 
rates for coal fly ash is the heterogeneous 
nature of fly ash itself.  The single 
greatest cause of heterogeneity within 
coal fly ash stems from residual unburned 
carbon, which remains in the fly ash in 
varying amounts – depending on the 
efficiency of the coal combustion process 
that produced the fly ash.  These 
unburned carbon particles (see 
Micrograph 1) are typically 
agglomerations of devolatilized coal char 
and partially vitrified inorganic inclusions.  Micrograph 1 
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These tiny inorganic inclusions would 
have become separate, discrete fly ash 
particles if the coal had been able to burn 
completely when originally fired in the 
boiler.  

Since coal fly ash is primarily inorganic 
mineral matter, the preferred uses for fly 
ash intend to take advantage of the 
specific nature and characteristics of the 
mineral matter – e.g., reactive glass, 
spherical morphology, particle size 
distribution, etc.  (see Micrograph 2.)  
Obviously, there are significant 
differences between the nature and 
character of the mineral matter and the 
residual carbon in fly ash, which will 
affect the performance of fly ash; particularly, the differences in density, color, surface 
chemistry, adsorption, etc. 

Consequently, when targeting utilization opportunities that benefit from the unique 
character of the mineral matter in fly ash, the very presence of any unburned carbon 
negatively affects the performance and, therefore, the utilization rates of fly ash.  
Additionally, the exacerbating negative impact of varying amounts of unburned carbon, 
(due to changes in the combustion techniques and/or efficiency in the coal-fired 
boilers) introduces another negative dynamic – inconsistency – which effects still lower 
utilization rates for fly ash. 

Also, there are some less significant causes of heterogeneity in fly ash, which prevent 
higher utilization rates, such as: 

 Contaminants (e.g., ammonia, activated carbon, etc.) introduced through the 
combustion and pollution control processes and which are collected in the fly ash;  

 Variable ash chemistry and color from coal switching/blending; 
 Agglomerates of mineral matter from high temperature and/or fouling; 
 Unburned organics and/or variable ash chemistry from co-firing with alternative 

fuels, such as biomass and pet coke. 

These additional causes of heterogeneity are also addressed in this paper. 

OVERVIEW – STAR Plant 

Commercialization and Commercial Operation 

The SEFA Group has developed a new thermal beneficiation process – Staged 
Turbulent Air Reactor (STAR) – and is currently operating a commercial STAR Plant 
that is specifically designed and operated to reduce the heterogeneity of fly ash by 
eliminating or lowering the amount of unburned carbon and other contaminants, 

Micrograph 2 
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including unburned organics from alternative fuels.  The STAR Plant operates at 
temperatures that are high enough to burn off residual organics comingled in the fly 
ash, including coal char particles.  The STAR Plant can also be operated to reduce 
some types of agglomerates, improving particle size distribution, as well as to blend 
various coal fly ashes in order to reduce variations in ash chemistry or to optimize the 
performance of coal ash for particular ash utilization opportunities/markets. 

The STAR Plant was built at the SCE&G McMeekin Station, which is located near the 
Administrative Offices of The SEFA Group, in Lexington, South Carolina.  The STAR 
Plant began commercial operation in February 2008 and has a nominal processing 
capacity of 140,000 tons (126,000 metric tonnes) per year. 

During typical commercial operation, the STAR Plant processes bituminous coal fly 
ash. However, some sub-bituminous coal fly ash and various blends of bituminous and 
sub-bituminous coal fly ashes have been processed.  The STAR Plant can be 
operated to simultaneously collect two separate streams of product fly ash, each of 
which has slightly different chemical and physical characteristics.  Raw feed fly ashes 
from 12 different coal-fired power plants have been processed through the STAR 
Plant.  As of the writing of this paper, the loss on ignition (LOI) of the raw feed fly ashes 
processed through the STAR Plant have ranged from slightly over 20% LOI to slightly 
under 6% LOI. 

Hourly samples of raw feed and STAR-processed fly ashes are collected and tested for 
LOI (see Figure 1).  Also, six sets of raw feed and STAR-processed fly ashes are 
collected and analyzed for particle size distribution every day.  Samples are retained 
for at least three months for additional fly ash characterization testing if desired. 

Figure 1 – Hourly raw feed and STAR-processed fly ash LOIs over 11 days 
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Typical commercial operation removes any ammonia – through chemical 
decomposition into nitrogen and water vapor – and can also reduce other 
contaminants, most of which are not discussed in this paper.  Obviously, STAR 
processing lowers the amount of residual unburned carbon, reducing the LOI to be 
under the maximum LOI limit of all relevant specifications.  STAR-processed fly ash is 
typically around 1% LOI; however, STAR Plant operating conditions can be adjusted to 
change/control the LOI of the finished product to meet the expectations of the 
marketplace (see Figure 2). 

Figure 2 – Daily average raw feed and STAR-processed fly ash LOIs over seven weeks 

For example, at times the STAR Plant has been operated to consistently produce fly 
ash with LOIs less than 0.5% and at other times it has been operated to consistently 
produce fly ashes having LOIs near 3%.  There does not appear to be enough 
commercial benefit to warrant STAR processing to produce fly ash above 3% LOI; 
therefore, no information on commercial operations to produce STAR fly ash over 3% 
is currently available. 

Research and Development 

From time to time, the raw feed fly ashes and/or STAR Plant operations are varied in 
order to determine which operating conditions will affect particular characteristics of the 
STAR-processed fly ash.  The objective of this research is to identify how to best 
operate the STAR Plant to reduce fly ash heterogeneity and, therefore, optimize the 
performance of STAR-processed fly ash used as an ingredient in various products or 
manufacturing processes. 

The immediate goal is to increase the quality and, therefore, the value of fly ash that is 
currently used in the commercial marketplace – for example, as pozzolan in concrete.  
The ultimate goal is to develop new markets for STAR fly ash that take advantage of 
the unique characteristics and increased homogeneity of STAR fly ash . 
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This paper will discuss various aspects of the technology, operating experience, test 
results, and product characterizations. 

FLY ASH CHARACTERIZATION 

By-product fly ashes used as raw feed for the STAR Plant and STAR-processed fly 
ashes were characterized using various testing techniques and methods, such as : 
 

 ASTM C 311 – ―Chemical and Physical Testing‖ 
 As required by ASTM C 618 
 Laboratory and Field Concrete Mix Trials 
 Particle Size Distribution (PSD) – Laser Diffraction Particle Size Analyzer 

Beckman Coulter LS 13 320 
 Foam Index (FI) – see appendix for specific test method 
 Optical Microscopy – various 
 Electron Microscopy – FEI Quanta 200 ESEM 
 Energy Dispersive X-ray Spectroscopy (EDS) - EDAX 
 Total Carbon – SW-846 9060A and Leco Induction Furnace  

 Organic Carbon – Walkley-Black 
 TAL Metals – EPA Method 6010B 

Mercury – EPA Method 7471A 
 Sulfur – ASTM D 4239 

RESULTS AND DISCUSSION 

Unburned Carbon 

The largest commercial market for fly ash utilization is as a partial replacement for 
cement in concrete.  It is well known that unburned carbon from residual coal char 
particles in fly ash adsorbs chemical air-entraining surfactants used in concrete 
production, inhibiting air entrainment in concrete.  A related complicating factor arises 
when varying amounts of unburned carbon are present in the fly ash; it then becomes 
very difficult to maintain consistent levels of air entrainment in concrete. 

Due to this well-known dynamic, many concrete specifications attempt to limit the 
amount of unburned carbon in concrete by placing a maximum limit for the LOI of 
―specification-grade‖ fly ash; for example, ASTM C 618 has a nominal limit of 6% LOI, 
AASHTO M 295 has a limit of 5% and many State Departments of Transportation have 
even lower LOI limits.  STAR processing will burn off enough coal char mass to allow 
non-specification fly ash to meet the most stringent specification limit for LOI. 

Organic vs. Inorganic Carbon 

However, it is important to note that a portion of the percent mass loss that is 
calculated through the ―loss on ignition‖ test comes from the volatilization of inorganic 
matter in the fly ash.  In fact, the STAR Plant can be operated to volatize both organic 
carbon and inorganic carbon, if desired (see Figure 3).  Inorganic carbon in fly ash 
typically comes from the mineral matter, usually from carbonates.  This carbon is not 
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adsorptive and, therefore, does not negatively impact the concrete air-entraining 
characteristics of the fly ash. 

Figure 3 – Hourly raw feed and STAR fly ash LOIs showing near total carbon removal over 2.5 days 

Consequently, the STAR Plant is typically operated is such a way as to volatize (burn) 
the organic carbon in the coal char particles, while still leaving some inorganic carbon 
in the mineral matter, thereby minimizing carbon emissions.  Once the total LOI is 
lowered to around 0.5%, the organic carbon is reduced to below the minimum 
detection limit (31 mg/kg) of the test (Walkley-Black) method used for this analysis (see 
Tables 1 and 2).  The organic carbon content of Sample E (0.9% LOI) was above the 
minimum detection limit, but below the ―practical quantification limit‖ of 200 mg/kg, 
therefore, the reported value (77 mg/kg) is an estimate. 

 

 
Table 1 & Table 2 – Carbon comparison of raw feed and STAR-processed fly ash 

Sample ID LOI % Total Carbon mg/kg Organic Carbon mg/kg

A 5.88 63000 1700

B 6.12 66000 2000

C 6.05 65000 1500

D 8.36 86000 8000

E 10.67 105000 11000

Raw Feed Fly Ash

Sample ID LOI % Total Carbon mg/kg Organic Carbon mg/kg

A 0.48 2300 ND

B 0.28 1100 ND

C 0.31 1300 ND

D 0.32 8400 ND

E 0.90 1200 77

STAR Processed Fly Ash
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Treating Unburned Carbon to Reduce the Heterogeneity of Fly Ash 
 
Further to this effect, the STAR Plant can be operated in such a way as to burn only a 
portion of the organic carbon, especially the partially burned/coked carbon from the 
reactive coal macerals, and yet still oxidize the remaining organic carbon without 
volatizing it.  Through considerable work done by the Brown University Research 
Foundation, it has become well known that this ―oxidizing treatment‖ for unburned 
carbon will change the surface chemistry of the carbon, increasing its polarity. 

Fly ash mineral matter is, by its nature, mostly polar; therefore, increasing the polarity 
of any unburned carbon remaining in fly ash reduces one major cause of heterogeneity 
in fly ash.  Of course, there will still be several other differences between the remaining 
unburned carbon and the mineral matter, such as particle density and color.  However, 
increasing the polarity of unburned carbon will allow fly ashes containing some 
unburned carbon to be used in a number of manufacturing processes that would not 
otherwise be able to use fly ash. 

For example, the adsorptive nature of unburned carbon in fly ash has been a major 
barrier for entry into a number of high-value, mineral filler markets.  Oxidizing treatment 
of residual unburned carbon in fly ash though STAR processing allows these fly ashes 
to be more easily compounded and reduces their affinity to adsorb expensive 
chemicals with polar endpoints or small polar particles, such as water. 

Treating Unburned Carbon to Minimize Concrete AEA Dosage Rates  

An obvious commercial benefit from the oxidizing treatment of residual unburned 
carbon in fly ash can be seen in the improved air-entraining characteristics of STAR-
processed fly ashes used in the production of concrete.  Oxidized unburned carbon 
adsorbs less of the chemical air-entraining agents (AEAs) used to produce concrete.  
In effect, this treatment will deactivate the activated (unburned) carbon remaining in fly 
ash; this effect is sometimes referred to as ―carbon passivation.‖ 

A test protocol called Foam Index, commonly used in the ash utilization industry, was 
used to infer the AEA dosage rates for concrete containing STAR fly ash – the 
inference being that low Foam Index (FI) values predict low AEA dosage rates for 
concrete having the same cementious materials, especially when comparing fly ashes 
from the same coal and which were fired in the same boiler. 

The FI test protocol is a laboratory titration procedure in which water-diluted AEA is 
incrementally added into a reference/control suspension of plain cement in distilled 
water and that result is compared to the result of a similar titration in a suspension of 
fly ash and cement.  Each suspension is shaken after every additional dose of AEA 
until a stable head of foam is seen on the surface of the suspension.  The specific FI 
test method used in this paper is found in the appendix of this paper. 

In the early months of STAR Plant operation, raw feed and STAR-processed fly ashes 
were tested to determine their Foam Index.  Fly ash LOIs and FI values are given in 
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Figure 4, which show the average plain cement FI values as 10.2 drops (the individual 
FI values ranged from 10 to 11); cement LOIs are not expected to affect FI index and, 
therefore, were not recorded.  Average results for fly ashes used as raw feed in the 
STAR Plant are also shown.  Individual LOIs ranged from slightly under 10% to slightly 
over 12% and FI values ranged from 38 drops to 85 drops.  Individual LOI and FI 
results for the same fly ashes after STAR processing show LOIs ranging from less than 
0.05% to around 1.7% and having FI values ranging from 10 drops to 11 drops. 

Figure 4 – Foam Index comparing cement and STAR-processed fly ashes 

During this time, plastic concrete testing in the field confirmed that the AEA dosage 
rates for concrete produced using this STAR fly ash had the same AEA dosage rates 
as plain cement concrete mixes.  Concrete producers had been using another type of 
thermally beneficiated fly ash and the concrete AEA dosage rates for that particular 
beneficiated fly ash were 30% to 50% higher than the extremely low AEA dosage rates 
used when producing concrete made with STAR fly ash. 

Being able to produce Class F fly ash that does not affect concrete air-entraining 
characteristics is a novel and intriguing opportunity.  For example, Class F fly ash is 
not typically used to produce ternary concrete mixes.  Ternary concrete is comprised of 
three different types of cementious materials — usually hydraulic cement, ground 
granulated blast furnace slag, and fly ash.  However, the air-entraining characteristics 
of Class F fly ash are usually very different than the characteristics of the other 
cementious materials used in ternary concrete.  Therefore, since concrete producers 
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prefer to use cementious materials with similar air-entraining characteristics in ternary 
mixes, they typically do not use Class F fly ash.  STAR-processed Class F fly ash can 
now be used to produce ternary concrete without having to deal with the quality control 
problems and other logistic issues that arise from using Class F fly ash with dissimilar 
air-entraining characteristics. 

Managing the Adsorptive Nature of Unburned Carbon 

Ordinarily, concrete producers would appreciate these ultra-low AEA dosage rates.  
However, due to the limited production capacity of the STAR Plant, most concrete 
producers must occasionally switch from STAR fly ash to other sources of fly ash and 
the differences in AEA dosage rates bothered some concrete producers.  In order to 
not frustrate these customers, the plant is now operated in such a way as to produce 
STAR fly ash that requires a similar AEA dosage rate as would be required if they were 
to switch back to the other source.  Having the ability to alter the STAR Plant operation 
in such a way as to match the AEA dosage rates for concrete made with other fly 
ashes allows STAR fly ash and other fly ashes to be used interchangeably. 

Figure 5 — Foam Index comparison: STAR fly ash matched to other fly ash 

Figure 5 shows the average results of FI testing and compares plain cement to high-
LOI raw feed fly ash and to two differently processed STAR fly ashes.  The LOI for 
each of these STAR-processed fly ashes was about 1.5%.  The first STAR fly ash 
represents STAR-processed fly ash during the first few months of commercial 
operation and, therefore, was processed in such a way as to ―passivate‖ any remaining 
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unburned carbon.  The intent was to minimize the AEA dosage rate required for 
concrete.  The second STAR fly ash was processed in such a way as to match the 
AEA dosage rate for concrete produced with another fly ash, which is also beneficiated 
and marketed by The SEFA Group. 

Figure 5 also shows the average FI value for this other beneficiated fly ash.  Each of 
these fly ashes was derived from the same coal and produced by firing in the same 
boiler (i.e., Wateree Unit #1).  A portion of this fly ash was then processed through the 
STAR Plant as described above and another portion was processed using the other 
beneficiation process. 

Individual LOI results for the other beneficiated fly ash ranged from 2.0% to 3.0% and 
their FI values ranged from 14 drops to 18 drops; the average FI (15.3 drops) is shown 
in Figure 4.  STAR fly ash is now processed in such a way as to match the other fly 
ash, with an average FI of 15.1 drops.  The FI values of these STAR fly ashes show 
the flexible range in performance that can result from varying STAR Plant operations to 
either minimize AEA dosage rates or to match a particular AEA dosage rate. 

Strength-Producing Characteristics in Concrete 

The chemical analyses from monthly ASTM C 618 test reports since commercial 
operations began are typical for low-calcium (less than 5% CaO) Class F fly ashes.  
However, the physical analyses show that the STAR fly ashes are finer and the 
Strength Activity Index (SAI) is higher than the norm for other Class F fly ashes in the 
marketplace.  The 7-day and 28-day average SAIs for 2008 were 86% and 95%, 
respectively.  The minimum SAI required to meet ASTM C 618 is 75%.  The SAI values 
for STAR-processed fly ashes are higher than typical SAI values for low-calcium fly 
ashes. 

Concrete strength data confirms the superior strength-producing character of STAR-
processed fly ashes. Figure 6 compares the strength-producing characteristics of six 
different fly ashes.  Each fly ash was used to produce a separate laboratory batch of 
concrete. All the other concrete-making materials remained constant for each batch.  
The volume and mass of each of the concrete-making materials was held constant in 
all the batches, except that the water content was varied slightly to obtain the targeted 
plastic concrete consistency, i.e. – 4-inch (10.1 cm) slump. 

To provide better context, the weights and dosage rates for the concrete-making 
materials used in each batch were converted to one cubic yard (0.76 cubic meter) mix 
designs and are listed in the appendix.  The concrete mix designs used in this 
comparison had the equivalent of 400 pounds (181.4 kg) of cement and 120 pounds 
(54.4 kg) of fly ash per cubic yard (0.76 cubic meter).  Due to the differences in water 
demand for each fly ash, the actual slumps ranged from 3.5 inches (8.9 cm) to 6.25 
inches (15.9 cm).  The concrete strengths graphed in Figure 6 were adjusted to 4-inch 
(10.1 cm) slumps by extrapolation, assuming that each additional inch of slump 
decreased concrete strength by 150 psi and 200 psi (1.03 MPa and 1.38 MPa) at 7 
days and 28 days, respectively. 



- 11 - 

 

The fly ash used in Batch 
#
1 is commonly used by concrete producers in the market 

area and represents the largest volume of by-product fly ash used in the marketplace.  
It is a low-LOI, low-calcium Class F fly ash and, being an industry standard, it serves 
as a representative reference point for this comparison.  When using this fly ash in this 
concrete mix design, the concrete strength results at 28 days would be expected to be 
around 4200 psi (29 MPa); actual strength results were 4165 psi (28.7 MPa), indicating 
typical strength-gain performance. 

Figure 6 —  Laboratory concrete mix comparison  

The fly ashes used in Batches 
#
2 and 

#
3 were obtained from two different sources and 

processed through the STAR Plant – these fly ashes are also low-calcium Class F fly 
ashes.  Due to differences in their chemical and physical characteristics, the strength 
potential of each of these fly ashes is different.  Historically, the strength-producing 
character of the fly ash from ―Source A‖ is below average and unless this fly ash is 
beneficiated, it is not used in the marketplace.  However, after STAR processing, the 
strength-producing character is improved to be greater than that of the reference fly 
ash.  At 28 days the strength-producing character of the STAR-processed fly ash from 
―Source B‖ that was used in Batch 

#
3 is significantly greater than the reference mix. 

The fly ashes used in Batches 
#
4 and 

#
5 are from the same truckload of sub-

bituminous coal fly ash.  This Class C fly ash is a byproduct fly ash commonly used in 
another geographic area.  It is a high-calcium (approximately 25% CaO) fly ash with 
good strength-producing character.  A sample of this fly ash was collected before it 

Concrete Strength — PSI (MPa) 

(28.7) 

(21.9) 

(25.4) 

(28.5) 

(24.6) 

(29) 

(31.8) 

(35) (34.6) 

(28.2) 

(36.4) 
(35.4) 

(10.1 cm) 
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was processed through the STAR Plant and was used in Batch 
#
4; it was not 

beneficiated or otherwise changed in any way.  The fly ash used in Batch 
#
5, on the 

other hand, was first processed through the STAR Plant. 

STAR processing appears to improve the strength-producing character of this fly ash, 
as the Class C STAR fly ash used in Batch 

#
5 produced the greatest 7-day and 28-day 

concrete strengths in the comparison.  However, the strength-producing character of 
the STAR-processed, low-calcium Class F fly ash used in Batch 

#
3 is roughly equal to 

that of the by-product Class C fly ash at 28 days, although at 7 days, the by-product 
Class C fly ash out-performed all the unblended Class F fly ashes. 

Lastly, in Batch 
#
6, Class F fly ash from Source A and the Class C fly ash were 

blended together at a 1:1 ratio and this blended fly ash was processed through the 
STAR Plant.  This STAR-processed fly ash had a very good strength-producing 
character, slightly outperforming the Class C by-product fly ash at both 7 days and 28 
days.  In effect, the STAR Plant produced a Class F fly ash with the strength-producing 
character of a Class C fly ash by co-processing a substandard Class F fly ash along 
with a typical Class C fly ash. 

In summary, STAR processing of all fly ashes tested to date has improved the 
strength-producing character of that fly ash.  Substandard Class F fly ashes can be 
STAR processed to have better strength-producing characteristics than the best low-
calcium by-product fly ashes that are currently in the marketplace.  Some low-calcium 
Class F fly ashes can be STAR-processed to have similar strength-producing 
characteristics as high-calcium Class C fly ashes.  STAR-processing will also improve 
the strength-producing character of Class C fly ash.  Even substandard Class F fly 
ashes can be co-processed with Class C fly ash to produce a Class F fly ash with 
superior strength-producing character. 

Particle Size Distribution 

Micrograph 3 — Large char particle   Micrograph 4 — Smaller char particle 
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Micrograph 3 shows an example of a large char particle (approximately 100 micron) 
that contains hundreds of small ash particles, ranging in size from 30 micron to sub-
micron.  Micrograph 4 is an example of a smaller char particle (approximately 35 
micron), which also contains a number of small ash particles, ranging from 5 micron to 
sub-micron.  In both examples, STAR processing will volatize the carbon, freeing the 
small ash particles that are trapped in the char particle. 

The organic carbon that comprises most of the volume of the char particles will 
volatilize during STAR processing.  Not only does this carbon combustion remove or 
reduce the size of most of the coarsest fly ash particles, it also releases many smaller 
inorganic inclusions that were contained in the char particle, which in turn increases 
the amount of extremely fine ash particles in the STAR-processed fly ash.   

This dynamic is the major reason why STAR processing increases overall fineness of 
the fly ash.  As can be seen in Figure 7, a typical comparison of particle size 

Figure 7 —  Particle Size Distribution  
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distribution (PSD) analyses of raw feed and STAR fly ash illustrates how the total 
volume of the largest particles decreases and that there is an increase in the amount 
of fine particles after STAR processing.   

There is another type of agglomerate (see Micrograph 5) that can be found in coal fly 
ash, which results from ―ash fouling‖ and subsequent soot-blowing activities that take 
place in most coal-fired boiler operations.  Ash fouling happens as hot flue gases are 
cooled in coal-fired boilers, especially on or near the water walls and boiler tubes.  
Volatile inorganics, especially alkaline earth metals, condense on these cooler 
surfaces and serve as a ―sticky glue‖, which captures many individual ash particles, 
creating a build-up on the cooler surfaces of the boiler.  As the build-up increases, soot 
blowing and other cleaning methods are used to dislodge these deposits from the walls 
and tubes of the boiler.  Some of the fouled deposits survive as ―fouled agglomerates‖ 
and are collected with the fly ash.  

Micrograph 5 with EDS of connection point within fouled agglomerate 

Fouled agglomerates are often found in the by-product fly ashes used as raw feed for 
the STAR Plant and are typically held together by this ―glue‖ of alkaline earth metals.  
In micrograph 6, an elemental analysis by Energy Dispersive X-ray Spectroscopy 
(EDS) inside the boundary of the rectangle shows a high concentration of calcium, 
which is uncharacteristic of Class F fly ash and which is found in high concentration 
only at the connection between the individual spheres of the agglomerate. 
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The STAR Plant can be operated in such a way as to reduce the quantity of this type 
of agglomerate to negligible levels, further increasing the fineness of the STAR fly ash 
and improving the spherical morphology. 

Size Classification 

The STAR Plant has two separate streams of product fly ash.  One product stream can 
be processed in such a way as to perform some size classification of the fly ash, 
tailoring it to the expectations and/or requirements of particular markets, especially 
high-value mineral filler markets. 

Figure 8 shows an additional PSD curve of partially classified STAR fly ash overlaid on 
the PSD analyses from Figure 7.  Depending on the expectations and/or requirements 
of the marketplace, this size-classified, pure mineral matter can be used as mineral 
filler as it is, or it can be further processed for more precise size classification if 
necessary. 

Figure 8 – Particle Size Distribution with size-classified STAR fly ash 
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Metals and other Trace Elements 

Table 4 (see following page) shows typical results from ten (10) STAR-processed fly 
ashes for carbon, sulfur, and a standard list (i.e., target analyte list — TAL) of metals.  
The concentration of most of these elements is fairly low; however, some markets, 
especially potential new markets, are very intolerant of certain elements.   

As previously discussed, carbon is perceived negatively in the marketplace and, sulfur 
is also perceived as a contaminant for some markets.  Although STAR processing fly 
ash to reduce carbon to low levels has already been discussed, the carbon contents of 
these fly ashes are listed in the table to provide additional context as to the nature of 
these STAR-processed fly ashes. 

Table 5 shows sulfur concentration before and after STAR processing.  Typically, the 
sulfur content of the raw feed fly ashes analyzed to date is around 0.25% and STAR 
processing lowers the concentration by an order of magnitude. 

Although the amount of mercury in coal fly ash is very small, the amount of attention 
given to mercury is huge.  Mercury is listed by the EPA as a ―persistent bio-
accumulative toxic chemical,‖ which means that it is not only toxic, but, since it cannot 
decompose to become less toxic, it persists in the environment and eventually 
bioaccumulates in the food chain.  Therefore, knowing the ultimate fate of mercury and 
understanding the dynamics of how mercury speciates and migrates from coal into the 
biosphere is of crucial importance.   

Generally speaking, when coal is fired in a boiler, any residual mercury contained in 
the coal is volatized.  While traveling in the hot flue gases, this mercury vapor may 
remain as elemental mercury or it may combine with other elements in the flue gas.  
Depending on how the mercury speciates, a portion of the mercury may adsorb onto 
the fly ash.  For example oxidized mercury is much easier to capture through 
adsorption than non-oxidized mercury and, therefore, mercury adsorbed on the fly ash 
stays with the fly ash when it is separated from the flue gas stream by the plant’s 
particulate collection equipment. 

The specific amount of mercury captured on coal ash will vary, depending on the type 
of coal and how the mercury speciates.  Typically, coal-fired power plants that use a 
baghouse for particulate collection will capture significantly more (e.g., twice as much) 
mercury on the fly ash as they would with electrostatic precipitators.  Some power 
plants, in an attempt to reduce the amount of mercury emitted from their stacks, will 
inject a sorbent, such as activated carbon, into the flue gas, thereby capturing 
additional mercury on the sorbent, which is then collected and comingled with the fly 
ash. 

Sample Raw Feed STAR Ash

1 0.20% 0.02%

2 0.30% 0.03%

Table 5 — Sulfur concentration 
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Subsequent STAR processing will volatize the mercury that was captured with the fly 
ash.  Most of this mercury is already oxidized and processing it through the reaction 
zone of the STAR Plant will only further increase the amount of oxidized mercury.  As 
the oxidized mercury vapor and fly ash are transported by the hot flue gases through 
the STAR Plant’s heat exchangers, the entire mass is cooled to temperatures below 
the condensation temperature of the oxidized mercury and the vast majority of the 
mercury is deposited on the fly ash and collected along with the STAR-processed fly 
ash. 

As mentioned earlier, the STAR Plant actually has two different product streams of 
STAR-processed fly ashes.   All the STAR fly ashes shown in Table 6 were collected at 
low temperatures in the STAR Plant’s baghouse to maximize the recapture of certain 
trace elements, such as mercury.  This stream of STAR-processed fly ash is collected 
for those markets that do not object to the presence of trace elements.  The other 
stream of STAR-processed fly ash is separated from the hot flue gases while mercury 
and other volatized contaminants are in vapor phase and, therefore, do not contain any 
of these particular elements, such as mercury. 

Table 6 illustrates this dynamic, showing how STAR processing can be used to either 
remove mercury from fly ash or to recapture it, depending on the requirements of the 
marketplace. 

As additional markets are developed for mercury-free fly ash and the utilization rates 
for mercury-free fly ash increase, the concentration of mercury in STAR fly ash that is 
collected at low temperatures will increase.  Ultimately, the fate of this mercury is to be 
entombed in the concrete paste matrix of products that use fly ash as pozzolan. 

 

 

Sample Raw Feed STAR Ash A STAR Ash B

1 0.54 mg/kg ND 0.58 mg/kg

2 0.53 mg/kg ND 0.54 mg/kg

3 0.39 mg/kg ND 0.38 mg/kg

Sample  3Sample  2Sample  1

Table 6 — Mercury concentration on different streams of STAR fly ash 
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SUMMARY AND CONCLUSION 

The SEFA Group developed a new fly ash beneficiation process – Staged Turbulent 
Air Reactor (STAR) – and constructed a 140,000-ton (126,000 metric tonnes) per year 
STAR Plant, which has been operating commercially for over a year.  Various aspects 
of the technology, operating experience, test results, and product characterizations 
were discussed in this paper. 

A major objective for  processing fly ash using STAR is to decrease the heterogeneity 
of coal fly ash by removing or treating unburned carbon found in residual coal char 
particles, thereby increasing the polar nature of STAR fly ash.  Raw feed fly ashes from 
12 different coal-fired power plants have been processed through the STAR Plant.  
STAR Plant operation can be varied to either reduce or remove all carbon from any of 
the fly ashes processed to date.  STAR Plant operation can also be varied to effect an 
oxidizing treatment of any remaining carbon to either partially or completely de-activate 
it so as to match the expected adsorptive characteristics/requirements of various 
manufacturing processes. 

Current commercial STAR Plant operation processes Class F coal fly ash; however, 
during R&D activities, Class C (sub-bituminous) coal fly ash and blends of Class F and 
Class C fly ashes were successfully processed.  STAR-processed fly ash meets the 
most stringent specifications for fly ash used as pozzolan in concrete and the strength-
producing characteristics are greater than expected for low-calcium Class F fly ash. 

The STAR Plant produces two streams of fly ash, each of which has slightly different 
chemical and physical characteristics.  One stream can be processed in such a way as 
to perform some size classification of the fly ash, tailoring it to the expectations and/or 
requirements of particular markets, especially high-value mineral filler markets.  This 
product stream will also reduce or remove many contaminants (e.g., mercury), further 
enhancing its value in certain consumer products and some manufacturing processes, 
especially high-temperature processes. 

The other product stream captures higher concentrations of these contaminants. The 
STAR-processed fly ash from this stream is used in products, such as concrete, that 
do not restrict the presence of these contaminants and which will serve to reduce their 
potential toxicity and/or sequester them, as in the case of mercury, for example, 
through entombment in the cementious paste matrix of concrete products. 
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APPENDIX 

The Foam Index Test Procedure 
 

(Modification of ―W.R. Grace Technical Bulletin TB-0202‖)  
http://www.na.graceconstruction.com/custom/concrete/downloads/TB_0202.pdf 
 
1. Place 20 g of cement in a 125 mL glass jar. 

2. Add 50 mL of water to the jar, then cap and shake the jar and its contents for 1 min-
ute. 

3. Add diluted AEA solution in small increments of 1 drop at a time. After each addi-
tion, cap and shake the jar vigorously for 30 seconds. Observe the stability of the 
foam. 

4. The minimum amount of diluted AEA needed to produce a foam that is stable for 45 
seconds is the FOAM INDEX of the cement mixture. 

5. Repeat steps 1 through 4 using 16 g of cement and 4 g of fly ash to develop the 
foam index of the cement and fly ash mixture. 

 

Concrete Mix Data (English Units) 



- 21 - 

 

Concrete Mix Data (Metric Units) 


