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ABSTRACT 
 

Less than 10 percent of the three million tons of combustion by-products produced in 
Illinois each year are used for commercial products.  Realizing that the utilization of these 
by-products is a high priority for Illinois, a holistic approach to fly ash beneficiation was 
developed in this study.  The separation and recovery of four valuable by-products: fly 
ash-derived magnetite, a pozzolanic portion for cement, cenospheres, and unburned 
carbon, were investigated using a combination of dry magnetic separation, fluid bed 
gravity separation, and Carefree cyclone technologies.  An integrated balance flowsheet 
for the combined processes was developed and an economic analysis of the integrated 
beneficiation approach was performed. 
 
The results obtained in this study found that the primary step in fly ash beneficiation 
should be a particle size separation.  The majority of the LOI material in a low NOx fly 
ash was found to be concentrated in the +325 mesh size fractions.  Also, the cenospheres 
in low NOx and low LOI PC boiler fly ash were mostly found in the +200 mesh size 
fraction.  Thus, for the reduction of LOI and cenosphere recovery, a 325 mesh particle 
size separation is recommended.   The dry fluidized bed gravity separator was found to 
reduce the LOI content of the +325 mesh fraction in the low NOx fly ash from 11.9% to 
6.4%.  Thus, by combining the fluidized bed product with the original –325 mesh 
material, an overall reduction from 6.9% to 3.7% was achieved while recovering nearly 
80% of the fly ash for potential cement applications.  Further treatment of the coarse, high 
LOI fly ash using the water-based Carefree cyclone was unsuccessful at separating the 
carbon and cenospheres, although a 57% reduction in LOI content was achieved based on 
a particle size separation.    To recover the magnetic material, a rougher-cleaner 
arrangement of dry and wet magnetic drums was successfully used.  The final product 
from the treatment of the low NOx and PC boiler fly ash samples contained 99% 
magnetics with nearly 10% of the total feed fly ash material.  An economic analysis of a 
25 tph fly ash processing plant designed based on the characterization and unit 
performance data revealed that the economic viability is driven by the production of the 
pozzolanic material.  A 50% annual return on investment was projected for the proposed 
processing plants designed for the low NOx and low LOI PCC fly ash sources.  Thus, the 



economic recovery of cenospheres and enriched carbon must be based on incremental 
costs and revenue. 

EXECUTIVE SUMMARY 
 

Due to the increased costs associated with the handling and disposal, the development of 
alternative uses for coal combustion residues has been the subject of many research 
investigations.  Several methods have been successfully evaluated and commercially 
applied, of which, the majority are wet-based separators.   Due to handability concerns 
and high dewatering costs, dry-based separations are preferred for treating the fly ash. 
This project attempted to maximize the amount of material being processed by dry-based 
techniques while using novel wet-processing techniques to achieve the final by-products 
recovery.  The goals of this project were (1) to develop an integrated flowsheet for 
separating and recovering the various fly ash by-products using a combination of dry and 
wet processing and (2) to determine the economics of such a fly ash separation plant. 
 
Southern Illinois University teamed with Custom Coals International, CQ Inc., and their 
subcontractors Eriez Magnetics and Lehigh University to develop an holistic approach to 
fly ash byproduct recovery.  The specific objectives of this project were: 
 
• To characterize several fly ash samples (from both pulverized coal and fluidized-bed 

combustion), including those from the Illinois Coal Basin Combustion Residues 
Sample Program (ICBCRSP), according to their content of unburned carbon, 
cenospheres, cement product, and fly ash-derived magnetite. 

 
• To investigate the separation of several fly ash samples into their components using 

dry magnetic separations (Eriez Magnetics), dry classification and fluid bed gravity 
separations (Lehigh University), and wet classification and concentration 
techniques--Custom Coal International's Carefree cyclone technology (to be studied 
at Southern Illinois University). 

 
• To prepare an integrated flowsheet for these separations (CQ Inc.) 
 
• To determine the revenue achievable for each byproduct stream and the costs 

associated with the separations. 
 
The fly ash characterization study conducted on fly ash samples from three different 
sources resulted in important findings related to the ability to achieve effective by-product 
separations.  One such finding is that the particle size and density distributions of the LOI 
material in fly ash is highly variable and dependent on boiler type.  As shown in Figure 1, 
the low NOX boiler obtained from the Gibson Power Station generates fly ash in which 
most of the LOI material has a particle size greater than 100 mesh (150 µm).  In fact, by 
dry screening the Gibson fly ash at 100 mesh, a sufficiently low LOI material for cement-
concrete applications is produced from the screen underflow stream at a mass yield of 
nearly 80% to the underflow.   On the other hand, the LOI material in the fly ash from the 



high temperature PC boiler at the Baldwin Power station has a very fine distribution with 
the majority of the particles having a size less than 325 mesh.  Since the LOI content of 
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Figure 1. The particle size-by-size distribution of the LOI material in the three fly ash 

samples being evaluated in this study. 
 

both the Baldwin and ADM FBC fly ash are sufficiently low according to ASTM 
standards, further treatment to reduce LOI content is not needed. 
 
Following the LOI reduction of the Gibson fly ash achieved through dry screening, the 
screen overflow can be subsequently treated to concentrate both the cenospheres and 
carbon-based material, which has potential uses in the activated carbon market.  For both 
the Gibson and Baldwin fly ash samples, the low density cenospheres were found to be 
concentrated in the +200 mesh particle size fractions.  Approximately 2.5% of the total 
mass comprising the Gibson fly ash sample and 1.0% in the Baldwin sample were +200 
mesh cenospheres having a density less than 1.3 gm/ml.  In terms of carbon 
concentration, a dry gravity-based concentration of the +100 mesh Gibson fly ash could 
result in a substantial increase in the combustible content to about 50% as shown in 
Figure 2.  Since the carbon-rich product from the gravity-based process would contain the 
valuable cenospheres, further wet-based processing could be justified to recover 
cenospheres and enrich the carbon content.  As shown, the process stream from the 



gravity separator containing the heavier particles could be used as re-burn material in 
combustion systems. 
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Figure 2. Carbon enrichment using a gravity-based particle-particle separation as 
determined using gravity washability data obtained for the +100 mesh size 
fraction of the Gibson fly ash; overall +100 mesh LOI content = 27.9%.    

 
Utilizing the characterization information described in the above paragraph, the +325 
mesh particle size fractions of the Gibson and Baldwin fly ash samples were treated in a 
dry fluidized-bed gravity separator. The air-based fluidized-bed density separator 
developed by Lehigh University was found to provide a significant reduction in LOI 
content, especially for the +100 mesh size fraction.  An effective separation required the 
removal of the –325 mesh size fraction prior to treatment in the fluidized-bed.  The coarse 
LOI material, i.e., +100 mesh, concentrated near the top of the fluidized-bed.  Thus, by 
removal of the upper layers of the bed, the LOI content of the +325 mesh size fractions in 
the Gibson fly ash was reduced from 11.94% to 6.44%.  After combining the +325 
fluidized-bed product with the original –325 mesh size fraction (LOI content of 2.17%), 
the effective overall reduction in LOI content was from 6.87% to 3.70% while recovering 
about 80.7% of the total fly ash.  Thus, by using a combination of pre-
screening/classification and dry fluidized bed separation, an effective LOI reduction can 
be achieved that will yield a majority of the fly ash for use in cement applications. 
 
The recovery of cenospheres from the low NOx and PC boiler fly ash using the dry 
fluidized-bed density separator was found to be difficult since the cenospheres 
concentrated in the middle of the suspended particle bed.  This finding is possibly due to 



the spherical shape, which substantially reduces the drag force.  Thus, since the particle 
density is less than air, the cenospheres would be more difficult to suspend in comparison 
to granular particles of equal particle size.  In addition, the average particle size of the 
cenospheres in the +200 mesh size fractions may be larger than the other material types, 
which will also cause the cenospheres to settle further into the fluidized particle bed.  
Thus, cenospheres may be more easily recovered in water-based systems since the density 
of the medium would provide a buoyancy effect for the cenospheres.   
 
The Carefree cyclone was evaluated for the purpose of separating the carbon-based 
material from the cenospheres contained within the overflow stream of the dry fluidized 
bed separator.  However, overall LOI reductions for the low NOx

 

 Gibson fly ash were 
also investigated.    The Carefree cyclone was found to provide LOI reductions up to 
about 55%, while yielding approximately 60% to the low LOI process stream.  This 
reduction was achieved mainly by providing a particle size separation, whereby, the high 
LOI +100 mesh size fraction was rejected to the underflow stream.   The main goal of 
separating the cenospheres from the LOI material was not successful.  

To evaluate the potential of recovering magnetite, a magnetic separation evaluation was 
performed using a series of dry and wet magnetic separation devices.   From the 
characterization study, the majority of the magnetic material in each fly ash sample was 
found to have a particle size less than 325 mesh and a density greater than 2.4 gm/ml.  
Most of the magnetic particles were iron-metal oxide complexes that appear as solid 
spheres.  A minor amount of magnetic cenospheres is present.  Using dry magnetic 
separators in a rougher-cleaner arrangement, the iron content of the Gibson fly ash sample 
was upgraded from 8.37% to 35.06% with a mass yield of 9.1%.  The corresponding 
improvement in the amount of magnetic material was from 11.5% to 57.7%.  Likewise, 
the iron content of the Baldwin fly ash was increased from 9.96% to 29.64% while 
yielding 19.1% of the total mass to the product.  The improvement in yield with the 
Baldwin sample can be explained to some extent by its corresponding lower LOI value.   
Further treatment of the dry magnetic separation product by wet magnetic separators 
further increased the iron content of the Baldwin fly ash to 45.42% with 69% mass yield, 
which equates to an overall mass yield (dry and wet separations) of 13.2%.  The total 
magnetic content, which was determined from a Davis tube test, was 99.0% for the 
Baldwin fly ash.  A similar treatment of the Gibson fly ash sample resulted in a final 
product containing 48.36% iron and 98.65% magnetic material while yielding 56.0% of 
the dry magnetic product to the final wet drum concentrate.  The overall process yield 
(dry and wet separations) achieved on the Gibson fly ash sample was 5.1%. 
 
Flowsheets for 25 ton/hr processing plants to treat the low NOx Gibson fly ash and the 
low LOI Baldwin fly ash were developed based on the characterization data and the 
separation performances achieved from the individual units evaluated in this study.  An 
economic analysis revealed that the economic feasibility of the processing plants is driven 
by the production of pozzolanic material.  In other words, the major economic benefits of 
fly ash beneficiation can be realized by the production of fly ash of sufficient grade for 
concrete applications. Thus, the recovery of the cenospheres, carbon-rich material, and 



magnetite must be economically evaluated based on incremental costs and profits. The fly 
ash processing plants were found to provide a 50% annual return on investment. 
 

OBJECTIVES 
 
The generation of multiple products from fly ash has been the topic of many recent 
investigations.  However, most of the efforts have focused on wet-based processes since 
dry processing of ultrafine material is generally considered difficult due to the lack of 
available technologies.  This project brought a team of scientists together that possess the 
ability to maximize the amount of material being processed by dry-based techniques 
while using novel wet-processing techniques to achieve the final by-products recovery.  
The goals of this project were (1) to develop an integrated flowsheet for separating and 
recovering the various fly ash by-products using a combination of dry and wet processing 
and (2) to determine the economics of such a fly ash separation plant. 
 
The specific objectives of this project were: 
 
• To characterize several fly ash samples from the Illinois Coal Basin Combustion 

Residues Sample Program according to their content of unburned carbon, 
cenospheres, cement product, and fly ash-derived magnetite. 

 
• To investigate the separation of several fly ash samples into their components using 

dry magnetic separations (Eriez Magnetics), dry classification and fluid bed gravity 
separations (Lehigh University's D-CoP), and wet classification and concentration 
techniques--Custom Coal International's Carefree cyclone technology (tested at 
Southern Illinois University). 

 
• To prepare an integrated flowsheet for these separations. 
 
• To determine the revenue achievable for each byproduct stream and the costs 

associated with the separations. 
 
To achieve the project goals and objectives, the work was divided into six distinctly 
different tasks, which are described in the following paragraphs. 
 
Task 1.  Project Management and Reporting:  Monthly and quarterly reports, as well as 
the final report, will be coordinated through Southern Illinois University-Carbondale. 
 
Task 2.  Sample Procurement and Characterization.  This project involved by-products 
recovery from three samples of fly ash that were obtained from sources in Illinois.  
Southern Illinois University and CQ Inc. jointly selected the fly ash sources and ensured 
the delivery to team members.  Using Standard Labs, the samples were characterized for 
size consist, float/sink analysis, pozzolanic behavior, ash composition (oxides), 
magnetics, and loss-on-ignition (LOI).   
 



Task 3.  Magnetic Separation.  Eriez Magnetics of Erie, Pennsylvania evaluated the dry 
separation of the each of the fly ash samples that contain quantities of magnetite and 
processed sufficient quantities of two of these samples to show the commercial viability 
of this process and produced sufficient sample for further processing.  Eriez Magnetics 
used a Dry-Fast-Agitating (DFA) magnetic drum separator.  The DFA drum combines an 
agitating element with a high drum speed.  Drum speed is a controlling factor in the 
effectiveness of the separation and will be one of the parameters tested in the range of 
1000 to 1500 fpm.  A two stage separation was used with a lower drum speed for the first 
rougher stage and a higher drum speed for the cleaner stage.  Davis tube analyses for 
percent magnetics were performed on the various separation fractions during the test 
work to provide an indication of the separation characteristics and efficiency. 
 
Task 4.  Dry Fluid Bed Separation.  Lehigh University, located in Bethlehem, 
Pennsylvania, conducted dry-particle fluid bed separations using its patented D-CoP unit.  
Two of the samples were tested in a six-inch diameter fluidized bed operating in the batch 
mode with acoustic excitation.  
 
Task 5.  Carefree Cyclone Separation.  Southern Illinois University-Carbondale received 
raw fly ash samples because of the large amounts of material that will be required for 
testing.  The novel Carefree cyclone was tested for separating the cenospheres from the 
remaining fly ash.   In practice, dry separation processes will be used to remove the 
majority of the fly ash prior to the Carefree cyclones, which will retain the task of 
separating the cenospheres from the remaining low specific gravity particles, such as the 
unburned carbonaceous particles.  Then, using a combination of Carefree cyclones, 
investigators evaluated ways of separating the lighter materials into a cenosphere fraction 
and an unburned carbon fraction.  
 
Task 6.  Integrated Flowsheet and Economic Analysis.  Using the data generated from 
Tasks 3, 4 and 5, CQ Inc. engineers developed an integrated balanced flowsheet, giving 
mass and material balances and approximate equipment sizes.  Capital and operating and 
maintenance costs were projected for a 25 tph fly ash processing plant.  This feed rate 
approximates the amount of fly ash generated at a 500 MW power plant using 10 percent 
ash coal.   
 

INTRODUCTION AND BACKGROUND 
 
Currently, less than 10 percent of the three million tons of combustion byproducts 
produced in Illinois each year is used for commercial products.  The rest is sent to 
disposal sites that are becoming scarce.  The increased utilization of combustion by-
products, therefore, is a priority in Illinois. 
 
One of the primary uses of fly ash is in the construction industry as a component in 
concrete.  American Electric Power Service Corporation began an effort to expand its use 
into other markets, especially as fillers (Mainieri and Militaru, Proceedings of the 
American Power Conference, 1992).  Their efforts were directed at the coatings industry, 



which in 1990 consumed 3 million tons of mineral fillers.  During the last few years, the 
use of fly ash as a ceramic filler in coating and other polymeric systems as increased.  
Custom Coals International is currently pursuing proprietary applications in this area, 
especially with cenospheres. 
 
Recovering the magnetic fraction from fly ash for use as heavy-media in coal cleaning 
plants received considerable attention in the 1980s as the source of raw magnetite was 
thought to be dwindling.  One company produced magnetite in this way commercially. 
 
One as yet untapped resource from fly ash is the unburned carbon, which may have 
potential beyond reburning as a fuel.  Applications include as a filter media, substituting 
for activated carbon, or as a substitute for industrial carbon (Horazak et al., Second 
Conference on Unburned Carbonaceous Material on Utility Fly Ash, 1996). 
 
The generation of by-products from fly ash using both dry and wet separation techniques 
has been the subject of several investigations.  Dry magnetic separation of fly ash-derived 
magnetite has been demonstrated commercially.  Electrostatic methods of removing 
unburned carbon from fly ash are currently receiving considerable interest as nitrogen 
oxide emissions regulations require modifications to boiler operations that can lead to 
higher, unacceptable levels of unburned carbon in the fly ash.  Separation Technologies 
of Massachusetts has a commercial installation of its electrostatic separation technology 
at New England Power's Brayton Point Station (Freeman et al., Second Conference on 
Unburned Carbonaceous Material on Utility Fly Ash, 1996).  The University of 
Kentucky's Center for Applied Energy Research is also investigating the dry, electrostatic 
separation of carbon from fly ash (Stencel et al., Second Conference on Unburned 
Carbonaceous Material on Utility Fly Ash, 1996).   
 
Lehigh University has developed another dry beneficiation method, a fluid bed separator, 
that works as a gravity concentrator (Levy et al., Second Conference on Unburned 
Carbonaceous Material on Utility Fly Ash, 1996).  
 
Froth flotation, a wet beneficiation process, has also been considered as a means of 
removing unburned carbon from fly ash (Moiset, Fifth International Coal Preparation 
Congress, 1962; Kawatra et al., SME Annual Meeting, Preprint No. 96-87, 1996). 
 
J. W. Cochran of Progress Materials, St. Petersburg, Florida, and T. J. Boyd of the 
Electric Power Research Institute, Charlotte, North Carolina, report on beneficiating fly 
ash using carbon burnout.   
 
Separating fly ash into all its beneficial by-products can result in maximum resource 
utilization and, potentially, increased revenues.  This project will lead to the ability to 
recover by-products in addition to those traditionally used for cement and concrete 
products, resulting in more outlets for fly ash byproducts.  The project will also identify 
the potential revenue to be generated from each of the byproduct streams.  With these 



additional outlets and the potential for significant revenue, there should then be incentive 
for more of these combustion byproducts to be utilized. 
As mentioned previously, fly ash separations have been investigated by many researchers.  
This project combines several of these processes into an integrated system (Figure 3): 
 
• The magnetic separation of a fly ash-derived magnetite was previously 

demonstrated, with significant research being conducted about 10 years ago.  This 
was a major endeavor at the time as the future of the U.S. sources of magnetite were 
uncertain. 

 
• The fluid bed gravity separation technology has been developed by Lehigh 

University for both coal cleaning applications and the removal of unburned carbon 
from fly ash.  Their work on fly ash has been conducted in conjunction with the 
Pennsylvania Energy Development Authority and Penelec.  As part of the PEDA 
project, CQ Inc will prepare a cost analysis of the system and determine the cost for 
the fabrication and installation of a pilot-scale unit at a power station.  Both batch 
and continuous laboratory-scale test apparatus is available for testing and for the 
generation of quantities of fly ash for testing in the Carefree cyclones. 

 
• The Carefree cyclone technology--for both classification and gravity concentration--

has been tested at pilot-scale and is being commercialized for coal beneficiation 
through the DOE Clean Coal Technology Program.  Additional research is currently 
being conducted to generate partition curves for these cyclones.   

 
• Provide lower cost, lighter weight building materials through the increased use of 

cement containing fly ash. 
 

 
 



Figure 3. Schematic of the proposed flow sheet for the integrated fly ash treatment circuit 
being evaluated in this project. 

 
Using these technologies, fly ash may be separated into its many varied byproducts to: 
 
• Provide a source of magnetite for coal cleaning plants using heavy-media based 

cleaning.  This material is already at a very small particle size and would not require 
significant amounts of grinding.   

 
• Provide a source of unburned carbon for reburning in the power plant or, potentially, 

for activated carbon.  The use of this carbon as activated carbon is being evaluated 
by others. 

 
• Provide a source of cenospheres for plastic and paint filler. 
 
At the end of this twelve month project, the project team will have characterized several 
fly ash samples, separated them into their many beneficial parts, conducted an initial 
assessment of the efficiency of these separations, and designed a conceptual flowsheet for 
these fly ash separations. The final report includes an economic assessment of the 
proposed processing scheme along with an initial determination of potential revenue from 
each of the product streams. 
 

EXPERIMENTAL PROCEDURES 
 

 
Sample Procurement and Characterization 

Fly ash samples from Illinois sources were characterized and treated in this project, i.e., a 
low NOX boiler, a high temperature pulverized coal (PC) boiler and a fluidized bed 
combustion (FBC) unit.  The low NOX

 

 fly ash sample was collected from Cinergy’s 
Gibson Power Plant.  The high temperature PC fly ash sample was obtained from Illinois 
Power’s Baldwin Power Plant.  The FBC fly ash sample was collected from the ADM 
facility. 

Representative samples from the bulk of each fly ash sample were obtained using a 
riffling technique.  Representative lots of 5 gallons each were sent to Standard 
Laboratories for a full characterization study and to Eriez Magnetics for the dry and wet 
magnetic separation circuit tests.  Samples of Gibson and Baldwin fly ash were sent to 
Lehigh University for the fluidized-bed gravity separation studies.  The balance of the 
samples remained at SIUC for use in the Carefree cyclone experiments. 
 
The characterization of the fly ash samples was conducted to obtain the necessary 
information to develop a process flowsheet for treating each of the fly ash samples.  
Particle size distributions were obtained using a dry screening technique and the particle 
size fraction were analyzed for total weight, LOI content, and magnetics content.  Particle 
density distributions were realized by using the ASTM static bath technique for the +325 



mesh size fractions and a centrifugal technique for the -325 mesh size fraction.  A cesium 
chloride solution was used as the medium.  The density fractions were analyzed for 
weight, LOI content, and magnetics content.  The magnetic material content was 
determined using the Davis Tube technique.   
 

RESULTS AND DISCUSSION 
 

 
Characterization 

As shown in Table 1, the fly ash sample that contained the highest LOI material content is 
low NOX

 

 sample, which was expected due to the low combustion temperatures.  The high 
temperature Baldwin PC unit produces a sufficiently low LOI content material, which can 
be used in cement-concrete applications without further processing.  The Baldwin sample 
also contains the largest amount of magnetic material at 13.1%, which may be due to the 
type of pre-cleaning used for the coal fueling the boiler.  The metal oxide compositions of 
the Gibson and Baldwin fly ash samples are nearly the same with major differences only 
in the aluminum oxide, ferric oxide, calcium oxide, and sulfur trioxide.  As expected, the 
FBC fly ash contains a significant amount of calcium oxide and sulfur trioxide due to the 
lime addition and the resulting sulfur capture.   

Table 1. Total sample composition of the three fly ash samples. 
 

Assay 
 

Gibson Fly Ash 
(Wt. %) 

Baldwin Fly Ash 
(Wt. %) 

ADM Fly Ash 
(Wt. %) 

LOI  7.60 1.65 4.07 
Magnetics 9.23 13.10 0.62 

    
Ash Composition    

Silicon Dioxide 55.47 54.09 21.66 
Aluminum Oxide 24.96 17.13 10.01 

Ferric Oxide 10.79 14.92 6.92 
Titanium Dioxide 1.20 0.91 0.28 

Phosphorous Pentoxide 0.26 0.20 0.07 
Calcium Oxide 2.41 5.62 32.93 

Magnesium Oxide 1.08 1.51 7.79 
Sodium Oxide 0.48 0.65 0.41 

Potassium Oxide 2.65 2.04 0.94 
Sulfur Trioxide 0.70 2.93 18.99 

 
 
The particle size-by-size results indicate that the particle size distribution of the Gibson 
fly ash is significantly coarser than the Baldwin and ADM fly ash samples.  This finding 
is likely a result of the incomplete combustion of a substantial amount of unburned 
carbon and the coarser, low-density aggregates formed from the low temperature boiler.  
As shown in Table 2, nearly 18% of the total Gibson fly ash has a particle size greater 



than 100 mesh and the +100 mesh size fraction has a high LOI content of 26.3%.  In fact, 
the data indicates that the -100 mesh size fraction has a LOI content less  than  3%,  
which  is  



Table 2. The particle size distribution and the particle size-by-size Loss-on-Ignition 
(LOI) and magnetic content values of the Baldwin, Gibson and ADM fly ash 
samples. 

 
Size Fraction Individual Cumulative 

(mesh) Weight 
(%) 

LOI  
(%) 

Magnet. 
(%) 

Weight 
(%) 

LOI  
(%) 

Magnet. 
(%) 

       
BALDWIN       

+100 1.93 8.67 6.50 1.93 8.67 6.50 
100 x 200 8.66 4.31 14.76 10.50 5.10 13.25 
200 x 325 11.11 2.48 21.78 21.70 3.76 17.62 

-325 78.30 1.12 12.03 100.00 1.69 13.24 
Total 100.00 1.69 13.24    

       
GIBSON       

+100 18.01 26.28 7.65 18.01 26.28 7.65 
100 x 200 22.12 3.72 15.40 40.13 13.84 11.92 
200 x 325 8.04 2.41 14.74 48.17 11.94 12.39 

-325 51.83 2.17 5.99 100.00 6.87 9.07 
Total 100.00 6.87 9.07    

       
ADM FBC       

+100 0.98 5.14 1.67 0.98 5.14 1.67 
100 x 200 17.04 2.08 1.47 18.02 2.25 1.48 
200 x 325 21.70 4.19 1.51 39.72 3.31 1.50 

-325 60.28 4.73 0.28 100.00 4.17 0.76 
Total 100.00 4.17 0.76    

 
 
sufficiently low enough for use in cement-concrete applications.  As indicated also in 
Figure 1, the LOI distributions for the Baldwin and ADM fly ash samples are relatively 
fine with the majority concentrating in the -325 mesh particle size fraction.   
 
The density distributions of the total weight, LOI material and the magnetic material for 
each of the fly ash samples are provided in Tables 3 - 5.  An interesting finding from this 
data is that the average particle density of the LOI material increases with a decrease in 
particle size, which is more clearly observed in Figure 4 for the Gibson fly ash.   The 
trend is a result of the nature of the combustion process and the feed particle size.  The 
typical coal being fed to a boiler has a particle density range between 1.1 and 1.6 gm/ml.  
Incomplete combustion of coal particle, such as that commonly realized in low NOX

 

 
boilers, results in a relatively low particle density distribution with the majority of the 
particles having a density less than 1.7 gm/ml.  However, in high temperature boilers, the 
unburned carbon particles are more likely  to  form  a  char,  which  can  be  classified  as  



Table 3. Particle density distributions and assays obtained on four particle size factions 
of the Gibson fly ash sample; ND = none detected. 

 
Specific Individual Cumulative 
Gravity 
Fraction 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

+100 Mesh 
   18.00% Wt. 

      

1.0  Float 2.70 4.44 ND 2.70 4.44 ND 
1.0 x 1.2 2.97 31.35 ND 5.67 18.54 ND 
1.2 x 1.3 3.07 56.33 ND 8.74 31.81 ND 
1.3 x 1.4 5.28 58.43 ND 14.02 41.84 ND 
1.4 x 2.0 38.40 52.32 1.36 52.42 49.52 1.36 
2.0 x 2.4 20.09 9.40 4.28 72.51 38.40 2.36 
2.4 Sink 27.49 0.31 24.35 100.00 27.93 9.39 

       
100 x 200 Mesh 
   22.12% Wt.   

      

1.0  Float 1.62 1.92 ND 1.62 1.92 ND 
1.0 x 1.2 2.11 1.08 ND 3.73 1.44 ND 
1.2 x 1.3 1.37 1.53 ND 5.10 1.47 ND 
1.3 x 1.4 2.20 3.37 ND 7.30 2.04 ND 
1.4 x 2.0 23.54 11.83 0.15 30.84 9.51 0.15 
2.0 x 2.4 30.63 4.20 0.37 61.47 6.87 0.27 
2.4 Sink 38.53 0.55 37.28 100.00 4.43 15.66 

       
200 x 325 Mesh 
   22.12% Wt.   

      

1.0  Float 0.57 3.35 ND 0.57 3.35 ND 
1.0 x 1.2 1.01 1.74 ND 1.58 2.32 ND 
1.2 x 1.3 0.67 2.46 ND 2.25 2.36 ND 
1.3 x 1.4 1.00 3.18 ND 3.25 2.61 ND 
1.4 x 2.0 17.98 6.94 0.15 21.23 6.28 0.15 
2.0 x 2.4 36.17 3.07 0.41 57.40 4.26 0.32 
2.4 Sink 42.60 0.49 32.56 100.00 2.65 14.52 

       
-325 Mesh 
   22.12% Wt.   

      

1.0  Float 0.08 1.39 ND 0.08 1.39 ND 
1.0 x 1.2 0.10 1.66 ND 0.18 1.54 ND 
1.2 x 1.3 0.09 2.30 ND 0.27 1.79 ND 
1.3 x 1.4 0.11 3.00 ND 0.38 2.14 ND 
1.4 x 2.0 2.20 2.80 0.17 2.58 2.70 0.17 
2.0 x 2.4 8.29 6.70 0.03 10.87 5.75 0.06 



2.4 Sink 89.13 1.94 6.74 100.00 2.35 6.04 
Table 4. Particle density distributions and assays obtained on four particle size factions 

of the Baldwin fly ash sample; ND = none detected. 
 

Specific Individual Cumulative 
Gravity 
Fraction 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

+100 Mesh 
   1.93% Wt. 

      

1.0  Float 5.35 1.42 ND 5.35 1.42 ND 
1.0 x 1.2 4.13 1.94 ND 9.48 1.65 ND 
1.2 x 1.3 3.47 6.43 ND 12.95 2.93 ND 
1.3 x 1.4 3.62 11.75 ND 16.57 4.86 ND 
1.4 x 2.0 32.88 24.41 ND 49.45 17.86 ND 
2.0 x 2.4 25.46 2.77 ND 74.91 12.73 ND 
2.4 Sink 25.09 2.30 15.92 100.00 10.11 15.92 

       
100 x 200 Mesh 
   8.66% Wt.   

      

1.0  Float 2.28 1.28 ND 2.28 1.28 ND 
1.0 x 1.2 2.94 1.24 ND 5.22 1.26 ND 
1.2 x 1.3 1.93 2.08 ND 7.15 1.48 ND 
1.3 x 1.4 3.26 2.86 ND 10.41 1.91 ND 
1.4 x 2.0 27.63 7.35 2.73 38.04 5.86 2.73 
2.0 x 2.4 43.59 4.03 11.56 81.63 4.88 8.13 
2.4 Sink 18.37 8.39 46.02 100.00 5.53 15.91 

       
200 x 325 Mesh 
   11.11% Wt.   

      

1.0  Float 0.51 1.78 ND 0.51 1.78 ND 
1.0 x 1.2 1.26 1.91 ND 1.77 1.87 ND 
1.2 x 1.3 1.21 3.39 ND 2.98 2.49 ND 
1.3 x 1.4 1.99 3.49 ND 4.97 2.89 ND 
1.4 x 2.0 21.42 3.99 1.68 26.39 3.78 1.68 
2.0 x 2.4 54.39 1.92 14.63 80.78 2.53 10.97 
2.4 Sink 19.22 7.31 50.21 100.00 3.45 18.91 

       
-325 Mesh 
   22.12% Wt.   

      

2.4  Float 0.72 ND ND 0.72 ND ND 
2.4  Sink 99.28 1.96 11.48 100.00 1.96 11.48 

Table 5. Particle density distributions and assays obtained on four particle size 
factions of the ADM FBC fly ash sample; ND = none detected. 

 



Specific Individual Cumulative 
Gravity 
Fraction 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

Weight 
(%) 

LOI 
(%) 

Magnetics 
(%) 

+100 Mesh 
   0.98% Wt. 

      

2.4 Float 7.35 19.78 ND 7.35 19.78 ND 
2.4 Sink 92.65 2.81 1.90 100.00 4.06 1.90 

       
100 x 200 Mesh 
   17.04% Wt.   

      

2.4 Float 2.87 23.75 ND 2.87 23.75 ND 
2.4 Sink 97.13 2.50 1.66 100.00 3.11 1.66 

       
200 x 325 Mesh 
   21.70% Wt.   

      

2.4 Float 0.24 45.15 ND 0.24 45.15 ND 
2.4 Sink 99.76 5.15 1.45 100.00 5.25 1.45 

       
-325 Mesh 
   60.28% Wt.   

      

2.4  Float ND ND ND ND ND ND 
2.4  Sink 100.00 5.76 0.42 100.00 5.76 0.42 

 
 

isotropic or anisotropic. The isotropic chars have thin wall structures, a particle density 
between 1.7 and 1.9 gm/ml, and have the potential to be used in activated carbon 
applications.   The anisotropic chars have a particle density between about 1.9 to 2.2 
gm/ml, thick wall structure and, thus, have little potential for activation.  Thus, the 
application of an enriched carbon material obtained from a given fly ash source may be 
determined from the density profile of the LOI material.  In addition, the analysis results 
provided in Table 3 - 5 and Figure 4 indicate that gravity-based separation can be used to 
achieve a desirable carbon enrichment for some fly ash sources, especially those from low 
NOX
 

 systems. 

The data in Tables 3 and 4 also show that the majority of the low-density cenospheres are 
concentrated in the +200 mesh size fractions in the Gibson and Baldwin fly ash samples.  
Approximately 2.5% of the total Gibson fly ash has a density less than 1.3 gm/ml in the 
+200 size fraction, whereas, the corresponding value for the Baldwin sample is about 1%.  
Thus, a primary particle size separation in a fly ash treatment circuit may provide three 
purposes: 1) production of a fly ash usable in cement-concrete applications, 2) 
concentration of carbon material, and 3) recovery of cenospheres while minimizing water 
consumption.  The screen overflow could be treated in a dry gravity-based separator to 
further concentrate the carbon and cenospheres prior to the use of a water-based 
separation process such as froth and/or skin flotation. 
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Figure 4. Particle size-by-size particle density distributions of the LOI (i.e., 

combustible) material in the Gibson fly ash sample which show an increase in 
particle density with decreasing particle size.   

 

 
Dry Fluidized-Bed Gravity Separation  

The reduction of the LOI content below a value of 6% is required for the fly ash to used 
in cement applications.  In this process of LOI reduction, it is highly desirable to 
minimize or eliminate the need for water.  Thus, a test program on a dry fluidized-bed 
gravity separator was performed at Lehigh University.  The experiments were conducted 
on the low NOx

 

 Gibson fly ash, which contained approximately 7.60% LOI.  The 
fluidized-bed unit was a 6-inch diameter unit, which was operated in batch mode.   The 
apparatus utilized air at room temperature for suspending the particles along with a loud 
speaker, which is driven by a signal generator and amplifier.  For each experiment, the fly 
ash bed was fluidized for a period of 3 minutes.  Afterward, the stratified layers were 
collected as a function of bed depth using a suction tube arrangement.  Tests were 
conducted over a range of operating conditions.  A detailed report of the Lehigh 
investigation can be found in Appendix A. 



The initial tests were conducted on the entire fly ash sample.  The optimized test 
conditions provided an overall reduction in LOI content from 6.87% to 5.20% while 
recovering 60% of the total mass.  This performance equates to a LOI reduction of 25%.    
 
The particle size analysis results presented in Table 2 revealed that the LOI content of the 
–325 mesh size fraction is sufficiently low for use in cement applications.  Thus, 
additional tests were performed on the +325 mesh size fraction after dry screening the 
sample to remove the –325 mesh fraction.  As shown in Table 6, LOI content of the +325 
mesh size fraction was reduced under the optimum operating conditions from 11.93% to 
6.44% while achieving a mass yield of 60%.  This performance translates to a 46% LOI 
reduction.    By combining the +325 mesh product with the original –325 mesh fraction, 
the overall LOI content of the material is 3.70% with an overall mass yield of 80.7%.   
 
Table 6. Optimized separation results obtained from the use of a dry fluidized-bed 

separator at Lehigh University for reducing the LOI content of the Gibson fly 
ash sample. 

 
Particle Size Feed Product 

Fraction Wght. (%) LOI (%) Wght. (%) LOI (%) 
+325 mesh 48.17 11.94 28.90 6.44 
-325 mesh 51.83 2.17 51.83 2.17 

Total 100.00 6.87 80.73 3.70 
 

Fly ash samples from the various layers in the fluidized-bed unit were analyzed on a 
particle density-by-density basis for two different particle size fractions to evaluate the 
separation mechanisms.  Using a schematic of the batch fluidized-bed system, the layer-
by-layer results are presented in Figure 5.  The division, which provides the required LOI 
reduction, appears to occur between Layer 2 and Layer 3.  The material in Layers 3 
through 5 can be combined with the original –325 mesh size fraction to produce a LOI 
content less than 3.5%.  This LOI reduction can be achieved while maintaining nearly 
80% of the feed material for use in cement applications.    Based on the results presented 
in Figure 5, it is interesting to note the following: 
 
1. The highest LOI content occurs in the second layer.  This finding is due to the higher 

LOI content of the 100 x 325 mesh size fraction, which is likely the result of the 
increase in LOI particle density as the particle size is decreased (Figure 4).  As 
discussed previously, the char material has a specific gravity as high as 2.2.   

 
2. It is evident by the density-by-density analysis of the +100 mesh size fraction that a 

density-based separation is occurring in the dry fluidized-bed system.  The weight 
percent in the 1.85 sink increases from Layer 1 to Layer 5. 

 
3. The +100 mesh LOI content of the 1.25 float material in Layer 3 was significantly 

lower than all other layers, which may be due to the concentration of cenospheres in 
the middle portion of the fluidized-bed.      



 
The findings described above can be further realized by the partition curves shown in 
Figure 6 as a function of mean particle specific gravity for the +100 mesh size fraction.  
The curves represent the recovery of subsequent layers to the overflow stream, which is 
typically characterized by a high LOI content.  The 1.25 float material consisting of 
mostly cenospheres was low in Layer 1, which was unexpected due to the low density of 
the material.  However, since these particles are spherical, the drag force is substantially 
less than the more granular carbon-based material, thereby, resulting in a higher settling 
velocity.  Also, a particle size difference could account for the apparent settling velocity 
effects.  As shown in Figure 6, the recovery of 1.25 float material increases substantially 
from the inclusion of Layer 3 into the overflow stream.  This indicates that a relatively 
large portion of the cenospheres concentrate in the middle of the fluidized-bed.   
 
Figure 6 also shows the significant density separation achieved on the +100 mesh size 
fraction using the dry fluidized-bed separator.  In comparison, the density separation for 
the 100 x 325 mesh size fraction was not as apparent.  As stated above, for purposes of 
LOI reduction, it is best to separate between Layers 2 and 3 to ensure acceptable mass 
yield values.  This finding is evident by the increase in recovery of high density material 
when Layer 3 is included in the overflow stream.      
 
The emphasis on the treatment of the Baldwin fly ash, which has a low LOI content, was 
the dry recovery of cenospheres.  It appears from the characterization data (Tables 3 - 5) 
that the highest concentration of cenospheres occurs in the +200 mesh particle size 
fraction.   Thus, a series of batch fluidized bed tests was performed on the Baldwin 
sample after dry screening to remove the –200 mesh size fraction.  Under the optimized 
conditions, it was found that 85% of the cenospheres report in the top three layers of the 
fluidized bed.  This finding confirms the trends described previously.  However, it seems 
that the recovery of cenospheres and LOI reduction has conflicting trends.  In other 
words, the results indicate that optimum LOI reduction requires the removal of the first 
two layers while optimum cenosphere recovery needs the top three layers. This problem 
can be resolved through an economic analysis to determine the appropriate direction. 



 

 
 
Figure 5. A schematic of the batch fluidized-bed separator used at Lehigh University 

and the particle density-by-density data obtained from the dry treatment of the 
Gibson fly ash sample. 

  
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 
Figure 6. Partition curves generated as a function of mean particle specific gravity from 

the treatment of the +100 mesh particle size fraction of the Gibson fly ash 
using the fluidized-bed separator of Lehigh University. 

  
 
Carefree Cyclone Separation 
  
The Carefree cyclone utilizes high pressure feed injection (i.e., around 100 psi) to achieve 
low particle size cut points (d50

 

) with large diameter hydrocyclones.  Due to 
complications with the manufacturer, a high pressure feed pump that would sufficiently 
feed the 10-inch diameter cyclone at the required pressure was not available during this 
investigation.  As a result, feed pressures were limited by the available pumps, which 
provided a maximum pressure of 40 psi.   

The main purpose of the Carefree cyclone in this study was to provide a separation 
between hollow cenespheres and the LOI material.   This goal was believed to be feasible 
since the cenospheres typically have a density less than water while the LOI material has 
a density greater than water.  However, the ability for overall LOI reduction was also 
evaluated for the low NOx Gibson fly ash sample.  Using a feed solids content of 
approximately 20% by weight and varying the feed pressure from 30 to 40 psi, LOI 



reductions up to 52.6% were achieved while recovering 58.5% of the total feed material 
to the cyclone overflow ash shown in Table 7.  This resulted in a product that would be 
acceptable for cement applications based on a LOI content of 3.32%.  However, for the 
primary LOI reduction, it is obviously more desirable to achieve the required grades 
through dry cleaning with units such as the air-based fluidized-bed system.  
 
Table 7. LOI reductions achieved from the treatment of the Gibson fly ash sample 

using the Carefree cyclone technology at feed pressures between 30 and 40 
psi. 

 
Test Loss-on-Ignition (%) LOI Yield to 

Number Feed Overflow Underflow Reduction (%) Overflow (%) 
1 7.01 3.32 12.20 52.6 58.5 
2 5.91 5.00 7.24 15.4 59.4 
3 7.46 3.97 12.42 46.8 58.7 
4 6.36 5.23 8.11 17.8 60.7 
5 6.24 4.04 9.39 35.3 58.9 
6 6.25 3.57 9.76 42.9 56.7 
7 6.54 3.79 10.88 42.0 61.2 

 
 
For the cenosphere-LOI separation, the performance achieved by the Carefree cyclones 
was not promising.  The particle size-by-size data shown in Table 8 indicates that a 
particle size separation was achieved from the treatment whereby the majority of the 
+100 mesh size fraction reported to the underflow while the 100 x 325 mesh and –325 
mesh fractions mostly reported to the overflow.  Since cenospheres exist mostly in the 
+200 mesh size fractions and comprise approximately 1% of the total sample, the small 
mass yield of +100 mesh material to the overflow is indicates the possibility of 
cenosphere enrichment.  However, the LOI content of the +100 mesh size fraction in the 
overflow stream remained relatively high, which indicates a relatively poor separation 
between the censopheres and LOI material.   
 
Table 8. Particle size-by-size separation performance achieved by the Carefree cyclone 

for the treatment of the Gibson fly ash sample. 
 

Test Size Feed Overflow Underflow 
Number Fraction 

(mesh) 
Wght. 
(%) 

LOI 
(%) 

Wght. 
(%) 

LOI 
(%) 

Wght. 
(%) 

LOI 
(%) 

 +100 15.6 30.8 1.46 24.5 34.1 33.8 
1 100 x 325 21.0 3.01 4.24 6.20 17.4 1.20 
 -325 63.3 2.47 94.3 2.86 48.5 1.06 
        
 +100 12.7 33.7 6.85 27.4 21.1 34.1 
2 100 x 325 20.4 3.16 7.19 8.14 24.8 1.69 
 -325 66.9 2.46 86.0 3.22 54.1 1.95 



  
 
Magnetic Separation 
 
According to the particle size-by-size analysis results in Table 2, the distribution of the 
magnetic material in the three fly ash samples varies significantly as shown in Figure 7.  
Unlike the Baldwin and ADM fly ash, the trend for the Gibson low NOx

 

 fly ash ample 
indicates a bi-modal distribution with the highest concentrations in the 100 x 200 and -
325 mesh size fractions.   This finding may be a result of an increase in the formation of 
iron-metal oxide complexes in the low-temperature atmosphere which is supported by the 
presence of higher amounts of lower density magnetics (i.e., < 2.4 sp. gr.) as shown in 
Table 3.  Nearly 71% of the magnetics in the high temperature PC boiler unit fly ash 
obtained from the Baldwin station exists in the -325 particle size fraction and has a 
particle specific gravity greater than 2.4.  However, the magnetic portion in the +325 
mesh size fractions has a nearly equal amount of 2.0 x 2.4 and 2.4 Sink material.  Based 
on micrographs of the samples at a magnification of 500x, a large portion of the 
magnetics comprising the 2.0 x 2.4 material is solid spheres of iron-metal complexes, 
e.g.,  

Fe3-X (Al or other metal)X O4
 

. 

In general, particle complexes with high amounts of iron are heavier than the particles 
having low iron contents.  In fact, the magnetic particles having a density greater than 2.4 
are mostly magnetite (Fe3O4

 

), which appear as solid black spheres.  The Fe-Al complex 
particles are spherical, yellow in color, and appear to have a granular structure.  A very 
small amount of magnetic cenospheres exists which were not detectable by the Davis tube 
analysis.  The amount of magnetics in the FBC fly ash was less than 1%, and, thus was 
not further evaluated.  
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Figure 7. The distributions of the magnetic material comprised within the three fly ash 

samples shown as a function of particle size. 
 



Magnetic separation test work using continuous drum-type separators was conducted on 
the Baldwin and Gibson fly ash samples by Eriez Magnetics.  Each sample was subjected 
to a two stage dry separation in order to concentrate the magnetite.  The magnetic 
concentrate was in turn subjected to an additional two stage wet separation in order to 
produce a high grade ferromagnetic product. The dry separations were conducted using 
the Model DFE-25 magnetic drum.  A rougher/cleaner arrangement was employed.  The 
rougher stage was conducted at a unit capacity of 3 tph/foot of drum width at a drum 
speed of 300 ft/min.  The cleaner stage was conducted at a unit capacity of 2 tph/foot of 
drum width at a drum speed of 500 ft/min.  The dry magnetite concentrate was subjected 
to another two stage separation using a wet drum to further upgrade the ferromagnetics.  
The first stage wet drum separation was conducted at a magnetic field strength of 1000 
gauss  while a magnetic field strength of 750 gauss was used for the second stage. 
 
The magnetic process flowsheets and the separation results are shown in Figures 8 and 9 
along with the separation results.  It is typical that the magnetite contained in fly ash 
produces a low quality iron concentrate.  The magnetic concentrates were analyzed for 
total iron by atomic absorption and for total ferromagnetics by Davis Tube.  
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Figure 8. Flowsheet of the magnetic separation process used for the treatment of the 

Baldwin fly ash sample by Eriez Magnetics and the corresponding separation 
results. 
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Figure 9. Flowsheet of the magnetic separation process used for the treatment of the 

Gibson fly ash sample by Eriez Magnetics and the corresponding separation 
results. 

 
Integrated Flowsheet and Economic Analysis 
 
Using data generated from the previous tasks, integrated, balanced flowsheets were 
developed that assume that fly ash generated from a coal-burning power plant will be 
separated into four saleable products: 
 
• Magnetite 
• Pozzolanic material 
• Carbon 

 
• Cenospheres 

 

Mass and material balances were prepared first for both the Baldwin and higher LOI 
Gibson fly ash samples (Tables 9 and 10).  The balances were developed for a 25 tph fly 
ash processing plant.  A plant of this size can handle the fly ash produced from a 500 MW 
power station burning coal at 10 percent ash.   

These balances assumed that the magnetite is removed first, followed by dry fluid bed 
separation of the pozzolanic material from a carbon/cenosphere concentrate.  The carbon 
and cenospheres are separated in a combination of high pressure Carefree cyclones.   



 

 

To estimate the amount of cenospheres in the fly ash, the amount of 1.2 float material 
from the characterization was used.  This was selected since the LOI of the 1.2 float 
fraction was very low for both fly ash samples and began to increase significantly above 
this specific gravity.  The amount of magnetite was determined as percent magnetics from 
the magnetic separator tests and the characterization, which gave very similar results.  
The amount of unburned carbon was determined from the LOI measurement for the head 
sample of fly ash.   

 

The difference in the two balances, aside from the obvious difference in quantities of the 
various products, is that the Gibson fly ash is processed in both a coarse fluid bed and 
fine fluid bed to increase the recovery of carbon and cenospheres.  Assumptions for the 
balances are given in the tables.   

 

Balanced flowsheets were also developed for both the Baldwin fly ash and the higher LOI 
Gibson fly ash and are given in Figures 9 and 10. 

 

  

Table 9. Mass and material balance for a proposed 25 ton/hr processing plant for the 
treatment of the Baldwin fly ash. 

PRODUCT 
SUMMARY 

Total 

(tph) 

Pozzolanic 

(tph) 

Carbon 

(tph) 

Magnetite 

(tph) 

Cenospheres 

(tph) 

Water 

(gpm) 

Dry Pozzolanic 18.8 18.6 0.2 0.0 0.0 0.0 

Wet 
Pozzolanic 

2.5 2.5 0.0 0.0 0.0 2* 

Carbon 0.2 0.0 0.2 0.0 0.0 0.5* 

Cenospheres 0.2 0.0 0.0 0.0 0.2 0.5* 

Magnetite 3.3 0.0 0.0 3.3 0.0 3* 

 
* All belt filter and belt press product moisture contents set at 20 percent H2O 

Notes: Thickener underflow at 35 percent solids 
 Cyclone feed solids adjusted to 10 percent solids for those that are greater than 10 percent solids 
 Wet drum magnetic separator feed solids adjusted to 10 percent 
 Fluid bed separation assumed at 2.0 s.g. 

 
 Separation of cenospheres assumed at 1.2 s.g. 

 

 

Table 10. Mass and material balance for a proposed 25 ton/hr processing plant for the 
treatment of the Gibson fly ash. 

PRODUCT Total Pozzolanic Carbon Magnetite Cenospheres Water 



SUMMARY (tph) (tph) (tph) (tph) (tph) (gpm) 

Dry Pozzolanic 16.4 15.8 0.1 0.5 0.0 0.0 

Wet Pozzolanic 4.7 4.5 0.0 0.2 0.0 5* 

Carbon 1.8 0.0 1.8 0.0 0.0 2* 

Cenospheres 0.5 0.0 0.0 0.0 0.5 1* 

Magnetite 1.6 0.0 0.0 1.6 0.0 2* 

TOTAL 25.0 20.3 1.9 2.3 0.5 10 

 
* All belt filter and belt press product moisture contents set at 20 percent H2O 

Notes: Thickener underflow at 35 percent solids 
 Cyclone feed solids adjusted to 10 percent solids for those that are greater than 10 percent solids 
 Wet drum magnetic separator feed solids adjusted to 10 percent 
 Fluid bed separation assumed at 2.0 s.g. 
 Separation of cenospheres assumed at 1.2 s.g. 



Figure 9. Integrated flowsheet for the proposed 25 ton/hr processing plant for 
the treatment of the Baldwin Fly Ash. 



Figure 10. Integrated flowsheet for the proposed 25 ton/hr processing plant for 
the treatment of the Gibson Fly Ash. 

 



Capital, Operating and Maintenance Costs and Cash Flow Projections: These mass and 
material balances and balanced flowsheets provided the information required to develop 
approximate equipment sizes, followed by the capital and operating and maintenance 
costs as given shown in Table 11.  Equipment lists, staffing requirements, and cost 
breakdowns for both cases are given in Appendix B. 
 

 

Table 11. Cost analysis of the proposed processing plant for the beneficiation of the 
Baldwin and Gibson fly ash materials. 

 Low LOI Baldwin Higher LOI Gibson 

Capital $3,938,000 $4,131,000 

Operating & Maintenance $9.06/ton $9.59/ton 

 

 

Cash flow projections for both fly ashes (Tables 12 and 13) were then constructed using 
selling prices (FOB processing plant) of: 

• $60/ton for magnetite,  
• $25/ton for the pozzolanic material,  
• $28/ton for the carbon, 

 
• $470/ton for the cenospheres.   



In the case of the carbon and cenospheres, it was recognized that further processing of 
these materials would probably be required and so the prices do not reflect final selling 
prices for these materials, but rather prices that would be available for the raw materials.  
For example, prices of over $1000/ton are given for cenospheres sold in 50 lb bags.  This 
price was discounted by about 50 percent for this analysis, assuming that the raw 
cenospheres would be sold to a distributor that would bag and market them.   
 

 

Carbon prices are set at $1.00/MBtu, assuming the carbon would be 14,000 Btu/lb.  This 
gives a higher price than steam coal prices, assuming that this stream could be sold as an 
activated carbon feed stock.  It does not assume the activated carbon selling price since 
we assume that this carbon stream would require additional processing to produce the 
activated carbon product. 

 

The cash flow projections also include a sales and marketing cost of $1.50/ton.  In 
addition, it is assumes that there is no cost for the fly ash feedstock--the owner is 
recovering the byproducts.  A third party is likely to be required to pay for the fly ash or 
share the return with the owner. 

As shown in the cash flow projections, selling the pozzolanic material drives the 
economics.  Selling the pozzolanic alone covers the cost of capital and operations and 
maintenance.  In both cases, an after tax return on investment of about 50 percent can be 
achieved.   



 
Table 12.  Cash Flow Projections for Low LOI Baldwin Fly Ash. 



Table 13.  Cash Flow Projections for Higher LOI Gibson Fly Ash. 
 
 
 
 
 



CONCLUSION(S) AND RECOMMENDATION(S) 
 
Conclusions: 
 
The following summary and conclusions were derived from the findings of this 
investigation: 
 
1. Flowsheets for 25 ton/hr processing plants to treat the low NOx

 

 Gibson fly ash and 
the low LOI Baldwin fly ash were developed based on the characterization data and 
the separation performances achieved from the individual units evaluated in this 
study.  An economic analysis revealed that the economic feasibility of the processing 
plants is driven by the production of pozzalonic material.  The fly ash beneficiation 
was found to provide a 50% annual return on investment.  The recovery of 
cenospheres, carbon-rich material, and magnetite must be economically evaluated 
based on incremental costs and profits.     

2. The fly ash characterization data indicates that the particle size and density 
distributions of the LOI material is strongly dependent upon the boiler type.  The 
Gibson fly ash, which was collected from the discharge of a low NOx

 

 boiler, was 
found to have a high LOI content of approximately 7.6%, of which, nearly 70% was 
in the +100 mesh particle size fraction.  As a result, dry screening at 100 mesh would 
yield a sufficiently low LOI underflow material that could be used for cement-
concrete applications.  The high temperature PC boiler at the Baldwin Power Station 
produces a very low LOI content fly ash of 1.65%.  Unlike the Gibson fly ash, the  
majority of the LOI material has a particle size less than 325 mesh.  Similarly, 68% of 
the LOI material in the ADM FBC fly ash had a particle size less than 325 mesh and 
largely accounted for the overall LOI content of 4.07%.  However, a portion of the 
LOI content in the FBC material may be a result of the calcium carbonate addition.       

3. In general, the average density of the LOI particles increased with decreasing particle 
size.  The large unburned particles are most likely due to incomplete combustion of 
inertinite and some vitrinite coal macerals.  As the particles are burned, the coal (sp. 
gr. between 1.2 -1.6) turns to isotropic char (sp. gr. between 1.7 - 1.9) which is highly 
reactive and a possible product for activated carbon markets.  Further combustion of 
the char results in a decrease in particle size and an increase in density to a value as 
high as 2.2, which represents anisotropic char.  The Gibson fly ash has significant 
amounts of low density LOI material whereby a gravity separation at a 1.7 specific 
gravity on the +100 mesh size fraction would result in nearly all of the LOI material 
reporting to the 1.7 float product.  This product would contain nearly 60% LOI after 
removal of the cenospheres. The majority of the LOI material in the Baldwin fly ash 
has a relatively high density between 1.7 and 2.5 gm/ml, thereby indicating the 
presence of both isotropic and anisotropic char.     

 
4. The low density (i.e., < 1.30 sp. gr.) cenospheres were found in the +200 mesh size 

fractions of both the Gibson and Baldwin fly ash samples.  The Gibson fly ash was 



found to contain nearly 2.5% cenospheres having a density less than 1.3 gm/ml, 
whereas, the Baldwin fly ash had about 1%.  The amount of low-density cenospheres 
in the -325 mesh size fraction was not detectable for both fly ash samples.  Thus, to 
minimize the use of water in the processing of fly ash, the recovery of cenospheres 
should be achieved after dry screening at 200 mesh.  The screen overflow could then 
be treated    

 
5. Most of the magnetic material in each of the three fly ash samples was found to have 

a density greater than 2.4.  The majority of magnetics are solid spheres and exist as 
iron-metal oxide complexes, such as Fe3-XAlXO4.  The magnetic particles having a 
density greater than 2.50 are mostly magnetite (Fe3O4

 

), which are solid black 
spherical particles.  Small amounts of magnetic hollow cenospheres were found in the 
Gibson  and Baldwin fly ash.  The particle size distribution of the magnetic particles 
was highly variable between the three fly ash samples.  A bimodal distribution was 
obtained from the analysis of the Gibson fly ash, in which, the majority of the 
magnetics was found to be in the 100 x 200 and -325 mesh particle size fractions.  On 
the other hand, the majority of the magnetics in the Baldwin fly ash was found in the -
325 mesh size fraction.  For the ADM fly ash, the magnetics were concentrated 
throughout the -100 mesh particle size fractions.  As a result, the need for a particle 
size separation prior to the recovery of magnetics is dependent on the fly ash source.   

6. The dry fluidized-bed density separator developed by Lehigh University was found to 
provide a significant reduction in LOI content, especially for the +100 mesh particle 
size fractions.  An effective separation required the removal of the –325 mesh size 
fraction prior to treatment in the fluidized-bed.  The coarse LOI material, i.e., +100 
mesh, concentrated near the top of the fluidized-bed.  Thus, by removal of the upper 
layers of the bed, the LOI content of the +325 mesh size fractions in the Gibson fly 
ash was reduced from 11.94% to 6.44%.  After combining the +325 fluidized-bed 
product with the original –325 mesh size fraction, the effective overall reduction in 
LOI content was from 6.87% to 3.70% while recovering about 80.7% of the total fly 
ash.   

 
7. The recovery of cenospheres in the dry fluidized-bed density separator was found to 

be difficult since the cenospheres concentrated in the middle of the bed.  This finding 
is possibly due to the spherical shape, which substantially reduces the drag force.  
Thus, since the particle density is less than air, the cenospheres would be more 
difficult to suspend in comparison to granular particles of equal size.  Thus, 
cenospheres  may be more easily recovered in water-based systems since the density 
of the medium would provide a buoyancy effect for the cenospheres.   

 
8. The Carefree cyclone was found to provide LOI reductions up to about 55%.  This 

reduction was achieved mainly by providing a particle size separation, whereby, the 
high LOI +100 mesh size fraction is rejected to the underflow stream.   The main goal 
of separating the cenospheres from the LOI material was not successful.  

 



9. To evaluate the potential of recovering magnetite, a magnetic separation evaluation 
was performed using a series of dry and wet magnetic separation devices.   Using the 
dry magnetic separators in a rougher-cleaner arrangement, the iron content of the 
Gibson fly ash sample was upgraded from 8.37% to 35.06% with a mass yield of 
9.1%.  The corresponding improvement in the amount of magnetic material was from 
11.5% to 57.7%.  Likewise, the iron content of the Baldwin fly ash was increased 
from 9.96% to 29.64% while yielding 19.1% of the total mass to the product.  The 
improvement in yield with the Baldwin sample can be explained to some extent by its 
corresponding lower LOI value.   Further treatment of the dry magnetic separation 
product by wet magnetic separators further increased the iron content of the Baldwin 
fly ash to 45.42% with 69% mass yield which equates to an overall mass yield (dry 
and wet separations) of 13.2%.  The total magnetic content, which was determined 
from a Davis tube test, was 99.0% for the Baldwin fly ash.  A similar treatment of the 
Gibson fly ash sample resulted in a final product containing 48.36% iron and 98.65% 
magnetic material while yielding 56.0% of the dry magnetic product to the final wet 
drum concentrate.  The overall process yield (dry and wet separations) achieved on 
the Gibson fly ash sample was 5.1%. 

 
Recommendations: 
 
1. The results of this investigation indicate that gravity-based separators can be used to 

achieve an effective reduction in LOI content.  Gravity-based separations relatively 
inexpensive in terms of both capital and operating costs compared to other 
alternatives.  Further research and development is needed to produce commercial-
scale separators that provide a high degree of availability and efficiency.  Emphasis 
should be placed on dry-based separators. 

 
2. In some cases, the required reduction in LOI content can be obtained from a particle 

size separation.  However, past studies have found that current dry-based particle size 
separators, i.e., classifiers and screens, are relatively inefficient and cause 
maintenance problems.  The development of efficient dry-based particle size 
separators would be very beneficial for the beneficiation of high LOI fly ash. 

 
3. Enrichment of the LOI material or carbon was found to be feasible by gravity-based 

separation, especially for the +325 mesh particle size fractions.  This carbon material 
may have application in high-value markets such as activated carbon.  Since gravity-
based separation is less expensive than other alternative concentration methods such 
as froth flotation, it is recommended to pursue the development of a gravity-based 
system for this purpose.  Since water-based systems are typically more efficient than 
air-based systems, the development of water-based systems should be given 
preference.  
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