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ABSTRACT  
 
Beneficiation studies were conducted on bottom ash and fly ash samples collected from 
a utility site utilizing a feed coal known to contain elevated concentrations of rare earth 
elements.  The purpose of the study was to evaluate partitioning of rare earth elements 
in these substrates by differences in density, magnetic and hydrophobic surface 
properties.  Density separation of coarse particles (0.6 mm x 0.15 mm) was evaluated 
using a riffle table concentrator, magnetic separation was evaluated using wet high 
intensity magnetic separation, and froth flotation was used to separate based on 
hydrophobic properties.  Results obtained from each separation technique are presented, 
outlining the potential for further concentration using physical beneficiation.   
 
INTRODUCTION 

There has been a growing concern that the U.S. is losing its leadership in manufacturing– 
not just in low-tech products due to low wages abroad – but also in the production of high 
value products. With the global energy demand expected to increase over 50% by 2035 
and concerns over greenhouse gas emissions associated with the continued use of fossil 
fuels, the U.S. Department of Energy (DOE) is developing viable renewable energy 
resources which will hopefully generate a new industrial revolution and help the U.S. 
maintain global leadership in manufacturing for generations to come. Much of the 
renewable energy technologies, such as photovoltaic films, wind turbines, electric and 
hybrid vehicles, require materials that are not readily available in the U.S. Thus, continued 
availability of those materials is critical for meeting the DOE’s objectives in renewable 
energy.  

The 2011 DOE Critical Materials Strategy Report identified 15 chemical elements that are 
essential for the development of clean energy technologies, of which 8 are rare earth 
elements (REEs). The DOE report also identified 5 REEs, i.e., dysprosium (Dy), 
neodymium (Nd), terbium (Tb), yttrium (Y) and europium (Eu), to be most critical and have 
the highest risks for supply shortages and interruptions. These elements are used not 
only for renewable energy technologies, but also for electronics such as cellphones, flat 
TV screen; medical imaging, defense applications, and many others. Such market 
demand intensifies the need for the development of a stable, reliable, and domestic 
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supply chain. Recent studies sponsored by the DOE suggest that coal seams contain 
REEs at concentration levels that may be economic to extract, recover and refine into 
marketable products.  Refuse accumulated from decades of coal processing represents 
a significant resource of these minerals, along with germanium and gallium, as well as 
those minerals containing REEs (monazite, xenotime, etc.).  While present in low 
concentration, successful development of selective recovery processes for these 
minerals from stored refuse represents a significant economic opportunity.  Mineral 
processing offers mature technologies well suited for selective concentration of valuable 
minerals present in low concentration.     

An extensive characterization study was recently conducted by UK focused on identifying 
potential resources of REE’s associated with coal seams and coal preparation rejects.  
Significant REE enrichment was found in several locations, most notably those 
associated with the Hazard 4 seam.  Sample fractions were found to have REE 
concentrations as high as 2000 ppm (coal basis) or 480 ppm on an ash basis, while refuse 
produced from preparation of this seam was also found to be enriched, with 312 ppm 
REEs.  A mineralogical study using Scanning Electron Microscopy with Energy Dispersive 
Spectroscopy (SEM-EDS) identified several mineral species responsible for REE 
enrichment; monazite, xenotime and bastnaesite, (Figure 1) as well as elemental 
substitution in clays.  These REE minerals are quite fine (1-10 μm) but well within the size 
range suitable for concentration by established techniques.  Their low concentration 
illustrates the need for selective concentration.     

  

                      

             Figure 1.  SEM images of REE Minerals present in Hazard 4 Coal Seam. 
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Since REE minerals are known to be associated with specific coal seams, this 
investigation was conducted to determine if REEs could be selectively concentrated from 
the ash produced from the combustion of these coals.  A pulverized coal utility boiler 
utilizing the Hazard 4 seam as an exclusive fuel source was identified and sampled during 
normal operations.  Composite samples of bottom ash and fly ash were collected for 
characterization and testing using physical beneficiation techniques.   

BOTTOM ASH CHARACTERIZATION AND TESTING 

The bottom ash sample was air dried and screened to remove the +1/4 inch (+6.35 mm) 
material, which was then crushed and combined with the -1/4 inch (-6.35 mm) and 
thoroughly mixed.  A representative sample was obtained and subjected to float/sink 
analysis using varying concentrations of lithium meta-tungstate (LMT).  The sample was 
separated into eight specific gravity fractions ranging from 1.6 to 2.4 and the fractions 
from each separation were weighed and analyzed for REE concentration as shown in 
Table 1. The sample contained a total of 794 ppm REE (217 ppm HREE and 578 ppm 
LREE) with the most abundant elements being Ce (246 ppm), Y (132.3 ppm), Nd (120.5 
ppm), and La (119.5 ppm).    

Table 1.  REE Concentrations of Bottom Ash Specific Gravity Fractions 

                   
Specific 
Gravity 

1.6 Float  1.6 x 1.8  1.8 x 2.0  2.0 x 2.1  2.1 x 2.2  2.2 x 2.3  2.3 x 2.4  2.4 Sink  Total 

Weight %  9.5  13.7  20.5  14.2 9.5 7.1 6.0 19.5  100.0

Heavy Rare Earth Elements, ppm, whole sample basis

Eu  4.62  5.05  5.14  5.11 5.37 5.20 4.95 5.11  5.08

Gd  23.5  24.7  24.7  25.2 24.9 24.4 23.8 23.3  24.3

Tb  3.53  3.68  3.68  3.69 3.72 3.61 3.48 3.44  3.61

Dy  21  21.7  21.7  21.6 21.9 21.3 20.3 19.9  21.2

Ho  4.33  4.48  4.48  4.45 4.40 4.36 4.10 4.10  4.35

Er  12.3  12.2  12.2  12.5 12.3 12.2 11.5 11.4  12.1

Tm  1.7  1.75  1.75  1.74 1.73 1.67 1.62 1.58  1.70

Yb  10.8  10.6  10.6  10.5 10.4 10.4 9.90 9.8  10.4

Lu  1.54  1.6  1.6  1.59 1.58 1.54 1.47 1.43  1.55

Y  130  134  136  135 137 133 128 125  132.3

Light Rare Earth Elements, ppm, whole sample basis

Ce  247  253  250  247 252 244 234 237  246

La  121  122  121  120 122 118 118 115  119.5

Sc  36  37  38  38 37 36 36 34  36.5

Pr  30  31  31  31 31 30 30 29  30.4

Nd  118  123  122  120 123 120 120 118  120.5

Sm  24  26  25  25 26 25 25 24  24.9

The entire -1/4 inch (-6.35 mm) sample was then screened into two size fractions; -1/4 
inch +28 mesh (-6.35 mm +0.595 mm) and -28 mesh + 100 mesh (-0.595 mm + 0.150 
mm) and each size fraction was subjected to float/sink analysis using the same LMT 
solutions used for the parent bottom ash samples. The results (Figure 2) showed that the 
REE concentrations were slightly higher (˜50 to 100 ppm higher) for the lower density 
fractions of the coarser sample up to a specific gravity of 2.0, while the REE 



concentrations for the finer sample were ˜50 ppm higher for higher density fractions.  Both 
size fractions of the highest density material (i.e. 2.4 sink) contained approximately 760 
ppm REE.  Figure 3 and Figure 4 show float/sink and size results for LREE and HREE 
separately, which were essentially the same as for total REEs.  In summary, float/sink 
analysis results showed that there was only limited partitioning of REEs in bottom ash by 
both size and specific gravity.  

                  

             Figure 2. Total REE concentrations in bottom ash by particle size and specific gravity. 

                 

             Figure 3.  LREE concentrations in bottom ash by particle size and specific gravity.  
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              Figure 4.  HREE concentrations in bottom ash by particle size and specific gravity.  

Density separation of bottom ash was evaluated using a riffle table, a density separation 
technique commonly used in coarse mineral separations.  To conduct this evaluation, -
28 +100 mesh (-0.595 mm + 0.150 mm) bottom ash was fed onto the riffle table (Figure 
5) and sluiced onto the declined table deck using wash water.  Lower density material 
flowed down the declined table deck while higher density material was retained by deck 
riffles.  The continuous stroke movement of the table deck resulted in segregation of 
higher density material.  In this manner, the feed material was separated into 5 distinct 
fractions based on density.  The results (Table 2) showed that the highest density faction 
(Product 5) contained the most material (41.7%) while the lowest density fraction (Product 
1) contained the least (7.9%). Note that the yield (i.e. weight %) of each product was 
essentially the same as the REE distribution, which illustrates that little, if any, 
concentration of REEs occurred, which was not unexpected, based upon the results of 
float/sink analyses.     
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                               Figure 5. Experimental set-up for Riffle Table Tests. 

 

Table 2.  Results of Riffle Table Test on Bottom Ash (28 x 100 mesh) 

Density Product  Weight % 
REE Concentration, 

ppm, whole sample basis 

REE 
Distribution,

% 

Product 1  7.9  716  8.4 

Product 2  2.4  717  2.6 

Product 3  35.2  690  35.9 

Product 4  12.8  718  13.6 

Product 5  41.7  640  39.5 

Feed  100.0  676  100.0 

 

Magnetic separation was evaluated as a means of assessing partitions of REEs based 
upon magnetic susceptibility of bottom ash particles.  The procedure utilized a wet high 
intensity magnetic separator (WHIMS) in which the magnetic field strength was varied as 
shown in Figure 6. Slurried bottom ash was fed into the WHIMS with a magnetic field 
strength of 1.5 Tesla.  Material which passed through the magnet was considered non-
magnetic while retained material was considered magnetic.  The magnetic material was 
passed through the WHIMS at a lower filed strength (0.4 Tesla) and the retained product 
was termed strongly magnetic.  Material not retained by the magnet was passed through 
the WHIMS at a higher field strength (0.75 Tesla) and the retained product was termed 
moderately magnetic.  The procedure was repeated once again at a field strength of 1.1 
Tesla and the retrained product was termed moderately weak magnetic while the material 
that passed through the magnet was termed weakly magnetic.  In this manner, the bottom 
ash particles were separated into 5 products based upon magnetic susceptibility.  Each 
product was separately dried, weighed and analyzed for REE concentration.  The results 



(Table 3) showed that there was no partitioning of REEs based upon magnetic properties 
of bottom ash particles. 

                                   

                        Figure 6. Experimental set-up for Magnetic Separation Tests. 

 

Table 3.  Results of Magnetic Separation of  Bottom Ash (28 x 100 mesh) 

Magnetic  Product 
Weight 

% 
REE Concentration, 

ppm, whole sample basis 
REE Distribution,

% 

Non‐Magnetic  87.1  717  87.1 

Strongly‐Magnetic  5.0  702  4.9 

Moderately Magnetic  2.9  729  2.9 

Moderate Weakly‐Magnetic  3.7  739  3.8 

Weakly‐Magnetic  1.3  709  1.3 

Feed  100.0  717  100.0 

 

FLY ASH CHARACTERIZATION AND TESTING 

Fly ash from the same utility source was characterized by X ray fluorescence (XRF) as 
summarized in Table 4, and separated into size fractions by wet sieving and 
sedimentation.  As shown in Figure 7, REE concentration did increase with decreasing 
particle size, from 371 ppm in the +75µm fraction to 593 ppm in the -25µm+19.5µm 
fraction.  Over 50% of the fly ash particles were finer than 25µm and the REE distribution 
was essentially the same as the weight distribution for each size fraction, indicating that 
classification by size would not provide any significant REE concentration.   



Table 4.  Chemical Characterization of Fly Ash Sample. 

Element  Concentration, % 

SiO2  50.84 

Al2O3  26.77 

Fe2O3  6.75 

CaO  3.57 

K2O  2.07 

TiO2  1.54 

MgO  0.85 

LOI  6.24 

 

 

                        Figure 7. REE Concentration and Distribution in Fly Ash by Size Fraction.   

 

The fly ash sample was separated into two density fractions (1.8 s.g. float and 1.8 s.g. 
sink) using LMT.  Most of the fly ash particles had a specific gravity higher than 1.8 as 
shown in Table 5.  The concentration of TREE was 1.39 greater in the heavier fraction, 
which was essentially the same for most of the elements analyzed with the exception of 
Lu and Ho, indicating that density separation of fly ash would not provide significant REE 
concentration.  
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Table 5.  REE Concentrations of Fly Ash Density Fractions   

  1.8 s.g. Float  1.8 s.g. Sink  Ratio Sink/Float 

Weight %  7.38  92.62  ‐ 

La  61.35  72.41  1.18 

Ce  108.53  126.25  1.16 

Pr  23.87  39.6  1.66 

Nd  68.18  82.8  1.21 

Sm  6.32  9.24  1.46 

Eu  2.23  2.83  1.27 

Gd  10.14  14.08  1.39 

Tb  1.25  2.25  1.80 

Dy  8.7  9.54  1.10 

Ho  4.06  12.98  3.20 

Er  6.45  8.78  1.36 

Tm  1.08  1.69  1.56 

Yb  4.33  6.14  1.42 

Lu  2.85  40.07  14.06 

Sc  20.41  27.07  1.33 

Y  46.15  65.64  1.42 

TREE  375.89  521.38  1.39 

  

Magnetic separation of fly ash was conducted using the same procedure that was used 
for bottom ash.  The results (Table 6) showed that magnetic separation provided no 
concentration of REEs as the weight percent of each magnetic product was essentially 
the same as the REE distribution. 

Table 6.  Results of Magnetic Separation of  Fly Ash  

Magnetic  Product 
Weight 

% 
REE Concentration, 

ppm, whole sample basis 
REE Distribution,

% 

Non‐Magnetic  89.9  635  90.8 

Strongly‐Magnetic  6.1  524  5.1 

Moderately Magnetic  1.0  616  1.0 

Moderate Weakly‐Magnetic  2.3  665  2.4 

Weakly‐Magnetic  0.7  666  0.7 

Feed  100.0  629  100.0 

 

Flotation testing was conducted using a release analysis, a procedure that utilizes 
multiple stages of rougher, cleaner and scavenger flotation using appropriate conditions 
to recover hydrophobic particles.  The release analysis is commonly used in mineral 
processing to determine the limits of separation that can be achieved by the flotation 
process.  Results shown in Figure 8 indicate that a concentrate grade as high as 920 ppm 
TREE was achieved, however recovery at this grade was only 6%. At higher recoveries, 
grade was diminished.  Similar results were obtained for LREE and HREE as well, 
suggesting that achieving the desired result of high grade and recovery cannot be 



achieved by flotation.  Results of single stage batch flotation tests using a variety of 
collectors is shown in Figure 9.  These results are consistent with those predicted by the 
release analysis and suggest that froth flotation of fly ash is not capable of providing high 
REE recovery and grade.      

                      

                                                Figure 8.  Flotation Release Analysis of Fly Ash. 
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                      Figure 9.  Batch Flotation Results on Fly Ash Using Various Collectors. 

CONCLUSIONS 

Rare Earth Elements (REEs) have been shown to be present at elevated concentrations 
in specific coal seams.  Analysis of samples from the Hazard 4 coal have identified REE 
mineral constituents monazite, bastnaesite and xenotime, as well as elemental 
substitution in clays.  The presence of these minerals is responsible for the elevated 
concentration of REEs in the ash generated from the combustion of this coal.  
Characterization of bottom ash showed a concentration of 794 ppm TREE with evidence 
of only marginal partitioning by particle density and size.  Coarser bottom ash particles 
contained slightly higher REE concentration at lower density while finer bottom ash 
particles contained slightly higher concentration at higher density.  However, this marginal 
difference could not be exploited by size classification, magnetic separation or density 
separation. 

The fly ash sample generated form the same coal source was found to contain 629 ppm 
TREE and size characterization showed increasing REE concentration with decreasing 
particle size.  As with bottom ash, neither density nor magnetic separation provided 
appreciable concentration.  Froth flotation did provide evidence of marginal REE 
concentration, however recovery was quite low.  Release analyses suggested that if high 
grade concentrates are to be achieved with acceptable recovery, it will be necessary to 
liberate REE components prior to flotation.    

Based upon the results of the present study, physical beneficiation does not appear to be 
a suitable means of concentrating REEs from bottom ash and fly ash.  Physical 
beneficiation does show promise for concentrating REEs from the coal seam itself, 
primarily due to the presence of REE mineral constituents.  However, there is no evidence 
that the REEs contained in combustion ash exist in mineral form.  While this may certainly 
be possible, the present results suggest that REEs are present primarily as dissolved 
species within the ash, thus making concentration by physical beneficiation difficult.  It is 
suggested that the most suitable means of concentration focus on fine particle recovery 
techniques such as flotation.  Liberation of REE containing species is prerequisite along 
with rejection of extraneous material that dilute concentrate grade.     

 


