Appendix A: Leaching Results for Rare Earth Elements,
Yttrium, and Scandium in Samples from Coal Combustion
Facilities D, I, KSU, and W
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1. Introduction
Many rare earth elements (REEs) have valuable applications in electronics and a variety
of products from the aerospace, defense, and clean energy industries. The REEs are lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb), and lutetium (Lu). Some coal-combustion byproducts have
been identified as potentially valuable sources of REEs excluding Pm. All isotopes of Pm are
short-lived radionuclides and they would not be present in coal-combustion byproducts.
Although not REEs, scandium (Sc), and yttrium (Y) are often included in studies that
identify and possibly recover REEs from coal-combustion byproducts. As part of a study to
evaluate the recovery of REEs, Y, and Sc (REYSc), ash samples were collected and evaluated
from four coal-combustion facilities, identified as plants D, I, KSU, and W. Plants D, I, and
KSU are located in Kentucky, and plant W is in the eastern US outside of Kentucky. All four
facilities utilize eastern US bituminous coal.
2. Sample Descriptions
The coal ash samples utilized in this study are listed in Table A1. The plants I and W
samples were fly ashes, the KSU sample was a stoker ash, and the plant D samples included a
composite of 20 ash pond samples and five fly ashes. The plant D fly ashes were collected in
2002. All of the other samples are from 2016. The plants I and W fly ashes, the KSU stoker
ash, and the plant D composite pond ash were also water separated into carbon-rich, magnetic,
non-magnetic fine (-200 mesh), and non-magnetic coarse (+200 mesh) fractions.
One possible source of REEs is the eastern Kentucky Fire Clay Coal (Hower et
al. 1999). This coal is known to contain above average concentrations of REEs
compared with other coals and the Earth’s crust. The REEs probably originated from a
volcanic ash that was deposited in the peat that eventually became the coal.
3. Methodology
3.1 Powder X-ray Diffraction
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The phases detected in the ashes and their fractions by powder X-ray diffraction
(XRD) are listed in Table A2. The X-ray diffractograms for the samples are show in
Appendix B.
Except for hand grinding the samples to the required fineness with a ceramic
mortar and pestle, the XRD samples were analyzed as-received. With the exception of
the KSU fine (-200 mesh) non-magnetic fraction, the samples were dry mounted in
aluminum holders using the back-loaded method described in Appendix B3 of
PANalytical (2005). The quantity of the KSU fine non-magnetic sample was too small
to fill the aluminum holder. The sample was mixed with ethanol and mounted on a
quartz plate.
All of the samples were scanned at 7-60o 2θ with copper K-α radiation on a
Philips X'Pert diffractometer (model PW3040-PRO) operating at 45 kilovolts (kV) and
40 milliamps (mA). The scans had a 0.0167113o step size, 60.325 sec/step, and a scan
speed of 0.035182o/step. The scans used 0.04 rad Soller slits, a nickel filter, a 5.5 mm
AS slit, a 1/2o fixed slit, a 1/4o divergence slit and a 10 mm mask. Minerals and other
crystalline substances in the diffractograms were identified with an International Centre
for Diffraction Data (ICDD, Newtown Square, Pennsylvania, USA) powder diffraction
(PDF) database. In qualitative XRD, crystalline substances are grouped into major,
minor and trace categories.
4. Beneficiation (Separation)
As shown in the flow diagram in Figure A1, tap water was used to separate the four bulk
ashes into carbon-rich, magnetic, non-magnetic coarse (+200 mesh), and non-magnetic fine
(-200 mesh) fractions. The mass percentages of the oversized (+60 mesh) samples for the D, I,
KSU and W ashes were 9.6%, 0.5%, 0.0%, and 0.4%, respectively. Due to the generally small
quantities, the oversized fractions were not leached. Except for the oversized (+60 mesh)
samples, the mass percentages of the fractions when compared with their bulk parent ash are
shown in Table A1.
The separation and analysis of the different ash components could reveal whether
particular REYSc elements are concentrated by size, carbon content or magnetic properties.
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This information may provide insights into the phase distributions of the elements in the
samples and how best to commercially extract them.
5. REYSc Chemistry of the Solid Ashes
Tables A3-A6 and 6 in the main text summarize the REYSc concentrations in the solid
ash samples listed in Table A1. The REYSc concentrations in the ashes were determined with
ASTM D6357. ASTM D6357 is a digestion method that uses hydrofluoric acid and aqua regia
to dissolve solid samples so that they may be analyzed with inductively coupled plasma
spectrometry (ICPS) or inductively coupled plasma mass spectrometry (ICPMS).
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Figure A1. A flow diagram of the beneficiation (separation) of the bulk ashes into carbon-rich,
magnetic, oversized (+60 mesh), non-magnetic coarse (+200 mesh), and non-magnetic fine
(-200 mesh) fractions.

6. Batch Leaching Tests and Nitric Acid Extractions
All of the samples listed in Table A1 were batch leached in 4.2-4.9 weight percent
(wt%) nitric acid aqueous solutions and the four bulk ashes were also leached in deionized (DI)
water. The purpose of the leaching tests was not to recover all of the REYSc in the samples, but
to determine how much of each element could readily dissolve in DI water and relatively mild
acidic solutions, which could have commercial applications in the economic recovery of the
elements. As a comparison with the batch leaching results, the coarse (+200 mesh) non-
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magnetic plants I and W samples were heated in nitric acid and water to extract REYSc using a
modification of section 9.2 of the ASTM D6357-04 procedure (ASTM, 2010).
Duplicate leachates were produced from some of the samples. The differences between
the liquid-to-solid ratios of some of the nitric acid leachates and their duplicates were especially
large and would affect any comparisons between the raw analytical results. To eliminate these
effects, comparisons were made between the amount of each REYSc leached per gram of ash in
micrograms per gram (μg/g), which is determined by multiplying the analytical results of the
leachate in milligrams per liter (mg/L) by its liquid-to-solid ratio (details are given below).
Absolute (positive values only) percent differences in the REYSc elements were then calculated
for the samples and their duplicates with the following equation:

Percent Difference =

Sample value − Duplicate value
—————————————
(Sample value + Duplicate value)/2

x 100

Less than values (non-detects) were not included in this calculation.
For comparisons between the leached/extracted μg/g values of different ash fractions,
the following percent change equation was used:

Percent Change =

First sample value − Second sample value
——————————–——————— x 100
Second sample value

A positive percentage would indicate an increase from the second to the first value and a
negative percentage would indicate a decrease. Less than values (non-detects) were also not
included in this calculation.
6.1 Deionized (DI) Water Leachates
Deionized (DI) water batch leaching tests were performed on the D, I, KSU and W bulk
samples to determine if they contain water-soluble REYSc phases in high enough
concentrations to be readily recovered. Although water in the ash pond may have already
leached out all or nearly all of any water-soluble REYSc phases in the plant D composite ash,
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DI water leaching was done in case some water-soluble phases were retained in the ash because
of an absence of thorough flushing from the pond water.
The U.S. Environmental Protection Agency (USEPA) requires that a minimum of 100
grams (g) of solid sample be leached for the regulatory Toxicity Characteristic Leaching
Procedure (TCLP) (Method 1311, Section 7.1, SW-846 Manual: Tests Methods for Evaluating
Solid Wastes: Physical/Chemical Methods, http://www.ehso.com/cssepa/SW846testmethods.htm ).
To ensure that the solid samples are representative, DI water leachates should also use a
minimum of 100 g. Only the bulk ashes from the four plants were in suitably large enough
quantities for the DI batch leaching tests.
The DI water procedure consisted of leaching 100 g of each ash in a glass jar with about
400 g of >18 milliohm (mΩ) DI water (Table A7). A duplicate leachate was produced from the
plant W fly ash. The liquid-to-solid ratio of the leachates was low enough (4:1) to concentrate
any water-soluble REYSc, yet high enough to produce mixtures that would flow and mix during
agitation. The mixtures were agitated for 48 hours on an end-over-end tumbler, which is used
in the TCLP.
After 48 hours, the pH values of the leachates were measured before and after 0.45
micron (μm) filtering (Nalgene disposable units). The pH meter was a Thermo-Orion 410+.
The meter was calibrated with pH 7.00 (expires March 2018, Lot UX1) and pH 10.01 (expires
April 2018, Lot UW1) Orion Thermo buffers. The filtered leachates were preserved at pH < 2
with Fisher nitric acid (Lot #094851; assay 69.4%) and refrigerated until analysis. The solid
residues were air dried and kept for possible electron microscopy analyses. DI water-nitric acid
blank C was prepared at the same time as the DI plant D leachate and blank K was produced
with the I, KSU, and W leachates (Table A7). The detection limit of the elements is generally
0.001 mg/L. A second laboratory checked some of the results and had detection limits as low as
0.00002 mg/L for Ho.
6.2 Nitric Acid Leaching and Heated Extractions
For the nitric acid leaching tests, 100 g were not available for most of the samples in
Table A1. For all of the nitric acid leachates and extractions, the sample sizes followed the
ASTM D6357-04 procedure (ASTM, 2010). The leaching process involved weighing out
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0.2000 to 0.5000 g of the as-received ashes and ash fractions (Table A8). After the solid
samples were placed in vials, 20-22 g of DI water (> 18 mΩ) were added to each vial followed
by 1.0 milliliter (mL) (1.4 g) of 69-70% J.T. Baker (Lot No. 104749, expiration date: February
20, 2020) or 69.4% Fisher (Lot No. 094851, no expiration date) nitric acid (Table A8). The
mixtures were then tumbled for 48 hours on the same device used with the DI leachates,
followed by filtering at 0.45 μm (Nalgene disposable units). The filtered leachates were
refrigerated until analysis. The solid residues were air dried and kept for possible electron
microscopy analyses. To confirm the analytical results, selected leachates were sent to a second
laboratory.
As a comparison with the batch leaching results, the +200 mesh non-magnetic I and W
samples were heated in nitric acid and water to extract REYSc using a modification of section
9.2 of the ASTM D6357-04 procedure (ASTM, 2010) (Table A8). The procedure uses 0.2000
to 0.5000 g of sample. Instead of adding 40 mL of hydrofluoric acid and aqua regia, 40 mL of
69-70% J.T. Baker nitric acid were added to each sample. The samples were heated until they
were dry, but not baked. After drying, 20 g of DI water and 1.0-1.6 g of 69-70% J.T. Baker
nitric acid were added to the samples (Table A8). They were reheated without boiling for one
hour. The total mass of the sample and its water and nitric acid were then measured and the
liquid-to-solid ratio was adjusted to allow for the evaporation of some of the liquid during the
one hour reheating (Table A8). The extractions were then filtered at 0.45 μm and refrigerated
until analysis. The solid residues from the extractions were air dried and kept for possible
electron microscopy analyses. The filtrates of the leachates and extractions were clear and
colorless, except for the heated extraction of the plant I non-magnetic +200 mesh fraction,
which was clear and orange.
7. Results and Discussion
7.1 XRD
Qualitative XRD results for the ashes are listed in Table A2 and the diffractograms are
shown in Appendix B. Overall, the samples are typical Class F fly ashes with the prominent
phases being quartz (SiO2), mullite (Al4SiO8), glass and other amorphous materials. Smaller
amounts of hematite (Fe2O3), magnetite (Fe3O4), calcite (CaCO3), cristobalite (SiO2), microcline
(KAlSi3O8) and sodium-rich plagioclase (NaAlSi3 O8 – CaAl2Si2O8) feldspars, and gypsum
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(CaSO4•2H2O) may also be present. No known REEYSc minerals were detected in the
samples.
The amorphous materials generally appear as an elevation or “hump” in the background
of the diffractograms at approximately 20-30o 2θ (Appendix B). Both quartz and feldspars
occur in coal and associated rocks and may pass through the combustion process and
accumulate in ashes. Cristobalite is high-temperature SiO2 that is present in some of the KSU
samples. The traces of calcite in some of the plant D pond samples probably resulted from the
weathering of amorphous materials in the presence of water and carbon dioxide. The weathered
amorphous materials could provide the calcium in the calcite and the carbonate could originate
from air, water, and/or the ash. Mullite may form from the dehydration of kaolinite clay
(Al2Si2O5[OH]4) during combustion. Kaolinite is common in eastern bituminous coals and
associated rocks. Hematite and magnetite often result from the combustion of pyrite (FeS2) in
coal. Hematite would form under more oxidizing conditions. Gypsum is common in scrubber
sludge, but it may also result from moisture reacting with anhydrite (CaSO4) in fly ashes.
Anhydrite may form during combustion when calcite in the coal decarbonizes to form lime
(CaO), which then reacts with SO3 gases.
XRD results indicate that the plant W magnetic fraction contains trace amounts of micas
and clay, which are very unusual (Table A2; Appendix B). The major mica and clay peaks were
easily detected, but the minerals were not in high enough concentrations for the micas to be
positively identified. The clay is probably kaolinite. The micas could be biotite
(K[Mg,Fe]3[AlSi3O10][OH]2), phlogopite (KMg3[AlSi3O10][OH]2) or muscovite
(KAl2[AlSi3O10][OH]2), which are typically found in igneous and metamorphic rocks. The
exact origin(s) of the micas and clay in the plant W magnetic fraction is unknown. They are not
expected to survive combustion in the coal and micas are usually not coal combustion products.
7.2 DI Water Leachates
Table A9 compares the concentrations in mg/L or parts per million (ppm) of some
potentially toxic elements in the DI leachates with the US federal limits in mg/L for the toxicity
characteristic of hazardousness for liquid wastes (40 Code of Federal Regulations [CFR]
261.24). Excluding any exemptions for certain types of wastes, if a TCLP leachate exceeds any
one of these limits, then the waste is considered to have the toxicity characteristic of
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hazardousness under US federal law. Although the federal limits only apply to TCLP leachates,
the comparisons do provide some insights on the level of concentrations that might be expected
if groundwater or rainwater were to come into contact with the ashes at a relatively low liquidto-solid ratio of 4:1.
Except for arsenic, the results for the duplicated plant W sample are reasonably
consistent (Table A9). As shown in italics and shaded in Table A9, the barium concentrations
for blanks C and K are unusually high. A second laboratory confirmed the presence of barium
in blank K and a selected number of samples. Both sets of values are listed in Table A9 with
the value from the second laboratory following the first. In Table A9, the barium
concentrations of the samples are those that were reported by the two laboratories and do not
include subtraction of the blank values. In contrast to the blanks, the KSU sample contained
very little barium. Because both the KSU sample and the blanks used the same water and
preservation acid, the barium in the blanks most likely originated from the disposable filters or
the bottles. Each sample and blank used a new filter and bottle, and both items were discarded
after use.
Table A10 shows the pH results and the concentrations in mg/L of REYSc that were
detected in the DI water leachates. Sc, Y, Ce, Nd, Sm, Eu, Gd, Dy, Tm, Yb and Lu were not
detected in any of the DI leachates and their acid blanks. Trace amounts of Ho were detected in
the blanks. Because the cause of the Ho trace concentrations is unknown, the values for the
blanks were not subtracted from the DI leachate concentrations in Table A10. The low part-perbillion concentrations in the DI leachates are consistent with the general conclusion that REE
elements are sparsely soluble in near-neutral pH water. REEs easily precipitate in the presence
of hydroxide, carbonate, fluoride, phosphate and various organic ligands (Herrmann et al. 2016,
214).
The REE values for the leachates in Table A10 were multiplied by the liquid-to-solid
ratios in Table A7 to obtain the micrograms of La, Pr, Tb, Ho, and Er leached per gram of
sample (μg/g) as shown in Table A11. For Ho in sample D, <0.02 mg/L was used. The percent
differences in Table A11 should be within 5% of each other, but 10% is generally considered
acceptable. Of course, lower concentrations are expected to have higher percent differences
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even though the mg/L differences may be trivial. For example, duplicate analyses of 0.010 and
0.020 mg/L are relatively trivial when compared with duplicates of 100.0 and 200.0 mg/L.
The micrograms of leached REEs per gram of sample (Table A11) were then divided by
their concentrations in the solid ashes (Tables A3-A6) to obtain the percentage of each element
leached from the ash (Table A12). The plant D composite ash contained no detectable Ho
(Table A3). Because the concentrations of the REEs in the ashes greatly vary (Tables A3-A6),
the ‘less than’ values in Table A12 vary.
The results for Ho in the DI water leachates of the I and W bulk ashes ranged from 5.2
to 8.1%, which seem high and questionable. Otherwise, DI water leached less than 1% of the
detectable REYSc elements from the bulk ashes (Table A12). The leached percentages of the
non-detected elements in the leachates (Sc, Y, Ce, Nd, Sm, Eu, Gd, Dy, Tm, Yb, and Lu) are
<0.4%.
7.3 Nitric Acid Leaching and Heated Extractions
Tables A13-A16 list the mg/L concentrations of the REYSc in the nitric acid
leachates/extractions and their blanks. As with the DI leachates, the leachate/extraction results
in Tables A13-A16 were multiplied by their liquid-to-solid ratios (Table A8) to obtain the
micrograms of each REYSc element extracted/leached per gram of sample (μg/g) (Tables A17A20). The data in Tables A17-A20 were then divided by their respective REYSc
concentrations in the solid ashes (Tables A3-A6) to determine the percent leached/extracted of
each REYSc element for the ashes and their fractions (Tables A21-A24).
With the exception of Ho, Tm, Yb, and Lu in some of the plant D ashes (Table A3),
REYSc elements were measured and detected in the analyses of the solid samples (Tables A3A6). However, some elements were not leached/extracted in detectable concentrations (Tables
A13-A16). Ho and Tm were not detected in any of the KSU leachates and many of the other
leachates and extractions (Tables A13-16). The leachate of the KSU coarse (+200 mesh) nonmagnetic fraction also contained no detectable Pr, Eu, Tb, and Lu. Tb was also not detected in
the leachate of the KSU carbon fraction.
The percentages of Lu leached/extracted from the plant I non-magnetic +200 (coarse)
and plant W non-magnetic -200 (fine) and +200 (coarse) fractions unrealistically exceed 100%
11

(Tables A22 and A24). Comparing the Lu values for the solid plant W samples in Table A6, the
concentrations of the coarse and fine fractions are probably too low, which would result in the
percentages of recovered Lu exceeding 100% (Table A24). When compared with the other
plant I analyses in Table A4, the Lu concentration of 0.01 μg/g for the plant I non-magnetic
coarse sample was probably underestimated, which resulted in a recoveries far above 100%
(Table A22).
Although the solid KSU bulk ash and its fractions often contain higher concentrations of
individual REYSc elements than the ashes from the other facilities (Tables A3-A6), the
percentages of REYSc nitric acid leached from the KSU samples were usually significantly
lower (Tables A21-A24). The percentages of total REYSc leached from the KSU samples were
less than 5% (Table A23). The percentages of total REYSc nitric acid leached from the two
plant D bulk samples ranged from 17.4 to 19.6% (Table A21). The leached percentages for the
other plant D ashes were 10.6-22.4% (Table A21). For the plant I samples, the percentages of
total REYSc leached/extracted ranged from 8.5 to 26.4% (Table A22). As mentioned earlier,
the Lu percentages for the leachate and extraction of the plant I coarse (+200 mesh) nonmagnetic sample unrealistically exceed 100% (Table A22), which probably resulted from the
unusually low Lu concentration of 0.01 μg/g in the solid sample (Table A4). The plant W nitric
acid leachates and extraction had some of the consistently higher percentages of total recovered
REYSc, which ranged from 17.4 to 29.5% (Table A24).
For the nitric acid leachates of the plant D, KSU, and W ashes, a majority of the highest
REYSc percent recoveries occurred with the fine (-200) fractions (Table A21, A23-A24).
Except for Lu, which includes questionable results, and possibly Tm with its non-detects, the
carbon fraction leached the highest percentages of REYSc among the plant I nitric acid
leachates and extraction (Table A22). It is possible that relict acid-soluble REYSc phases from
the unburned coal were present in the carbon fraction.

7.4 Comparisons of Duplicates
To evaluate the consistency of the ambient room-temperature leaching procedure, the
homogeneity of the samples and the analyses, duplicate nitric acid leachates were produced of
12

the bulk plant D composite pond ash, the plant D Unit 1 row 1 ESP fly ash, the plant D coarse
(+200) non-magnetic fraction, the magnetic plant I fraction, the bulk KSU sample, and the
coarse non-magnetic plant W fraction (Tables A13-A16).
The majority of the percent differences of the duplicate results in Tables A17-A20 are
within 10.0% of each other, which is acceptable. The percent differences of Sc, La, Gd, Er, and
Yb were within 10.0% for all six pairs of duplicates. Lu exceeded 10.0% in five of the six pairs
of duplicates (Tables A17-A20). Only the Lu measurements on the plant I magnetic fraction
showed reasonable consistency (Table A18). Four of the six pairs of duplicates had Pr
differences greater than 10.0%. Eu and Sm exceeded 10.0% in three pairs. One or two pairs of
duplicates exceeded 10.0% for Y, Ce, Nd, and Dy (Tables A17-A20). Three of the five pairs
with detectable Tb exceeded 10.0%. Ho was detected in two pairs of the duplicate samples and
exceeded 10% in one of them and Tm exceeded 10% in one of the three duplicate sets that had
detectable concentrations of this element (Tables A17-A20).
7.5 Comparison between Nitric Acid Hot Extractions and Ambient-Temperature
Leachates
For the coarse (+200) plant I sample, REYSc recoveries were consistently higher in the
more concentrated, hot nitric acid extraction when compared with the room-temperature, more
dilute nitric acid 48 hour leaching procedure (Table A18). It is not surprising that hot nitric
acid extractions over a few hours would be more effective in dissolving REYSc phases than
more dilute solutions over 48 hours at ambient temperatures.
For unknown reason(s), the situation was very different between the hot extraction and
two ambient leachates of the coarse plant W fraction (Table A20). Setting aside the problematic
Lu results (Table A24) and the non-detects for Ho and Tm (Table A20), the REYSc
concentrations for the coarse plant W extraction were usually not much higher than the averages
of the leachate duplicates, and sometimes they were even less than one or both of the leachate
results (Table A20).
8. REYSc Comparisons of Fine (-200 mesh) and Coarse (+200 mesh) Non-Magnetic
Solid Samples and their Nitric Acid Leachates
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Magnetite is the only strongly magnetic phase that was detected in the ash samples
(Table A2; Appendix B). XRD results also indicate that magnetite was effectively removed
from the fine (-200) and coarse (+200) non-magnetic fractions of the four ashes (Table A2;
Appendix B).
Comparisons between the fine and coarse non-magnetic fractions and their
leachates/extractions may provide insights into how processing of the coal, combustion, and ash
handling affects the distribution and leaching properties of REYSc elements with particle size.
Different particle size fractions are expected to have differences in surface areas and other
physical, mineralogical, and chemical properties that could affect the concentrations of REYSc
elements in the solid samples and their leachates/extractions. In general, the finer-grained
fractions should have higher surface area particles and higher concentrations of total and nitric
acid leachable/extractable REYSc.
8.1 Comparisons of REYSc Results in the Solid Samples
Ho was not detected in the fine and coarse non-magnetic fractions of the plant D
composite pond sample (Table A3). Both fractions contained one μg/g of Lu (Table A3). For
the other elements, only Y was in higher concentrations in the coarse fraction.
With the exception of the questionable Lu results, analyses on the solid fine nonmagnetic plant I fraction had 36.4 – 80.0% more REYSc elements than the coarse fraction
(Table A4). Like the plant I samples, the concentrations of REYSc in the solid fine plant W
fraction were consistently higher than the coarse fraction. Excluding the questionable Lu
results, the percent increase in the fine versus coarse plant W fractions ranged from 50.6% for
Tb to 115% for Y (Table A6).
The plants D, I, and W results suggest that during combustion REYSc-bearing particles
preferentially accumulated on high surface-area materials in the fine fractions. It is also
possible that if some of the larger materials in the coarse fractions were not entirely dissolved
during the digestion procedure and that significant amounts of REYSc-bearing phases could
have been encased in these insoluble materials.
The distributions of REYSc in the solid KSU fine and coarse fractions were very
different than the samples from the other three facilities (Table A5). With the exception of La
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and Ce, each REYSc element was no more than 10% higher in the fine than the coarse fraction
and in several cases the concentrations were actually higher in the coarse fraction (Table A5).
XRD results indicate that the KSU fine and coarse fractions contained the same minerals in
similar proportions (Table A2; Appendix B). However, unlike the D, I, and W ashes where the
fine non-magnetic materials were far more abundant than the corresponding coarse nonmagnetic fraction (Table A1), the percentage of coarse materials in the KSU ash was slightly
higher than the fine fraction (29.6 vs. 21.9%; Table A1). Despite generally lower surface areas,
a larger number of coarse particles in the KSU ash could accumulate more REYSc during ash
formation and possibly exceed the concentrations of REYSc elements in the fine non-magnetic
fraction.
8.2 Comparisons of REYSc Leaching Results
In general, the REYSc concentrations in the nitric acid leachates of the fine and coarse
non-magnetic fractions had much greater differences with each other than the corresponding
differences between the REYSc elements in the fine and coarse fractions of the solid ashes
(compare Tables A3-A6 with A17-A20). Excluding the controversial Lu results, the detectable
leached REYSc concentrations in the fine fractions were 68.9 to 603% higher than the
corresponding values in the leachates of the coarse fractions (Tables A14-A17). The higher
REYSc concentrations in the fine fractions are probably due to higher surface areas, as well as
the presence of substantial acid-soluble REYSc-bearing phases.
9. Comparison of Magnetic and Fine Non-Magnetic Samples and their Nitric Acid Leachates
9.1 Comparisons of REYSc Results in the Solid Samples
Comparisons between the concentrations of REYSc elements in the solid fine nonmagnetic (-200 mesh) and magnetic fractions of the ashes may provide some insight into
whether or not each of the REYSc elements tends to associate with magnetite (Fe3O4) and other
magnetic materials. For their eastern US fly ashes, Hulett et al. (1981, pp. vi, 46) found that Ce
and La tended to associate with the magnetic fractions, but that other REEs generally
concentrated in glass, which should be non-magnetic if it’s reasonably pure and free of
embedded magnetite particles. Tables A3-A6 give the percent changes in the REYSc
concentrations between the solid magnetic and fine non-magnetic fractions. Besides being
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influenced by the tendency of the elements to associate with magnetic materials or not, the
distribution of REYSc elements between the two fractions would also be affected by the
following factors:
•

The purity of the fractions. Although XRD results indicate that magnetite is
noticeably absent from the fine non-magnetic fractions, the magnetic fractions
contain considerable quartz, mullite, amorphous materials, and other non-magnetic
impurities (Table A2; Appendix B).

•

Surface area. As with the comparisons between the fine- and coarse-fractions, during
combustion REYSc elements in the fine non-magnetic and magnetic fractions may
preferentially accumulate on smaller particles with higher surface areas. Surface area
measurements are not available for the size fractions. The particle sizes and surface
areas of the magnetic fraction were measured for the -60 mesh fractions (Figure A1),
but otherwise they could be quite variable.

•

The number of particles. Even if the surface areas of the individual fine nonmagnetic and magnetic particles were the same, the fraction with the larger number of
particles would have more surfaces for REYSc to accumulate during combustion.
For all four ashes, the amount of magnetic materials is less than the amount of the
corresponding fine non-magnetic fraction, especially in the samples from plants D, I,
and W (Table A1).

In contrast to the conclusions in Hulett et al. (1981, pp. vi, 46), the concentrations of Ce
and La are actually higher in the fine non-magnetic fractions of the D, I, and W ashes when
compared with their magnetic fractions (Tables A3-A4, A6). This suggests that other factors
are present in the three groups of ashes that are not present in the Hulett et al. (1981) samples,
which may include: different magnetic phases, large amounts of non-magnetic impurities in the
magnetic fraction, and/or differences in surface area and the number of particles between the
two fractions. In contrast, all of the measured REYSc elements were more concentrated in the
magnetic fraction in the KSU ash (Table A5). The magnetic fraction of the KSU ash contains
considerable mullite and other non-magnetic impurities (Table A2; Appendix B) and its mass
percentage was also more similar to its fine fraction (14.8% vs. 21.9%) than the other three
ashes (Table A1).
16

Excluding the problematic results with Lu in the I and W ashes, the magnetic fractions
of all four ashes were more enriched in Y, Pr, and Yb then their corresponding fine fractions
(Tables A3-A6). The fine non-magnetic I and W fractions were especially enriched in Ho when
compared with the magnetic fractions.

9.2 Comparisons of REYSc Leaching/Extraction Results
In addition to particle surface area, the number of particles in the fraction and the
mineralogical associations of the REYSc elements, the distributions of REYSc elements
between the nitric acid leachates of the fine non-magnetic and magnetic fractions would depend
on the solubility of the REYSc host phases in the acid (Table A25). Tables A17-A20 list the
percent changes in the concentrations of the REYSc elements in the nitric acid leachates of the
fine non-magnetic versus the magnetic fractions of the four groups of ashes. Unlike the solid
fractions, the REYSc elements are consistently higher in the nitric acid leachate of the plant D
fine fraction when compared with the magnetic fraction leachate (Tables A3 and A17). When
compared with the plant D magnetic fraction acid leachate, the concentrations of Sc, Ce, Nd, Er,
and Tm are especially higher in the fine fraction leachate (Table A17). For the KSU nitric acid
leachates, Y, La, Ce, Nd, and Pr have a strong preference for the fine fraction leachate. The W
plant fine fraction leachate is exceptionally higher in Sc, Tb, and Ho (Tables A19-A20).
The differences in the concentrations of the REYSc elements in the plant I fine and
magnetic fraction nitric acid leachates are far less extreme when compared with the leachates
from the other three plants. Gd, Yb, and Lu even have higher concentrations in the magnetic
fraction leachates.
10. Mineralogy
A review of the mineralogy database at webmineral.com indicates that over 280
minerals are known to contain significant Sc, Y, and/or REEs. However, only a few of them
have actually been found in coal or rocks associated with coal (Table A25). Bästnasite
(baestnasite or bastnasite, [Ce,La,Y][CO3]F) probably also occurs in some REE-bearing coals,
although a review of the literature was unable to confirm its presence.
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Even fewer minerals have actually been identified in coal ashes. None of the minerals
listed in Table A25 were detected by powder XRD in the samples (Table A2; Appendix B).
Zircon is known to survive combustion and accumulate in coal ash. If their decomposition or
melting temperatures are high enough or if combustion is suitably brief, other anhydrous
silicate, phosphate and oxide minerals (such as brannerite, monazite, polycrase, and xenotime)
could survive combustion and accumulate in ashes. Hydroxide, hydrated silicates, and
carbonate minerals (allanite, biotite, crandallite, florencite, goyazite, illite, kaolinite,
rhabdophane, and also bästnasite) would tend to decompose at high temperatures and release
water and carbon dioxide. The thermal stability of apatite depends on the amount of hydroxide
and halogens. Fluorapatite is stable up to 1200oC under atmospheric pressure and
hydroxylapatite loses hydroxyls at 850oC in dry air (Tõnsuaadu et al. 2012, p. 650). REYSc
released from the decomposition of their host phases would then accumulate in glass or other
high-temperature phases.
The information in Table A25 on the solubility of minerals and other materials in nitric
acid is limited and questionable. Available information from www.mindat.org indicates that
bästnasite is “insoluble” in nitric acid. However, a bästnasite mineral with more carbonate than
fluoride should at least decompose in nitric acid.
Silicate minerals are generally insoluble in nitric acid. Hulett et al. (1981, p. vi) found
that most REEs tended to concentrate in fly ash glass. Silicate glasses in coal ashes also should
be sparsely soluble in nitric acid, although silicate glasses richer in aluminum and calcium could
be slightly more soluble.
The oxidizing properties of nitric acid could break down organic materials in the carbon
fractions and release REYSc elements that are either in the organic structures or in acid-soluble
microminerals trapped in the organic compounds. In the inorganic fractions, among the
minerals listed in Table A25, brannerite and possibly polycrase are most likely to survive
combustion and yet dissolve in nitric acid.

11. Conclusions
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The distributions and concentrations of rare earth elements, Y, and Sc (REYSc) were
investigated in coal ashes from four eastern US facilities, identified as plants D, I, KSU and W
(Table A1). The plants I and W samples were fly ashes, the KSU sample was a stoker ash, and
the plant D samples included a composite of 20 ash pond samples and five fly ashes. The bulk
ashes from the four plants were also water separated into carbon-rich, magnetic, non-magnetic
fine (-200 mesh) and non-magnetic coarse (+200 mesh) fractions. Due to frequent sample size
limitations, the +60 mesh (very coarse) fractions were not investigated.

The studies included measurements of REYSc and other parameters on solid samples,
nitric acid leachates of the samples, as well as deionized (DI) water leachates and hot nitric acid
extractions of selected ashes. Powder X-ray diffraction (XRD) determined the mineralogy of
the samples (Table A2; Appendix B). The following are main conclusions of this study:

•

No known REEYSc minerals were detected in the samples by XRD (Tables A2 and
A25; Appendix B). The XRD results indicate that the samples are typical class F fly
ashes with the prominent phases being amorphous materials (especially glass), quartz
(SiO2), and mullite (Al4SiO8). Smaller amounts of hematite (Fe2O3), magnetite (Fe3O4),
calcite (CaCO3), cristobalite (SiO2), microcline (KAlSi3O8) and sodium-rich plagioclase
(NaAlSi3O8 – CaAl2Si2O8) feldspars, and gypsum (CaSO4•2H2O) may also be present.
The plant W magnetic fraction also contains trace amounts of unidentified micas and
clay (probably kaolinite), which are very unusual (Table A2; Appendix B). The exact
origin(s) of the micas and clay in the plant W magnetic fraction is unknown. They are
not expected to survive combustion in the coal and micas are usually not coal
combustion products. Although magnetite was effectively removed from the nonmagnetic fine (-200 mesh) and coarse (+200 mesh) fractions, XRD analyses indicated
that the magnetic fractions contained considerable quartz and mullite impurities.Only
the bulk ashes from the four facilities were in large enough quantities (100 grams) for
leaching with deionized (DI) water. Small concentrations of arsenic, barium, chromium
and selenium were detected in some of the DI water leachates (Table A9). The blanks
were also high in barium. The barium probably resulted from the new filters or bottles
rather than the DI water or the nitric acid preservative.
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•

Except for Ho in the I and W bulk ashes, which questionably range from 5.2 to 8.1%, DI
water leached less than 1% of the detectable REYSc elements from the four bulk ashes
(Table A12).

•

Although the solid KSU bulk ash and its fractions often contained higher concentrations
of individual REYSc elements than the ashes from the other facilities (Tables A3-A6),
the total percentages of REYSc nitric acid leached from the KSU samples were less than
5% (Table A23). The percentages of total REYSc nitric acid leached from the plant D
ashes were 10.6-22.4% (Table A21). Ignoring the unrealistic Lu results, the percentages
of total REYSc leached/extracted with nitric acid for plant I ranged from 8.5 to 26.4%
(Table A22). The plant W nitric acid leachates and extraction also had some unrealistic
Lu results. However, overall the plant W nitric acid leachates and extraction had some of
the higher percentages of total recovered REYSc, which ranged from 17.4 to 29.5%
(Table A24).

•

For the nitric acid leachates of the plant D, KSU, and W ashes, a majority of the highest
REYSc percent recoveries occurred with the fine (-200) fraction (Tables A21, A23-A24).
Except for Lu, which includes questionable results, and possibly Tm with its non-detects,
the carbon fraction leached the highest percentages of REYSc among the plant I nitric
acid leachates and extraction (Table A22).

•

In most cases, the REYSc results for duplicated nitric acid leachates were acceptable and
within 10.0% of each other (Tables A17-A20).

•

REYSc recoveries were consistently higher in the more concentrated, hot nitric acid
extraction of the coarse (+200) plant I sample when compared with the results of the
ambient temperature, more dilute nitric acid 48 hour leaching procedure (Table A18).
For unknown reason(s), the situation was very different between the hot extraction and
two ambient leachates of the coarse plant W fraction (Table A20). Setting aside the
problematic Lu results (Table A24) and the non-detects for Ho and Tm (Table A20), the
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REYSc concentrations for the coarse plant W extraction were usually not much higher
than the averages of the leachate duplicates, and sometimes they were even less than one
or both of the leachate results (Table A20).
•

In most cases, REYSc elements were more concentrated in the fine non-magnetic D, I,
and W ash fractions than the corresponding coarse fractions. These results suggest that
during combustion REYSc-bearing particles preferentially accumulated on high surfacearea materials in the fine fractions.

•

The distributions of REYSc in the solid KSU fine and coarse fractions were very
different than the samples from the other three facilities (Table A5). With the exception
of La and Ce, each REYSc element was no more than 10% higher in the fine than the
coarse fraction and in several cases the concentrations were actually higher in the coarse
fraction (Table A5). Unlike the D, I and W ashes where the fine non-magnetic materials
were far more abundant than the corresponding coarse non-magnetic fraction (Table A1),
the percentage of coarse materials in the KSU ash was slightly higher than the fine
fraction (29.6 vs. 21.9%; Table A1). Despite generally lower surface areas, a larger
number of coarse particles in the KSU ash could accumulate more REYSc during ash
formation and possibly exceed the concentrations of REYSc elements in the fine nonmagnetic fraction.

•

In general, the REYSc concentrations in the nitric acid leachates of the fine and coarse
non-magnetic fractions had much greater differences with each other than the
corresponding differences between the REYSc elements in the fine and coarse fractions
of the solid ashes (compare Tables A3-A6 with A17-A20). Excluding the controversial
Lu results, the detectable leached REYSc concentrations in the fine fractions were 68.9 to
603% higher than the corresponding values in the leachates of the coarse fractions
(Tables A14-A17). The higher REYSc concentrations in the fine fractions are probably
due to higher surface areas, as well as the presence of substantial acid-soluble REYScbearing phases.
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•

For their eastern US fly ashes, Hulett et al. (1981, pp. vi, 46) found that Ce and La tended
to associate with the magnetic fractions, but that other REEs generally concentrated in
glass, which should be non-magnetic if it’s reasonably pure and free of embedded
magnetite particles. These relationships were not consistently seen between the fine and
magnetic fractions of the four ashes and their nitric acid leachates. Other factors must be
present in the ashes that are not present in the Hulett et al. (1981) samples, such as:
different magnetic phases, large amounts of non-magnetic impurities in the magnetic
fraction, and/or differences in surface area and the number of particles between the two
fractions.

•

Relatively few REYSc-bearing minerals found been found in coals (Table A25) and even
fewer in their ashes. Zircon is known to survive combustion and accumulate in coal ash.
If their decomposition or melting temperatures are high enough or if combustion is
suitably brief, other anhydrous silicate, phosphate and oxide minerals (such as brannerite,
monazite, polycrase, and xenotime) could survive combustion and accumulate in ashes.
Hydroxide, hydrated silicates and carbonate minerals (allanite, biotite, crandallite,
florencite, goyazite, illite, kaolinite, rhabdophane, and also bästnasite) would tend to
decompose at high temperatures and release water and carbon dioxide. The thermal
stability of apatite depends on the amount of hydroxide and halogens.

•

Information on the solubility of REYSc-bearing minerals in nitric acid is limited and
questionable. Silicate minerals and silicate glass are generally insoluble in nitric acid. A
bästnasite mineral with more carbonate than fluoride should at least decompose in nitric
acid. The oxidizing properties of nitric acid could break down organic materials in the
carbon fractions and release REYSc elements. In the inorganic fractions, among the
minerals listed in Table A25, brannerite and possibly polycrase are most likely to survive
combustion and yet dissolve in nitric acid.
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