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Abstract 

This research explores the beneficial reuse of coal combustion fly ash as a source 

of rare earth elements (REE). We characterized fly ashes of varied geological origin, 

tested several extraction methods and parameters, and investigated REE location and 

speciation in fly ash. Total REE content in a broad sample of U.S. fly ashes were 

quantified using HF/HNO3 digestion, Na2O2 sintering, and HNO3 digestion. It was 

found that Appalachian Basin coal ashes had significantly higher total REE content than 

Illinois Basin or Powder River Basin ashes. However, Powder River Basin ashes had 

higher HNO3-extractable REE content. Sinter-based extraction methods were tested for 

REE recovery from fly ash. Optimal sintering conditions were found to be a 1:1 NaOH-

ash ratio and 1-2 M HNO3 leaching solution. Bulk and microscale Y speciation in fly ash 

were compared using sequential selective extractions and x-ray absorption 

spectroscopy. Bulk speciation suggested Y entrained in the aluminosilicate glass phase 

while microscale speciation resembled trace yttrium minerals.  



 

 

v 

Dedication 

This dissertation is dedicated to my parents, Christopher and Elizabeth Taggart, 

whose unflagging support and relentless motivation helped me stay the course, and to 

my sister, Amy, who keeps me young.  

 



 

 

vi 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................. xi 

List of Figures .............................................................................................................................. xii 

Acknowledgements ...................................................................................................................xiv 

1. Introduction ............................................................................................................................... 1 

1.1 Rare Earth Elements ......................................................................................................... 2 

1.1.1 Applications and Criticality ....................................................................................... 2 

1.1.2 Supply Risk .................................................................................................................. 4 

1.2 Coal Combustion Fly Ash ............................................................................................... 5 

1.2.1 Environmental Impacts .............................................................................................. 5 

1.2.2 Fly Ash as an Alternative Source for REEs .............................................................. 6 

1.3 Objectives and Hypotheses ........................................................................................... 11 

1.3.1 Chapter 2 Objective ................................................................................................... 11 

1.3.1.1 Hypothesis 1A .................................................................................................... 12 

1.3.1.2 Hypothesis 1B ..................................................................................................... 12 

1.3.1.3 Hypothesis 1C .................................................................................................... 12 

1.3.2 Chapter 3 Objective ................................................................................................... 13 

1.3.2.1 Hypothesis 2A .................................................................................................... 13 

1.3.2.2 Hypothesis 2B ..................................................................................................... 13 

1.3.2.3 Hypothesis 2C .................................................................................................... 14 



 

 

vii 

1.3.2.4 Hypothesis 2D .................................................................................................... 14 

1.3.2.5 Hypothesis 2E ..................................................................................................... 14 

1.3.3 Chapter 4 Objective ................................................................................................... 15 

1.3.3.1 Hypothesis 3A .................................................................................................... 16 

1.3.3.2 Hypothesis 3B ..................................................................................................... 17 

1.3.3.3 Hypothesis 3C .................................................................................................... 17 

1.3.3.4 Hypothesis 3D .................................................................................................... 17 

1.3.3.5 Hypothesis 3E ..................................................................................................... 17 

1.3.3.6 Hypothesis 3F ..................................................................................................... 18 

2. Survey of Rare Earth Element Content in U.S.-Based Coal Combustion Fly Ashes ..... 19 

2.1 Introduction ..................................................................................................................... 19 

2.2 Materials and Methods .................................................................................................. 22 

2.2.1 Coal Combustion Product Samples ........................................................................ 22 

2.2.2 Materials ..................................................................................................................... 23 

2.2.3 Chemical Analysis Methods .................................................................................... 23 

2.2.4 Statistical Analyses .................................................................................................... 25 

2.3 Results .............................................................................................................................. 25 

2.3.1 Comparison of HF/HNO3 Digestion and Alkaline Sintering .............................. 25 

2.3.2 Rare Earth Recovery Statistics ................................................................................. 26 

2.3.3 Visible Differences by Coal Basin............................................................................ 28 

2.4 Discussion ........................................................................................................................ 31 

2.4.1 Total REE Content and Trends in Fly Ash ............................................................. 31 



 

 

viii 

2.4.2 Critical Rare Earth Fraction ...................................................................................... 35 

2.4.3 REE Reserves and Valuation in Fly Ash ................................................................ 36 

2.4.4 Nitric Acid Extractable Rare Earth Content .......................................................... 38 

2.5 Implications for Fly Ash as an Alternative REE Resource ........................................ 41 

3. Effects of Sintering and Leaching Parameters on Extraction of Rare Earth Elements 

from Coal Fly Ash ....................................................................................................................... 43 

3.1 Introduction ..................................................................................................................... 43 

3.2 Materials and Methods .................................................................................................. 46 

3.2.1 Coal Combustion Residual Samples ....................................................................... 46 

3.2.2 Materials ..................................................................................................................... 48 

3.2.3 Sinter Method for REE Recovery ............................................................................ 48 

3.2.4 REE Analyses ............................................................................................................. 50 

3.2.5 Statistical Analyses .................................................................................................... 50 

3.3 Results .............................................................................................................................. 51 

3.3.1 Sinter Flux Comparison ............................................................................................ 51 

3.3.2 Effect of Decreasing Flux-Ash Ratio ....................................................................... 55 

3.3.3 Effect of Sinter Temperature .................................................................................... 57 

3.3.4 Effect of Leaching Solution Acid Concentration ................................................... 60 

3.3.5 Co-Extraction of Thorium and Uranium ............................................................... 62 

3.4 Discussion ........................................................................................................................ 64 

3.4.1 Optimal Alkaline Sinter Conditions for REE Recovery ....................................... 64 

3.4.2 Ash Samples Differences .......................................................................................... 67 



 

 

ix 

3.4.3 Thorium and Uranium Co-Extraction .................................................................... 69 

3.5 Conclusion ....................................................................................................................... 70 

4. Differences in Bulk and Microscale Yttrium and REE Speciation in Coal Fly Ash ....... 71 

4.1 Introduction ..................................................................................................................... 71 

4.2 Materials and Methods .................................................................................................. 73 

4.2.1 Materials ..................................................................................................................... 73 

4.2.2 Sequential Selective Extractions .............................................................................. 76 

4.2.3 Bulk XANES and μXAS ............................................................................................ 78 

4.2.4 Linear Combination Fitting ...................................................................................... 80 

4.3 Results .............................................................................................................................. 80 

4.3.1 Leaching Potential by Sequential Selective Extractions ....................................... 80 

4.3.2 Bulk Yttrium Speciation for Untreated and Extracted Ash ................................. 87 

4.3.3 Microscale Y Speciation ............................................................................................ 89 

4.4 Discussion ........................................................................................................................ 96 

4.4.1 Leaching Potential of REY and Volatile Elements ................................................ 96 

4.4.2 Impact of Ash Composition and Coal Basin.......................................................... 98 

4.4.3 Differences Between REY ....................................................................................... 100 

4.4.4 Bulk and Microscale Yttrium Speciation .............................................................. 101 

4.5 Conclusions ................................................................................................................... 103 

5. Conclusion ............................................................................................................................. 105 

5.1 REE Trends in Fly Ash Summary .............................................................................. 105 

5.2 Effects of Sintering Parameters Summary ................................................................ 106 



 

 

x 

5.3 Bulk and Microscale REE Speciation Summary ....................................................... 107 

5.4 Impact of Feed Coal Origin ......................................................................................... 108 

5.4.1 Eastern U.S. Coal Ashes .......................................................................................... 110 

5.4.2 Powder River Basin Ashes ..................................................................................... 111 

5.5 REE Recovery Implications ......................................................................................... 113 

5.5.1 Differences Between REY ....................................................................................... 113 

5.5.2 Differences Between REY ....................................................................................... 116 

5.6 Future Research Recommendations .......................................................................... 117 

Appendix A : Chapter 2 Supporting Information ................................................................ 119 

Appendix B : Chapter 3 Supporting Information ................................................................. 137 

Appendix C : Chapter 4 Supporting Information ................................................................ 147 

References .................................................................................................................................. 158 

Biography ................................................................................................................................... 169 

 



 

 

xi 

List of Tables 

Table 3-1: Sample characteristics for sinter experiments ....................................................... 47 

Table 4-1: Sample characteristics for speciation analyses ..................................................... 75 

Table A-1: Power plant and coal combustion residual (CCR) sampling data .................. 119 

Table A-2: Na2O2 sintering recoveries .................................................................................... 121 

Table A-3: REE values (total, critical, and extractable) and major oxide content ............ 124 

Table A-4: Statistical differences between coal basins ......................................................... 125 

Table A-5: Coal basin statistical groups ................................................................................. 126 

Table A-6: The estimated annual tonnage of unused fly ash .............................................. 127 

Table A-7: Mean REE content for each coal basin ................................................................ 128 

Table A-8: Total mass and estimated value of REO content in unutilized fly ash .......... 129 

Table A-9: Total REO value per metric ton of fly ash .......................................................... 130 

Table A-10: Rare earth oxide (REO) prices from 2001 to 2015 ............................................ 131 

Table B-1: Leachate pH values ................................................................................................ 137 

Table C-1: Coal fly ash samples selected for each analysis ................................................. 147 

Table C-2: Linear combination fits for bulk fly ash samples .............................................. 154 

Table C-3: Linear combination fits for extracted fly ash samples ...................................... 155 

Table C-4: Linear combination fits for µXANES spectra collected in February 2017 ...... 156 

Table C-5: Linear combination fits of µXANES spectra collected in April 2016 .............. 157 

 

 



 

 

xii 

List of Figures 

Figure 1-1: Geochemical and industrial REE classifications ................................................... 4 

Figure 2-1: Critical and extractable fractions versus total REEs ........................................... 27 

Figure 2-2: Fly ash REE parameters by feed coal origin ........................................................ 29 

Figure 2-3: Major oxide composition of fly ash samples ....................................................... 32 

Figure 2-4: REE and major oxide correlations ......................................................................... 34 

Figure 3-1: Comparison of REE recovery from coal ash by flux sintering .......................... 52 

Figure 3-2: Comparison of 6:1 and 1:1 flux-to-ash ratios ....................................................... 56 

Figure 3-3: Comparison of sinter temperature ........................................................................ 59 

Figure 3-4: Effect of NaOH-ash ratio and leachate pH .......................................................... 61 

Figure 3-5: Recovery of thorium and uranium relative to REE recovery ........................... 63 

Figure 4-1: Sequential extraction results .................................................................................. 82 

Figure 4-2: X-ray diffractograms ............................................................................................... 85 

Figure 4-3: X-ray diffractograms for PRB-FA1 ........................................................................ 86 

Figure 4-4: Linear combination fits for bulk Y K-edge XANES spectra .............................. 88 

Figure 4-5: XAS results for Appalachian silo ash App-FA1 .................................................. 91 

Figure 4-6: XAS results for Appalachian fly ash App-FA3 ................................................... 92 

Figure 4-7: February 2017 XAS results for Illinois Basin ESP ash IL-FA1 ........................... 93 

Figure 4-8: April 2016 XAS results ............................................................................................ 94 

Figure 4-9: XAS results for Powder River Basin fly ash PRB-FA1 ....................................... 95 

Figure A-1: Comparison of REE quantification methods .................................................... 132 



 

 

xiii 

Figure A-2: Comparison of fly ashes and other CCRs ......................................................... 133 

Figure A-3: REE contents in fly ash as a function of ESP or baghouse row ..................... 134 

Figure A-4: Volatile element content of fly ash by ESP or baghouse row ........................ 135 

Figure A-5: REE content normalized to upper continental crust ....................................... 136 

Figure B-1: Comparison of total REE concentrations recovered ........................................ 138 

Figure B-2: Individual REE recoveries for Na2O2, Na2CO3, and (NH4)2SO4 sinters ......... 139 

Figure B-3: Individual REE percent recoveries for NaOH and CaO sinters ..................... 140 

Figure B-4: Individual REE percent recoveries for the CaSO4 sinter ................................ 141 

Figure B-5: Individual REE percent recoveries for the Powder River Basin ash ............. 142 

Figure B-6: Individual REE percent recoveries for the Na2O2 and CaSO4 sinters ............ 143 

Figure B-7: Individual REE recoveries for NaOH, CaO, and Na2CO3 sinters .................. 144 

Figure B-8: Comparison of total REE recovery by less effective sinter reagents ............. 145 

Figure B-9: Effect of leachate pH and NaOH-ash ratio........................................................ 146 

Figure C-1: XRD spectra with background for IL-FA1 ........................................................ 148 

Figure C-2: XRD spectra with background for PRB-FA1 .................................................... 149 

Figure C-3: XRD spectra with background for App-FA1 extracted with acetic acid ...... 150 

Figure C-4: XRD spectra with background for App-FA1 extracted with oxalic acid ...... 151 

Figure C-5: Yttrium K-edge spectra for yttrium standards ................................................. 152 

Figure C-6: Linear combination fits for unextracted and extracted fly ash samples ....... 153 

 

 



 

 

xiv 

Acknowledgements 

We thank the power utility companies and coal ash suppliers for providing 

samples for this study. The research was supported by the U.S. National Science 

Foundation programs in Environmental Engineering (CBET-1510965) and Partnerships 

in International Research and Education (OISE-12-43433). RKT was supported in part by 

scholarships from the Environmental Research and Education Foundation and the 

American Coal Ash Association Educational Foundation. 

 



 

1 

1. Introduction 

Coal combustion fly ash is a massive global waste stream with the potential to 

leach toxic metals after disposal. However, fly ash is also a promising alternative source 

for rare earth elements (REE), which are critical materials in the automotive, energy, 

electronics, and defense industries. If it can be done efficiently, recovering REE from fly 

ash will provide a new source for these strategic metals while reducing the 

environmental impact of fly ash disposal. Our research explored the factors contributing 

to REE recovery from coal fly ash.  

Previous studies focused on high-REE coal ashes from specific coal deposits such 

as the Russian Far-East and Kentucky Fire Clay coal.1, 2 We measured REE content in a 

broad and representative sample of fly ashes from 22 U.S. power plants. Our goal was to 

rank the REE recovery potential for coal ashes from several U.S. coal basins. We used 

three chemical analysis methods to determine REE content in the ash samples and 

compare REE extraction efficiencies.   

Next, we selected the most industrially-scalable REE quantification method and 

tested the effects of changing extraction parameters. We compared the effects of six 

different sintering fluxes, flux-to-ash ratios, temperatures, and leachate pH on REE 

extraction efficiency. Ineffective sinter reagents were down-selected. We recommended 

specific extraction methods based on the geological origin of the source coal.  
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Finally, we used a combination of bulk and microscale analytical methods to 

investigate the location and speciation of REE within fly ash particles because we believe 

that REE modes of occurrence in ash will impact future extraction experiments. Bulk 

analysis methods included sequential selective extractions paired with x-ray diffraction 

(XRD) and x-ray absorption near-edge spectroscopy (XANES). Microscale techniques 

were micro-focus x-ray fluorescence (μXRF) and micro-focus XANES.    

1.1 Rare Earth Elements 

Rare earth elements (REE) consist of the 14 naturally-occurring lanthanides, 

although yttrium (Y) and scandium (Sc) are often included due to their similar chemical 

properties and atomic radii.3 In this study, REE will refer to the entire suite of elements, 

including Y and Sc. Despite their name, REE are not rare, with a total concentration of 

220 ppm in the upper continental crust (UCC). The least abundant REE, lutetium, is 

more common than silver and other precious metals.4  

1.1.1 Applications and Criticality 

REE are considered critical materials by the United States Department of Energy 

(DOE) due to their important role in the defense, energy, optics, and electronics 

industries.5 Their many applications include hard disc drives, electronics and displays, 

guidance systems and sensors, industrial catalysts, hybrid/electric vehicles, generators, 

and permanent magnets.5-7 REE are particularly important to energy-efficient 

technologies and alternative energy.8 Replacement of REEs in many applications is 
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(currently) impossible due to their unique properties.9 Due to their prevalence in 

desirable technologies, global demand for REE has outstripped production. REE 

reclamation from fly ash, a readily available waste stream, is one alternative source for 

these important materials.  

Geochemically, REE are classified as heavy (HREE) or light (LREE) based on 

their atomic numbers (Figure 1-1). Natural REE abundance decreases in a zig-zag 

fashion from left to right following the Oddo-Harkins rule, which holds that due to their 

greater nucleon stability, even-numbered elements are more abundant in the universe 

than adjacent odd-numbered elements. This means that LREE make up the majority of 

REE minerals by mass while HREE comprise only a small fraction. HREE are considered 

more valuable for this reason. However, the LREE/HREE dichotomy factors in only 

abundance and ignores the REE demand.  

Therefore, we adopted the industrial classifications proposed by Seredin and Dai 

(2012), which divide REE into critical (Y, Nd, Eu, Tb, Dy, Er), uncritical (La, Pr, Sm, Gd), 

and excessive (Ce, Ho, Tm, Yb, Lu) groups based on both REE supply and demand. For 

instance, Tm, Yb, and Lu are considered “excessive” REE despite their rarity because 

applications for these elements are fewer and require low amounts, meaning worldwide 

production can meet current demand. On the other hand, much more abundant Nd is a 

critical REE because it is underproduced relative to its high demand.  
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Figure 1-1: Geochemical and industrial REE classifications. Y is considered a heavy 

REE because its ionic radius is close to that of dysprosium (Dy). Sc is not categorized 

as either an HREE or LREE.  

 

1.1.2 Supply Risk 

The largest REE deposit in the world and the source of most REEs produced 

today is the Bayan Obo formation in Inner Mongolia, China.10, 11 Other notable mined 

REE deposits include the Mt. Weld deposit in Australia12, the Mountain Pass mine in 

California (no longer actively mined)13, and ion-adsorption clays in South China.14  

Presently, China controls 86% of REE production, nearly half of known reserves, 

and most REE processing and separation.15 Prior to 2010, 97% of the world’s REEs were 

mined in China. The restriction of Chinese export quotas in 2010 caused a worldwide 

price increase and spurred the investigation of additional mines and alternative REE 

sources.5, 16 In 2010 and 2011, global demand exceeded production by approximately 

3,000 tons.17 The deficit was met by existing stockpiles of rare earth oxides (REO). Since 
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then, the opening of additional REE mines has slightly lessened dependence on Chinese 

REE mining. While new REE deposits have been discovered, it can take years for mines 

to become fully operational. Worldwide demand for REEs is expected to increase 5-15% 

annually, especially for clean energy technologies.9  

1.2 Coal Combustion Fly Ash 

Coal energy played a transformative role in the rise of modern industrial 

civilizations and will remain a dominant power source in the 21st century.18 The U.S. has 

vast coal reserves and in 2013 generated 39% of its electricity from coal-fired power 

plants.19 However, coal energy is not without drawbacks. It generates massive amounts 

of waste products, the most abundant of which is fly ash. From 2013 to 2016, the U.S. 

produced between 37.8 million and 53.4 million short tons of fly ash, about half of which 

was disposed of in landfills or wet impoundments.20-23 In addition to the huge volume of 

waste produced, coal ash often contains toxic metals such as arsenic and selenium which 

may leach into groundwater and nearby surface water.24-26 

1.2.1 Environmental Impacts 

Fly ash disposal can have negative environmental consequences. As of 2016, the 

U.S. generated >107 million short tons of coal combustion products annually, including 

37.8 million short tons of fly ash.  Although ~60% of fly ash is reused (e.g. cement), the 

remainder has historically been disposed of in unlined landfills or as a slurry in ash 
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impoundments. In both cases, toxic trace metals may leach into groundwater and 

adjacent surface waters due to the lack of leachate management systems.  

Catastrophic failure of ash impoundments may result in massive ash spills. At 

the Tennessee Valley Authority’s Kingston Fossil Plant in December 2008, failure of a 

containment structure led to the release of over 3.7 million cubic meters of fly ash and 

bottom ash into the Clinch and Emory rivers.25-26 In February 2014, the failure of storm 

sewer lines beneath an ash impoundment in Eden, North Carolina, led to the release of 

30,000 to 39,000 short tons of ash into the Dan River.27 The magnitude of these coal ash 

spills highlight the need for more intentional management of coal combustion wastes, 

which could include using fly ash as a source for REEs.  

1.2.2 Fly Ash as an Alternative Source for REEs 

With 750 million metric generated annually worldwide, coal fly ash is a massive 

waste stream that could represent an enormous quantity of REE if cost-effective 

extraction methods can be found.28 Fly ash is a promising material for REE recovery, 

both geochemically and physically. Some ashes have REE concentrations rivaling those 

of ore deposits, up to 0.1% REE by weight (1000 mg kg-1), with a higher fraction of 

critical REE (>30%).2, 7 Physically, fly ash does not require extensive excavation and is a 

fine powder ready for chemical processing. In contrast, REE ores, once mined, must be 

separated from host rock (beneficiation) and milled into smaller pieces for further 

processing.29 REE mineral deposits may also have high uranium and thorium 
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concentrations, resulting in large volumes of hazardous waste.7, 15, 17 Monazite, a rare 

earth phosphate (~70% REO by weight) and one of the mined REE minerals, contains 

high levels of thorium (4-12 wt. %) and uranium (usually lower but up to 14 wt. %).30 

Our research addresses an important knowledge gap in the fly ash REE recovery 

field. First, prior to this research, there was no comprehensive survey or REE content in 

U.S.-based coal fly ashes. Numerous previous studies have investigated individual high 

REE coal deposits around the world and measured the REE content of laboratory ashes, 

but few focused on REE in power plant fly ashes. For instance, elevated REE 

concentrations have been reported in the Russian Far East coal deposits2, coals from 

Western Siberia31, the Jungar coalfields (Inner Mongolia)32-35, the Heshan and Fusui 

coalfields in southern China36, 37, the Songzo coalfield38, Eastern Yunnan coals39, and 

Kentucky Fire Clay coal.1, 40, 41 While crucial to our geological understanding of REE 

occurrence in coals, these deposits do not necessarily reflect the coal sources from which 

the majority of fly ash is derived.  

Those studies that analyzed real power plant fly ashes used samples from only a 

handful of U.S. and international power plants, so the results may not be representative 

of generic U.S. fly ashes.1, 42-44 Thus, the typical REE contents in coal fly ash have not been 

comprehensively documented or compared amongst the major types of coal feedstocks 

and power plant configurations that determine fly ash composition. The aim of Chapter 

2 of this research was to conduct a broad survey of REE content in U.S. power plant fly 
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ashes and use the results to identify trends in REE content and recovery potential 

(measured as extraction efficiency by concentrated HNO3 digestion) based on major 

oxide composition and source coal basin.  

Second, little research has been conducted on optimizing the extraction of REEs 

from fly ash and other coal combustion residuals (CCRs). Chapter 3 of this research aims 

to address this gap by testing sinter-based methods for REE recovery from fly ash and 

determining the effects of industrially-relevant parameters on  extraction efficiency.  

Metals recovery from coal and coal combustion products is not a new idea. There 

is precedent for resource recovery from coal and CCRs, including germanium extraction 

from coal; proposed aluminum recovery operations; and production of gallium, silicon, 

and aluminum from coal ash at a pilot plant in China.18, 45, 46 While past studies have 

assessed the REE content of power plant fly ashes from an analytical perspective, further 

research is still needed to identify and refine promising extraction procedures.44, 47  

We chose to investigate sinter-based methods due to the efficacy of the Na2O2 

sintering used for REE quantification in Chapter 2. Previous studies on alumina 

extraction from fly ash also shaped our choice of methods because they target the 

aluminosilicate glass that is the predominant phase in fly ash. Unlike more volatile 

elements which adsorb to ash, REE are entrained in the ash particles, meaning that 

extraction methods must leach the entire particle and not just surface-bound species.43  
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Acid digestion methods have been used to successfully recover alumina from 

coal fly ash.48-52 However, we chose not to pursue acid digestion methods for REE 

recovery due to the low REE recoveries (<50% for most ash samples) of our HNO3 

digestions. Sintering methods for alumina recovery involve roasting fly ash at elevated 

temperatures (typically >1100°C) with calcium additives (primarily CaO).49, 51, 53, 54 High 

recoveries at lower temperatures (300-400°C) are possible using NaOH/Na2CO3 

mixtures55 or by sintering with ammonium sulfate prior to leaching.56 Sinter-based 

methods are more promising for REE recovery from fly ash because they convert the 

abundant aluminosilicates in fly ash into forms that can be leached.  

Past Al-recovery processes can be loosely categorized as minimum-treatment57-59 

and maximum-recovery methods60, 61 (e.g. alkaline sintering), pitting lower reagent 

usage against higher extraction efficiency. Although sintering requires both alkaline 

reagents and additional acid to neutralize them, we felt that this was justified due to 

their ability to convert fly ash aluminosilicates to more soluble forms.51, 62 The potential 

of sinter-based methods for REE extraction from coal fly ash has not been explored. The 

objective of Chapter 3 of this research was to determine the suitability of these methods 

for REE recovery, to examine the importance of extraction conditions for maximizing 

REE recovery, and to understand the trade-offs for materials and energy consumption.  

Finally, one of the gaps in the literature that Chapter 4 of our research hopes to 

address is the discrepancy between bulk and microscale REE investigations. Multiple 



 

10 

modes of REE occurrence have been reported in coal fly ashes using a variety of 

techniques ranging from the nanometer to bulk scale. Previous studies have performed 

bulk REE determinations and extractions, but there are fewer microscale investigations 

of REE in fly ash to compare against.3, 40, 46, 47 Microscale distinctions in REE speciation 

that are overlooked by bulk analyses may impact REE extraction efficiency.  

Several studies point to REE being entrained in the fly ash glass phase rather 

than surface-bound. Unlike more volatile metals (e.g. As, Se), which condense on the 

exterior of ash particles, REE partition into the melt during combustion and are 

incorporated directly into the fly ash. Electron microprobe wavelength dispersive 

elemental mapping using Ce as a proxy for REE showed that Ce was distributed 

throughout the fly ash glass rather than concentrated in mineral phases.43 

Another study using Sensitive High Resolution Ion Microprobe – Reverse 

Geometry (SHRIMP-RG) with a 15-μm spot size found that REE reside primarily in the 

aluminosilicate glass.63 This was consistent with our findings that total REE content was 

correlated with fly ash Al-oxide content.47 Al-Si-only cenospheres, the most abundant 

fraction of fly ash, had REE distributions mirroring the bulk sample. Ca- and Fe-

enriched glasses were had elevated REE concentrations relative to the bulk sample while 

quartz and high-Si glass were REE-depleted. The similarity and uniformity of the bulk 

and glass phase REE distributions suggests partitioning of REE into the glass phase 

rather than the existence of separate REE trace phases.  
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However, other studies suggest that nanometer-scale REE enrichment may 

complement glass-hosted REE. Optical microscopy-based studies identified discrete 

monazite particles in fly ash samples, suggesting that REE trace phases may survive 

combustion and become incorporated into fly ash (albeit with size reduction due to 

thermal shock).64 Nanometer-scale REE-enriched domains were also observed using 

high resolution transmission electron microscopy (HR-TEM), including REE in the 

amorphous carbon deposits surrounding fly ash particles.65 The differing modes of REE 

occurrence observed at different scales and between different studies highlights the need 

for further study of REE speciation in fly ash.  

1.3 Objectives and Hypotheses 

1.3.1 Chapter 2 Objective 

This study was among the first broad surveys of REE content in U.S. coal ashes 

(>150 coal ash samples from 22 power plants). Although the ashes of several high-REE 

coal deposits around the world had been characterized in previous studies, there had 

been no comprehensive investigation of the REE content in generic U.S. fly ashes.1, 2, 44 

We compared three methods for extracting and quantifying REE in coal ashes: 

hydrofluoric/nitric acid (HF/HNO3) digestion, sodium peroxide (Na2O2) sintering with 2 

M HNO3 leaching, and heated HNO3 digestion. We assessed accuracy based on percent 

recovery of a fly ash standard reference material (NIST SRM 1633c) with known trace 
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metal concentrations. We identified correlations between feed coal origin, major oxide 

content, REE content, and HNO3 extraction efficiency in our sample set.  

1.3.1.1 Hypothesis 1A 

We expected that Appalachian Basin coal ashes would have the highest total REE 

content of ashes in our sample set. The Kentucky Fire Clay coal, known for its unique 

REE enrichment, is from the Central Appalachian coal basin. 

1.3.1.2 Hypothesis 1B 

We expected that sodium peroxide (Na2O2) sintering would be as accurate as 

HF/HNO3 digestion for quantifying REE in fly ash because it is a USGS (United States 

Geological Survey) method developed for analysis of REE in coal fly ash.66-68  

1.3.1.3 Hypothesis 1C 

We expected that ash characteristics such as REE content, major oxide 

composition, and HNO3-extractable REE content would be related to one another 

because they all depend on feed coal origin. Fly ashes inherit REE from the parent coal, 

whose REE content is determined by the geological environment and history of the coal 

deposit.1, 41, 42 The percentages of Si-, Al-, Fe-, and Ca-oxide phases that comprise fly ash 

particles also vary regionally by coal basin, suggesting that major oxide and REE levels 

might be correlated. Previous studies have shown that REE are dispersed within the fly 

ash particles, so we predicted HNO3-extractable REE content would depend on ash 

solubility, which is related to major oxide content.    
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1.3.2 Chapter 3 Objective 

We tested the effectiveness of sinter-based extraction methods for recovering 

REE from coal ash, using the USGS Na2O2 sintering method and previous fly ash 

alumina extraction methods as starting points. In our experiments, we varied extraction 

parameters such as sinter flux, flux-to-ash ratio, temperature, and leachate pH to 

determine if reagent and energy consumption could be reduced without significantly 

compromising REE recovery. We measured extraction efficiency against the total REE 

content of the ash samples, determined previously by HF/HNO3 digestion.   

1.3.2.1 Hypothesis 2A 

We expected that alkaline sintering reagents would enable high REE recoveries 

using 1-2 M HNO3 in the leaching step without requiring heated digestion or 

concentrated acids. Our initial Na2O2 sintering experiments demonstrated that after 

sintering, leaching with 2 M HNO3 could recover >90% of total REE in fly ash, whereas 

concentrated HNO3 digestion at 95°C recovered <50% of total REE. Previous alumina 

extraction studies also showed that alkaline sintering of fly ash converted insoluble 

aluminosilicates to more leachable forms, suggesting that REE recovery from those 

phases would also be improved by sintering.  

1.3.2.2 Hypothesis 2B 

We hypothesized that excess sintering flux would not be necessary to obtain high 

REE recoveries, just enough for thorough mixing and reaction with the ash. The USGS 
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Na2O2 sintering method uses a 6:1 flux-ash ratio because it was developed for accurate 

analysis, not efficiency. Reducing the flux-to-ash ratio will make sintering methods more 

economically feasible by reducing reagent use, which is a primary cost-driver.  

1.3.2.3 Hypothesis 2C 

We predicted that lower sinter temperatures would cause lower REE recoveries 

by decreasing the reactivity of the sintering reagent. As shown in previous studies, 

thermal activation of fly ash by chemical additives during sintering converts 

aluminosilicates to soluble forms, which enhances metal recovery by leaching processes.   

1.3.2.4 Hypothesis 2D 

We expected that increasing the leachate pH would decrease REE recovery. Our 

previous research showed that REE recovery from fly ash requires leaching the entire 

particle because REE are entrained in the glass phase. Therefore, REE extraction 

efficiency depends on the molarity (and hence pH) of the acid-leaching solution.  

1.3.2.5 Hypothesis 2E 

Based on our previous HNO3 digestions, we anticipated that Powder River Basin 

ashes would have higher REE recoveries than eastern U.S. (i.e. Appalachian and Illinois 

Basin) fly ashes for most sinter methods. Past alumina recovery studies also observed 

superior recoveries for western U.S. coals due to their higher Ca-oxide content.51, 69, 70  
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1.3.3 Chapter 4 Objective 

We investigated the location and speciation of REE (specifically yttrium) in coal 

fly ash using a combination of bulk and microscale analysis methods. The small spot size 

of micro-focus techniques (μXRF and μXANES) allowed us to identify and determine 

the speciation of individual high-Y points, which provide better signal. Bulk analyses 

(SSE, XRD, bulk XANES) captured the dominant Y speciation but grain-scale 

distinctions were lost.  

X-ray absorption spectroscopy (XAS) is an element-specific method that 

measures X-ray absorbance by the sample when high-energy X-rays promote inner shell 

electrons to higher orbitals in the element of interest. Based on their electron 

configurations, each element has unique “absorption edges,” or jumps in X-ray 

absorbance that occur at specific energies and correspond to individual electron 

transitions. Operators scan the sample through a continues range of X-ray energies 

above and below the absorption edge, using a monochromator to tune the incident beam 

to the desired wavelengths. Detectors monitor X-ray absorbance over the energy range 

by measuring either loss of transmittance due to excitation of electrons in the sample or 

fluorescence of the sample when relaxation of excited electrons emits X-rays.  

X-rays absorption near-edge spectroscopy (XANES) focuses on the region of the 

spectra extending 50 eV below and above the absorption edge. It provides the local 

coordination environment (binding geometry) and oxidation state of the element of 

interest. Our XANES analyses focused on yttrium because it is a critical REE and one of 
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four REE (Y, La, Ce, Nd) in our samples with high enough bulk concentrations (>100 mg 

kg-1) to collect clean XANES data. Most importantly, it is completely free from spectral 

interferences at the Y K-edge (17,038 eV). The absorption edges and fluorescence lines of 

most REE are obscured by those of more abundant trace elements our samples or 

clustered too closely with those of other REE to be useful. For both bulk and micro-focus 

Y-XANES, we collected spectra for the fly ash samples and relevant yttrium compounds 

(Y2O3, Y3Al5O12, Y3Fe5O12, YF3, YPO4, Y2(CO3)3, Y2(SO4)3, Y-doped glass, Y-doped 

hematite, and the REE mineral monazite). We used linear combination fitting of the 

standard spectra to the sample spectra to estimate Y speciation.   

1.3.3.1 Hypothesis 3A 

We expected that sequential selective extraction recoveries of most elements 

would be significantly higher for the Powder River Basin ash. Western U.S. fly ashes, 

such as those derived from Powder River Basin coals, are known for their high Ca-oxide 

content and solubility relative to eastern U.S. ashes (Appalachian and Illinois Basin 

sources). Our HNO3 digestions of U.S. coal ashes and subsequent sinter experiments 

demonstrated that Powder River Basin ashes are significantly more leachable than 

Appalachian or Illinois Basin ashes.47  
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1.3.3.2 Hypothesis 3B 

We anticipated high recoveries for volatile elements such as As and Se because 

they are surface-bound. Volatile elements remain in the flue gas longer and adsorb to the 

exterior of the fly ash particles rather than becoming entrained in them.  

1.3.3.3 Hypothesis 3C 

We expected that substituting oxalic acid for acetic acid in the second sequential 

extraction step (which targets the acid-soluble and exchangeable fraction) would 

increase both overall REE recoveries and REE recoveries for that step. Oxalic acid was 

selected for its high Al3+ affinity and its ability to decompose amorphous 

aluminosilicates. Previous studies have shown that REEs are dispersed throughout the 

fly ash glass phase, so targeting this phase with oxalic acid should improve REE 

recovery.43, 63, 64  

1.3.3.4 Hypothesis 3D 

We expected that yttrium would be an appropriate proxy for all REE due to their 

similar geochemical behavior. Sequential extraction recoveries for yttrium mirrored 

those of the lanthanides, indicating that they were hosted in the same fly ash fractions.   

1.3.3.5 Hypothesis 3E 

We anticipated that bulk Y-XANES and μXRF maps would indicate distribution 

of REE throughout the fly ash, consistent with previous studies which found REE 

dispersed in the glass phase.43, 63 We selected yttrium as a proxy for REE because it is a 
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critical REE with enough abundance in our samples to generate clear XANES data and 

because the Y K-edge (17,038 eV) is free from interferences. 

1.3.3.6 Hypothesis 3F 

We expected that the speciation of Y hotspots identified in the fly ash thin 

sections would differ from bulk ash Y speciation. Previous microscale studies have 

shown that REE are present as fine minerals dispersed in the glass phase, suggesting 

that microscale Y speciation is obscured during bulk analyses. 
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2. Survey of Rare Earth Element Content in U.S.-Based 
Coal Combustion Fly Ashes 

2.1 Introduction 

Coal combustion residuals (CCRs) are an economic and environmental burden in 

the United States due to their abundance and potential to leach toxic metals at disposal 

sites. However, coal ash has also been effectively reused for commercial purposes. A 

proposed application is to mine coal ash for rare earth elements (REEs), which are 

critical to the automotive, energy, electronics, and defense industries. REEs consist of the 

lanthanide series, yttrium, and scandium. (“Total REEs” refers to all 16 elements, herein, 

unless otherwise noted. Promethium is not included as it does not occur naturally.) 

REEs are more abundant than precious metals, with total REE average crustal content 

between 160 and 205 mg kg-1.71-74 However, REEs are not found in nature as pure metals 

and must be isolated from the host minerals, which do not often occur in easily 

exploitable deposits.6, 75, 76 REEs also do not occur individually as mineral constituents 

due to their chemical similarity.30 There are approximately 200 rare earth minerals, but 

only bastnaesite, monazite, xenotime, and ion-adsorbed clays are mined for commercial 

REE production.11 Currently, >86% of REE production, nearly half of known reserves, 

and most REE processing and separation occur in China.15 With this monopoly and 

recent instabilities in the REE global supply market, the United States government has 

outlined the need for alternative sources5, especially for critical elements such as Nd, Eu, 

Tb, Dy, Y, and Er.77  
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The U.S. generates more than one-third of its electricity from coal19. As a result, 

115 million metric tons (t) of CCRs are generated annually, and this sum includes 45 

million t of fly ash. Only 45% of CCRs are reused for applications such as concrete and 

other construction materials.20 The remainder is held in landfills or wet impoundments 

where the leaching of toxic trace elements (e.g. As, Se) is a concern for groundwater and 

surface water quality.24-26 Ash impoundments are also susceptible to catastrophic 

failures, resulting in large ash spill events such as at the Tennessee Valley Authority 

Kingston Fossil Plant in 2008 and at the Duke Energy Dan River Steam Station in 2014.25-

27 The magnitude of these spills and the heavy economic and environmental costs 

associated with disposal have renewed efforts to find beneficial reuse opportunities that 

extend the value chain for coal ash.  

The recovery of REEs from fly ash has several notable advantages over 

traditional REE ores. First, it is a readily available waste product with strong 

environmental incentives and an established market for beneficial reuse. Second, fly ash 

does not require extensive excavation, which is capital intensive and can be 

environmentally destructive. REE mines can generate large volumes of waste rock with 

high contents of uranium and thorium, a challenge with respect to radioactive wastes.7, 

15, 17 Finally, fly ash is a fine powder, which makes it ideal for chemical processing and 

eliminates several costly ore processing steps (although it does preclude most physical 
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beneficiation of the ash).29 There is already precedent for metal recovery from fly ash, 

including gallium, germanium, and aluminum.18, 45  

While there are potential advantages, the economic feasibility of REE recovery from 

coal ash is uncertain. This is due to a lack of information on the REE contents of the 

different coal ashes produced across the U.S. and how ash characteristics are related to 

extractability of the REEs. The REE content of coal ash depends heavily on the geological 

origin of the feed coal.1, 41, 42 Therefore, prioritization of ash sources for REE extraction 

requires an understanding of geochemical characteristics that are indicative of high REE 

content in fly ashes. Previous studies have shown that many coal deposits around the 

world contained high REE levels and the respective ashes were also enriched in REEs.7 

For example, Seredin found REE contents of up to 1290 mg kg-1 in the Pavlovka coal 

deposit (Russian Far East), with contents of up to 1% in the resulting ash.2, 7 Two studies 

of the Kentucky Fire Clay coal bed measured between 1965 and 4198 mg kg-1 REE (ash 

basis) in certain highly-enriched coal lithotypes and 1200 to 1670 mg kg-1 in fly ash from 

a power plant burning this coal source.1, 41  The Fire Clay coal is not be typical, however, 

as the REE enrichment was largely due to a volcanic ash fall during the formation of the 

coal seam.1 Recent surveys published by the U.S. Department of Energy indicated total 

REE contents (not including Sc) of 41 to 1286 mg kg-1 in U.S. coals.78 While REEs have 

been reported in laboratory-produced ashes, the REE contents of fly ashes produced at 

power plants are not widely documented, particularly for utilities in the U.S.  
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This research aimed to expand previous findings through the analysis of REEs in fly 

ashes and other CCRs obtained from a broad survey of U.S. power plants. In addition to 

the total REE content (as determined by whole rock acid digestion), nitric acid-

extractable REE content was measured to assess accessibility of REE in fly ash to 

industrially-relevant leaching processes. Trends in total and extractable REE content of 

fly ashes were examined in relation to variations in coal origin, major element content, 

and collector row at each power plant. These data were used to identify potential 

strategies to leach REEs from the ash during recovery operations and understand the 

potential valuation of the fly ash with respect to the REE reserves. 

2.2 Materials and Methods 

2.2.1 Coal Combustion Product Samples 

CCR samples were collected in the timeframe between 1994 and 2015 from 22 

U.S. coal-fired power plants located in Kentucky (13 plants); Missouri (3); Texas (3); and 

individual plants located in South Carolina, Georgia, and New Mexico (Table S1). Fly 

ash samples were also obtained in 2015 from two power plants in South Africa. Fly ash 

samples were taken from multiple electrostatic precipitator (ESP) or baghouse rows for 

most of the power plants to track fractionation of REEs in fly ash particles as they passed 

through the collection system. For many plants, ash samples were collected from 

multiple operational boilers. In addition, several plants were revisited for sampling over 

the years. The collection represented >100 fly ash samples generated from feed coals 
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from the Appalachian Basin (8 power plants), Illinois Basin (6), Powder River Basin (7), 

San Juan Basin (1), Gulf Coast (1), and a 70/30 Illinois Basin-Powder River blend (1). 

More than 20 samples of bottom ash, mechanical fly ash, silo ash, and ash from landfills 

and disposal ponds were obtained from a selection of the same power plants and were 

also analyzed for total REE and acid-extractable REE content. 

2.2.2 Materials 

Optima-grade acids and quartz-distilled water were used for all acid digestion 

procedures. Screw-cap Teflon vials (Savillex) and zirconium crucibles were used for two 

different total element analyses while 50-mL polypropylene digestion tubes 

(Environmental Express) were used for HNO3 extractions. After all procedures, samples 

were stored in 50-mL polypropylene tubes and diluted using Milli-Q water (>18 M-cm, 

EMD Millipore) and trace-grade hydrochloric acid (HCl) prior to analysis.  

2.2.3 Chemical Analysis Methods 

For total REE quantification, CCR samples (34 ± 1 mg) were digested overnight at 

90-100°C in a 1:1 mixture of concentrated HF and concentrated HNO3 (2 mL each). The 

acidified samples were then dried down completely and re-digested overnight at 90-

100°C in a mixture of 15 M HNO3 (1 mL), H2O2 (1 mL; Optima-grade, 30-32%), and 

quartz-distilled water (5 mL). Following re-digestion, the samples were diluted to 50 mL 

and metal concentrations were determined via inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7700x). Accuracy of the HF-HNO3 extraction method 
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was assessed using the National Institute of Standards and Technology (NIST) standard 

reference material (SRM) for fly ash, SRM 1633c. 

Sodium peroxide (Na2O2) alkaline sintering (as described by the U.S. Geological 

Survey66, 68, 79) was employed as a second method for total REE quantification in CCR 

samples. Ash samples (0.1 g) were placed into zirconium crucibles, mixed with Na2O2 

(0.6 g), and heated to 450°C for 30 min. After cooling, the crucibles and their contents 

were submerged overnight in 20 mL of Milli-Q water. Next, the crucibles were removed 

using forceps and carefully rinsed into the leachate using 20 mL of 25% v/v HNO3. 

Samples were diluted to 50 mL for storage and ICP-MS analysis using Milli-Q water.  

Acid-extractable REE content was estimated using heated HNO3 digestion.  Ash 

samples (0.1-0.5 g) were digested in 10 mL HNO3 (~15 M) for 4 hrs at 85-90°C. After 

digestion, samples were diluted for storage and ICP-MS analysis. Major element 

compositions in each sample (reported as percent oxides: SiO2, Al2O3, Fe2O3, CaO, MgO, 

Na2O, K2O, P2O5, TiO2, and SO3) were determined by x-ray fluorescence (XRF).41, 80  

During ICP-MS analyses, the primary REE interferences were oxides of lighter 

elements (including other REE). The formation of these oxides in the plasma was 

monitored using the 156/140 mass ratio (CeO/Ce) as a proxy and kept below 2% for all 

ICP-MS runs. Common polyatomic interferences of other elements (e.g. As, Fe) were 

minimized by introducing helium to the collision cell. Doubly charged interferences (for 

Se) were counteracted using hydrogen as a reaction gas in the collision cell. Reportable 
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lower limits of quantification for REE were in the single-digit parts-per-trillion range 

(we defined this as 10 times the instrument detection limit). For all analyses, measured 

REE values were about an order of magnitude higher than the limit of quantification.   

2.2.4 Statistical Analyses 

Data analyses were performed using the statistical software R.81  Non-parametric 

statistical tests were used because the data (as a whole and for each basin) were not 

normally distributed as determined by the Shapiro-Wilk test in R. An initial Kruskal-

Wallis test was used to determine if grouping the samples by coal basin yield significant 

differences between groups (defined as p < 0.05) with respect to total REE content, the 

percentage as the critical REEs (Nd, Eu, Tb, Dy, Y, and Er), and the HNO3-extractable 

REE (content and % of total). If significant differences were found, Dunn’s test was used 

for post-hoc multiple comparisons to determine which basins differed and how. The 

Wilcoxon rank-sum test (Mann-Whitney U test) was used to test for significant 

differences between individual pairs of coal basins (defined as p < 0.05). 

2.3 Results 

2.3.1 Comparison of HF/HNO3 Digestion and Alkaline Sintering 

  In the HF/HNO3 digestion of the fly ash SRM, the recovery (n = 9 digestions) of 

individual REEs was between 89.2% and 102.4% (94.9% on average) for those REEs with 

reference and information mass fraction values (Sc, La, Ce, Nd, Sm, Eu, Tb, Dy, Yb, and 

Lu)(Figure A-1). The alkaline sintering method had similarly high recoveries for REEs in 
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the fly ash SRM (average recovery between 85.8% and 101.3% of SRM values for 

individual REE, 126.2% for Sc). However, for a subset of fly ash samples tested for this 

study, the sodium peroxide sinter method recovered only a fraction of the REE value 

determined by the HF digestion (Table A-2). Therefore, all total REE values reported 

herein refer to the HF/HNO3 digestions.  

2.3.2 Rare Earth Recovery Statistics 

  Total REE content of CCR samples in this study ranged from 200 to 1220 mg kg-1 

with a median of 481 mg kg-1 (Figure 2-1). More than 40% of samples exceeded 500 mg 

kg-1. For most power plants in which multiple fly ash samples were taken, only marginal 

differences were observed in total REE content of fly ashes collected on the same date 

from different ESP or baghouse rows of the same boiler unit (Figures A-2 and A-3). This 

relatively constant REE content with respect to ESP/baghouse row is consistent with 

findings from a previous study.41 In contrast, the contents of other trace elements such as 

arsenic, selenium, lead, and gallium (which are known to be more volatile than REEs in 

coal combustion flue gas41) increased with ESP collector row (Figure A-4).  

Based on these observations, total REE contents for samples from multiple rows 

were averaged to produce a single value representing the fly ash generated by that 

boiler unit at the time of sampling. Data shown in Figure 2-1 are these average values 

with their respective standard deviations (Note: several boiler units were revisited for 

sampling). These averaged REE values were used for the statistical evaluations. 
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Figure 2-1: Critical and extractable fractions versus total REEs (including 

lanthanides, Y, and Sc) in coal ash samples as: (A) critical REEs (Nd, Eu, Tb, Dy, Y, 

and Er); and (B) the nitric acid-extractable REEs. Samples are labeled by coal basin: 

Appalachian (App), Illinois Basin (IL), Power River Basin (PRB), Gulf Coast (GC), 

San Juan (SJ), and the Highveld/Witbank coalfields of South Africa (RSA). Closed 

symbols represent fly ash; open symbols are other types of CCRs (stoker ash, 

economizer ash, mechanical fly ash, bottom ash, silo ash, pond ash, landfill ash, and 

FGD waste). Error bars are mean ± standard deviation (n = 2-12) of samples collected 

from multiple ESP and baghouse rows of the same plant, boiler, and sampling date. 
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The fraction of critical REEs (Nd, Eu, Tb, Dy, Y, and Er) in U.S. CCRs ranged 

from 28.5% to 41.0% with a median of 36.5% (Figure 1A). In the three fly ash samples 

from South Africa, 30.4% of the REE total was comprised of the critical elements. These 

percentages are consistent with previously reported values in fly ashes from Poland 

(35.6-36.1%) and the U.K. (33.4-35.8%).44 The critical REE content of Chinese coal ashes 

was generally lower (16.8-41.2%) while the critical REE content of Russian (31.5-63.2%) 

and Mongolian (48.6%) coal ashes greatly exceeded the samples in this study due to 

their very high yttrium content (up to 3540 mg kg-1 in Russian coal ashes).7   

  The heated nitric acid extraction efficiency relative to total REE content was 

highly variable, ranging from 1.6% to 93.2% with a median value of 29.6% (Figure 2-1B). 

In absolute terms, the HNO3-extractable REE mass content ranged from 7.4 mg kg-1 to 

372 mg kg-1 with a median of 126.9 mg kg-1.   

2.3.3 Visible Differences by Coal Basin 

  As shown in Figure 1, the total REE content, critical REE (%), and extractable REE 

(%) for all CCR samples appeared to cluster according to the origin of the feed coal used 

to produce the ash samples. Fly ash samples represented the largest proportion of the 

CCR samples. Therefore, we examined the fly ash data further by feed coal origin 

(Figure 2-2, Table A-3). 

 The total REE content of fly ash samples differed significantly by coal basin 

(Tables S4 and S5). Fly ashes from Appalachian basin coals had significantly higher total  
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Figure 2-2: Fly ash REE parameters by feed coal origin: Appalachian Basin (App), 

Illinois Basin (IL), and Powder River Basin (PRB). (A) Total REEs (lanthanides, Y, and 

Sc); (B) critical REEs (Nd, Eu, Tb, Dy, Y, and Er); (C) and (D) HNO3-extractable REE 

content. Each data point represents the average of samples from multiple ash collector 

rows of the same power plant, boiler, and sampling date. Letters (e.g. “a” and “b”) 

denote statistically-significant differences between groups (see Table A-4 for 

summary statistics). 
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REE content (591 ± 98 mg kg-1) than those of Illinois Basin (403 ± 119 mg kg-1) and 

Powder River coals (337 ± 69 mg kg-1). The median difference (Hodges-Lehmann 

estimator) in total REE between Appalachian and Powder River ashes was 228.7 mg kg-1; 

the median difference was 197.3 mg kg-1 for Appalachian and Illinois Basin ashes. Total 

REE content of Illinois Basin and Powder River coal ashes were not significantly 

different from each other (p = 0.37, Table A-4). Differences between each coal basin 

group for the non-parametric analysis are listed in Table A-4.  

The critical REE content (as a percentage of total REE) differed significantly 

between coal basins (Kruskal-Wallis test, χ2 = 15.8, p = 3.8 × 10-4). Powder River basin 

ashes had significantly lower critical REE percentages than ashes from Appalachian 

coals (median difference of 3.82%) or Illinois Basin coals (median difference of 3.39%). 

Appalachian and Illinois Basin ashes did not differ significantly in critical REE content 

(median difference of 0.11%, p = 0.78). The nitric acid-extractable REE percentage also 

differed significantly by coal basin (Kruskal-Wallis test, χ2 = 18, p = 1.2 × 10-4), with the 

extractable REE fraction in Powder River basin coal fly ashes exceeding those of Illinois 

Basin and Appalachian coals (Figure 2-2C, Table A-4). The median differences in 

extractable REE percent between Powder River Basin ashes and ashes from Appalachian 

and Illinois Basin sources were 36.3% and 42.1% respectively. The median difference 

between Appalachian and Illinois ash percent extractability was only 7%. 
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2.3.4 Differences in Oxide Composition by Coal Basin 

As can be seen in Figure 2-3, the major elements comprising the fly ash samples 

differed significantly by coal basins (Table A-5). Appalachian coal fly ashes had 

significantly higher SiO2 and Al2O3 content relative to both Illinois Basin and Powder 

River coal ashes (Table A-4). Illinois Basin coal ashes had significantly higher Fe2O3 

content than Appalachian or Powder River ashes (median differences of 10.9% and 

13.6%, respectively). Powder River ashes were characterized by high CaO content (21% 

and 20% median difference with Appalachian and Illinois Basin ashes, respectively). 

These major element signatures of the Appalachian coal fly ash (high Si and Al, low Ca), 

Illinois Basin coal fly ash (high Fe, low Ca), and Powder River coal fly ash (low Si and 

Al, high Ca) are consistent with expectations for these coal sources.82 

2.4 Discussion 

2.4.1 Total REE Content and Trends in Fly Ash 

  Our examination of the total REE contents in the samples of this study suggested 

trends according to origins of the feed coal. The Appalachian and Powder River ashes 

formed two distinct clusters (Figure 2-1) while Illinois Basin ashes straddled the two 

groups. Approximately 70-80% of the U.S. coal production occurs in mines located in 

these three basins.83 The markedly higher REE content of fly ashes derived from 

Appalachian coals suggests that ashes from Appalachian sources should be prioritized 

in any REE recovery scheme. Importantly, the elevated REE contents in Appalachian  
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Figure 2-3: Major oxide composition of fly ash samples grouped according to the 

origin of the feed coal: Appalachian (App), Illinois Basin (IL), and Powder River 

(PRB). Each data point represents the average of samples from multiple ash collector 

rows of the same power plant, boiler, and sampling date. Letters (e.g. “a” and “b”) 

denote statistically-significant differences between groups (Table A-4) 
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coal ashes were present across a variety of coals burned by six different utility power 

plants between 1994 and 2014. This implies that generic coals burned in the U.S. (not just 

specific coal seams such as the Fire Clay Coal) can produce fly ashes with >500 mg kg-1 

total REE (>600 mg kg-1 as total rare earth oxides). While these values do not meet the 

cutoff grade of >1000 mg kg-1 (expressed as rare earth oxide) suggested by Seredin and 

Dai (2012), they still represent significant added value to other metal recovery 

operations (e.g. aluminum recovery with simultaneous REE extraction).7 

Total REE content also correlated strongly with the fraction of aluminum oxides 

comprising the fly ash (r2 = 0.71) (Figure 2-4A). This trend suggests that the same 

geological factors responsible for determining aluminum oxide content in coal ashes 

may have an influence on REE enrichment. However, it is not clear whether these 

processes are related or simply the result of the source coal geology. 

When normalized to the REE content of the upper continental crust (UCC)84, 85,  

individual REEs showed differing enrichment trends between coal basins (Figure A-5). 

The medium and heavy REE, especially Gd, tended to be enriched in Appalachian basin 

coal ashes, relative to light REEs. Illinois Basin and South African ashes were also 

enriched in Gd but otherwise light, medium, and heavy REEs had similar enrichment 

factors. Powder River Basin ashes had mostly even enrichment across REEs relative to 

the UCC. A notable exception is an observed enrichment of Eu; however, we cannot rule 

out the possibility that this data reflects 137Ba16O interference during ICP-MS analyses.  
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Figure 2-4: REE and major oxide correlations. Total and extractable REE content of 

coal fly ashes depended on the major oxide composition of the ash. (A) Higher Al2O3 

content (as observed in Appalachian Basin fly ashes) correlated with higher total REE 

levels. (B) High CaO content indicated greater extractability via HNO3 digestion. The 

coal sources were Appalachian (App), Illinois Basin (IL), Powder River Basin (PRB), a 

blend, San Juan basin, Gulf Coast, and the Highveld/Witbank coal fields in South 

Africa (RSA). 

 

 Fly ash represents a complex mixture of the unburned coal material along with 

glassy aluminosilicate particles that condensed in and were captured from the flue gas 

stream. Little is known regarding which components of the fly ash matrix may be 

enriched with REEs, if at all. The lack of difference in REE contents as a function of 

ESP/baghouse row implies that the REEs were not partitioning onto the fly ash particles 

from the gas phase. This process is known to occur with volatile elements such as 

arsenic, selenium, lead and gallium, which tend to adsorb to particle surfaces at cooler 

temperatures, resulting in higher contents in fly ash collected at later rows (shown in 
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Figure A-4).41 Instead the REEs are likely distributed throughout the glassy particles, as 

demonstrated in a previous study that examined the distribution of cerium within cross-

sections of two fly ash samples.43 Future investigations into the mineralogy and 

speciation of REEs in fly ash could provide insight into the correlations between REE 

and other elemental contents as well as methods for extraction. 

2.4.2 Critical Rare Earth Fraction 

  The 16 REEs are typically grouped together because of their co-location in 

geological media. However, the abundances of individual REEs relative to each other do 

not coincide with their utility. The supply challenges are primarily for the critical REEs 

whereas excessive REEs (e.g., Ce, Ho, Tm, Yb, and Lu) are produced in surplus. 7 

  The data in this study demonstrated that the critical REEs were greatest for the 

Appalachian and Illinois basin samples relative to the Powder River Basin samples. 

Regardless of the differences in critical REE contents of the various coal basins, the 

balance of critical and excessive REE in the coal ashes studied was superior to those of 

bastnaesite ores currently being mined, including the world’s largest REE deposit at the 

Bayan Obo formation in China, which has less than 10% critical REE.7 Although the 

absolute REE contents in fly ash were approximately two orders-of-magnitude less than 

those of conventional ore, the higher fraction of critical REE in fly ash may represent a 

major advantage. Continued  REE production from the same deposits may not alleviate 

the shortage of critical REEs and could result in the overproduction of excessive REEs 
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(particularly cerium).11 Our findings show that the coal fly ashes currently being 

produced in the U.S. would provide more than three times the critical REE mass per kg 

of total REE extracted than conventional ores. This makes fly ash an attractive source for 

REE if the cost per kg of REE extracted can match that of REE mining (the cost of which 

will increase as REE mineral deposits are exhausted).   

2.4.3 REE Reserves and Valuation in Fly Ash 

  The total REE “reserve” available in the fly ash depends not only on the content 

of REEs in the ash, but also on the quantity of available fly ash. In 2014, 46% of fly ash 

produced in the U.S. was reused for beneficial purposes such as construction and road 

materials while the remainder was generally disposed (Table A-6).21 Assuming that the 

origin of the fly ash reflected the relative coal production by coal basin (22.3% in 

Northern/Central Appalachia, 11.7% Illinois, and 36.1% Powder River for 2013)86, then 

the amount of unused fly ash produced annually is approximately 5.5, 2.9, and 8.9 

million t for the Appalachian, Illinois, and Powder River Basin coals, respectively (Table 

A-6). After converting the measured contents of each REE to rare earth oxide (REO) 

units (Table A-7), we estimate that the annual total tonnage of rare earths (reported as 

REO) in the unused fly ash is 4000 t for the Northern and Central Appalachian Basin, 

1280 t for the Illinois Basin, and 3630 t for the Powder River Basin, for a total of ~8910 t 

as REO (Table A-8). This total fly ash “reserve” of REOs produced annually at U.S. coal-

fired power plants is the same order of magnitude for annual REO production at the 
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Mountain Pass Mine (3473 t REO in 2013; 4769 t in 2014).87 (Note that this mine ceased 

operations in 2015 due to bankruptcy filings by the parent corporation).  

  The total annual value of the rare earths derived from unused fly ash in the U.S.s 

estimated at $4.3 billion, based on 2013 prices for select REOs (Table A-8). This value is 

an overestimate because not fly ash may be suitable for REE recovery. However, legacy 

ash ponds and other impoundments are an additional resource that were not included 

in this calculation.   

  REO value per metric ton of ash was $329 for Appalachian-derived ashes, $238 

for Illinois Basin ashes, and $203 for Powder River ashes (Table A-9). These per-ton REO 

values provide a basis for evaluating fly ash as an alternative REE resource. The costs of 

recovery, which would include transportation as well as separation technologies, should 

be scaled in relation to this valuation. Moreover, only a subset of fly ashes would be 

feedstock candidates, as shown by the variations of REE contents and extractability in 

this study. Therefore, these valuations will require adjustments according to the 

recovery technologies that are currently under development. Other opportunities for 

added value, such as the recovery of other metals and reuse opportunities for wastes 

after extraction, will need to be incorporated in the REE recovery process. 

  This analysis also shows that the potential value of the REEs in fly ash is driven 

by specific elements. The high value of scandium ($3700-5000 per kg in 2011-13, $5500 in 

late 2017) and high price of critical REEs such as neodymium, dysprosium, europium, 
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and terbium (Table A-10), contribute to >80% of the overall REE value in fly ash (Tables 

A-8 and A-9). This underscores the importance of the higher critical REE fraction in fly 

ash, which is one notable advantage over conventional ores. Efforts to optimize and 

commercialize REE recovery processes may benefit by focusing on these elements.  

  The other major contributor to the total value of REE in fly ash is the sheer 

volume of the fly ash waste stream. While the REO value per metric ton of fly ash is only 

a few hundred dollars, the amount of fly ash generated and not reused is substantial: 

~27 million metric tons per year. Moreover, in the U.S. coal ash is disposed of in ~1000 

landfills and surface impoundments, which have been accumulating coal combustion 

residuals for years, and sometimes for decades.88 Waste management rules recently 

issued by federal and local authorities could provide additional incentives for REE 

recovery, particularly for ash impoundments that need to be excavated.   

2.4.4 Nitric Acid Extractable Rare Earth Content 

The REE resource potential for fly ash strongly hinges on the ease of extraction 

from the ash. The HNO3-extractable REE content in the coal ashes of our sample set 

varied considerably and was not necessarily related to the total REE content. For 

example, the sample with the highest total REE content (1220 mg kg-1) was a stoker ash 

from a Kentucky power plant burning an Appalachian Basin coal (Figure 2-1). However, 

only 3% of the total REEs in this sample was extracted via heated nitric acid.  
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In contrast, the fly ashes derived from Powder River basin coals were among the 

lowest in total REEs for all fly ash samples (Figure 2-2A). However, these samples were 

notable for their superior recovery by HNO3 extraction (Figure 2-2C). These results 

coincided with their significantly higher calcium content (Figure 2-4B). This trend could 

be due to the high Ca content of Power River Basin-based coals and their respective 

ashes. For Illinois Basin ashes, the acid extractable REE fraction appeared to correlate 

with the Ca-oxide content, whereas this relationship was not apparent for Appalachian 

fly ashes. Calcium-bearing phases are likely to be more soluble in nitric acid than the 

other major oxides comprising fly ash, such as silicon and aluminum oxides. It is not 

clear, however, if the REEs were present in the Ca-bearing phases of the fly ash particles. 

Previous research has indicated that REE are dispersed throughout the glassy matrix of 

the fly ash particles.43 Therefore, high calcium content likely caused a greater fraction of 

each ash particle to dissolve during the nitric acid extraction process, perhaps exposing 

more surface area that could release REEs from the fly ash matrix. If the REEs were 

diffusely distributed within coal ash particles, one could expect an increase in specific 

surface area for the particles to lead to gains in REE recovery. Historically, one of the 

primary difficulties in extracting metals from fly ash has been incomplete dissolution. 

New REE recovery technologies could address this challenge by focusing on methods to 

decompose the overall fly ash matrix rather than dissolve the individual REE-bearing 

minerals entrained within the aluminosilicate glasses.  
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The concentration of REEs in the HNO3 leachate before dilution was typically 

between 3 and 7 mg L-1 (~10 mg L-1 for Powder River ashes). It should be noted that the 

ratio of acid (10 mL) to sample mass (~0.1 g) was chosen to optimize analysis, not 

extraction efficiency. Future development of leaching methods will need to minimize 

costs of reagents for the extraction processes. The fly ashes with high Ca contents might 

have an advantage in this respect in that sufficiently high extraction efficiencies could be 

achieved with smaller volumes of acid. 

Overall, the results showed that ashes with high calcium content (e.g. class C fly 

ashes) such as those derived from Powder River Basin coals may be promising for REE 

extraction despite their lower overall REE levels. Notably, the extractable mass 

concentrations of REE for Powder River fly ashes were not significantly different from 

the extractable REE mass for Appalachian ashes (Figure 2-2D, Table A-4). This suggests 

that higher extraction efficiency may be able to compensate for lower REE content in 

some ashes. Illinois Basin ashes had significantly less extractable REE mass than either 

Appalachian or Powder River Basin ashes (Table A-4), indicating that ashes from this 

coal source may be the least promising of the three major basins.  

Due to the non-specific nature of the nitric acid digestion, many elements were 

leached from the fly ash in addition to the REE, and often in higher concentrations. 

Major impurities in the leachate include those elements comprising the fly ash particles 

themselves: Na, K, Al, K, Ca, and Fe (Si was not measured but is also expected in high 
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concentrations). Trace elements of interest present in concentrations comparable to or 

exceeding total REE concentrations included Sr, Ba, V, Cr, Mn, and As. Co, Ni, Cu, Ga, 

and Mo concentrations did not exceed total REE concentrations but were close to the Ce 

concentration. Some impurities, such as Ga, are valuable themselves. Nitric acid 

digestion was highly effective at mobilizing As and Se from the fly ash, recovering more 

than 80% of the total in most samples. These preliminary results suggest that recovery of 

REE from coal fly ash would reduce the toxic metal content of ash, lowering the risks of 

disposal or reuse. However, these leachate impurities and large acid volumes are major 

challenges that need to be addressed in the development of recovery technologies.        

2.5 Implications for Fly Ash as an Alternative REE Resource 

  This research represents one of the first extended studies reporting REE contents 

and their extractable fraction for a broad variety of coal ashes generated at power plants 

across the United States. These results demonstrated the widely variable total REE 

contents that appeared to depend on the origin of the feedstock coal to produce the ash. 

Power plants do not always burn coal from one source and typically change suppliers 

over time and burn blends of coals. Nevertheless, characteristics of the fly ash product 

(e.g., major element content) are often quantified by ash producers and recyclers to 

determine suitability for the resale market. In this case, the percent major oxides 

reported by XRF data could provide indications of REE content, extractability, and other 

insights for power plants burning multiple coal sources.  
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  The results of this study also highlight the importance of extraction efficiency in 

REE recovery in addition to total REE content. To take advantage of the higher REE 

content identified in Appalachian Basin ashes, it will be necessary to develop scalable, 

high-efficiency recovery processes. These processes might need to be tailored specifically 

to the type of fly ash. Outside of the Powder River samples, nitric acid digestion was not 

an efficient means of leaching REE from fly ash. The maximum recovery by nitric acid 

for all non-Powder River ashes was only 44.1% and many recoveries were significantly 

lower, even though heat (85-90°C) and concentrated (~15 M) HNO3 were used. In 

contrast, the Na2O2 sinter pretreatment with 25% v/v (~4 M) HNO3 leaching yielded 

much greater recoveries (usually >80% of HF values). The dramatic increase in REE 

extractability from Na2O2 sintering (as compared to HNO3 digestion alone) suggests that 

pretreatment with an alkaline agent (such as lime roasting, a common metallurgical 

process) would be an effective way to liberate REEs without resorting to HF digestion, 

which is too hazardous for large-scale industrial use.  

In summary, the ease of extractability may matter more than the total REE 

content, which has been the major focus thus far in the literature. More attention is 

needed for improved extraction methods. The economic feasibility and environmental 

sustainability of coal fly ash as an alternative REE resource will hinge upon future 

developments in scalable recovery technologies.  
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3. Effects of Sintering and Leaching Parameters on 
Extraction of Rare Earth Elements from Coal Fly Ash 

3.1 Introduction 

Rare earth elements (REEs, here to include the 14 stable lanthanides, yttrium, and 

scandium) are irreplaceable materials with diverse applications in the optics, 

automotive, electronics, energy, and defense industries, including clean energy 

technologies.8, 29, 71 REE can be subdivided into heavy (HREE) and light (LREE) groups 

based on atomic weights or into critical (Y, Nd, Eu, Tb, Dy, Er), uncritical (La, Pr, Sm, 

Gd), and excessive (Ce, Ho, Tm, Yb, Lu) categories based on abundance and utilization.7 

Increasing worldwide demand and projected supply risk for critical REEs have spurred 

investigation of alternative sources, including coal deposits and coal combustion 

products.7 Elevated REE concentrations have been reported in the Russian Far East coal 

deposits,2 coals from Western Siberia,31 numerous coalfields throughout China,32-39 and 

the Kentucky Fire Clay coal.1, 40, 41 Combustion concentrates the trace metals in the 

residual ash, up to >0.1% wt. for REEs in some cases.89 Fly ash is the most abundant 

waste material generated from the combustion of coal, with >750 million tonnes 

generated annually worldwide.28 This massive waste stream, along with legacy pond 

and impoundment ashes, represents an enormous quantity of REEs if cost-effective 

extraction methods can be identified.47, 65 Additionally, many fly ashes contain a higher 

proportion of critical REE (>30% of total REE) than traditional REE-bearing ores.7, 47 
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There is already precedent for recovery of various strategic elements from coal and coal 

combustion products, including gallium, germanium, aluminum, and silicon.45, 90, 91  

Unlike volatile elements (e.g. As, Se) which exit the coal boiler as gases and 

condense on fly ash surfaces, REEs are distributed throughout the aluminosilicate glass 

that is the predominant phase in fly ash.43, 63 Moreover, REE contents are generally 

consistent among fly ashes from different collector rows and among fly ash particles of 

different size fractions, suggesting that REEs are incorporated into the fly ash sooner 

than volatile elements in the ash collection system.92 Nanoscale REE enrichment and 

distinct REE-bearing minerals have been observed in fly ash, suggesting that REE may 

be present as fine minerals dispersed in the glass phase.64 These results corroborate our 

previously reported data showing a strong positive correlation between Al-oxide and 

REE content in fly ashes.47 That REEs are primarily hosted in glass phase means that 

aggressive extraction methods are required to break down the glass.    

Several studies investigated REE in power plant fly ashes from a characterization 

perspective, but further research is needed to identify and refine scalable REE 

extractions.44, 47 Methods developed for recovering alumina from fly ash are a logical 

starting point because they target the aluminosilicate glass where REEs reside. The Al 

extraction literature follows two main paths: direct HCl or H2SO4 leaching or sintering 

with CaO, NaOH, Na2CO3, CaSO4, and/or (NH4)2SO4 followed by acid leaching.93 Low 

temperatures (<100°C) and dilute acids were not effective at breaking down 
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aluminosilicates to recover Al.48, 50-52 Strong acid or base and temperatures of 150-300°C 

are required to dissolved the amorphous phases50 and decompose acid-resistant mullite 

into soluble forms of Al.48, 49, 55, 94, 95 Sinter-based methods use high temperature (400-

1200°C) reaction of fly ash with Ca or Na compounds (usually CaO) to form acid-soluble 

calcium aluminates.51, 54, 60, 61, 69, 94, 96-98 Sodium-containing additives such as Na2CO3 and 

NaOH have also been used alone or in combination with CaO to improve Al extraction53, 

99, 100 and require lower thermal activation temperatures than CaO.55, 99 Ammonium 

sulfate sintering was also effective at extracting Al at lower temperatures of 400°C.56 

Although intended to recovery Al, these methods may apply to REE recovery 

because they target the aluminosilicate fraction of the fly ash. Our earlier attempts to 

recover REEs via HNO3 digestion showed that extraction methods must decompose the 

fly ash particles to access the REEs. For fly ashes from eastern U.S. coals, acid leaching 

was not sufficient unless the ashes were first pre-treated by sintering with sodium 

peroxide (Na2O2) based on the U.S. Geological Survey (USGS) method for elemental 

analysis of REE in coal fly ash.66, 67 Both acid- and sinter-based methods for recovering Al 

from coal fly ash at an industrial scale are hampered by high energy requirements and 

reagent usage.54 We chose to pursue sinter-based methods following the success of the 

Na2O2 sintering, which produced higher REE recoveries by water leaching at ambient 

temperature than had been achieved by heated HNO3 digestions without sintering.  
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The aim of this research was to test the suitability of alkaline sinter-based 

methods for recovering REE from coal fly ash, to examine the importance of extraction 

conditions for maximizing REE recovery, and to explore trade-offs in materials and 

energy consumption. We modified this approach by testing a variety of flux reagents 

(Na2O2, CaO, Na2CO3, CaSO4, (NH4)2SO4, and NaOH) that could be less expensive 

alternatives to Na2O2. The sinters were tested on several different coal fly ashes to reflect 

the geological composition of three major U.S. coal-producing regions. Follow-up 

experiments tested extraction conditions, including roasting temperature, flux mass 

relative to ash mass, and leachate acidity.  

3.2 Materials and Methods 

3.2.1 Coal Combustion Residual Samples 

Seven coal ash samples (Table 3-1) were selected from a larger collection of >100 

samples for which we previously reported total REE content and other characteristics.47 

In this study, we tested a fly ash reference material (NIST 1633c) and four fly ash 

samples obtained from electrostatic precipitators of power plants burning coals from the 

Central Appalachian Basin (App-FA1 and App-FA3), Illinois Basin (IL-FA1), and 

Powder River Basin (PRB-FA1). We also tested a pond ash (App-PA) and a stoker ash 

(App-SA) from plants burning Appalachian Basin coals. Samples were selected for REE 

content (>400 mg kg-1), geological origin (three major U.S. coal basins), and ash type 

(stoker, ESP, silo, and pond ash). The samples were collected from power plants in 
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Table 3-1: Sample characteristics for sinter experiments. REE values are mean ± standard deviation (n = 3). SRM elemental 

composition values are taken from CANSPEX 2008-4 Round Robin Results and reported as most likely value ± pooled 

between-lab standard deviation (n > 50 labs).101 Extractable REE calculated by heated digestion in concentrated HNO3. All 

values in this table were reported previously.47 

      Elemental Composition (%) Rare Earth Elements 

Sample 

ID 

Sample 

Number 

Plant ID 

(Location) 

Feed 

Coal 

Basin 

CCR Type Year SiO2 Al2O3 Fe2O3 CaO 
Total 

(mg/kg) 

Critical 

(%) 

HNO3-

Extractable 

(%) 

SRM NA NA App fly ash 2011 
49.0 ± 

1.28 

26.2 ± 

0.82 

16.2 ± 

0.81 

1.99 ± 

0.14  

579 ± 

22.8 

39.3 ± 

1.59 
33.2 ± 10.1 

App-FA1 93938 
I 

(Kentucky) 
App 

fly ash, 

boiler 1 ash 

storage silo 

2014 54.1 28.43 10.9 1.28 
703 ± 

0.31 

35.3 ± 

0.08 
16.7 ± 0.59 

App-FA3 93932 
W (South 

Carolina) 
App fly ash 2014 54.21 28.4 7.6 4.01 

669 ± 

5.12 

36.7 ± 

0.16 
43.7 ± 2.17 

App-SA 93962 
KS 

(Kentucky) 
App stoker ash 2015 54.02 33.06 5.85 1.59 1222 38.42 3.22 ± 0.40 

App-PA 93965 
C 

(Kentucky) 
App pond ash 2015 57.4 28.7 5.72 1.32 531 36.2 23.2 

IL-FA3 93964 
H 

(Kentucky) 
IL 

fly ash, 

boiler 3 
2015 48.5 23.1 22.2 1.89 524 38.5 12.7 

PRB-FA1 93966 
DE 

(Texas) 
PRB fly ash 2015 38.3 22.5 5.21 22.9 

406 ± 

7.05 

35.0 ± 

0.14 
52.4 ± 6.06 
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Kentucky, South Carolina, and Texas in 2014 and 2015. Bulk Si, Al, Fe, and Ca content 

(determined by X-ray fluorescence), total REE content (determined by HF/HNO3 

digestion), and HNO3-extractable REE content are shown in Table 3-1.   

3.2.2 Materials 

Trace-grade acids and Milli-Q water (>18 M-cm, EMD Millipore) were used for 

all digestions, leaching procedures, and analyses. Zirconium crucibles (5 mL, ESP 

Chemicals) were used for all sinters. Samples were leached and stored in 50-mL 

polypropylene tubes prior to analysis and diluted using Milli-Q water and trace-grade 

acids. Na2O2 (95%) and CaO (reagent grade) were purchased from Alfa Aesar. Powdered 

NaOH (97%, reagent grade) was purchased from Sigma Aldrich. Anhydrous Na2CO3 

(proteomics grade) was purchased from VWR Life Sciences. CaSO4 dihydrate powder 

(100.0% Analytical Reagent grade), (NH4)2SO4 (99.5% Analytical Reagent grade), and 

NaOH pellets (99% ACS Analytical Reagent grade) were purchased from Mallinckrodt 

Chemicals. 

3.2.3 Sinter Method for REE Recovery 

The sinter technique was modified from a USGS sodium peroxide (Na2O2) 

alkaline sintering method developed for analysis of REEs in geological samples.66-68 Ash 

samples (0.1 g) were placed into 5-mL zirconium crucibles, mixed with 0.6 g flux, and 

heated at 450°C for 30 min. After cooling, the crucibles and their contents were 

submerged overnight in 20 mL of Milli-Q water. The crucibles were then removed using 
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forceps and carefully rinsed into the leachate using 20 mL of 2 M HNO3. Samples were 

further diluted with 10 mL of Milli-Q water for storage and REE analysis.  

The effect of flux-to-ash ratio was tested for CaSO4, CaO, Na2CO3, NaOH, and 

Na2O2 by using only 0.1 g of flux per 0.1 g of ash (a 1:1 ratio) rather than 6:1 flux-to-ash 

ratio used earlier. All other conditions (temperature, duration, leaching solution) were as 

previously described.  

NaOH-based sinters (1:1 flux-ash ratio) were further tested at different roasting 

temperatures: 150°C, 250°C, 350°C, and 450°C. After a 30-min roasting period, the 

samples were leached overnight with 20 mL of Milli-Q water and acidified with 20 mL 

of 1 M HNO3. Sintering at >450°C was not attempted due to temperature limitations of 

our muffle furnace and the material stability of the zirconium crucibles in an oxygenated 

atmosphere above ~500°C.  

The importance of leachate pH after sintering was tested with silo ash App-FA1. 

Ash (0.2 g) was roasted with NaOH at 450°C for 30 min, at three NaOH-ash mass ratios 

(6:1, 1:1, and 1:2). The sintered ash was leached with 50 mL HNO3 solutions at various 

concentrations: 2 M, 0.366-0.916 M, 0.06-0.61 M, and 0.0501-0.6001 M HNO3 (see Table 

S1). The latter three molarity ranges were calculated to achieve final leachate pH values 

of 0.5, 2, and 4 after neutralizing the NaOH. Target leachate pH values of 2 and 4 were 

tested because downstream REE separation and purification processes perform best in 

less acidic conditions than 2 M HNO3 leachate.  
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3.2.4 REE Analyses 

  Aliquots of extraction samples were diluted 100- to 500-fold in 2% HNO3/0.5% 

HCl (v/v%) solution and analyzed for trace element content via inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent 7900). The instrument was operated in 

helium collision cell mode for analysis of REEs; uranium (U); thorium (Th); transition 

metals; and other selected trace elements such as As, Mo, Sr, and Ba. Hydrogen reaction 

gas mode was used for Si, Ca, and Se analysis. An internal standard solution (500 ppb 

103Rh and 115In) was introduced online during analysis and the conversion of MS signal 

to element mass was corrected based on the internal standard recovery. Instrument 

calibrations were performed with certified ICP-MS standards and tested with a drinking 

water trace metal standard reference material (CRM-TMDW-A). The measured element 

concentrations in the sinter leachates were normalized to ash dry mass. Recoveries were 

determined by comparing these values to the total element content as determined by 

HF/HNO3 digestion in our previous study.47 

3.2.5 Statistical Analyses 

  Statistical analyses were conducted using the statistical software R (R Project, 

https://www.r-project.org/).81 Non-parametric tests were chosen because the data were 

not normally distributed. The Kruskal-Wallis test was applied to determine if significant 

differences (defined as p < 0.05) existed between treatments and/or samples with respect 

to total REE percent recovery, critical REE (Nd, Eu, Tb, Dy, Y, and Er) fraction, and the 

https://www.r-project.org/
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relative recovery of Th and U. If significant differences were found, Dunn’s test with the 

Benjamini-Hochberg correction was used for post-hoc multiple comparisons to identify 

which specific treatments and/or samples differed and how. 

3.3 Results 

3.3.1 Sinter Flux Comparison 

Six chemical additives were tested against Na2O2 as sinter fluxes for recovering 

REE from fly ash (Figure 3-1). As reported in Taggart et al. (2016), Na2O2 sintering is an 

accurate method for quantifying REEs in fly ash, recovering 102% to 112% of nominal 

REE values in the coal fly ash reference material (NIST SRM 1633c). Except for the 

Powder River Basin ash, the Na2O2 and NaOH sinters were best at recovering REE. 

Na2O2 sintering recovered 78.6% to 112% of total REE (determined by HF/HNO3 

digestion), but only 54.3% from stoker ash App-SA. NaOH had the highest average 

extraction efficiency, recovering 93.2% to 108% of REE (65.0% for App-SA). The Na2O2 

and NaOH sinters were highly effective at recovering REE from Illinois Basin ash IL-

FA3 (>105%) and pond ash App-PA (>90%). NaOH sintering produced the highest 

recoveries for Appalachian Basin fly ashes (97% for App-FA1 and 93% for App-FA3). 

Across the sample set, total REE recoveries for the Na2O2 and NaOH sinters did not 

differ significantly (p = 0.81). However, total REE recoveries for the Na2O2 and NaOH 

sinters were significantly higher than the CaO, Na2CO3, CaSO4, and (NH4)2SO4 sinter 

recoveries (p = 1.16 × 10-8).  
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Figure 3-1: Comparison of REE recovery from coal ash by flux sintering followed by 

acid leaching. Uppercase letters denote treatment groups with statistically-distinct 

REE recoveries. Lowercase letters denote ash sample groups with statistically-distinct 

REE recoveries. All tests were carried out using a 6:1 flux-to-ash ratio. Samples were 

sintered for 30 min. at 450°C, leached overnight with water, and then acidified with 

25% v/v HNO3. 
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Across all sinters, the Powder River Basin ash PRB-FA1 consistently had the 

highest total REE recoveries (>100%). We attribute the high extraction efficiencies of 

Powder River Basin coal ashes to the acid-leaching step rather than sintering because 

our previous work indicated high REE recoveries via heated HNO3 extraction without 

sintering.47 The elevated ICP-MS measurements for REEs for PRB-FA1 in the CaSO4 

sinter (Figure B-4) suggest that the calcium aluminate phases of the Powder River Basin 

ash were converted to highly soluble forms, which is consistent with studies indicating 

susceptibility of high-Ca ashes to sulfate attack. However, this transformation does not 

explain the extremely elevated Y and Dy measurements across all samples for the CaSO4 

sinter. Light REE oxides are known to inflate heavy REE measurements due to isobaric 

interferences, but not enough to account for the magnitude of the REE measurements or 

the specific enrichment of Y and Dy observed.   

Recoveries for the stoker ash (App-SA) were between 4.9% and 65% and were 

significantly lower than for other samples across all treatments (p < 0.05). Even Na2O2 

and NaOH, the most effective sinter fluxes, recovered only 54.3% and 65.0% of total REE 

from App-SA, respectively. We believe the low REE recoveries were due to the larger 

size of the stoker ash particles (up to 1 mm), which limited the surface area in contact 

with the sintering agent and leaching solution. In contrast, the fly ash samples 

(including silo ash App-FA1 and pond fly ash APP-PA) are fine powders. For every 

sintering agent tested, App-SA had the lowest percent REE recovery. However, it had 
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the highest absolute recoverable REE content at 795 ± 85 mg kg-1 for the NaOH sinter 

and 664 ± 72 mg kg-1 for the Na2O2 sinter (Figure B-1). This was due to its significantly 

greater total REE content: 1222 mg kg-1.  

The percent recoveries of most individual REEs were similar for the Na2O2, 

Na2CO3, and (NH4)2SO4 sinters (Figure B-2). For instance, standard deviations of 

individual REE recoveries within a given ash sample were only 2.8% to 11.5% for the 

Na2O2 sinter, 0.8% to 5.2% for the Na2CO3 sinter, and 0.8% to 13.8% for the (NH4)2SO4 

sinter. While individual REE recoveries for the Na2O2, Na2CO3, and (NH4)2SO4 sinters 

were consistent, variable trends were observed in the individual REE recoveries for the 

other sinters. Standard deviations in individual REE recovery were greater for the 

NaOH sinter (19.9% to 38.2%), CaO sinter (4.0% to 21.5%), and CaSO4 sinter (9.6% to 

42.4%). When plotted in order of atomic number, REE recoveries for the NaOH and CaO 

sinters followed a decreasing zig-zag pattern (Figure B-3) in which even atomic number 

elements (Ce, Nd, Sm, Gd, Dy, Er, Yb) were recovered more than odd atomic number 

elements (La, Pr, Eu, Tb, Ho, Tm, Lu). The REE recoveries mirrored the Oddo-Harkins 

Rule, which produces the same zig-zag pattern in the natural abundances of elements, 

suggesting that for these sinters, recovery of individual REEs may depend on their 

concentration in the ash.  

The CaSO4 sinter had abnormally high recoveries for Y (~1.3 to 2.4 times the 

average recovery of other REEs) and Dy (~2.1 to 6.2 times the average recovery of other 
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REEs) for all samples (Figure B-4). Y and Dy have similar ionic radii, which may explain 

their linked behavior but does not account for their elevated recoveries. For the Powder 

River Basin ash, the Na2O2, CaSO4, and (NH4)2SO4 sinters had lower Eu recovery relative 

to the other REEs (Figure S5). This negative Eu anomaly was caused by overestimation 

of total 153Eu during initial HF/HNO3 analysis due to 137Ba16O interference, as described 

by Taggart et al. (2016), in high Ba-content ashes such as PRB-FA1.3 At the 1:1 flux-ash 

ratio, disparities between recoveries of individual REEs were less visible (Figures B-6 

and B-7). Notable exceptions included a positive Dy anomaly for the 1:1 CaSO4 and 1:1 

Na2O2 sinters (Figure B-6) and a negative Eu anomaly for the Powder River Basin ash 

across all 1:1 sinters.  

 Although Dy and Eu anomalies are evident in the REE recovery data, they 

account for less than 5% of total REE concentrations due to the lower natural 

abundances of Dy and Eu. Overall recovery results were not significantly impacted 

because they are driven by recoveries of the more abundant REEs (La, Ce, Nd, Y). This is 

one of the rationale for using total REE percent recovery to compare between sinters 

rather than choosing a single REE as a proxy.  

3.3.2 Effect of Decreasing Flux-Ash Ratio 

Decreasing the flux-to-ash mass ratio from 6:1 to 1:1 resulted in lower total REE 

percent recovery for the Na2O2 and NaOH sinters (Figure 3-2). However, the decreases 

in REE recovery were not commensurate with the decrease in flux-ash ratio, i.e. a six- 
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Figure 3-2: Comparison of 6:1 and 1:1 flux-to-ash ratios shows that decreasing the 

amount of flux used only inhibits extraction efficiency of the most successful sinters 

by 20-30%. In some cases, REE recovery was enhanced. Uppercase letters denote 

statistically-distinct treatment groups. Lowercase letters denote statistically-distinct 

samples. All samples were sintered for 30 minutes at 450°C, leached overnight in 

water, and then acidified with 25% v/v HNO3. 
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fold decrease in reagent use did not produce a corresponding six-fold decrease in REE 

recoveries. REE recoveries for the 6:1 Na2O2 and 6:1 NaOH sinters did not differ 

significantly, but were distinct from the 1:1 Na2O2 sinter recoveries. Recoveries for the 

1:1 NaOH sinter did not differ significantly from the other Na2O2 and NaOH sinters 

(even the 6:1 ratios). NaOH sinters resulted in similar REE recoveries to Na2O2 sinters 

and NaOH is less costly than Na2O2. Therefore, our subsequent experiments testing 

extraction conditions (i.e. temperature, leachate pH) focused solely on NaOH sinters. 

For App-FA1, 6:1 and 5:1 NaOH sinters recovered 89% and 97% of REE, 

respectively. Total REE recoveries were still ~80% at a 1:1 NaOH-ash ratio and ~50% at 

the 0.5:1 ratio. For the stoker ash (App-SA), total REE recovery did not change 

significantly between the 6:1 and 1:1 ratios. For PRB-FA1, % REE recovered increased at 

the lower flux-ash ratios.  

Adopting a 1:1 flux-ash ratio for the CaO, NaCO3, and CaSO4 sinters did not 

inhibit total REE recovery, but improved it for the CaO and CaSO4 sinters (Figure B-8). 

Using NaCO3, recoveries at the 6:1 and 1:1 ratios did not differ significantly (p < 0.05) for 

any of the samples; the largest change was for ash App-FA1, which decreased from 

26.5% to 20.8%.  

3.3.3 Effect of Sinter Temperature 

As expected, REE recoveries decreased at lower sinter temperatures (Figure 3-3). 

The Powder River Basin ash was an exception; REE recovery dropped at 250°C and 
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350°C but was near 100% at 450°C and 150°C. These results were consistent with our 

observation that extractability of Powder River Basin ashes is driven by acid-leaching 

rather than by sintering. 

For the eastern (i.e. Appalachian and Illinois Basin) fly ashes, recoveries by 450°C 

and 350° sinters were significantly greater than those at 250°C and 150°C (p = 6.64 × 10-7). 

This was most evident in the pond ash (App- PA), where the high- and low-temperature 

sinters formed two distinct groups. These results suggest that for NaOH sinters, 

temperature threshold exists between 350°C and 250°C, below which REE recoveries 

drop off. This coincides with the melting point of NaOH (318°C). Above this threshold, 

the molten NaOH mixes and reacts more thoroughly with the ash and converts more of 

the aluminosilicates into acid-soluble phases, leading to higher REE recoveries during 

leaching. Our results suggest that the optimal NaOH sinter temperature for REE 

recovery is 350°C, though higher recoveries are possible at 450°C. Going beyond 450°C 

is likely to result in diminishing returns for the energy expended to raise the 

temperature. This conclusion is supported by previous research on NaOH as a fly ash 

additive, in which alumina extraction efficiency improved only marginally when 

heating beyond 400°C.55 
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Figure 3-3: Comparison of sinter temperature shows that lower temperatures result in 

lower extraction efficiency for all but the Powder River Basin ash PRB-FA1. Letters 

denote statistically-distinct temperature groups. Tests were carried out using a 1:1 

NaOH-ash ratio. Samples were sintered for 30 minutes at the prescribed temperature, 

leached overnight in water, and then acidified using 1 M HNO3. 
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3.3.4 Effect of Leaching Solution Acid Concentration 

 The effect of leaching solution acid strength on total REE percent recovery was 

tested at several NaOH-ash ratios using the Appalachian silo ash (App-FA1). Leachate 

pH had a greater impact on REE recovery than the flux-to-ash ratio (Figure 3-4A). 

Differences in recovery between the high- and low-pH leaching solutions were greater 

than those between the NaOH-ash ratios. While the HNO3 concentration for the leachate 

was varied to target specific pH values, the measured pH did not always correspond to 

the expected value (Table B-1). Still, significant differences in percent REE recovery were 

observed between leachate solutions (p = 1.13 × 10-6). In contrast, less variation in percent 

REE recovered was observed across NaOH-ash ratios (Figure B-9). We also observed 

that variation in total REE recoveries with pH or NaOH-ash ratios was lower for more 

basic pH values (pH 2.5 to 4). This suggests that acid concentration, not NaOH-ash ratio, 

controls REE recovery under these conditions. Overall, these experiments demonstrate 

the importance of leachate acidity for recovery of REEs after sintering.    

For both the 6:1 and 1:1 ratios, recoveries dropped exponentially as measured 

leachate pH increased before leveling off (Figure 3-4B). This indicates that recovery was 

linearly related to H+ molarity for these ratios (R2 = 0.993 for the 6:1 sinter and R2 = 0.984 

for the 1:1 sinter). There was a strong linear relationship between % REE recovery and 

measured leachate pH for the 1:2 ratio (R2 = 0.995). This linear relationship with 
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Figure 3-4: Effect of NaOH-ash ratio and leachate pH on % REE recovery for silo ash App-FA1. Ash and NaOH were 

mixed at the indicated ratios and sintered for 30 minutes at 450°C, then leached overnight in HNO3 solutions to reach the 

target pH. (A) Total REE recovery declined as target leachate pH rose. Error bars are standard deviation (n = 3). Measured 

leachate pH values are listed beside the bars as mean ± standard deviation (n = 6). (B) For the 0.5:1 NaOH-ash ratio, 

recovery declined linearly as measured leachate pH increased. For both the 6:1 and 1:1 sinters, there was a strong linear 

relationship between recovery and H+ molarity (10-pH).  
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measured pH may be the result of the lower recovery at pH -0.3 and higher-recovery at 

leachate pH 0.5 for the 0.5:1 ratio.   

For the 6:1 ratio, the pH -0.3 and pH 0.5 recoveries were statistically-distinct, 

while pH 2 and pH 4 recoveries overlapped (p = 0.022). Recoveries at all four leachate 

acid concentrations were significantly different for the 1:1 sinter (p = 0.016). At the 1:2 

ratio, pH -0.3 and pH 0.5 recoveries overlapped while pH 2 and pH 4 recoveries were 

statistically-distinct (p = 0.019). Recoveries for the three NaOH-ash ratios did not differ 

significantly (p = 0.346), as seen in Figure B-9.  

3.3.5 Co-Extraction of Thorium and Uranium 

Downstream separation processes for REE often concentrate Th and U in waste 

materials due to the natural occurrence of these elements alongside REE and the use of 

separation processes that may poorly select for REEs relative to Th and U. Thus, 

potential for generating radioactive wastes is a concern for REE processing facilities. In 

our experiments with the NaOH sinter method, Th was not concentrated to a 

meaningful degree relative to REEs (Figure 3-5). The Powder River ash (PRB-FA1) 

consistently had higher relative Th recovery (0.69 to 1.17) than the other ash samples for 

the various sinter reagents tested.  

The Th extraction also depended on leachate pH in some cases. For example, at a 

1:1 NaOH-ash ratio, relative Th recovery varied little between leachates, ranging from 

0.62 to 0.67 for pH values from 0.2 to 3. However, for the 6:1 flux-to-ash ratio, Th  
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Figure 3-5: Recovery of thorium and uranium relative to REE recovery. A value less 

than 1 indicates that % Th or U recovery was less than the % REE recovery while a 

value greater than 1 indicates that % Th or U recovery was greater than %REE 

recovery. All tests were conducted using a 6:1 flux-to-ash ratio, sintering for 30 min. at 

450°C, leaching overnight in water, and then acidifying with 25% v/v HNO3. 



 

64 

extraction relative to REE was 0.44 to 0.48 for the more acidic leachates, but dropped to 

zero for pH 3.9-4 leachates (Th below reportable detection limits). 

Uranium recoveries relative to REE recoveries were higher than those of Th. This 

was most evident in the CaO, Na2CO3, and (NH4)2SO4 sinters, which had relative U 

recoveries greater than or equal to REE recovery. The U recovery was equal to REE 

recovery for the Na2O2 and NaOH sinters for most samples. While we observed that U, 

and sometimes Th, were concentrated relative to REEs during extraction, the total U and 

Th contents of these coal ash samples were minor (8.4 to 18.0 mg kg-1 for U and 23.9 to 

48.4 mg kg-1 for Th). In contrast, total REE content ranged from 405 to 1220 mg kg-1, 12 to 

18 times larger than the total Th/U concentration.  Monazite, a major mineral source of 

REE (~70% wt. REO), contains much higher concentrations of Th (4-12 wt. %) and U.30 

3.4 Discussion 

3.4.1 Optimal Alkaline Sinter Conditions for REE Recovery 

The bulk of REEs in coal ash samples are embedded within the aluminosilicate 

glass rather than adsorbed to particle surfaces. Therefore, the glassy matrix of the 

particles must be broken down or transformed to leach the REEs. Thermochemical 

sintering processes were employed to decompose the aluminosilicate glass to acid-

soluble forms. Our results showed that only two sintering agents had consistently high 

REE recoveries: Na2O2 and NaOH (Figure 3-1). As expected, Na2O2 sintering resulted in 

the highest REE recoveries because it is an established method for analysis of REE in 
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coal fly ashes.66-68 However, NaOH sintering resulted in similar REE recoveries to the 

Na2O2 method, suggesting that NaOH could be a less expensive alternative for an 

industrial-scale REE recovery operation.   

We believe the effectiveness of Na2O2 and NaOH fluxes was due to their lower 

melting temperatures (460°C and 318°C, respectively) compared to other sintering 

agents tested (2613°C for CaO, 851°C for Na2CO3, and 1460°C for CaSO4). This 

conclusion is consistent with previous research showing high alumina extraction is 

possible at much lower temperatures (300-400°C) when using NaOH instead of other 

additives. Except for PRB-FA1, no sintering agents besides Na2O2 and NaOH recovered 

more than 50% of total REE. We attribute this poor extraction efficiency to the 

comparatively low temperature of our sinters.  

The exception was (NH4)2SO4, which melts between 235°C and 280°C, well below 

the 450°C sinter temperature, yet only recovered 30.2% ± 13.4% of total REE (excluding 

PRB-FA1). Although significantly lower than for Na2O2 and NaOH, REE recoveries for 

(NH4)2SO4 were consistently the highest among the remaining sintering agents tested. 

We hypothesize that the lower melting point of (NH4)2SO4 contributed to its slightly 

higher recoveries by enabling superior contact with the ash. In one alum recovery study, 

fly ash was sintered with (NH4)2SO4 at 400°C for 2 h and then microwave-digested at 

90°C with 1 M H2SO4.56 Longer sinter duration and heated or microwave-assisted 



 

66 

digestion may be the key to improving REE recoveries for (NH4)2SO4 sinters, which lack 

the strong oxidation of Na2O2 and NaOH.  

The decision to sinter at lower temperatures in this study was made for several 

reasons. First, we sought to directly compare alternative sintering agents to the USGS 

Na2O2 sinter method. Second, while these other flux reagents might be effective at 

temperatures greater than 450°C, the tradeoffs would be additional energy input 

required to reach the higher temperatures and the cost of inert reaction vessels capable 

of withstanding thermochemical alkaline decomposition at those temperatures. 

Sintering at higher temperatures would either require platinum crucibles or heating 

under an inert gas (e.g. argon or nitrogen).  

For the initial comparison of sintering agents, excess flux (6:1 mass ratio relative 

to coal ash) was used to identify the most successful additives. While this ratio is 

acceptable for analysis of small samples, processing of fly ash for metals recovery at an 

industrial scale will require a much more economical use of reagents. For this reason, 

several sintering agents were also tested at a 1:1 flux-ash mass ratio to determine 

whether REE recovery depended on an excess of flux (Figures 3-2 and B-8). We found 

that total REE recovery for the 1:1 NaOH sinter was consistently >70% and did not differ 

significantly from the mean 5:1 NaOH, 6:1 Na2O2, or 1:1 Na2O2 REE recoveries. These 

results suggest that using less NaOH does not necessarily compromise REE extraction 

efficiency. For instance, when leaching with 2 M HNO3, a six-fold reduction in NaOH 
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(6:1 to 1:1 ratio) only marginally decreased REE recovery from 90% to 80% (Figure 4). 

This is an important result because the costs of fly ash metal recovery operations have 

historically been driven by reagent consumption.60, 62, 102  

Further experiments focusing solely on NaOH sinters demonstrated that 

reducing the flux-ash ratio further to 0.5:1 led to a sharp decrease in REE recovery from 

~90% to 50% (Figure 3-4). This suggests that the threshold for flux-ash ratio is between 

1:1 and 1:2. Based on our experiments, to achieve >90% REE recovery using NaOH 

sintering, the minimum flux-ash ratio is 1:1 and minimum acid strength is ~1-2 M HNO3. 

Other changes in the sintering method may be required to maintain high REE recoveries 

at lower NaOH-ash ratios. Longer contact times and heated leaching steps produced the 

most impressive Al recoveries for both acid-leaching and sinter-based methods 48, 53. In 

future studies, longer sinters (e.g. 2 h instead of 30 min) and a heated leaching step may 

improve REE recoveries while using less NaOH. 

3.4.2 Ash Samples Differences 

Alumina extraction studies have demonstrated that the pronounced differences 

between eastern U.S. (depleted in Ca, Mg, Na) and western U.S. (enriched in basic 

elements, depleted in Al) coal ashes play a major role in element recovery, with certain 

processes more effective on Ca-rich ashes.51, 69, 70 Our own research has shown that high-

Ca western coal ashes are significantly more soluble than low-Ca eastern coal ashes.47 As 

before, the Powder River Basin sample behaved distinctly from eastern fly ashes 
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(Appalachian Basin and Illinois Basin sources). This manifested in higher total REE 

recovery, regardless of the sintering agent used (Figure 3-1). Our results suggest that 

sintering is unnecessary for Powder River Basin ashes, as acid-leaching alone can 

recover most of their REE. HCl leaching was found to be the most economical process 

for Al extraction and the same may apply for Powder River Basin ashes.62  

There are several reasons why high-Ca fly ashes such as those derived from 

Powder River Basin sources are more susceptible to acid leaching. First, the higher Ca-

oxide content of these ashes may make the particles more soluble. Particle dissolution 

directly impacts REE extraction because REEs are distributed throughout the ash 

particles rather than adsorbed. Second, where the glass phase is Ca-(Fe)-enriched, as in 

Powder River ashes, REEs are present in higher concentrations relative to the bulk ash.63 

If the Ca-(Fe)-enriched glass is more leachable than the Al-Si-only glass (which mirrors 

bulk REE concentrations and distributions), then it might partially explain why REE 

recovery for Powder River ashes is consistently so high. Finally, high-Ca ashes are 

essentially subjected to alkali sinter conditions during combustion (~1300-1700°C), 

which makes them more amenable to leaching.51   

Countering their higher extractability, Powder River Basin ashes tend to have 

lower total REE content than Illinois Basin or Appalachian Basin ashes, which results in 

comparable REE recoveries by mass (Figure B-1). Extraction efficiencies for eastern fly 

ashes can be improved by sintering with NaOH prior to acid-leaching. Whether the 
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additional recovery of REEs would merit the additional expenditure of reagents (both 

NaOH and additional acid to neutralize it) is unclear. Taggart et al. (2016) determined 

that for REE recovery from fly ash, feed coal basin mattered as much as the overall REE 

content of the ash due to the significant differences in extractability. Likewise, this study 

concludes that the geological origin of the coal contributes to REE recovery as much as 

the extraction methods themselves. Methods should be tailored to fly ash characteristics 

to maximize recovery while minimizing material and energy inputs.  

3.4.3 Thorium and Uranium Co-Extraction 

The sinter-based extractions tested in this research concentrate neither the REE 

nor other elements, but accumulation of Th and U may become an issue when purifying 

and concentrating the leach liquor following the initial extraction. Designers of 

downstream processes should be aware that U, Th, and other potentially hazardous 

elements are mobilized along with REE because the extraction process is non-selective. 

More research is needed to understand the environmental trade-offs of recovering 

metals from fly ash. By removing hazardous elements from fly ash, the residual ash may 

be safer to dispose of. However, liberating hazardous elements and concentrating them 

during the purification process may be more environmentally damaging. Future studies 

should explore the physical and chemical characteristics of the residual ash after 

sintering and leaching to determine what environmental hazard remains. 
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3.5 Conclusion 

Our research compared the effectiveness of several sintering fluxes for 

recovering REE from coal combustion ashes. We also tested the effects of variables 

relevant to industrial scalability. Overall, NaOH sintering was as effective as the USGS 

method for analysis of REE in coal fly ashes (using Na2O2). Decreasing the flux-to-ash 

ratio by a factor of six only caused a 10-20% decrease in REE recoveries, suggesting that 

reagent consumption (a large cost-driver) can be limited while maintaining extraction 

efficiency above 50%. The acid leaching solution also played a key role in extraction 

efficiency. Decreasing the leachate acid concentration below 1 M or 2 M HNO3 solutions 

sharply decreased REE recovery for the Appalachian ash tested. Likewise, decreasing 

sinter temperature below the melting point of NaOH inhibited REE recovery. REE 

recoveries for the Powder River Basin ash were governed by the acid-leaching step and 

not affected by the choice of sintering agent or flux-ash ratio. We recommend that acid-

digestion techniques be employed to extract REEs from Powder River Basin coal ashes 

while alkaline sintering should be reserved for more recalcitrant eastern coal ashes.   
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4. Differences in Bulk and Microscale Yttrium and REE 
Speciation in Coal Fly Ash 

4.1 Introduction  

Rare earth elements and yttrium (REY) are critical materials in the defense, 

electronics, energy, optics, and automotive industries. Coal combustion fly ash is one 

potential alternative source for REY, with some ashes exceeding 0.1% total REY content 

by weight.2, 7, 47 For many U.S.-generated coal fly ashes, REY are moderately enriched 

relative to upper continental crust (UCC) values. Given the vast quantities of coal fly ash 

produced each year, this waste stream represents a significant mass of REY if they can 

be efficiently extracted. The degree of REY enrichment in fly ash corresponds to the 

geological origin of the coal feedstock; in the U.S., ashes derived from Appalachian and 

Illinois Basin (i.e. eastern U.S.) coals have significantly higher REY content than those 

derived from Powder River Basin (i.e. western U.S.) coals. However, the mass of acid-

extractable REY is often similar for eastern and western U.S. coal ashes due to the high 

leachability of REY in Powder River Basin coal ashes. Appalachian- and Illinois Basin-

derived ashes require more aggressive methods to decompose the aluminosilicate 

glasses (such as alkaline sintering) for effective leaching of the REY into solution. The 

disparate REY recovery methods from different ash samples highlight the need to better 

understand rare earth speciation and modes of occurrence in fly ashes. Information on 

the dominant REY-bearing phases of fly ash and the general and localized speciation of 

the REY can help inform REY extraction techniques for recovery purposes.   
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Previous studies have shown several modes of occurrence for the REY that 

include forms evenly distributed throughout the glassy matrix of the fly ash as well as 

discreet mineral phases within the ash matrix.43, 64 For example, one study utilized 

electron microprobe wavelength dispersive elemental mapping to show that cerium 

(measured as a proxy for all REY) was dispersed throughout the glassy matrix of the fly 

ash particles.43 Lack of REY concentration by fly ash beneficiation processes suggests 

that REY minerals may not be the predominant REY species in fly ash. More recent 

microscopy studies indicated that some REY trace phases from the coal such as monazite 

crystals may persist in the ash but are fragmented due to thermal shock.64 REY 

nanoparticles may also contribute to REY enrichment in coal ash in the absence of 

discrete REY mineral phases.65 Analysis by SHRIMP-RG ion microprobe (15-μm spot 

size) found that Fe- and Ca-enriched aluminosilicate glass phases of fly ash were 

enriched in REY relative to the bulk ash while the quartz was consistently depleted.63 

The high-Al glass phase mirrored the bulk REY distribution. Collectively these findings 

indicate that REY reside in the aluminosilicate glass, the most abundant component of 

fly ash. However, because microscopy-based studies entail spot measurements within a 

highly heterogeneous ash matrix, it is unclear if these analyses are representative of the 

total element speciation in the sample. 

The objective of this research was to examine and compare the speciation of REY 

in coal combustion fly ashes, with a focus on yttrium, through a combination of bulk 
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and micro-scale approaches. In this study, sequential extractions were used to determine 

the fraction of REY and other elements associated with the major operationally-defined 

phases of fly ash: water soluble, exchangeable/acid soluble, reducible, and oxidizable.  

Yttrium K-edge X-ray absorption near-edge spectroscopy (XANES) was also 

used to complement the determination of REY-bearing fractions via sequential 

extraction by investigating the speciation of REY in fly ash. Yttrium was selected as a 

proxy for the other REY because its concentration in fly ash is suitable for X-ray 

absorption spectroscopy (XAS), it is a critical REY, and it lacks spectral interferences at 

the K-edge (17,038 eV). We expected bulk XAS to show that yttrium was associated with 

the glassy aluminosilicate phase in fly ash rather than as a distinct yttrium mineral. We 

hypothesized that there would be greater variation in yttrium speciation observed using 

micro-XANES because individual high yttrium mineral particles could exist in the fly 

ash sample without influencing the bulk spectra. By exploring both the distribution and 

speciation of REY in fly ash using the above techniques, we hope that recovery processes 

can be designed that require lesser amounts of strong acids and bases.  

4.2 Materials and Methods  

4.2.1 Materials 

Fly Ash Samples. For sequential extractions, three coal fly ash samples were 

chosen from the ashes characterized in our previous survey of REY in U.S.-based coal 

combustion residuals (CCRs).47 Each sample was derived from coal from one of three 
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major U.S. coal basins: the Appalachian Basin, Illinois Basin, and Powder River Basin. 

Samples were chosen to be representative of CCRs currently being produced from these 

coal sources. Samples were also selected for their high REY content (400-800 mg kg-1).   

For X-ray fluorescence (XRF) and yttrium XANES, the sample set was expanded 

to include three additional Appalachian Basin ashes (two electrostatic precipitator ashes 

and one pond ash), another Illinois Basin ash, a second Powder River Basin ash, and a 

power plant ash from South Africa produced from South African coal. A summary of 

samples characteristics is found in Table 4-1.   

Extraction Reagents. All sequential extraction solutions were prepared using 

quartz-distilled water. Nitric acid (≥65%, TraceSELECT Ultra) was produced by Fluka 

Analytical. Glacial acetic acid (≥99%, ReagentPlus) was produced by Sigma-Aldrich. 

Oxalic acid dihydrate (Rectapur® grade) and hydrogen peroxide (30.3%, AnalaR 

NORMPUR®) were produced by VWR Prolabo. Hydroxyl-ammonium chloride (≥99.0%, 

GR for analysis: ACS, ISO, Reag. Ph Eur) and ammonium acetate (≥98.0%, GR for 

analysis: ACS, ISO) were produced by Merck.  

XANES Standards. A variety of yttrium compounds thought to mimic yttrium 

species in fly ash were chosen as XANES standards. Yttrium oxide (Y2O3), yttrium 

phosphate (YPO4), yttrium carbonate hydrate (Y2(CO3)3∙XH2O), yttrium sulfate 

octahydrate (Y2(SO4)3∙8H2O), yttrium iron oxide nanoparticles (Y3Fe5O12), and yttrium 

aluminum oxide nanoparticles (Y3Al5O12) were purchased from Sigma Aldrich. A natural  
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Table 4-1: Sample characteristics for speciation analyses. All ashes were power plant ashes generated in the U.S. except 

for one from South Africa. Feed coals originated from the Appalachian Basin (App), Illinois Basin (IL), and Powder River 

Basin (PRB) in the U.S. and the Witbank/Highveld coal fields in South Africa (W/H). REY values are mean ± standard 

deviation (n = 3 measurements). Total REY values were quantified by heated HF/HNO3 digestion. Extractable REY were 

quantified by heated digestion in concentrated HNO3. All values in this table were reported in Taggart et al. (2016) under 

the sample numbers listed. 

 
 

    
Elemental Composition (%) Rare Earth Elements and Y 

Sample 

ID 

Sample 

No. 

Plant ID 

(Location) 

Feed 

Coal 

Basin 

CCR Type Year SiO2 Al2O3 Fe2O3 CaO 
Total 

(mg/kg) 

Critical 

(%) 

HNO3-

Extractable 

(%) 

APP-FA1 93938 
I 

(Kentucky) 
App 

fly ash, boiler 

1 storage silo 
2014 54.1 28.4 10.9 1.28 

703 ± 

0.31 

35.3 ± 

0.1 
16.7 ± 0.6 

APP-FA2 93963 
H 

(Kentucky) 
App 

fly ash, boiler 

2 
2015 52.1 26.5 14.1 2.05 655 38.3 19.5 

APP-FA3 93932 
W (South 

Carolina) 
App fly ash 2014 54.2 28.4 7.6 4.01 

669 ± 

5.1 

36.7 ± 

0.2 
43.7 ± 2.2 

APP-PA 93965 
C 

(Kentucky) 
App pond ash 2015 57.4 28.7 5.72 1.32 531. 36.2 23.2 

IL-FA1 93895 
H 

(Kentucky) 
IL 

fly ash, boiler 

3, ESP row 2 
2013 45.7 21.2 26.4 1.87 554 38.1 26.7 

IL-FA3 93964 
H 

(Kentucky) 
IL 

fly ash, boiler 

3 
2015 48.5 23.1 22.2 1.89 524 38.5 12.7 

PRB-FA1 93966 
DE 

(Texas) 
PRB fly ash 2015 38.3 22.5 5.21 22.9 

406 ± 

7.1 

35.0 ± 

0.1 
52.4 ± 6.1 

PRB-FA2 93973 
SC 

(Georgia) 
PRB fly ash 2015 39.2 20.7 5.98 22.4 384 36.1 53.3 

RSA-FA1 93969 
MA (South 

Africa) 
W/H 

fly ash, 

classified 
2015 53.7 31.5 3.68 4.98 622 30.4 20.4 
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monazite (most commonly (Ce, La, Nd, Th)PO4) sample was obtained from our 

collaborators at the University of Kentucky Center for Applied Energy Research while 

yttrium-doped glass and yttrium-doped hematite were synthesized in lab. The yttrium-

doped glass was synthesized using a modified sol-gel method with yttrium added to the 

synthesis solution.103 The hematite was synthesized using a modified method from 

Sapieszko and Matijevic.104, 105 Briefly, an Fe(III) chloride solution spiked with yttrium 

was mixed with EDTA in an alkaline media. The solution was autoclaved for 1 hr and 

the resulting precipitate was centrifuged (4000 × g) and washed with 18.2 MΩ water to 

remove any residual salts. The washed sample was heated at 550° C for 3 hrs and a 

reddish-brown powder was formed and identified by x-ray diffraction (XRD). 

4.2.2 Sequential Selective Extractions 

The sequential extraction procedure was adapted from the Revised BCR method, 

a standard procedure proposed by the Community Bureau of Reference for the analysis 

of sediments. In our procedure, we exposed three fly ash samples (Appalachian silo ash 

APP-FA1, Illinois Basin ESP ash IL-FA1, and Powder River Basin fly ash PRB-FA1) to a 

series of leaching solutions: distilled water (F1), 0.11 M CH3COOH (F2), 0.5 M 

NH3OH∙HCl adjusted to pH 2 using HNO3 (F3) and 30% H2O2 followed by 1.0 M 

CH3COONH4 adjusted to pH 2 using HNO3 (F4). Ash samples (5 g) were placed in 500 

mL round-bottomed polypropylene vessels with 200 mL of extractant solution. The 

containers were sealed with Parafilm and mixed end-over-end overnight (~16 h). After 
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centrifuging for 1 h at 3000 × g, the extractant solution was carefully decanted and 

replaced with 100 mL of distilled water. The samples were then mixed end-over-end for 

1 h, centrifuged for 1 h at 3000 × g, and decanted. Extractant solutions were diluted into 

2% HNO3, 0.5% HCl solution for major and trace element concentration analysis.  After 

each extraction step, a small aliquot of the ash (~100 mg) was collected and dried for 

later analysis by X-ray diffraction (XRD). The remaining solids were then exposed to the 

next extractant reagent and the leaching/centrifugation process was repeated. Recoveries 

were calculated relative to HF/HNO3 digestions performed separately and reported in 

our previous study.47 For one sample (APP-FA1), the sequential extraction procedure 

was repeated except that 0.11 M oxalic acid (still adjusted to pH 2 using HNO3) instead 

of acetic acid was used in the F2 step. 

Oxalic acid was chosen due to its high affinity for aluminum and ability to 

dissolve aluminosilicates, which are the dominant component of fly ash particles. We 

hypothesized that oxalic acid would dissolve more of the aluminosilicate glass, making 

a greater fraction of the REY leachable. We also predicted that this would cause 

noticeable differences in XRD patterns between the acetic and oxalic acid treatments.  

After each extraction, a small sample of the residual ash was dried and analyzed 

using XRD to determine the effects of sequential extraction on the fly ash mineral 

phases. The background signal from the amorphous phases of the fly ash was subtracted 

to normalize all diffractograms. XRD diffractograms of the original and extracted fly ash 
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samples were collected on a Panalytical X’Pert Pro MPD instrument equipped with an 

X’Celerator detector and Co-Kα radiation source (= 1.79 Å). Samples were scanned 

over a 2θ range of 5° to 75° with a step size of 0.033°. Untreated fly ash samples were 

ground using a mortar and pestle and then packed into back-loading sample holders for 

XRD analysis. Leached fly ash samples collected after each extraction step were dried, 

ground, and dispersed with ethanol on zero-background silicon discs which were then 

mounted to sample holders. XRD diffractograms were analyzed using X’Pert Highscore 

Plus v2.2b and the ICDD PDF-2 database (2003).  

4.2.3 Bulk XANES and μXAS 

Bulk yttrium speciation was analyzed by Y K-edge XANES collected in 

fluorescence mode on Beam Line 11-2 at the Stanford Synchrotron Radiation Lightsource 

utilizing a Si(220) phi=0 crystal and a harmonic rejection mirror set to 20 keV. A 

germanium 100-element detector was used to collect fluorescence data along with an Al 

foil and a Sr filter to reduce the fluorescence signal of the other elements and scatter 

peak, respectively. Yttrium energy calibration was performed with a Y metallic foil and 

the derivative of the first inflection point calibrated to 17,038 eV. All samples were 

collected using a liquid nitrogen cryostat (77K). The fly ash samples were prepared for 

analysis by first grinding with mortar and pestle. The powdered samples were packed 

into aluminum samples holders and covered with Kapton tape. Y-XANES spectra were 

also collected for yttrium reference compounds, including Y2O3, YPO4, Y3Al5O12 
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nanoparticles, Y3Fe5O12 nanoparticles, Y2(CO3)3 ∙ 3H2O, Y2(SO4)3 ∙ 8H2O, and YF3, all of 

which were purchased from Sigma Aldrich. These yttrium standards were diluted in 

boron nitride, ground, packed into aluminum sample holders, and covered with Kapton 

tape. Several additional yttrium standards intended to mimic yttrium occurrence in 

various fly ash phases were used including monazite, yttrium-doped glass, and yttrium-

doped hematite. Yttrium standards were analyzed in transmission mode (Figure C-5).  

XANES spectra were collected for bulk ash samples before and after extraction 

with oxalic acid (separate from the sequential extraction samples). The ash samples were 

extracted overnight with 1 M oxalic acid, rinsed with MilliQ water, allowed to dry, and 

loaded into sample holders as described previously. Separate samples of the three fly 

ashes used for sequential selective extractions (App-FA1, IL-FA1, PRB-FA1) were also 

extracted overnight with 1 M acetic acid and then characterized by bulk XANES.  

Both µXRF and µXANES were conducted on Beam Line 2-3 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) utilizing a Si(111) phi=0 crystal and a vortex 

silicon drift detector. The µXRF measurements were performed at an x-ray energy of 

17,100 eV. The spot size was nominally 5 μm by 5 μm.  All micro-XRF and micro-

XANES were collected using thin sections (30 μm thickness) prepared by Spectrum 

Petrographics. Resultant fluorescence maps were analyzed using Sam’s MicroAnalysis 

Toolkit (SMAK).106 The same yttrium reference compounds utilized for bulk Y-XANES 

were also analyzed by micro-XANES (Figure C-5).  
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4.2.4 Linear Combination Fitting 

Spectra normalization and linear combination fitting were performed using the 

software Athena.107 The linear combination fitting range was 17,008 eV (30 eV below the 

Y K-edge) to 17,158 eV (120 eV above the Y K-edge). Principal component analysis 

(PCA) suggested that the samples contained no more than three or four distinct species. 

Based on separate PCA results for the bulk and micro-focus spectra, combinations of up 

to three standards were tested for the μXANES spectra and combinations of up to four 

standards were tested for the bulk XANES spectra. Fits were selected to minimize both 

the R-factor (Table C-2) and the number of standards. For each fit, an additional 

reference was added if any of the three following conditions were true: (i) R-factor 

decreased by 20% or more, (ii) the modeled spectrum was visually significantly better, 

(iii) the additional reference has a contribution equal to or higher than 10%. 

4.3 Results 

4.3.1 Leaching Potential by Sequential Selective Extractions 

  The sequential extractions revealed three major trends in the extractability of 

elements in power plant fly ash generated from the coals of three different U.S. coal 

basins (Figure 4-1). First, the Powder River Basin ash (Figure 4-1B) had much higher 

total recoveries (the sum of the F1, F2, F3, and F4 fractions) than the Illinois or 

Appalachian Basin ashes. This was true for most elements measured, but was 

particularly evident for REY; about two-thirds of the total REY were recovered from the 
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Powder River Basin ash compared to <15% for the Appalachian and Illinois Basin ashes. 

This result supports our previous findings that REY in Powder River Basin ashes are 

significantly more extractable than those in eastern U.S. ashes.47 Furthermore, it 

demonstrates that this trend holds true for the targeted steps of the sequential 

extractions, not just heated digestions with concentrated acids. Except for the initial 

water leach, which only recovered trace amounts of the REY from all ash samples, all 

three subsequent extraction steps were markedly more effective for the Powder River 

Basin ash. The equal distribution of REY recoveries between extraction steps for all three 

ash samples suggests that the REY are not associated with any one fraction that these 

steps are designed to target (e.g. acid soluble, reducible), but distributed throughout the 

different components of the fly ash.  

Second, despite their differing geological origin, all three ash samples shared the 

same set of highly mobile elements. Arsenic, molybdenum, and selenium had the 

highest recoveries among all measured elements for the Illinois and Appalachian basin 

ashes (Figure 4-1A, 4-1C). Selenium also had the highest recovery for the Powder River 

Basin ash (Figure 4-1B). Although Mo recovery was lower than expected for the Powder 

River ash, it had the highest recovery of all elements in the initial water leach at over 

20% (this was true for all ash samples). Selenium and Ca also demonstrated consistent 

mobility during the water leach. During the coal combustion process, these elements 

exhibit higher volatility and remain in the flue gas longer than other elements such as 
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Figure 4-1: Sequential extraction results as percent recovery for three fly ash samples: (A) IL-FA1, (B) PRB-FA1, and (C)(D) 

APP-FA1. The target fractions were: water soluble (F1), acid soluble (F2), reducible (F3), and oxidizable (F4). The leaching 

solutions were distilled water (F1), 0.11 M CH3COOH or 0.11 M HOOCCOOH (F2), pH 2 NH2OH∙HCl (F3), and 

H2O2/CH3COONH4 (F4).   
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the REY. This results in sorption of these elements to fly ash particles at the later (and 

cooler) stages of the fly ash collection process.41, 82, 108-112 Since these elements are 

adsorbed on the surface rather than entrained in the glassy matrix, they are much more 

easily extracted. Arsenic was the only highly mobile element not recovered by the water 

leach but had the highest total recovery for both Appalachian ash treatments. 

Paradoxically, total recovery for arsenic was among the lowest in the Powder River ash.  

Third, using oxalic acid instead of acetic acid in the F2 extraction (Figure 4-1D) 

changed the distribution of elemental recoveries between the leachable fractions. We 

hypothesized that oxalic acid would produce higher REY recoveries because it forms  

strong complexes with Al3+ and can dissolve amorphous aluminosilicates such as the 

glass in fly ash. Previous research has determined that extractions should target the 

abundant glass phase where REY are hosted. Using oxalic acid significantly increased 

total REY recoveries, but also caused most of the REY extraction to take place earlier in 

the F2 step. REY that would have been extracted in the reducible (F3) fraction were 

instead extracted in the acid-soluble (F2) fraction. This result suggests that oxalic acid 

can liberate REY from the phases targeted in both the F2 and F3 steps. The increase in 

total recovery indicates that oxalic acid also enhances the extraction though greater 

dissolution of the fly ash matrix or superior complexation of REY by oxalic acid relative 

to acetic acid. However, the majority of REY remained in the residual for both the acetic 

acid and oxalic acid extractions.  
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Quartz, mullite, and iron oxides were the primary crystalline phases identified 

by XRD (Figures 4-2 and 4-3). Quartz was easily identified in all three ash samples. 

Mullite was also found in all three ashes, but at low concentration in the Powder River 

Basin ash sample. Iron minerals identified in IL-FA1 and App-FA1 included maghemite 

and hematite. PRB-FA1 (Figure 4-3) had noticeably different mineralogy than the 

Appalachian and Illinois Basin ashes. The presence of minor periclase (MgO) and 

anhydrite (CaSO4) peaks is consistent with the higher Ca and Mg content of Powder 

River Basin ashes. Several prominent peaks (~11°2θ and ~19°2θ) could not be matched 

to plausible compounds.  

The Fe-oxide peak located at ~42°2θ in IL-FA1 fluctuated in magnitude, reaching 

its minimum after acetic acid extraction (F2) and regaining its initial intensity by the 

final extraction (F4). The same iron peak in App-FA1 also disappeared following the 

acetic and oxalic acid extractions (F2) but never reappeared.  
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Figure 4-2: X-ray diffractograms for the original ash sample and solid phase after each 

sequential extraction step for: (A) IL-FA1, (B) App-FA1 using acetic acid in F2, and (C) 

App-FA1 using oxalic acid in F2. Target fractions were: water soluble (F1), acid 

soluble/exchangeable (F2), reducible (F3), and oxidizable (F4). Leaching solutions 

were: distilled water (F1), 0.11 M CH3COOH or 0.11 M HOOCCOOH (F2), pH 2 

NH2OH∙HCl (F3), and H2O2/CH3COONH4 (F4). 
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Figure 4-3: X-ray diffractograms for PRB-FA1 and the solid phase after each sequential 

selective extraction step. The target fractions were: water soluble (F1), acid 

soluble/exchangeable (F2), reducible (F3), and oxidizable (F4). The leaching solutions 

were distilled water (F1), 0.11 M CH3COOH (F2), pH 2 NH2OH∙HCl (F3), and 

H2O2/CH3COONH4 (F4). 
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4.3.2 Bulk Yttrium Speciation for Untreated and Extracted Ash 

Yttrium speciation in nine ash samples (including the three samples subjected to 

selective sequential extractions) was estimated at bulk-scale via XANES and linear 

combination fitting of yttrium reference compounds. R-factors for the fits ranged from 

0.000265 to 0.000797 (Table C-2). Fit weights added to between 98.6% and 99.4%. 

Although the sample set comprised nine different ashes from four different coal basins, 

the XANES fits consisted of similar sets of standards (Figure 4-4). All bulk ash fits were 

comprised primarily of Y2O3 (21% to 51%) and Y-doped glass (22% to 76%). Y2(CO3)3 was 

the next most represented standard, making up between 12% and 32% of the fits for five 

samples. The only other standards included in the bulk fits were YPO4 for App-FA2 

(14%) and monazite in IL-FA3 (28%) and PRB-FA1 (22%). For all Appalachian Basin and 

Illinois Basin samples, Y2(CO3)3 could be replaced by monazite without significantly 

altering the quality of the fit. Y2(SO4)3, and the Y-doped hematite were not represented in 

any of the best fits for the untreated bulk fly ash samples.   

After extracting the ash samples overnight with 1 M oxalic acid (Figure 4-4 and 

Table C-3), most of the bulk XANES fits were dominated by Y-doped glass rather than 

Y2O3. App-FA1 and IL-FA1 were fit by the same standards as previously, which is 

consistent with the low REY recovery by oxalic acid during sequential extractions 

(Figure 4-1D). However, the other Appalachian Basin fits were dominated by Y-doped 

glass (83-85%) with minor contributions from Y2O3. The standards comprising the  
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Figure 4-4: Linear combination fits for bulk Y K-edge XANES spectra of coal fly ash samples (unextracted and after oxalic 

acid extraction). All spectra were collected on beam line 11-2 at SSRL. For the oxalic acid extraction, ash samples were 

leached overnight in 0.11 M oxalic acid, rinsed with Milli-Q water, and dried prior to XANES sample preparation.  
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Illinois Basin sample fits were unchanged after oxalic acid extraction, but the fit for IL-

FA3 contained more Y-doped glass instead of Y2O3 and monazite. The Powder River 

Basin fits were profoundly changed by oxalic acid extraction: before they were mostly 

Y2O3 and Y-doped glass; after they were dominated by Y2(SO4)3 with 10-14% Y-doped 

hematite.  The fit of the South African fly ash (RSA-FA1) remained mostly Y-doped 

glass, but gained 20% Y2(SO4)3 contribution.  

Separate samples of App-FA1, IL-FA1, and PRB-FA1 were subjected to acetic 

acid extraction and bulk XANES analysis (Figure C-6 and Table C-3). For all three 

samples, the fits were primarily Y-doped glass (57% to 76%) with 23-28% Y-doped 

hematite. Only the Powder River Basin fit retained some of its previous Y2O3 

component.   

4.3.3 Microscale Y Speciation 

Yttrium hotspots were identified in fly ash thin sections via micro-focus X-ray 

fluorescence (μXRF) and analyzed using micro-focus X-ray adsorption near-edge 

spectroscopy (μXANES) at the yttrium K-edge. Linear combination fitting R-factors 

ranged from 0.00081 to 0.00103 (Tables C-4 and C-5). The sums of weights of the Y 

standards were between 95.9% and 103.1%.  

For Appalachian Basin ashes, Y hotspots resembled YPO4. Points 1 and 2 of App-

FA1 were fit by 50-84% YPO4, while the bulk XANES fit contained none (Figure 4-5). The 

Map 4 point from App-FA3 closely matched the YPO4 standard, suggesting that it is a 
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discrete Y-phosphate particle (Figure 4-6). In contrast, the Map 6 point from the same 

sample resembled the bulk XANES fits for Appalachian ashes (Y2O3 and Y-doped glass).  

Although the bulk XANES fits for IL-FA1 resembled those of the Appalachian 

Basin ashes, most of the Y hotspot fits were very different (Figure 7). All μXANES fits 

included Y2O3 (36-63%) and a combination of Y2(CO3)3, and/or YPO4. All but one of the 

eight points analyzed included Y2(CO3)3 at 29-49%. Fits for three points contained major 

YPO4 contributions (23-59%) like the Appalachian ashes. A second set of fits for IL-FA1 

µXANES points (Figure 4-8) were dominated by 33-100% Y-doped glass, with some Y-

doped hematite and Y2O3.  

For the Powder River Basin ashes, there was more variation between individual 

high-Y points (Figures 4-8 and 4-9). Most fits of high-Y points in the PRB-FA1 thin 

section contained less Y2O3, monazite, and Y-doped glass than the bulk fit. The common 

features shared by the μXANES fits were a major 44-66% Y-doped hematite contribution 

and the presence of YPO4 (20-57%) in all but one point. For PRB-FA2, both the bulk and 

micro-focus fits contained Y2O3 (38-54%). However, the Y-hotspots contained YPO4 (38-

49%) and monazite (41-47%) whereas the bulk fit contained Y-doped glass (60%).   
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Figure 4-5: XAS results for Appalachian silo ash App-FA1, including: (A) μXRF map 

collected at 17,100 eV showing Y, Fe, and Ca locations, (B) Y K-edge bulk and micro-

focus XANES spectra with linear combination fits indicated in red, and (C) fit 

weights. The fitting region was 17,008 eV to 17,158 eV. Points 1a and 1b were two 

separate scans of the same yttrium hotspot. Scale bars on μXRF maps are in μm.  
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Figure 4-6: XAS results for Appalachian fly ash App-FA3, including: (A) Y K-edge bulk and micro-focus XANES spectra 

with linear combination fits indicated in red and (B) fit weights. The fitting region was 17,008 eV to 17,158 eV. Map 4 and 

Map 6 show yttrium μXRF intensities for the regions containing the points analyzed with XANES (scale bars are in μm). 
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Figure 4-7: February 2017 XAS results for Illinois Basin ESP ash IL-FA1, including: (A)(B) μXRF maps of two IL-FA1 thin 

section regions (17,100 eV; scale bars are μm) showing Y, Fe, and Ca locations, (C) Y K-edge bulk and micro-focus XANES 

spectra with linear combination fits indicated in red, and (D) fit weights. The fitting region was 17,008 eV to 17,158 eV. 
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Figure 4-8: April 2016 XAS results for Illinois Basin ESP ash IL-FA1 and Powder River Basin fly ash PRB-FA2, including: 

(A)(C) Y K-edge bulk and micro-focus XANES spectra with linear combination fits indicated in red and (C)(D) fit weights. 

The fitting region was 17,008 eV to 17,158 eV. Multiple points (e.g. P1, P2, P4) were analyzed for several maps (e.g. M1, 

M2, M3) in IL-FA1.  
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Figure 4-9: XAS results for Powder River Basin fly ash PRB-FA1, including: (A) Y K-edge bulk and micro-focus XANES 

spectra with linear combination fits indicated in red, (B) fit weights, and (C) μXRF map showing Y, Fe, and Ca locations 

(scale bar is in μm). The fitting region was 17,008 eV to 17,158 eV. Points 1a and 1b are separate scans of the same hotspot. 
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4.4 Discussion 

4.4.1 Leaching Potential of REY and Volatile Elements  

Sequential extraction procedures have been applied to fly ash in the past to 

determine trace element mobility, but never with a focus on REY. Low total REY 

recoveries were observed for IL-FA1 and App-FA1, with 80-90% of REY falling in the 

residual (unextracted) fraction. This result is consistent with our hypothesis that REY are 

encapsulated in the aluminosilicate glass of the fly ash and therefore not leached 

extensively during selective sequential extractions. Except for the oxalic acid extraction, 

total Sc recoveries were lower than those of the REY. For this reason, Sc is excluded from 

all total REY averages discussed below. Volatile elements that are suspected to be 

surface-bound (e.g. As, Se, Mo) were much more extractable.  

The distribution of REY recoveries between fractions differed noticeably between 

samples and was changed by using oxalic acid for the F2 step. For PRB-FA1, REY 

recovery occurred primarily in F4 (30.5 ± 3.4%), with the remainder split between F3 

(16.9 ± 1.2%) and F2 (14.0 ± 2.1%). The REY distribution was the opposite for IL-FA1, 

with recoveries decreasing slightly from F2 (4.8 ± 1.2%) to F3 (4.2 ± 0.7%) to F4 (2.4 ± 

0.4%). App-FA1 had a similar extraction profile to IL-FA1, with low REY recoveries and 

high recoveries for volatile elements (As, Se, Mo). The low REY recoveries for these 

samples indicate that most REY are found in phases not easily leached by the sequential 
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extraction solutions. Aggressive leaching or ash pretreatment such as alkaline sintering 

is required to extract further REY from Appalachian- and Illinois Basin-derived ashes.   

In the exchangeable/acid soluble extraction step (F2), one APP-FA1 sample was 

extracted with acetic acid and another was extracted with oxalic acid of the same 

molarity. The primary effect of the oxalic acid extraction was to concentrate the recovery 

of REY and most other elements in the acid-soluble fraction (F2) at the expense of the 

reducible (F3) fraction. This was most evident in As, which was extracted mostly in F3 

(73%) when using acetic acid and overwhelmingly in F2 (98%) when using oxalic acid. 

Recoveries from the reducible (F3) fraction were much lower following oxalic acid 

extraction. The only element with significant F3 or F4 recovery was Se with 28.3% 

recovery in F4; however, this was also true when using acetic acid. Overall recoveries for 

the volatile elements were significantly higher using oxalic acid: 102% vs. 83% As 

recovery, 91% vs. 71% Se recovery, and 76% vs. 52% Mo recovery. Overall REY 

recoveries were also slightly higher using oxalic acid. The presence of twice as many 

carboxyl groups in oxalic acid compared to an equivalent concentration of acetic acid 

may have enhanced the recovery of most elements. 

The initial distilled water leach was added to simulate simple environmental 

leaching conditions. The water-soluble fraction is relevant because one of the largest 

potential ash sources for REY reclamation are legacy ash ponds which have been 

exposed to environmental weathering for years. The only elements consistently 
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mobilized by distilled water were Mo, Se, Ca, and Na. REY recoveries were negligible. 

Molybdenum was the element with the highest F1 recovery across samples: 24.9% for IL-

FA1, 23.8% for PRB-FA1, 21.9% for App-FA1 using acetic acid, and 20.5% for App-FA1 

using oxalic acid. Aqueous Se recovery was similar for all samples, ranging from 6.2% to 

8.5%. The higher aqueous leaching potential of these elements is well-known and 

expected given their adsorption to the surface of the ash particles.   

Calcium was also leached by water in the non-Powder River samples, with 22.1% 

recovery in IL-FA1, 12.5% for App-FA1 using acetic acid, and 11.7% for App-FA1 using 

oxalic acid. Although PRB-FA1 has significantly greater Ca content than Illinois or 

Appalachian basin ashes, the F1 Ca recovery was much lower at only 3.7%.  

  Overall U recoveries were greater than REY recoveries except for PRB-FA1. 

Thorium recoveries were always less than REY recoveries. The high mobility of U with 

respect to REY may be a challenge for REY recovery from fly ash. It is important to 

understand the relative extractability of Th and U to avoid concentrating them to 

hazardous levels during REY recovery.  

4.4.2 Impact of Ash Composition and Coal Basin 

As expected, total recoveries of most elements were significantly higher for PRB-

FA1 due to the greater solubility of Powder River (i.e. western U.S.) coal ashes. Average 

REY recovery was 61.6 ± 5.5%, much higher than for IL-FA1 (11.5 ± 1.8%), App-FA1 with 

acetic acid (11.6 ± 1.5%), or App-FA1 with oxalic acid (13.9 ± 3.2%). Exceptions to this 
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trend include As, which had the lowest recovery for PRB-FA1, and Th, which was 

similar in recovery to the other samples. Arsenic was expected to be primarily surface-

bound and easily leached, as observed for other volatile elements such as Se and Mo. 

The low As recovery from PRB-FA1 may indicate that the higher Ca content of this ash 

resulted in the formation of a different, less soluble As species than in the Illinois or 

Appalachian basin ashes.  

The crystalline mineral composition of the ash samples did not change much 

between extraction steps (Figures C-5 through C-8). However, the relative intensities of 

the peaks did change with each extraction step. For instance, the prominent maghemite 

and hematite peaks of the Illinois Basin ash located at ~39°2θ and ~42°2θ decreased in 

amplitude following the F1 and F2 extraction steps and then increased after the F3 and 

F4 extraction steps (Figure 4-2). A potential reason for this trend is that some Fe-oxide 

phases were extracted during the F1 and F2 steps, but then subsequent extraction cycles 

converted other Fe phases into these oxide forms that were detectable by XRD. The 

similarity of the spectra for the two App-FA1 extractions was surprising given the effect 

oxalic acid had on leaching and our initial hypothesis that oxalic acid would be effective 

at attacking the amorphous aluminosilicates that comprise the background signal.  

Differences in the major oxide composition of the ash samples manifested in the 

XRD results. The amplitudes of Fe-oxide peaks for the App-FA1 spectra were only half 

that of the same peaks in the IL-FA1 spectra. This difference can be attributed to the 
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much higher Fe-oxide fraction of Illinois Basin ashes relative to Appalachian Basin 

ashes.47 The absence of prominent mullite and Fe-oxide peaks in the PRB-FA1 spectra is 

consistent with the composition of Powder River Basin ashes, which have lower Al- and 

Fe-oxide content than eastern U.S. coal ashes. Although the Al-oxide content of IL-FA1 

(21.2%) and PRB-FA1 (22.5%) were similar, only IL-FA1 had identifiable mullite peaks. 

The low mullite concentration in PRB-FA1 suggests that the Al in Powder River Basin 

ashes is found primarily in amorphous glass phases rather than the mullite found in 

Appalachian and Illinois Basin ashes. 

4.4.3 Differences Between REY 

Total recovery of heavy REY (Tb to Lu, including Y due to its atomic radius) was 

higher than for light REY (La through Gd). This disparity was most evident in PRB-FA1 

(57.1 ± 4.7% LREY recovery vs. 65.5 ± 2.1% HREY recovery) and when using oxalic acid 

(11.0 ± 1.0% LREY recovery vs. 16.4 ± 1.8% HREY recovery). Elevated HREY recovery 

using oxalic acid is an intriguing result because it indicates that the more valuable HREY 

can be preferentially extracted. However, HREY abundances are far lower than those of 

LREY, so even increased HREY extraction efficiency may not result in meaningfully 

higher recoveries by mass. Furthermore, most REY in App-FA1 and IL-FA1 were 

associated with the residual fraction. Overall, the uniform extraction profiles of all REY 

suggest that they are collocated.  



 

101 

Recoveries for Sc were unexpectedly low relative to REY recoveries. This 

difference was most pronounced for PRB-FA1, with only 11.6% total Sc recovered 

compared to 61.6 ± 5.5% of total REY. The divergent extraction behaviors of Sc and REY 

indicate that they have differing modes of occurrence in PRB-FA1 and should not be 

categorized together in this case. Using oxalic acid, most Sc recovery occurred in F2 (i.e. 

by oxalic acid), while acetic acid recovered <0.7% of Sc. These results suggest that 

recoverable Sc resides in a phase leachable by oxalic acid but not acetic acid. However, 

for App-FA1 and IL-FA1, the majority of both Sc and REY remained unrecovered, 

suggesting that they are associated with the glass phase.    

4.4.4 Bulk and Microscale Yttrium Speciation 

REY speciation in fly ash is heterogeneous and with microscopy-based analyses, 

one can find areas of greater Y concentration (“hotspots”) with distinct phases of Y that 

differ from the bulk average. However, these Y-hotspots only comprise 1.1% to 2.6% of 

the total Y μXRF signal and <0.2% of total area. Thus, previous work using microscopy-

based methods might not be evaluating representative forms of REY. For extraction 

purposes, bulk Y speciation is more informative. 

The similar bulk XANES fits suggest that Y coordination resembles Y oxides or 

aluminosilicates regardless of coal source, which supports incorporation of REY into the 

glass during combustion. The similarity of bulk Y-XANES fits before and after oxalic 

acid extraction for App-FA1 and IL-FA1 was expected given the low Y recovery by 
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oxalic acid during sequential extraction. However, bulk fits for the Powder River Basin 

samples changed dramatically after oxalic acid leaching, consistent with their much 

higher Y and REY recoveries during sequential extractions.  

Micro-focus XANES revealed that Y hotspots differed from the bulk mode of Y 

occurrence.  Fits of Y hotspots also varied between samples, suggesting that the 

geological origin of the feed coal heavily influences microscale Y speciation in the ash. 

The striking similarity of microscale fits for IL-FA1 (Figure 8) suggests that these points 

are the same Y species, while the greater variability between Y hotspots in PRB-FA1 may 

indicate multiple different microscale Y species. For PRB-FA1, the predominance of Y-

doped hematite in the fits was unexpected given the lower Fe-oxide content of Powder 

River Basin ashes. High YPO4 weights in App-FA1 and App-FA3 fits suggest that these 

points are composed of xenotime (yttrium orthophosphate). Several of the Y hotspots in 

the Illinois Basin and Powder River Basin ashes also resembled YPO4, suggesting that 

yttrium minerals may be present in samples from all three coal basins. The stark contrast 

between YPO4-like points (e.g. App-FA3 Map 4) and those resembling the bulk fits 

(App-FA3 Map 6) highlights the importance of scale when considering Y speciation. 
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4.5 Conclusions 

REY in the coal ash samples remained mostly in the residual fraction during 

sequential extractions, indicating that these elements are associated with sparingly 

soluble phases in the ash matrix. The use of oxalic acid rather than acetic acid for 

extracting the exchangeable fraction of coal fly ash was found to recover REY that would 

ordinarily be associated with the reducible or oxidizable fractions. This did not 

significantly increase overall REY recoveries, however. Elements with high leaching 

potential (As, Se, Mo) were recovered at much higher rates using oxalic acid. The 

Powder River Basin ash was found to be more susceptible to sequential extraction, with 

REY significant recovery distributed throughout the exchangeable, reducible, and 

oxidizable fractions. Low REY recoveries in the Appalachian- and Illinois Basin-derived 

ashes indicate that the majority of REY are found in phases inaccessible to leaching. The 

greater efficacy of oxalic acid at recovering REY suggests that this REY-bearing phase is 

an amorphous aluminosilicate.   

Bulk- and micro-scale XANES focusing on yttrium demonstrated that Y 

speciation differs depending between the bulk ash and individual Y hotspots. The 

speciation of these hotspots also differed between samples but often shared features 

within the same sample. These findings indicate that micro-scale investigations of Y 

speciation in fly ash may not be representative of all Y forms in the sample. They also 

point to multiple modes of Y occurrence in fly ash, with minor high-Y points that do not 
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necessarily reflect the dominant Y species. Therefore, extraction methods should target 

the bulk forms of REY in fly ash, which appear to be associated with the aluminosilicate 

glass. Except for Powder River Basin ashes, aggressive leaching or alkaline sintering 

methods are required to recover REY from the glass phase.
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5. Conclusion  

5.1 REE Trends in Fly Ash Summary 

Rare earth elements (REEs) are critical and strategic materials in the defense, 

energy, electronics, and automotive industries. The reclamation of REEs from coal 

combustion fly ash has been proposed to supplement REE mining. However, the typical 

REE contents in coal fly ash, particularly in the United States, have not been 

comprehensively documented or compared among the major types of coal feedstocks 

that determine fly ash composition. The objective of this study was to characterize a 

broad selection of U.S. fly ashes of varied geological origin to rank their potential for 

REE recovery. The total and nitric acid-extractable REE content for more than 100 ash 

samples were correlated with characteristics such as the major element content and coal 

basin to elucidate trends in REE enrichment. Average total REE content (defined as the 

sum of the lanthanides, yttrium, and scandium) for ashes derived from Appalachian 

sources was 591 mg kg-1 and significantly greater than in ashes from Illinois and Powder 

River basin coals (403 and 337 mg kg-1, respectively). The fraction of critical REEs (Nd, 

Eu, Tb, Dy, Y, and Er) in the fly ashes was 34−38% of the total and much higher than in 

conventional ores (typically less than 15%). Powder River Basin ashes had the highest 

extractable REE content, with 70% of the total REE recovered by heated nitric acid 

digestion. This is due to the higher calcium content of Powder River Basin ashes, which 

enhances their solubility in nitric acid. Scandium, Nd, and Dy were the major 
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contributors to the total REE value in fly ash, based on their contents and recent market 

prices. Overall, this study shows that coal fly ash production could provide a substantial 

domestic supply of REEs, but the feasibility of recovery depends on the development of 

extraction technologies that could be tailored to the major mineral content and origins of 

the feed coal for the ash. 

5.2 Effects of Sintering Parameters Summary 

Coal fly ash is a promising alternative source for rare earth elements (REE), 

which are considered critical materials in many technologies. REEs are entrained in the 

aluminosilicate glass of the fly ash particles, making them inaccessible to acid leaching. 

The purpose of this research was to test the effectiveness of sintering techniques to 

improve extraction of REEs from fly ash, determine key parameters controlling REE 

recovery, and understand trade-offs in reagent use. Representative coal ash samples 

from major U.S. coal basins (Appalachian, Illinois, and Powder River basins) were 

sintered using a variety of chemical additives (Na2O2, NaOH, CaO, Na2CO3, CaSO4, 

(NH4)2SO4). Further experiments investigated the effects of additive:ash ratio, 

temperature, and leachate pH on REE recovery. We found that NaOH sintering often 

recovered >90% of total REE content, equivalent to the USGS-recommended method 

(Na2O2 sintering). Other sintering agents tested recovered <50% of total REE content 

because the 450°C sinter temperature was well below the melting points of these agents. 

Decreasing the NaOH-ash ratio did not significantly inhibit in REE recoveries, while 
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increasing the leachate pH led to a sharp decline. There was a strong positive correlation 

between REE recovery and leachate H+ molarity. Recoveries of ~100% were observed for 

the Powder River Basin ash sample regardless of the sintering agent and additive:ash 

ratio used. This suggests that acid leaching alone is sufficient for recovering REEs from 

more soluble Powder River Basin ashes. For Appalachian and Illinois Basin ashes, the 

best conditions for REE recovery were sintering with a 1:1 NaOH-ash ratio and leaching 

with 1-2 M HNO3. 

5.3 Bulk and Microscale REE Speciation Summary 

Coal combustion ash is a promising alternative source of rare earth elements and 

yttrium (REY). Efforts to extract REY from coal ash will depend heavily on the location 

and speciation of these elements in the ash. This study compared bulk and microscale 

yttrium (Y) speciation using yttrium K-edge XANES (X-ray absorption near-edge 

spectroscopy). Fly ash thin sections were mapped with μXRF (micro-focus X-ray 

fluorescence) to identify high-Y regions for μXANES analysis. We found that the 

speciation of Y “hotspots” differed from the bulk ash yttrium speciation and varied 

between ash samples. This indicates separate bulk and microscale modes of Y 

occurrence and differing microscale Y speciation depending on the geological origin of 

the feed coal. Y hotspots in Appalachian ashes closely resembled yttrium phosphate, 

suggesting they may contain xenotime (YPO4). The similarity of the bulk XANES fits 

suggests a common bulk mode of occurrence regardless of source coal.  
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REY and trace element speciation were also investigated via sequential selective 

extractions to determine which leachable fractions REY were associated with. X-ray 

powder diffraction (XRD) was used to track changes in the crystalline phases of the ash 

after each extraction step. REY remained primarily in the residual (unextracted) fraction, 

consistent with previous research showing REY dispersed throughout the 

aluminosilicate glass in fly ash. Extracting one ash sample with oxalic acid instead of 

acetic acid significantly increased total REY recoveries and shifted most REY recovery 

from the reducible (F3) and oxidizable (F4) fractions to the acid-soluble fraction (F2). 

Surface-bound elements (e.g. As, Se, Mo) behaved as expected, with high sequential 

extraction recoveries for all ash samples. Overall, this study demonstrated that REY are 

entrained in the glass phase of fly ash and that microscale investigations of individual 

high-REY regions do not necessarily capture the dominant speciation. 

5.4 Impact of Feed Coal Origin 

A recurring principle throughout our research was the impact of feed coal origin 

on the concentration, speciation, and recovery of REE in the fly ash. Early in our REE 

analysis and extraction experiments, it became clear that grouping the ash samples by 

coal basin highlighted meaningful differences between them. This clustering of ash 

samples according to coal basin is evident in Figure 2-1. The primary split was between 

eastern U.S. (Appalachian and Illinois Basin) coal ashes and western U.S. (Powder River 

Basin) coal ashes. Major oxide composition, total REE content, critical REE fraction, 
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HNO3 extraction efficiency, sintering and acid leaching recoveries, sequential selective 

extraction recoveries, and minerals identified by XRD all divided into separate eastern 

and western ash groups.  

Due to the small number of samples, ashes derived from the 70:30 IL-PRB blend 

or San Juan Basin, Gulf Coast, and South African coals were not used for further 

extraction experiments. However, these ashes did exhibit certain noteworthy 

characteristics. The San Juan Basin and Gulf Coast samples had the highest fraction of 

Si-oxides in the sample set (62% and 68%, respectively). Their elevated Si-oxide content 

may account for their low REE concentrations because Si-enriched phases in fly ash are 

depleted in REE. The South African fly ashes closely resembled Appalachian ashes in 

total REE, Si-oxide, and Al-oxide content, but had the lowest average critical (30.4%) and 

extractable (21.1%) REE fractions. The 70:30 IL-PRB blend produced fly ash with total 

REE content, critical REE fraction, HNO3-extractable REE content, and major oxide 

content falling between those of the Illinois Basin and Powder River Basin ashes. For 

many of the ashes in our sample set, the basin where the feed coal originated could be 

identified by the proportions of major oxides and the REE disposition. This regional 

variation in ash properties has important implications for REE recovery.   

 



 

110 

5.4.1 Eastern U.S. Coal Ashes 

Eastern fly ashes are characterized by high aluminosilicate content and low Ca 

content relative to ashes derived from western U.S. coals. Among the Appalachian, 

Illinois Basin, and Powder River Basin ashes in our sample set, Appalachian Basin ashes 

had the greatest average fraction of Si- and Al-oxides (52% and 29%, respectively). 

Illinois Basin ashes had lower Si- and Al-oxide content (47% and 21%, respectively), but 

the highest Fe-oxide content at 20.4%. As expected, both Appalachian and Illinois Basin 

ashes had low Ca-oxide content.  

Appalachian Basin ashes had the highest total REE content at 591 mg kg-1, 

significantly more than Illinois Basin (403 mg kg-1) or Powder River Basin ashes (337 mg 

kg-1). All REE concentrations >500 mg kg-1 occurred in ashes derived from Appalachian 

coalsError! Reference source not found.. Despite their different total REE content, 

Appalachian and Illinois Basin ashes had about the same average fraction of critical 

REEs (37-38%). HNO3 digestion recovered <50% of total REE from all Appalachian and 

Illinois Basin samples. For the subset of Appalachian and Illinois Basin ashes tested, 

alkaline sintering with Na2O2 and NaOH recovered >70% of REE. The other sinter 

reagents tested were similarly ineffective for ashes from these coal basins. The sequential 

selective extraction recoveries for the Appalachian and Illinois Basin samples were 

similar for most elements. In both cases, >80% of REE were retained in the residual 
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fraction. The same minerals were identified in both ashes (though Fe peaks were more 

prominent in the Illinois Basin ash).  

Bulk Y-XANES fits of Appalachian and Illinois Basin ashes contained the same 

set of yttrium compounds. However, the μXANES spectra of Y hotspots differed 

markedly between the Appalachian and Illinois Basin ashes. High-Y points in the 

Appalachian ashes strongly resembled the YPO4 standard, while those in the Illinois 

Basin ash were fit by a combination of the Y2O3, Y2(SO4)3, Y2(CO3)3, and YPO4 standards. 

For both Appalachian and Illinois Basin ashes, Y hotspots differed from the bulk ash but 

resembled each other. This suggests differing bulk modes of Y occurrence in ash 

samples from these coal basins, but a common mode of occurrence for hotspots within a 

given sample.  

The bulk XANES fits and correlation between total REE and Al-oxide content 

suggest that REEs are associated with the aluminosilicate glass in fly ash. The HNO3 

digestion and sequential extraction results for Appalachian and Illinois Basin ashes 

indicate that this phase is not easily leachable. NaOH sintering pretreatment 

dramatically improved REE recovery by acid leaching for ashes from these coal basins 

by converting the aluminosilicates in which REE reside to more soluble forms. We 

recommend that NaOH sintering be used to unlock the significantly higher REE content 

of eastern U.S. fly ashes, particularly those from Appalachian coal sources.   
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5.4.2 Powder River Basin Ashes 

Powder River Basin ashes were consistently differentiated by their high REE 

extraction efficiencies. Total REE recoveries by HNO3 digestion were >50% for all PRB 

fly ashes, with a mean value of 70%, significantly higher than recoveries for Appalachian 

(33.6%) or Illinois Basin (26.7%) fly ashes. However, the critical REE fraction was 

significantly lower for PRB ashes (34%) than for Appalachian or Illinois Basin ashes. In 

our sintering experiments, the PRB ash was always statistically-distinct from the other 

ash samples based on total REE recoveries. The various sinters demonstrated repeatedly 

that REE extraction from the PRB ash was governed by the acid-leaching step rather 

than the sintering step. This conclusion was corroborated by the sequential selective 

extraction results, which showed that the REE and other elements in the PRB ash were 

significantly more leachable than those in the Appalachian or Illinois Basin samples.  

We attribute the much greater REE extraction efficiency of PRB ashes to their 

high Ca-oxide content, which increases their solubility relative to ashes from other coal 

sources. Our survey of U.S. fly ashes revealed a correlation between Ca-oxide content 

and HNO3-extractable REE content. Western U.S. coal ashes such as PRB ashes are 

characterized by high Ca-oxide content and this held true for our samples set. The 

minimum Ca-oxide content in the PRB ashes (14%) was greater than the maximum Ca-

oxide content samples from all other coal basins (9.7%). Mean Ca-oxide content was 

24.7% in PRB ashes, higher than the Al-oxide content (19.7%) and much higher than the 
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Fe-oxide content (5.3%). The differing composition of PRB ashes is also evident in the 

minerals identified by XRD. These minerals included periclase (MgO) and anhydrite 

(CaSO4), which is consistent with the higher Ca- and Mg-oxide content of PRB ashes. 

Quartz and hematite were identified in both the PRB ash and the Appalachian and 

Illinois Basin ashes. However, mullite was not present in the PRB sample, which may be 

related to the lower Al-oxide content of these ashes.  

5.5 REE Recovery Implications 

5.5.1 Differences Between REY 

The significantly greater leaching potential of PRB ashes has major implications 

for REE recovery. Our results indicate that sintering at elevated temperatures with 

alkaline additives (e.g. Na2O2, NaOH) is unnecessary for complete recovery of REE from 

PRB ashes. Total REE recovery was >100% for the PRB ash regardless of the sinter 

reagent used and at both 6:1 and 1:1 flux-ash ratios (Figures 3-1, 3-2, and B-8). In 

contrast, the CaO, Na2O3, CaSO4, and (NH4)2SO4 sinters recovered <55% (often much 

less) of total REE from Appalachian and Illinois Basin samples. For the PRB ash, total 

REE recoveries were the same whether roasted at 150°C or 450°C (Figure 3-3). The fact 

that REE extraction efficiencies were consistently >100% for the PRB ash despite varying 

sintering conditions suggests that REE recovery depends primarily on the acid-leaching 

step. Therefore, we recommend that REE extraction from western U.S. coal ashes should 

focus on acid-leaching methods. Eliminating the sintering step reduces both reagent and 
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energy costs. Minimizing extraction costs is especially important for PRB ashes because 

they contain less rare earth oxide (REO) value per ton than Appalachian or Illinois Basin 

ashes. Previous research calculated that HCl leaching was the most cost-effective 

method for alumina recovery and the same may hold true for extracting REE from high-

Ca fly ashes.  

We found that Appalachian coal ashes contain significantly more total REE than 

Illinois Basin or PRB ashes, suggesting that ashes from power plants burning 

Appalachian coal should be prioritized for REE recovery. However, while acid-leaching 

was sufficient for extracting REE from western U.S. coal ashes, eastern U.S. coal ashes 

required alkaline sintering to increase the effectiveness of the acid-leaching step. The 

additional reagent and energy costs may be justified by the greater REO value per ton of 

Appalachian fly ashes ($329/t) compared to PRB ashes ($204/t). We found that Na2O2 

and NaOH were significantly more effective than the other sintering agents tested and 

always recovered >65% of total REE from Appalachian fly ashes even at the 1:1 flux-ash 

ratio. We anticipated high REE recoveries for the Na2O2 sinters and tested NaOH as a 

less expensive alternative reagent. NaOH was as effective as Na2O2 at the 6:1 ratio (>93% 

fly ash REE recovery) and more effective than Na2O2 at the 1:1 ratio (>70% fly ash REE 

recovery). For this reason, we chose to focus solely on NaOH sinters in subsequent 

experiments investigating the effects of roasting temperature and leachate pH on REE 

recovery.  
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We observed that total REE recoveries were similar for the 450°C and 350°C 

sinters, but declined sharply when the temperature was lowered to 250°C. This 

threshold coincides with the melting point of NaOH (318°C), supporting our hypothesis 

that sintering reagents are most effective at or near their melting temperatures. Our 

experiments also suggest diminishing returns at temperatures >350°C, which is an 

important result for minimizing energy costs. We found that leachate pH and flux-ash 

ratio also dropped significantly beyond certain thresholds. For instance, an increase in 

leachate pH from ~0.25 to ~0.75 cut REE recovery from 80-90% to <50% for the 6:1 and 

1:1 flux-ash ratios. There was a strong linear relationship between REE recovery and H+ 

molarity of the leachate, meaning that REE recovery decreases exponentially as pH rises. 

Similarly, decreasing the flux-ash ratio to 1:2 reduced REE recovery to <50% even for the 

most acidic leachate. Longer sintering times (>30 minutes) may be one way to increase 

REE recoveries at lower flux-ash ratios. Neither thorium nor uranium was concentrated 

relative to REE during extraction for the Na2O2 and NaOH sinters, but they still must be 

removed from the leachate during REE separation and purification processes and 

disposed of safely.  

Of the coal ashes in this study, Appalachian Basin ashes are the most promising 

source for REE due to their high total REE content and critical REE fraction. Unlike PRB 

ashes, Appalachian-derived fly ashes require alkaline pretreatments such as NaOH 

sintering to achieve high REE recoveries. Based on our experiments, the recommended 
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sinter conditions for balancing reagent use and REE recovery are 1:1 NaOH-ash ratio, 

roasting at 350°C for 30 minutes or more, and leaching with 1-2 M HNO3.   

5.5.2 Differences Between REY 

This research found that REE (specifically Y) speciation was dependent on the 

scale of the analysis. Bulk Y-XANES fits for Appalachian, Illinois Basin, and PRB ashes 

contained the subsets of the same yttrium standards (Y2O3 with Y3Al5O12, monazite, 

and/or Y-doped glass), indicating similar bulk modes of occurrence. Most of the REE 

content was retained in the residual fraction during sequential selective extractions for 

the Appalachian and Illinois Basin ashes, suggesting that insoluble aluminosilicates are 

the REE-bearing phase. Yttrium hotspots analyzed using μXANES had very different 

linear combination fits than the bulk ash, indicating separate modes of Y occurrence. In 

the Appalachian-derived ashes especially, the high-yttrium points closely resembled the 

YPO4 standard, meaning they may be REE phosphate minerals such as xenotime. Some 

Y hotspots in Illinois Basin and PRB ashes exhibited the sharp peak of the YPO4 standard 

to a lesser degree. These results are consistent with previous studies showing fine REE 

minerals dispersed in the aluminosilicate glass the fly ash. The distinct bulk and micro-

focus Y-XANES spectra demonstrate that bulk analyses fail to capture small-scale 

differences in Y speciation. However, micro-focus studies are not representative of the 

dominant speciation. Based on XRF maps of fly ash thin sections, we estimate that Y 

hotspots account for <2.6% of the total intensity and <0.25% of the area. Therefore, REE 
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extraction methods should primarily consider the bulk speciation rather than the 

composition of individual REE-enriched grains.   

Our results also indicate that individual REE do not necessarily behave similarly. 

During sequential selective extractions, scandium was recovered at a much lower rate 

than the REY (lanthanides and yttrium only) for all samples except for the Appalachian 

silo ash extracted with oxalic acid. This behavior was unexpected given the UCC-

normalized REE distributions for our samples (Figure A-5) and the sinter recoveries for 

individual REEs (Figures B-2 through B-7). Using total REE sums to compare samples or 

extraction methods can be a double-edged sword because it masks both negligible and 

meaningful disparities between individual REEs. Variations in the extraction efficiencies 

of specific REE may be important to REE recovery economics due to the enormous price 

differences between REEs (2-3 orders of magnitude).  

5.6 Future Research Recommendations 

This research helped lay the foundation for investigations of REE recovery from 

coal fly ash. However, there are several potential avenues that future studies should 

explore. First, ash should be characterized after sintering and leaching to determine 

whether the large volumes of residual ash generated will be suitable for reuse 

applications or can be disposed of safely in landfills. The REE extraction methods 

employed in this research also extract most of the trace element content, so the residual 

ash may have less potential for leaching toxic elements after REE recovery. Second, 
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further research is required to deconvolute element locations in our XRF maps and 

analyze other REEs using XANES and EXAFS (x-ray absorption fine structure). X-ray 

absorption edges and fluorescence lines for REE are often obscured by those of other 

elements whose concentrations in coal ash are orders of magnitude higher. The 

shoulders of the neighboring peaks add to the REE fluorescence signal, causing other 

elements to be misinterpreted as REE. EXAFS uses the region up to ~1000 eV above the 

absorption edge to determine the local molecular environment of the element of interest, 

including bond lengths. Finally, detailed cost models of optimized REE extraction 

methods are necessary to determine the conditions under which REE recovery from fly 

ash will be economically and environmentally feasible. These estimates should include 

current and projected REO prices, the fly ash production associated with major coal 

basins, ash transportation and storage costs (excavation costs for landfill and pond 

ashes), environmental impacts of leachate and extracted ash disposal, and reagent and 

energy consumption.    
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Appendix A: Chapter 2 Supporting Information 

Table A-1: Power plant and coal combustion residual (CCR) sampling data. All power 

plants are in the United States except for two in the Republic of South Africa. Feed 

coals are listed by coal basin: Appalachian (App), Illinois Basin (IL), Power River 

Basin (PRB), Gulf Coast (GC), San Juan (SJ), and Witbank/Highveld coal fields in 

central South Africa (RSA). 

Plant 

ID 
State Feed Coal 

Sampling Year (number of 

samples subdivided by year) 

CCR Type (number 

of samples for each 

type) 

Boiler 

Unit 

ID# 

W 
South 

Carolina 
App 1994 (2), 2014 (1) 

fly ash (2) 
 

bottom ash (1) 
 

EK Kentucky App 2006 ESP fly ash (3) 1, 4 

H Kentucky 
App 

2004 (4) 

2007 (8), 2015(1) ESP fly ash (20) 

3 

1, 2 

IL 2012 (4), 2013 (4), 2015 (1) 3 

C Kentucky App 
2007 (1) ESP fly ash (1) 3 

2015 (1) pond ash (1) 
 

D Kentucky App 2007 
ESP fly ash (6) 1, 2, 3, 4 

mechanical fly ash (4) 3, 4 

F Kentucky App 2007 
ESP fly ash (7) 1, 2 

bottom ash (1) 1, 2 

P Kentucky IL 2007 ESP fly ash (6) 1, 2 

O Kentucky IL 2007 ESP fly ash (1) 1, 2 

E Kentucky IL 2011 ESP fly ash (8) 2 

R Kentucky 

IL 2012 (6), 2013 (5) ESP fly ash (11) 1 

IL:PRB 

blend (7:3) 
2013 baghouse fly ash (12) 2 

M Kentucky IL 2012 ESP fly ash (3) 4 

HA Texas PRB 2012 fly ash (1) 3 

G Kentucky PRB 2012 
mechanical fly ash (1) 

3 
baghouse fly ash (4) 

I Kentucky App 

2013 economizer ash (1) 1 

2013 (1), 2014 (2) mechanical fly ash (3) 1 

2007 (6), 2013 (1), 2014 (6) ESP fly ash (13) 1, 2 

2013 (1), 2014 (1) silo ash (2) 1 

2013 landfill (1) 1, 2 

2014 FGD waste (1) 2 
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Table A-1 (continued): Power plant and coal combustion residual (CCR) sampling 

data. All power plants are in the United States except for two in the Republic of South 

Africa. Feed coals are listed by coal basin: Appalachian (App), Illinois Basin (IL), 

Power River Basin (PRB), Gulf Coast (GC), San Juan (SJ), and Witbank/Highveld coal 

fields in central South Africa (RSA). 

Plant 

ID 
State 

Feed 

Coal 

Sampling Year (number of 

samples subdivided by year) 

CCR Type (number of 

samples for each type) 

Boiler 

Unit 

ID# 

SM Texas GC 2013 
landfill (1) 

 
fly ash (1) 

 

TS 
New 

Mexico 
SJ 2013 

fly ash (1) 
 

pond ash (1) 
 

ME Missouri PRB 2013 
fly ash (1) 

 
bottom ash (1) 

 
LA Missouri PRB 2013 fly ash (1) 

 
KS Kentucky App 2015 stoker ash (1) 

 
DE Texas PRB 2015 fly ash (1) 

 

RI Missouri PRB 2015 
fly ash (1) 

 
bottom ash (1) 

 
SC Georgia PRB 2015 fly ash (1) 

 

KR 
South 

Africa 
RSA 2015 fly ash (2) 

 

MA 
South 

Africa 
RSA 2015 

fly ash – unclassified (1) 
 

fly ash – classified (1) 
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Table A-2: Na2O2 sintering recoveries as a percentage of HF digestion recoveries. Green indicates sinter recoveries >110% 

of the HF digestion value and red indicates recoveries <90%. Samples are organized by sampling year, plant code (using 

letters), boiler (first number), and ash collection system row if applicable (number after hyphen). Sample 1633c is the coal 

fly ash standard reference material (SRM), NIST 1633c. 

 
Sample Type Coal  Sc La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

 

1633c SRM App 

 

130 95.5 93.7 96.8 96.1 97.2 96.4 94.9 96.5 99.5 101 99.9 102 100 99.7 98.3 

                     

2
0

0
4
 H3-1 ESP App 

 

127 75.6 75.3 81.3 80.8 80.8 82.4 79.6 85.1 85.9 81.3 87.2 86.5 88 86.5 89.3 

H3-2 ESP App 

 

135 80.5 80.6 85.5 86.2 84.9 84.5 85.1 89.6 88.7 83.3 90.5 90.6 92.3 91.4 89.6 

H3-3 ESP App 

 

124 85.7 83.8 89.5 90.5 90.9 90.3 91.6 93 94.5 88.8 96.6 97.2 95.9 98.1 94.9 

H3-3 ESP App 

 

129 85.6 85.8 90.4 91.7 91.8 94.2 92.5 95.2 95.7 88.4 95.9 99.3 95.5 94.8 95.1 

                     

2
0

1
1
 

E2-1 ESP IL 

 

84.4 66 64.8 68.8 68.9 67.2 69 68.2 68.2 68.5 67 70.3 70.6 75.7 71.6 69.2 

E2-1 ESP IL 

 

93.9 72.5 72.5 77.9 76 78.4 78.7 75 76.4 78.8 73.3 76.4 78.7 77.7 76.4 76.4 

E2-2 ESP IL 

 

88.6 70.9 70.7 74.8 75.3 74.6 75.8 72.2 70.7 76.9 71.9 72.7 72.9 78.2 73.9 69.4 

E2-2 ESP IL 

 

111 81.5 76.4 81.6 82.9 78.4 78.4 78.5 83.3 82.7 85.1 80 81.2 83.2 78.8 69.7 

E2-3 ESP IL 

 

115 94 93.7 98.7 97.8 97 99.4 91.7 94.5 100 95.3 99.8 100 98.8 95.8 97.7 

E2-3 ESP IL 

 

128 76.4 77.1 81.7 81.7 82.5 80.5 77.7 82.1 81.6 81.9 83.6 81.9 84.2 82.8 83.8 

E2-4 ESP IL 

 

87.3 71.9 71.9 75.7 76.1 77.6 75.8 75.2 76.5 77.1 72.9 75.5 75.2 74.8 77.6 71.5 

E2-4 ESP IL 

 

105 87 85.6 91.2 91.5 93.6 89.9 89.7 90.3 91.1 86.4 90.8 91.3 89.7 91.2 89.7 

                     

2
0

1
2
 

R1-1 ESP IL 

 

124 87.6 88.1 92.4 92.9 88.6 92.2 92.7 94.3 90.9 95.8 96.4 91.3 92.4 97.4 91 

R1-1 ESP IL 

 

133 98.7 98.6 102 102 98.1 102 103 106 103 104 101 100 101 103 95.3 

R1-2 ESP IL 

 

126 93.7 93.6 98.3 95.8 101 100 98 96 96.5 96.8 97.5 96.7 97.8 98.4 94.3 

R1-2 ESP IL 

 

130 94.1 93.8 98 98.1 97.5 98.4 99.3 93.7 101 96.5 98 101 97.2 102 98 

R1-3 ESP IL 

 

119 85.7 87.6 91.9 92.7 90.3 92.4 93.8 90 92.2 89.4 93.2 92.9 91.2 93.2 89.7 

R1-3 ESP IL 

 

119 94.7 95 99.7 99 100 104 103 102 102 98 101 104 105 101 99.4 
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Table A-2 (continued): Na2O2 sintering recoveries as a percentage of HF digestion recoveries. Green indicates sinter 

recoveries >110% of the HF digestion value and red indicates recoveries <90%. Samples are organized by sampling year, 

plant code (using letters), boiler (first number), and ash collection system row if applicable (number after hyphen). 

 
Sample Type Coal  Sc La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

2
0

1
2
 

R2-1 BH blend  127 87.8 87.7 92.1 90.6 90.7 91.5 87.1 89.3 88.3 94.7 92.8 91.2 89.6 89.4 89.2 

R2-1 BH blend  158 118 113 119 118 121 124 119 120 117 125 118 117 121 113 109 

R2-1 BH blend  131 93.9 93.6 97.6 96.5 95.3 101 96 99.6 97.9 104 97.5 101 96.7 95.2 90.2 

R2-1 BH blend  135 96.8 90.7 96.2 96.5 95.7 97.5 94.6 96.2 94.5 101 95.9 98.2 94.3 90.3 92.9 

R2-2 BH blend  124 90.8 89.8 94.4 94.6 96.1 97.3 97.5 98 94 98.9 95.6 93.7 94.1 93.9 90.1 

R2-2 BH blend  133 94 92.2 98.3 98.4 96.1 101 97.5 95.6 95.2 99.6 94.1 93.8 95.2 94.2 92.9 

R2-2 BH blend  148 91.4 91.3 97.3 96.1 97.7 97.2 96.5 97.7 97.7 96.5 97.5 96.5 101 96.5 97.7 

R2-2 BH blend  135 80.8 80.1 84.7 85.9 85.1 84.8 87.2 87.4 85.3 88.1 86.9 87.2 88.4 85.9 86.7 

R2-3 BH blend  136 87.7 87.9 93.1 92 92.7 92 90 92.7 93.5 95 93.6 92.5 95.7 97.2 94 

R2-3 BH blend  131 78.1 77.9 83.8 83 83 83.3 82 84.8 83.7 84.1 86.6 86.7 86.8 85 86.4 

R2-3 BH blend  126 85.2 84.6 91.5 90.9 91.8 85.1 88.8 89.9 91.6 91.4 90.8 90.5 89.2 93.9 89.2 

R2-3 BH blend  133 87.5 87.9 91.9 91.9 89.2 89.5 90.7 94.6 93.7 93.4 97.3 97.5 99.2 94.9 94 

H3-2 ESP IL 

 

113 91.5 91.4 95.7 91.9 91.5 96.6 93.6 97.8 101 96.5 99.3 99.8 95.1 98.6 88.8 

H3-3 ESP IL 

 

110 97.9 99.2 105 100 98.9 106 98.9 104 106 100 106 110 113 106 97.2 

H3-4 ESP IL 

 

113 96.7 95.2 100 95.7 97.2 99.2 97.7 103 105 95.3 101 107 99.6 102 95.7 

H3-5 ESP IL 

 

114 101 101 107 102 100 109 99.8 107 110 100 106 111 112 108 99.7 

G3 mech PRB 

 

154 78.8 76.4 83.7 84.8 83.3 81.4 80.2 87.7 90.9 89.8 90.3 91.7 93.5 93.4 92.2 

G3-2 BH PRB 

 

151 81.7 78.9 85.3 86 89.5 82.2 83.2 85.9 90.4 88.7 92.3 93.5 91.2 89.3 91.3 

G3-3 BH PRB 

 

126 107 108 114 108 109 111 107 118 119 104 120 120 120 116 103 

G3-4 BH PRB 

 

117 97 96.9 102 99.4 95.7 101 99.6 104 107 93.6 103 107 107 105 91.5 

G3-5 BH PRB 

 

133 100 101 106 102 102 105 101 111 113 96.7 112 114 108 111 102 
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Table A-2 (continued): Na2O2 sintering recoveries as a percentage of HF digestion recoveries. Green indicates sinter 

recoveries >110% of the HF digestion value and red indicates recoveries <90%. Samples are organized by sampling year, 

plant code (using letters), boiler (first number), and ash collection system row if applicable (number after hyphen). 

 
Sample Type Coal  Sc La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

2
0

1
3
 

R1-1 ESP IL 

 

130 98 93.6 98.1 97.2 98.8 96.4 97.4 98.1 98.2 100 99.8 97.3 99.3 95.5 87.7 

R1-2 ESP IL 

 

148 117 111 116 116 116 114 114 114 117 120 114 116 115 113 110 

R1-3 ESP IL 

 

129 101 94.3 99.5 99.8 97.4 101 103 99.2 101 103 103 104 101 96.6 89.4 

R1-4 ESP IL 

 

158 111 104 110 110 113 107 106 113 111 113 111 108 105 102 100 

R1-5 ESP IL 

 

123 94.8 89.5 95 93.7 93.1 90.3 91.3 93.8 93.2 97.4 96 96.8 96.2 93.5 81.1 

H3-1 ESP IL 

 

110 82.9 83.4 88.3 83.9 86.7 89.8 86.9 89.9 90.4 82.3 89 93.2 91.2 91 88.6 

H3-2 ESP IL 

 

110 91.6 93.1 98.3 94.4 93.7 101 93.1 100 101 90.9 100 104 100 101 105 

H3-3 ESP IL 

 

123 87.5 89.8 95.6 91.6 96.1 100 90.2 102 100 89.2 99.9 103 107 102 103 

H3-4 ESP IL 

 

117 83.1 84.4 90.3 86.9 86.4 92.9 86.5 95.5 97.2 85.7 98.1 99.2 97 98.3 101 

I1 econ App 

 

155 87.5 86.1 92.3 91.9 93 93.5 92.5 96.9 100 98.2 100 98.9 102 98.7 103 

I1 mech App 

 

132 84.8 85.6 90.5 90.5 91 90.3 91.7 95.3 93.4 92.1 97.1 97.3 96 95.3 91.8 

I1 ESP App 

 

131 86.8 87.4 91.8 91.7 92.7 91.4 90.6 92.3 94.8 91.7 95.7 95.5 96.7 95.3 95.8 

I1 silo App 

 

117 78.9 79.5 85 83.6 84.5 83 82.1 86 85.4 84.3 88.3 88.2 89.8 86.4 89.7 

I landfill App 

 

136 78.5 79.3 84 83.9 86.7 83.3 80.4 84.4 87.1 90.9 90.2 90 90.3 86.3 88.4 

GC FA GC 

 

170 92.4 94 100 101 102 99.8 96.2 99.7 102 93.7 105 99.3 100 101 102 

GC landfill GC 

 

178 87.3 84.4 89.5 88.9 90.6 91.3 91.3 93.7 94.6 91.1 92.4 92.8 94.1 98.8 94.5 

SJ FA SJ 

 

139 99.5 99.4 106 103 100 104 103 115 114 98.8 109 112 113 109 99.4 
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Table A-3: REE values (total, critical, and extractable) and major oxide content for fly ash samples by coal basin. The 

number of independent (i.e. same boiler and sampling trip, but including multiple ESP rows) samples n is listed for each 

coal basin. Data are presented as mean ± standard deviation. Minimum and maximum values are indicated in 

parentheses. Coal basins with no sample size listed had only one independent fly ash sampling. 

REE 
 

App (n = 17) 
 

IL (n = 11) 
 

PRB (n = 7) 
 

Blend 
 

SJ 
 

GC 
 

RSA (n = 3) 

Total (mg kg-1)  590.6 ± 97.5 

 

403.2 ± 119.0 

 

336.9 ± 69.3  319.1  261.2  344.3  561.2 ± 74.1 

 
(416.3, 809.4)  (257.6, 655.3)  (232.7, 405.6) 

    
(478.5, 621.5) 

Critical (%)  37.7 ± 1.1 

 

37.4 ± 1.4 

 

33.9 ± 1.4  35.9  34.7  38.2  30.4 ± 0.04 

 
(36.4, 41.0)  (35.2, 40.3)  (31.9, 36.1) 

    
(30.3, 30.4) 

Extractable (%)  33.6 ± 9.6 

 

26.7 ± 9.1 

 

69.9 ± 17.3  47.2  35.3  29.8  21.1 ± 1.3 

 
(16.8, 44.9)  (12.7, 42.8)  (52.4, 93.2) 

    
(20.3, 22.6) 

Extractable (mg kg-1)  197.1 ± 58.7 

 

101.7 ± 26.5 

 

235.6 ± 76.1  150.7  92.3  102.6  117.7 ± 9.4 

 
(108.2, 292.0)  (50.5, 127,6)  (122.5, 372.3) 

    
(108.1, 126.9) 

Oxides 
              

SiO2 (%)  52.0 ± 4.3 

 

47.1 ± 4.1 

 

36.9 ± 5.5  45.2  62.3  68.3  53.9 ± 0.6 

 
(39.1, 56.5)  (40.0, 52.3)  (29.5, 44.9) 

    
(53.4, 54.5) 

Al2O3 (%)  28.8 ± 3.3 

 

21.0 ± 2.7 

 

19.7 ± 3.5  19.4  23.1  17.4  29.9 ± 1.6 

 
(19.1, 31.7)  (16.8, 26.5)  (15.3, 25.5) 

    
(28.4, 31.5) 

Fe2O3 (%)  10.2 ± 5.6 

 

20.4 ± 4.4 

 

5.3 ± 0.6  15.1  5.6  2.7  4.0 ± 0.4 

 
(5.7, 28.4)  (14.1, 28.1)  (4.4, 6.0) 

    
(3.7, 4.5) 

CaO (%)  1.7 ± 0.7 

 

4.6 ± 2.5 

 

24.7 ± 6.4  11  4.6  5.3  6.6 ± 1.9 

 
(1.2, 4.0)  (1.9, 9.7)  (14.1, 33.6) 

    
(5.0, 8.8) 

 



 

 

125 

 

Table A-4: Statistical differences between coal basins. The Wilcoxon rank-sum test (Mann-Whitney U test) was used to 

test for differences in REE and oxide values between three major U.S. coal basins: the Appalachian Basin (App), Illinois 

Basin (IL), and Powder River Basin (PRB). “Diff.” is the estimated difference (Hodges-Lehmann estimator) between each 

pair of coal basins (first basin listed minus second basin listed). “W” is the test statistic for the Wilcoxon rank-sum test. 

 
 App – PRB 

 
App – IL 

 
PRB – IL 

REE  Diff. W p-value 
 

Diff. W p-value 
 

Diff. W p-value 

Total (mg kg-1)  228.7 119 5.78 × 10-6 

 
197.31 168 1.83 × 10-4 

 
-65.78 28 0.37 

Critical (%)  3.82 119 5.78 × 10-6 
 

0.11 100 0.78 
 

-3.39 2 2.51 × 10-4 

Extractable (%)  -36.28 0 8.16 × 10-6 
 

7.005 122 0.099 
 

42.08 77 6.3 × 10-5 

Extractable (mg kg-1)  -40.53 39 0.28 
 

87.42 170 4.60 × 10-6 
 

133.15 74 0.00044 

 
 

           

Oxides  Diff. W p-value  Diff. W p-value  Diff. W p-value 

SiO2 (%)  15.09 109 5.71 × 10-5 
 

4.85 151 0.001204 
 

-10.21 4 0.00075 

Al2O3 (%)  9.73 107 0.00016 
 

8.56 167 1.49 × 10-5 
 

-1.51 29 0.43 

Fe2O3 (%)  2.92 106.5 0.00083 
 

-10.85 13 2.36 × 10-4 
 

-13.64 0 0.00057 

CaO (%)  -21.31 0 2.1 × 10-4 

 
-2.25 7.5 7.83 × 10-5 

 
19.98 77 6.3 × 10-5 
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Table A-5: Coal basin statistical groups. The Kruskal-Wallis test was used to 

determine if significant differences in fly ash REE and oxide measurements were 

present between coal basins. The three coal basins compared were the Appalachian 

Basin (App), Illinois Basin (IL), and Powder River Basin (PRB). Low p-values indicate 

that significant differences exist between the coal basins, but do not specify which 

basins differ and in what way. Group letters denote statistically-different coal basin 

groupings for each fly ash parameter. 

  
   

Group 

REE 

 

χ2 p-value 
 

App IL PRB 

Total (mg kg-1)  20.3 3.96 × 10-5 
 

a b b 

Critical (%)  15.8 3.79 × 10-4 
 

a a b 

Extractable (%)  18 1.24 × 10-4 
 

b b a 

Extractable (mg kg-1)  19.3 6.47 × 10-5 
 

a b a 

 
 

      
Oxides  

      
SiO2 (%)  20.3 4.00 × 10-5 

 
a b c 

Al2O3 (%)  20.4 3.81 × 10-5 
 

a b b 

Fe2O3 (%)  23.6 7.47 × 10-6 
 

b a c 

CaO (%)  26.2 2.01 × 10-6 
 

c b a 
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Table A-6: The estimated annual tonnage of unused fly ash generated from major U.S. 

coal sources. Coal production from each coal basin was used to estimate the 

proportion of unused fly ash generated annually from each source (Northern/Central 

Appalachian Basin, Illinois Basin, and Powder River Basin). This calculation assumes 

that the proportion of fly ash reuse is the same across coal sources. 

 
Percent Metric Tons (t) 

Annual Fly Ash Production (U.S)21  45,742,298 

Annual Unused Fly Ash (U.S.)21  24,712,209 

Estimated Annual Unused Fly Ash by Coal 

Basin 
  

Northern/Central Appalachian 22.3a 5,501,550 

Illinois Basin 11.7a 2,895,457 

Powder River Basin 36.1a 8,931,434 

Subtotal 70.1 17,328,441 

   
a Estimated from 2013 coal production of each U.S. coal basin relative to 

total production in the U.S in 2013 (U.S. Energy Information 

Agency)113 
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Table A-7: Mean REE content for each coal basin was calculated and converted to rare 

earth oxide (REO) content. The mass of each element is scaled by the addition of three 

oxygen atoms to form an oxide with formula R2O3 where R represents an REE. 

  

Mean REE (mg kg-1) 
 

REO/REE 
 

Mean REO (mg kg-1) 

  

App IL PRB 
 

(mg mg-1) 
 

App IL PRB 

Sc 

 

38.47 28.36 24.04 

 

1.53 

 

59.00 43.50 36.88 

La 

 

89.46 53.81 56.69 

 

1.17 

 

104.92 63.11 66.48 

Ce 

 

192.09 113.18 111.40 

 

1.17 

 

224.99 132.57 130.48 

Pr 

 

21.62 13.06 12.52 

 

1.17 

 

25.30 15.28 14.65 

Nd 

 

82.93 51.56 47.43 

 

1.17 

 

96.73 60.14 55.32 

Sm 

 

17.66 10.92 9.33 

 

1.16 

 

20.48 12.66 10.81 

Eu 

 

3.55 2.36 3.31 

 

1.16 

 

4.11 2.74 3.83 

Gd 

 

18.43 10.95 9.75 

 

1.15 

 

21.24 12.62 11.23 

Tb 

 

2.81 1.62 1.35 

 

1.15 

 

3.24 1.87 1.56 

Dy 

 

16.41 9.40 7.54 

 

1.15 

 

18.83 10.79 8.65 

Y 

 

95.37 55.31 42.71 

 

1.27 

 

121.12 70.24 54.24 

Ho 

 

3.34 1.93 1.52 

 

1.15 

 

3.83 2.21 1.74 

Er 

 

9.46 5.49 4.28 

 

1.14 

 

10.82 6.27 4.90 

Tm 

 

1.35 0.79 0.60 

 

1.14 

 

1.54 0.90 0.69 

Yb 

 

8.37 4.99 3.80 

 

1.14 

 

9.54 5.68 4.33 

Lu 

 

1.25 0.76 0.59 

 

1.14 

 

1.42 0.86 0.67 

Total  602.6 364.5 336.8    727.1 441.5 406.5 
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Table A-8: Total mass and estimated value of REO content in unutilized fly ash produced annually in the U.S. The 2011 

prices are from the aftermath of the global REE shortage while 2013 prices are more representative of recent price trends. 

 Total REO (t/yr) 

 2011 

Prices 

 

Total Value (million $/yr) 

 2013 

Prices 

 

Total Value (million $/yr) 

 
App IL PRB Total  ($/kg)a  App IL PRB Total  ($/kg)b  App IL PRB Total 

Sc 325 126 329 780  3700  1202 466 1219 2886  5000  1623 630 1647 3900 

La 577 183 594 1354  100  57.7 18.3 59.4 135.4  8  4.62 1.46 4.75 10.8 

Ce 1238 384 1165 2787  100  123.8 38.4 116.5 278.7  8  9.90 3.07 9.32 22.3 

Pr 139 44 131 314  225  31.31 9.96 29.5 70.7  94  13.1 4.16 12.3 29.5 

Nd 532 174 494 1200  270  143.7 47.0 133.4 324.1  70  37.2 12.2 34.6 84.0 

Sm 113 37 97 246  118  13.3 4.32 11.4 29.0  14  1.58 0.51 1.35 3.4 

Eu 23 8 34 65  3300  74.6 26.2 113.0 213.7  1130  25.5 8.96 38.7 73.2 

Gd 117 37 100 254  239  27.9 8.74 24.0 60.6  47  5.5 1.72 4.72 11.9 

Tb 18 5 14 37  2750  49.0 14.9 38.20 102.1  949  16.9 5.13 13.2 35.2 

Dy 104 31 77 212  1600  165.8 50.0 123.6 339.4  540  56.0 16.9 41.7 114.6 

Y 666 203 484 1354  165  109.9 33.6 79.9 223.4  25  16.7 5.08 12.1 33.9 

Ho 21 6 16 43  
 

 
    

 
 

 
    

Er 60 18 44 121  255  15.2 4.63 11.16 31.0  34  2.02 0.62 1.49 4.13 

Tm 8 3 6 17  
 

 
    

 
 

 
    

Yb 52 16 39 108  450  23.6 7.40 17.4 48.4  
 

 
    

Lu 8 2 6 16  4000  31.3 9.96 2389 65.2  
 

 
    

Total 4000 1278 3630 8909  
 

 2068 739 2000 4807  
 

 1812 690 1821 4323 
 

a From Rhodia Electronics & Catalysis, Inc.; Sc price from Stanford Metals Corp., as cited by the U.S. Geological Survey114 
b From Metal-Pages Ltd.; Sc price from Stanford Metals Corp. as cited by the U.S. Geological Survey115 
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Table A-9: Total REO value per metric ton of fly ash was calculated from mean REO content of fly ash from each coal 

basin (Appalachian, Illinois, and Powder River). The value per ton of REO and any other saleable metals (scaled down by 

the extraction efficiency) must offset the processing costs for metal recovery to be profitable. 

 

Mean REO (mg kg-1)  

2011 

Prices  $ REO/t ash  

2013 

Prices  $ REO/t ash 

 

App IL PRB 
 

($/kg)a 
 

App IL PRB 
 

($/kg)b 
 

App IL PRB 

Sc 59.00 43.50 36.88 
 

3700 
 

$218.29 $160.97 $136.45 
 

5000 
 

$294.99 $217.52 $184.40 

La 104.92 63.11 66.48 
 

100 
 

$10.49 $6.31 $6.65 
 

8 
 

$0.84 $0.50 $0.53 

Ce 224.99 132.57 130.48 
 

100 
 

$22.50 $13.26 $13.05 
 

8 
 

$1.80 $1.06 $1.04 

Pr 25.30 15.28 14.65 
 

225 
 

$5.69 $3.44 $3.30 
 

94 
 

$2.38 $1.44 $1.38 

Nd 96.73 60.14 55.32 
 

270 
 

$26.12 $16.24 $14.94 
 

70 
 

$6.77 $4.21 $3.87 

Sm 20.48 12.66 10.81 
 

118 
 

$2.42 $1.49 $1.28 
 

14 
 

$0.29 $0.18 $0.15 

Eu 4.11 2.74 3.83 
 

3300 
 

$13.56 $9.03 $12.65 
 

1130 
 

$4.64 $3.09 $4.33 

Gd 21.24 12.62 11.23 
 

239 
 

$5.08 $3.02 $2.68 
 

47 
 

$1.00 $0.59 $0.53 

Tb 3.24 1.87 1.56 
 

2750 
 

$8.91 $5.13 $4.28 
 

949 
 

$3.07 $1.77 $1.48 

Dy 18.83 10.79 8.65 
 

1600 
 

$30.14 $17.27 $13.84 
 

540 
 

$10.17 $5.83 $4.67 

Y 121.12 70.24 54.24 
 

165 
 

$19.98 $11.59 $8.95 
 

25 
 

$3.03 $1.76 $1.36 

Ho 3.83 2.21 1.74 
            

Er 10.82 6.27 4.90 
 

255 
 

$2.76 $1.60 $1.25 
 

34 
 

$0.37 $0.21 $0.17 

Tm 1.54 0.90 0.69 
            

Yb 9.54 5.68 4.33 
 

450 
 

$4.29 $2.56 $1.95 
      

Lu 1.42 0.86 0.67 
 

4000 
 

$5.69 $3.44 $2.67 
      

Total 727.1 441.5 406.5 
   

$375.91 $255.34 $223.93 
   

$329.35 $238.17 $203.90 
 

a From Rhodia Electronics & Catalysis, Inc.; Sc price from Stanford Metals Corp., as cited by the U.S. Geological Survey114 
b From Metal-Pages Ltd.; Sc price from Stanford Metals Corp. as cited by the U.S. Geological Survey115 
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Table A-10: Rare earth oxide (REO) prices from 2001 to 2015. Price data from 2001-2013 obtained from the annual U.S. 

Geological Survey Mineral Yearbook114-116; 2015 prices from mineralprices.com117   

 
Purity 2001-2005 2006 2007 2008 2009 2010 2011 Purity 2012 2013 Purity 2015 

Oxide (%) $/kg $/kg $/kg $/kg $/kg $/kg $/kg (%) $/kg $/kg (%) $/kg 

Sc 99.99 6000 
   

2500 3500 3700 99.990 4700 5000 99.95 4200 

Y 99.99 88 50 50 50 44 50 165 99.999 88 25 99.99 6 

La 99.99 23 30 40 40 30 38 100 99.000 23 8 99.50 2 

Ce 
96.00 19.2 40 50 50 30 30 

 
99.000 23 8 99.50 2 

99.50 31.5 45 65 65 
  

100 
     

Pr 96.00 36.8 50 75 75 38 60 225 99.000 115 94 99.50 52 

Nd 95.00 28.5 45 60 60 42 63 270 99.000 117 70 99.50 42 

Sm 
99.90 360 250 200 200 130 175 118 99.000 62 14 

  
99.99 435 400 

          
Eu 99.99 900 1000 1200 1200 1600 1400 3300 99.900 2440 1130 99.99 150 

Gd 99.99 130 140 150 150 150 165 239 99.000 92 47 99.50 32 

Tb 99.99 535 800 850 850 900 1400 2750 99.000 1950 949 99.50 400 

Dy 99.00 120 150 160 160 170 310 1600 99.000 1010 540 99.50 230 

Ho 99.90 440 650 750 750 750 750 
      

Er 96.00 155 160 165 165 100 165 255 
   

99.50 34 

Tm 99.90 2300 2500 2500 2500 1500 1500 
      

Yt 99.00 340 400 450 450 325 375 450 
     

Lu 99.99 3500 3500 3500 3500 1800 2200 4000 
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Figure A-1: Comparison of REE quantification methods for the coal fly ash standard 

reference material NIST 1633c. Method accuracy was assessed based on recovery of 

reported reference REE values for NIST 1633c. Error bars are the standard deviation 

multiple digestions/sinters (n = 10 for HF/HNO3 digestion, n = 9 for Na2O2 sintering, 

and n = 5 for HNO3 digestion). 
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Figure A-2: Comparison of fly ashes and other CCRs for select power plants. Other 

CCRs (in the order they appear in the legend) included: fly ash, mechanical fly ash, 

economizer ash, bottom ash, stoker ash, flue gas desulfurization (FGD) waste, silo 

ash, landfill ash, and pond ash. Duplicate power plants are either different boilers or 

separate sampling trips. Plants are grouped by coal basin: Appalachian (App), Powder 

River (PRB), Gulf Coast (GC), and San Juan (SJ). 
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Figure A-3: REE contents in fly ash as a function of ESP or baghouse row, including: 

(A) Total REEs (lanthanides, yttrium, and scandium); (B) Critical REEs (Nd, Eu, Tb, 

Dy, Y, and Er); and (C) HNO3-extractable REEs. Boiler IDs are listed by power plant 

ID letter, boiler number, and sampling year. Data symbols indicate feed coal source: 

▲ = Appalachian Basin; ● = Illinois Basin; ♦ = Powder River Basin; ■ = IL/PRB blend. 
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Figure A-4: Volatile element content of fly ash by ESP or baghouse row. Lines connect 

fly ash samples collected from the same power plant and boiler unit during a single 

sampling trip. Data are grouped by feed coal source.  
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Figure A-5: REE content normalized to upper continental crust (UCC) values. Appalachian, Illinois, and Powder River 

Basin ashes are differentiated by plant ID, boiler number, and sampling year. Other coal basins grouped by source.  
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Appendix B: Chapter 3 Supporting Information 

Table B-1: Leachate pH values. To test the effects of leachate pH on REE recovery for 

NaOH sinters, different HNO3 concentrations were used for each NaOH-ash ratio to 

achieve the target pH (except the pH -0.3 leachate, which always used 2 M HNO3). Silo 

ash App-FA1 and NaOH were mixed at the indicated ratios, sintered for 30 min. at 

450°C, and leached overnight in the indicated HNO3 solutions. Measured leachate pH 

values are mean ± standard deviation (n = 6 measurements). 

Target 

pH 

NaOH-Ash 

Ratio 

Leachate 

NaOH (M) 

Leachate 

HNO3 (M) 

Projected 

Molarity 

Projected 

pH 

Measured 

pH 

-0.3 

6:1 0.60 2.0 0.4 -0.15 0.25 ± 0.02 

1:1 0.10 2.0 1.9 -0.28 0.20 ± 0.02 

1:2 0.05 2.0 1.95 -0.29 0.19 ± 0.02 

0.5 

6:1 0.60 0.9162 0.3162 0.50 0.72 ± 0.02 

1:1 0.10 0.4162 0.3162 0.50 0.74 ± 0.02 

1:2 0.05 0.3662 0.3162 0.50 0.75 ± 0.02 

2 

6:1 0.60 0.61 0.01 2 3.86 ± 0.09 

1:1 0.10 0.11 0.01 2 2.66 ± 0.21 

1:2 0.05 0.06 0.01 2 2.46 ± 0.12 

4 

6:1 0.60 0.6001 0.0001 4 3.93 ± 0.06 

1:1 0.10 0.1001 0.0001 4 3.01 ± 0.13 

1:2 0.05 0.0501 0.0001 4 3.06 ± 0.11 
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Figure B-1: Comparison of total REE concentrations recovered using HF/HNO3 

digestion and sinters with six different reagents. All tests were carried out using a 6:1 

flux-to-ash ratio. Samples were sintered for 30 minutes at 450°C, leached overnight 

with water, and acidified with 25% v/v HNO3. 
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Figure B-2: Individual REE recoveries for Na2O2, Na2CO3, and (NH4)2SO4 sinters were 

consistent except for the Eu anomaly in the PRB sample. 
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Figure B-3: Individual REE percent recoveries for NaOH and CaO sinters followed a 

zig-zag pattern mirroring the Oddo-Harkins Rule. All tests were carried out using a 

6:1 flux-to-ash ratio. Samples were sintered for 30 minutes at 450°C, leached overnight 

with water, and acidified with 25% v/v HNO3. 
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Figure B-4: Individual REE percent recoveries for the CaSO4 sinter reveal positive Y 

and Dy anomalies. All tests were carried out using a 6:1 flux-to-ash ratio. Samples 

were sintered for 30 minutes at 450°C, leached overnight with water, and acidified 

with 25% v/v HNO3. 
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Figure B-5: Individual REE percent recoveries for the Powder River Basin ash (PRB-

FA1) reveal a negative Eu anomaly. Recoveries of 0.0% were non-detects during ICP-

MS. All tests were carried out using a 6:1 flux-to-ash ratio. Samples were sintered for 

30 minutes at 450°C, leached overnight with water, and acidified with 25% v/v HNO3.  



 

143 

 

Figure B-6: Individual REE percent recoveries for the Na2O2 and CaSO4 sinters show a 

strong positive Dy anomaly. The negative Eu anomaly for the Powder River Basin ash 

(PRB-FA1) is also visible. All tests were carried out using a 1:1 flux-to-ash ratio. 

Samples were sintered for 30 minutes at 450°C, leached overnight with water, and 

acidified with 25% v/v HNO3.  
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Figure B-7: Individual REE recoveries for NaOH, CaO, and Na2CO3 sinters were 

consistent between elements. The negative Eu anomaly is visible for Powder River 

Basin ash (PRB-FA1). All tests were carried out using a 1:1 flux-to-ash ratio. Samples 

were sintered for 30 minutes at 450°C, leached overnight with water, and then 

acidified with 25% v/v HNO3. 
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Figure B-8: Comparison of total REE recovery by less effective sinter reagents. 

Uppercase letters indicate significantly different (p < 0.05) groups of sinter treatments 

as compared to group A, which includes the 6:1 and 1:1 Na2O2 and NaOH sinters. 

Group BC is significantly different from neither Group B nor Group C. Lowercase 

letters indicate statistically-distinct groups among the ash samples, with PRB-FA1 (a) 

and APP-SA (d) being end members. All tests were carried out using the indicated 

flux-to-ash ratio. Samples were sintered for 30 minutes at 450°C, leached overnight 

with water, and acidified with 25% v/v HNO3.  
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Figure B-9: Effect of leachate pH and NaOH-ash ratio. REE percent recovery depended 

more on leachate pH than NaOH-ash ratio for App-FA1. Ash and NaOH were mixed 

at the indicated ratios, sintered for 30 min. at 450°C, and leached overnight in HNO3 

solutions to reach the target pH. Error bars are standard deviation (n = 3). Measured 

leachate pH values are listed beside the bars as mean ± standard deviation (n = 6).  
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Appendix C: Chapter 4 Supporting Information 

Table C-1: Coal fly ash samples selected for each analysis. Feed coals originated from 

the Illinois Basin (IL), Appalachian Basin (App), and Powder River Basin (PRB) in the 

U.S. and the Witbank/Highveld coal fields in South Africa (RSA). The leachable REY 

in the samples were quantified by selective sequential extraction (SSE) while the 

solid crystalline phases were characterized by X-ray diffraction (XRD). Element maps 

were acquired via micro-focus X-ray fluorescence (µXRF) and yttrium speciation was 

analyzed using bulk and micro-focus X-ray absorption near edge spectroscopy 

(XANES). Sample numbers correspond to those used in Taggart et al. (2016). 

Sample 

ID 

Sample 

No. 

Ash 

Type 
SSE/XRDa Bulk 

XANESa 
µXRFb µXANESb 

App-FA1 93938 Silo X X X X 

App-FA2 93963 ESP  X X  

App-FA3 93932 ESP  X X X 

App-PA 93965 Pond  X X  

IL-FA1 93895 ESP X X X X 

IL-FA3 93964 ESP  X X  

PRB-FA1 93966 Fly ash X X X X 

PRB-FA2 93973 Fly ash  X X X 

RSA-FA1 93969 Fly ash  X X  

       
  a bulk ash 
  b thin sections mounted on quartz slides 
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Figure C-1: XRD spectra with background for IL-FA1. The target fractions were: water soluble (F1), acid soluble (F2), 

reducible (F3), and oxidizable (F4). The leaching solutions were distilled water (F1), 0.11 M CH3COOH (F2), pH 2 

NH2OH∙HCl (F3), and H2O2/CH3COONH4 (F4). 
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Figure C-2: XRD spectra with background for PRB-FA1. The target fractions were: water soluble (F1), acid soluble (F2), 

reducible (F3), and oxidizable (F4). The leaching solutions were distilled water (F1), 0.11 M CH3COOH (F2), pH 2 

NH2OH∙HCl (F3), and H2O2/CH3COONH4 (F4). 
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Figure C-3: XRD spectra with background for App-FA1 extracted with acetic acid in F2. The target fractions were: water 

soluble (F1), acid soluble (F2), reducible (F3), and oxidizable (F4). The leaching solutions were: distilled water (F1), 0.11 M 

CH3COOH (F2), pH 2 NH2OH∙HCl (F3), and H2O2/CH3COONH4 (F4). 
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Figure C-4: XRD spectra with background for App-FA1 extracted with oxalic acid in F2. The target fractions were: 

water soluble (F1), acid soluble (F2), reducible (F3), and oxidizable (F4). The leaching solutions were: distilled water (F1), 

0.11 M HOOCCOOH (F2), pH 2 NH2OH∙HCl (F3), and H2O2/CH3COONH4 (F4). 
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Figure C-5: Yttrium K-edge spectra for yttrium standards used in XANES linear 

combination fitting. Bulk XANES spectra were collected on beam line 11-2 at the 

Stanford Synchrotron Radiation Lightsource (SSRL). Micro-focus XANES spectra 

were collected on beam line 2-3 at SSRL. For the Y-doped glass and hematite 

standards (synthesized in lab) and the monazite standard (geological sample), only 

bulk spectra were collected.   
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Figure C-6: Linear combination fits for unextracted and extracted fly ash samples. For 

the acetic and oxalic acid extractions, ash samples were leached overnight in 0.11 M 

acetic or oxalic acid, rinsed with Milli-Q water, and dried prior to XANES sample 

preparation. The fitting region was 17,008 eV to 17,158 eV. 
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Table C-2: Linear combination fits for bulk fly ash samples analyzed using Y K-edge XANES. The fitting region was 

17,008 eV to 17,158 eV. “Glass” and “Hematite” denote Y-doped glass and Y-doped hematite standards synthesized in lab. 

The monazite standard was a geological sample.  

   
Standard Weights 

Sample 

ID 
R-factora 

 
Y2O3 Y2(SO4)3 Y2(CO3)3 YPO4 Monazite Glass Hematite Sum 

App-FA1 0.0006486 
 

39.4% 
 

17.3% 
  

42.7% 
 

99.4% 

App-FA2 0.0002646 
 

21.0% 
 

11.9% 13.5% 
 

52.6% 
 

99.0% 

App-FA3 0.0006982 
 

43.4% 
 

21.8% 
  

34.2% 
 

99.4% 

App-PA 0.0007522 
 

45.7% 
 

31.6% 
  

21.7% 
 

99.0% 

IL-FA1 0.0007502 
 

45.5% 
 

29.9% 
  

23.6% 
 

99.0% 

IL-FA3 0.0006524 
 

34.4% 
   

28.0% 36.3% 
 

98.7% 

PRB-FA1 0.0007507 
 

50.6% 
   

21.6% 26.9% 
 

99.1% 

PRB-FA2 0.0007968 
 

38.3% 
    

60.3% 
 

98.6% 

RSA-FA1 0.0003568 
 

23.1% 
    

76.0% 
 

99.1% 

           
a R-factor is a measure of the mean square sum of the misfit of each data point, calculated as 

 

where the sums are over the data points in the fitting region. 
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Table C-3: Linear combination fits for extracted fly ash samples analyzed using Y K-edge XANES. The fitting region was 

17,008 eV to 17,158 eV. Ash samples were leached overnight in 0.11 M oxalic acid or 0.11 M acetic acid, rinsed with Milli-Q 

water, and dried prior to XANES sample preparation. “Glass” and “Hematite” denote Y-doped glass and hematite 

standards synthesized in lab. The monazite standard was a geological sample.  

Oxalic Acid Extraction 
 

Standard Weights 

Sample 

ID 
R-factor 

 
Y2O3 Y2(SO4)3 Y2(CO3)3 YPO4 Monazite Glass Hematite Sum 

App-FA1 0.0005088 
 

32.5% 
 

16.8% 
  

49.4% 
 

98.7% 

App-FA2 0.0001332 
 

14.1% 
    

85.6% 
 

99.7% 

App-FA3 0.0001805 
 

14.3% 
    

85.2% 
 

99.5% 

App-PA 0.0001059 
      

100.0% 
 

100.0% 

IL-FA1 0.0006454 
 

41.0% 
 

29.9% 
  

28.1% 
 

99.0% 

IL-FA3 0.0001699 
 

22.9% 
   

12.7% 63.9% 
 

99.5% 

PRB-FA1 0.0009818 
  

89.6% 
    

10.1% 99.7% 

PRB-FA2 0.0015491 
  

85.1% 
    

14.2% 99.3% 

RSA-FA1 0.0001786 
 

13.0% 19.6% 
   

67.4% 
 

100.0% 

           

Acetic Acid Extraction 
 

Standard Weights 

Sample 

ID 
R-factor  Y2O3 Y2(SO4)3 Y2(CO3)3 YPO4 Monazite Glass Hematite Sum 

App-FA1 0.0005174 
      

75.8% 22.9% 98.7% 

IL-FA1 0.0005494 
      

76.1% 22.7% 98.8% 

PRB-FA1 0.0016043 
 

13.8% 
    

57.4% 27.7% 98.9% 
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Table C-4: Linear combination fits for µXANES spectra collected in February 2017 for high-Y points in fly ash thin 

sections. The fitting region was 17,008 eV to 17,158 eV. “Glass” and “Hematite” denote Y-doped glass and Y-doped 

hematite standards synthesized in lab. The monazite standard was a geological sample. 

  
   

Standard Weights 

Sample 

ID 
Point R-factor 

 
Y2O3 Y2(SO4)3 Y2(CO3)3 YPO4 Monazite Glass Hematite Sum 

IL-FA1 A1 0.0017791 
 

41.7% 
  

59.2% 
   

100.9% 

IL-FA1 A2 0.0018068 
 

60.4% 
 

41.4% 
    

101.8% 

IL-FA1 A3 0.0032064 
 

53.5% 
 

49.1% 
    

102.6% 

IL-FA1 B1 0.0024086 
 

62.7% 
 

40.2% 
    

102.9% 

IL-FA1 B2 0.003149 
 

51.7% 
 

28.5% 22.9% 
   

103.1% 

IL-FA1 B3 0.0011916 
 

36.1% 
 

34.5% 31.7% 
   

102.3% 

IL-FA1 B4 0.0023576 
 

59.8% 
 

42.1% 
    

101.9% 

IL-FA1 B5 0.0036352 
 

57.8% 
 

44.9% 
    

102.7% 

            
App-FA1 1a 0.0065006 

    
50.2% 

 
45.7% 

 
95.9% 

App-FA1 1b 0.0057692 
    

84.1% 
  

17.1% 101.2% 

App-FA1 2 0.0023778 
    

73.8% 
  

27.9% 101.7% 

App-FA1 3 0.0030861 
 

42.7% 
  

13.5% 
 

44.5% 
 

100.7% 

            
PRB-FA1 1a 0.0008112 

    
20.9% 23.0% 

 
56.1% 100.0% 

PRB-FA1 1b 0.0008479 
    

19.7% 24.2% 
 

55.5% 99.4% 

PRB-FA1 2 0.003727 
 

27.2% 
    

73.1% 
 

100.3% 

PRB-FA1 3 0.0062067 
    

57.1% 
  

44.1% 101.2% 

PRB-FA1 4 0.0038275 
    

34.7% 
  

66.2% 100.9% 
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Table C-5: Linear combination fits of µXANES spectra collected in April 2016 for high Y points in fly ash thin sections. 

The fitting region was 17,008 eV to 17,158 eV. “Glass” and “Hematite” denote Y-doped glass and Y-doped hematite 

standards synthesized in lab. The monazite standard was a geological sample.  

    
Standard Weights 

Sample 

ID 
Point R-factor 

 
Y2O3 Y2(SO4)3 Y2(CO3)3 YPO4 Monazite Glass Hematite Sum 

IL-FA1 1-1 0.0008895 
      

100.0% 
 

100.0% 

IL-FA1 1-2 0.0070887 
      

83.1% 16.7% 99.8% 

IL-FA1 1-4 0.0080282 
 

19.8% 
    

78.9% 
 

98.7% 

IL-FA1 1-5 0.0103 
      

60.4% 40.2% 100.6% 

IL-FA1 2-1 0.0025297 
      

81.3% 15.0% 96.3% 

IL-FA1 3-2 0.0040516 
 

38.7% 
 

28.4% 
  

32.9% 
 

100.0% 

            
App-FA3 Map 4 0.0014660 

    
100.0% 

   
100.0% 

App-FA3 Map 6 0.0042225 
 

35.9% 
    

64.1% 
 

100.0% 

            
PRB-FA2 Map 2 0.010119 

 
47.8% 

  
52.9% 

   
100.70% 

PRB-FA2 Map 3 0.0029029 
 

53.7% 
   

47.4% 
  

101.10% 

PRB-FA2 Map 4 0.005589 
 

44.5% 
  

15.2% 41.1% 
  

100.80% 

PRB-FA2 Map 5 0.012155 
 

37.6% 
  

42.7% 
  

20.4% 100.70% 
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