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Abstract

The advancement and increasing interests in greerngy production and environmental
protection technologies have spurred the demandaferearth elements. On the other hand,
the U.S. has to rely 100% on import of these malieds the industry was crashed because of
the environmental issues associated with mining@odessing, and more importantly lack
competitiveness. As rare earth elements have maplications in defense and national
security sectors, some of the elements were ligtedtrategic materials or critical materials
because of the uncertainties in supply and priceerefore, it has become imperative in
searching for alternative resources for supplyingrer earth elements including
unconventional resources. With the strong incentbeal fly ash is identified as one of the
candidates among them. In this study, we preseast @arth element data for the 42 ash
samples (all derived from Powder River Basin ctia} we collected from seven states (UT,
WY, 10, WI, ND, CO, and MI) representing 158 milidons of fly ash. The results indicate
scattered distributions of rare earth elements waathcentration ranging from 156 to 590 ppm
although all the ash samples originated from thmeseoal basin (Powder River Basin). The
rare earth element resource in these ashes isagstilbetween 74000 to 106000 tons. The
ash samples were also characterized by Elementdysssy XRD, SEM-EDS, and BET
surface area. The characterizations of the ashe® wiscussed as they might have
implications in the subsequent rare earth elemema&ion processes. In summary, fly ash
may represent a potential resource for rare esthent production.

Keywords: Rare earth elements; coal fly ash; XREMSEDS; BET surface area; critical
materials
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1. Introduction

Rare earth elements are a group of 17 chemicalegltsmin the periodic table, including
scandium, yttrium and 15 lanthanides (lanthanumjuece praseodymium, neodymium,
promethium, samarium, europium, gadolinium, terhiudysprosium, holmium, erbium,
thulium, ytterbium, and lutetium). In this papere warrowly define REEs to represent 14
naturally occurring lanthanide elements and REYrdpresent REEs plus yttrium. These
elements are metals with nearly identical chempeaperties and comprising approximately
17% of all naturally occurring elemerits. Historically, total rare earth oxides (TREOSs)
include 14 naturally occurring rare earth elemgRiSES) and yttrium in the mining industry
to represent the total rare earth elements corat@nririn the samples although the mineral
occurrence may not be in oxide formRare earth elements have been subdivided into two
groups, i.e., light rare earth elements (LREES) hrdvy rare earth elements (HREES),
according to their atomic weight. LREEs includensdats from lanthanum (atomic weight
138.91) through europium (atomic weight 151.96) leeHHREES include elements from
gadolinium (atomic weight 157.25) through lutetigatomic weight 174.97) with yttriurn®
LREEs-containing minerals include bastnasite, mibeaallanite, loparite, ancylite, parasite,
lanthanite, chevinite, cerite, stillwellite, britite, fluocerite, and cerianite while
HREEs-containing minerals are found in gadolinitegnotime, samarskite, euxenite,
fergusonite, yttrotantalite, yttrotungstite and rigite.® However, bastnasite, monazite,
xenotime, and rare-earth ion-adsorption clays heedres that dominate the production of
rare earth elements in the wofid.The corresponding salts of these minerals areasis¢,
carbonate (e.g. Mountain Pass Mine and Bayan Qhojazite, phosphate; and xenotime,
yttrium-dominated phosphate.

The first industrial application of rare earth etts can be dated back to the lat&' 19
century? Rare earth elements play an important role in memegs ranging from household
products to materials used in high technologiesbse of their unique properties in magnetic,
luminescent, and chemical aspeci€atalysts, ceramics and glass, metallurgical usk a
alloys manufacturing, and polishing are the mapatustries that consume thousands of tons
of rare earth elementsipplications of rare earth elements in clean epéeghnologies and
high-technology products such as permanent madpstrs, healthcare devices, catalysts,
rechargeable batteries, and many othéts? Development of high technologies have led to
significant increases in the annual growth of raegth element consumption at rates of
3.7%-8.6%, although they vary with different scémst® However, the production of rare
earth elements remains limited in a few count@asindicated in Fig. 1, because of resources
constraint, technical difficulties, regulatory hlasl, and capital costs. As a result, many
countries including the U.S. are continuously adsireg the dependency risks on rare earth
elements and have listed rare earth elements dsritieal materials”, especially dysprosium
(Dy), neodymium (Nd), terbium (Tb), europium (Ewdayttrium (Y) in response to the
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uncertainties in supply and prices. These elemardgsused in green energy technologies
including permanent magnets for high-efficiency onstand advanced lighting systems that
have high demand and limited substitufeS.In addition, the supply of rare earth elements in
the U.S. solely relies on import as the domesticipction of rare earth elements was ceased.
Figs. 1 and 2 show the world reserves and produdaiforare earth elements, respectively.

China, Brazil, and Russia hold 70% of the worldiserearth element reserves. China alone
has been the dominating rare earth element prodireee the late 1990s, accounting for over

79% rare earth element production on a global Scale

Unconventional rare earth element-containing resesjrincluding produced water, acid mine
drainage, and coal/coal-by-products contain a Bagmt amount of rare earth elements.
These resources have attracted increasing attentiecause of the surge of the demands,
volatile prices, and uncertainties in supply of to@ventional rare earth elemefits® These
are considered as potential rare earth elementumes® for exploitation. Developing a
sustainable domestic supply with environmentallyigpe and economically competitive
technologies is important for reducing the dependemn others for these critical materials
and ameliorate the risk associated with them.

Coal and coal by-products such as coal fly ash Hsen known to contain rare earth
elements® NETL has estimated that potentially over 10 millimns of rare earth elements
can be recovered from the currently known coalriesein the 9 coal-producing states (WY,
CO, UT, NM, AZ, PA, WV, KY & VA).! It was estimated that the average total rare earth
element concentration in the U.S. coal is ~65.5 @ 485 ppm in ash on a dry basis,
compared to 68.5 ppm of coal and 404 ppm in cdalims global scal&™® Others reported
that the average concentration of total rare ealgments in some coalfield could be as high
as 392 ppm and over 1000 ppm even several thouisasdme discrete sampl&s?’ The
enrichment of rare earth elements in coal has sapbns that coal has economic values for
these metals as by-products during coal cleaningoonbustion residues. Coal ash also
referred to as coal combustion residuals is theroguct of coal combustion. It includes fly
ash, bottom ash, boiler slag, and flue gas desdftion materials. It is believed that fly ash
carries most of the rare earth elements from cdale reported rare earth element
concentration in ash in an oxide basis is as high.85%2° The concentration is even higher
than some of the rare earth element ores. Oresiocorg 1%—2% rare earth elements are
considered good, suggesting that coal ash withcleedi rare earth elements could have a
great economic potentialOn the other hand, coal ash is one of the laigésistrial wastes.
American Coal Ash Association reported that the.@d8ne produced 107.4 million tons in
2016 with about 1.5 billion tons in stockpif@s® while worldwide annual production was
about 780 million metric ton®. Increasing interests have been exerted in thenretecade
on coal fly ash as it could potentially serve as ohthe alternative resources for rare earth
elements. Understanding the patterns and distabsitiof rare earth elements in fly ash
become important for the technological and econawauation of its potential. In this study,
we have analyzed 42 coal fly ash samples colleftted power plants, landfills, and ponds
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from 7 states including Utah, Wyoming, lowa, Wissonn North Dakota, Colorado, and
Michigan. These samples represent a total of 13Bomitons of coal fly ash resources. The
fly ash was characterized and the composition of earth elements was investigated to
show its potential as an alternative rare eartmetd resource. The correlation between rare
earth elements and minerals and its implicatiorbeneficiation were also discussed. The
aims of this study are to provide information oa troperties of the coal fly ash samples and
estimate rare earth element resources held instie a

2. Materials and methods

2.1 Coal ash samples

42 coal fly ash samples were collected from 7 stdtd, WY, 10, WI, ND, CO, and MI) that
were generated from 19 power plants (Fig. 3). Tdma@es were collected from the stations,
landfill sites, and/or ponds. The coal ash waseskal a 5-gallon bucket and shipped to the
lab by couriers. The sampling, analytical, and pdural techniques were based on ASTM
standards, D5759-12 to obtain coal ash from povaanty, ASTM D346 for sampling coal
ash from lots of less than 100 t, and ASTM D346 &0m3 for crushing dividing and
meshing procedure of collected coal as samples.

2.2 Ash characterizations

Elemental analysis (CHNS), Brunauer-Emmett-TelBET) surface areas, X-ray powder
diffraction (XRD), scanning electron microscopy (8} and energy dispersive spectroscopy
(EDS) were conducted to characterize the ash sampmples were dried to constant mass
in a vacuum oven at 10&. A vario MACRO cube elemental analyzer (vario MRQ cube,
Elementar) was used for elemental analysis undes MACRO cube CHNS mode. The coal
50 method was adopted to measure the elementslingl€, H, N, and S in the coal fly ash
samples. BET surface areas of coal fly ash sample® evaluated by using nitrogen
adsorption isotherms obtained at —196 °C with anfadorome Autosorb-iQ instrument.
Samples were degassed at 260for 8 hours under vacuum before analysis. XRDOyais
was conducted with a Powder X-ray Diffractometemnfactured by Rigaku with Cu K
radiation. The working voltage and current of theay tube were fixed at 40 kV and 40 mA,
respectively. A thin layer of the sample was modrggenly onto a zero background quartz
plate, followed by running with a scan range éfiitween 10 °—90 ° and at a scan rate of 4
(°)/min with a chopper increment of 0.02°. The XKRBta were analyzed with Jade 6.5 by
Material Data, Inc. (MDI). Peak profiles of indiudl reflections were determined by a
nonlinear least-squares fit of the Cw IKorrected data. Morphology was studied using a
scanning electron microscope in HV mode with arelating voltage of 20 kV (SEM-EDS,
FEI, Quanta FEG MK2; Oxford Instruments America,db#51-XMX0005).

2.3 Elemental ash analysis by ICP/MS

A Perkin Elmer NexION 300S ICP-MS was used for grnialg the concentration of rare earth
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elements in the samples. The instrument was opktatder standard mode and all analyses
were completed using external standards and Rheaiwarconcentration of 50 ppb was used
as the internal standard. The ash was digesteddicgdo Bank et ai! Briefly, the ash was
mixed with LiBGO, (lithium metaborate) at a ratio of 1:8 by weigRtior to fusion, samples
were mixed by stirring with a platinum rod in a @% platinum crucible. The crucible was
heated to 1108C for 5 min in a muffle furnace. After fusion, theelt was removed from the
oven to cool to homogeneous glass. The glass vgesteéid in 5% HN@(trace metal) with
low heat and stirring for ten minutes. The acidedigpn was repeated for 4 times to ensure
that the sample glass was completely digested esdlded. The collected liquid sample was
diluted to the scale of 100 mL. The accuracy of fil@on method was assessed using the
National Institute of Standards and Technology (NIStandard reference material (SRM) for
coal fly ash, SRM 1633c.

3. Results and discussion

3.1 Rare earth element composition, abundancegdliatribution

Table 1 shows the REY concentration of all the 4B samples. The total concentration of
REY ranged from 156.0 ppm to 590.3 ppm in the dmeds basis. Among the 42 samples, 3
are below 200 ppm, 4 between 200 and 300 ppm, tidelba 300 and 400 ppm, 14 between
400 and 500 ppm, and 9 between 500 and 600 ppmmEa® value of the REY of all 42
samples is 399.5 ppm which is comparable to thédnarerage (404 ppm) but significantly
lower than the U.S. average of 485 ppMCe is the most abundant element in all the ashes,
followed by Nd, La, and Y. These four elements &stnsf the majority of the total rare earth
elements, ranging from 76.0% to 84.6%. Despiteféloe that all the ashes originated from
Powder River basin coal, the scattered distributibthe total REY could be attributed to a
number of reasons, i.e., the origin of coal (ddfér coal seams), coal preparation and
combustion, and possibly sampling schefigs.However, little is known and further
investigation is needed to unveil the underlyingsess.

The more valuable HREE comprises 20.3%—28.8% ofdts REESs in all the samples with
an average of 24.1% (Fig. 4). The fraction of catirare earth elements ranges from 35.2%
to 39.6% with a mean value of 37.0%. The reportdas are well scattered from as low as
16.8% to as high as 63.2%5°"*Taggart et al. reported shares of critical rartheslements

ranging from 28.5% to 41.0% with a median of 36.5%hjch is quite comparable to this
study?’

The 42 ash samples had been collected from 19 pplaets which could give us an insight
over the concentration of rare earth elements.rateeearth element concentration could vary
from the same power plant with respect to sam@ites (power plant, landfills, and ponds),
sampling time, and even atrtificial effects from ghing schemes. For example, PP2-1-PP
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and PP2-2-LF were collected from the same powaent filat different sites, i.e., power plant
and landfill. The mean value of the two sample46S ppm with a standard deviation of 53
which is over 11% of the mean value. Sampling tooeld also have great impacts. In the DJ
station, one ash sample was (DJ1-PP) collectedueiber 2015 and the other two (DJ2-PP
and DJ3-PP) were collected in February 2017. Tineeatration of the two 2017 samples is
34719 ppm, indicating that the sampling practiceassistent. However, when compared
with the 2015 sample (460 ppm), the difference igniicant. The difference could be
attributed to several causes including the altenadf power plant operation, coal quality, etc.
Although differences derived from sampling schermage been observed, many data pairs
exhibit great reproducibility (Table 1).

3.2 Elemental analysis and correlation of REY toenals

Elemental analyses were conducted with the colieathes. Table 2 shows examples of the
elemental composition of the ashes. The elementabosition of the ash varies, depending
on the origin of the coal, the coal preparationy #me combustion processes. The residual
carbon varies from a fraction of a percent to apt®wf percent. The residual coal carbon in
fly ash was found to have the capacity of absorhiegal species such as merctirfhe size

of the residual carbon could significantly affdee tsurface area which in turn has impacts on
the adsorption/desorption capabifftyHowever, absorption of rare earth elements has not
been reported. The concentration of sulfur coulchmase as high as several percent of the
total ash mass. This should be taken into condideras it can pose an environmental threat.

Mineral composition of the ash samples was alstyaed. The main components include Ca,
Si, Al, Fe, Mg, Ti, Na, K, and Ba. The correlatioh mineral concentration and REY is
depicted in Fig. 5. The ash samples in the figueeevsorted in ascending order with respect
to the REY concentrations. The results have shdwahthe REY concentration is positively
correlated to the mineral concentration, suggedtiegform of minerals might have impacts
on the enrichment/detainment of rare earth elemghish implies an alternative way of rare
earth element beneficiation from coal fly ash.

3.3 Brunauer-Emmett-Teller (BET) surface area

The examples of surface areas of samples are showable 3. The coal fly ash samples
have a wide range of BET surface areas (0.9-18/@) muggesting that the characteristics of
coal fly ashes are significantly impacted by theysvaf coal preparation and combustion.
Others reported surface area of fly ash for up @onf/g.® Studies found that rare earth
element concentration is negatively correlated e particle size of fly ash, i.e., finer
particles have higher rare earth elements confértiis suggests that rare earth elements may
deposit on the surface of the fly ash particleseréfore, surface areas of ash could be an
important parameter for the recovery of rare eatdments as increases in surface areas
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could increase the chance of collision and expoBurattacks, and hence increase the rate
and yield of extraction.

3.4 SEM-EDS analysis of coal ash

Amorphous structure and cenospheres with intergnmivrerals are shown in Fig. 6(a). The
morphology and patrticles of fly ash are associatétd the combustion temperature in the
boiler and the rate of coolin.The operating temperature in a pulverized coalfipoiler is
generally over 1400 °C to render the minerals todflforms. The rapid cooling in the
post-combustion zone induces the formation of spdkemand amorphous particles. The
cenospheres are cryptocrystalline aluminosilicatégch comprise aluminum, silicon, and
oxygen, as EDS images have suggested (Fig. 6(IQther dominant elements including Ca,
Fe, and Mg (Fig. 6(c, e, g) were distributed in arenrandom pattern. The analysis also
confirmed that Ce, Nd, La, and Y are abundant aell scattered among the ash particles,
although a study using SHRIMP-RG ion microprobantestigate the distribution of rare
earth elements in fly ash concluded that alumirezdiés should be targeted for rare earth
element recovery Another study showed that rare earth elements eaméched in
non-magnetic fractions of the ash samples.

3.5 XRD analysis of coal fly ashes

Fig. 7 is an example of XRD of the ash (No. 21)e Peak profiles of individual reflections
were determined by a nonlinear least-squares fthefCu ki corrected data. The analysis
shows the presence of quartz, periclase, anhytinte, and neodymium-calcium-manganese
oxide. The data confirm the presence of major etéméhat were detected in SEM-EDS
studies (Section 3.4). It also shows that one @intiajor rare earth elements, Nd, is associated
with Ca-manganese oxide complex.

4. Conclusions

Coal is and will continue to be one of the primanergy sources for fueling the world. It is
inextricably to see an increased production of iasthhe foreseeable future as the projected
growth rate of using coal for power generation.#¥8 annually* Fly ash, where most of the
rare earth elements reside, comprises 35.2% ofteked 107.4 million tons of coal
combustion products in 2028.0n the other hand, coal fly ash has been knowottain
rare earth elements. In this study, we have fourat the concentrations of rare earth
elements are well scattered given the fact thathallash samples originated from Powder
River Basin. Even in the same power plant, the earéh element contents could be impacted
by spatial (landfill/ponds), temporal (sampling &m and artificial (coal preparation and
operation) factors. The concentrations of rareheatements are found to be positively
correlated to the concentrations of minerals inegain The total amount of REY in these ash
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samples is estimated between 74000 to 106000 tRISOS$, compared to 16000 t of
consumption in the USA in 2086In addition, there is also about 1.5 billion toims
stockpiles in the USA, although the share of flii asd composition of rare earth elements
remain in question. However, the data presentedirnelemonstrate that fly ash contains a
great amount of rare earth elements overall. Agsaettbn and separation technologies
advanced, there is great potential to recoveregarth elements from fly ash.
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376 Tables

377 Table 1REEs concentrations (ppm or mg/kg ash) in 42 asipkes on a dried mass basis
Abbrv. No. Ce Dy Er Eu Gd Ho La Lu Nd Pr Sm Tbh Tm Y Yb  Total

BH1-PF 1 44 5 3 4 5 1 24 1 26 6 8 1 1 24 3 156
BH2-PP 2 45 5 3 4 5 1 25 0 28 6 8 1 0 25 3 160
CH-PP 3 167 11 7 3 14 2 89 1 100 23 15 2 1 61 7 503
DFS1-PP 4 149 14 8 5 22 3 75 1 100 23 22 2 1 70 703 5
DFS2-LP 5 152 12 8 7 17 5 78 3 92 20 18 4 3 64 7 492
DFS3-LF 6 142 11 6 5 14 3 73 1 87 16 16 2 1 58 5 144
DJ1-PP 7 143 12 7 5 16 2 76 1 92 17 16 2 1 63 6 460
DJ2-PP 8 115 9 6 4 11 2 59 1 66 13 11 2 1 47 6 354
DJ3-PP 9 110 8 5 3 11 2 59 1 64 12 11 2 1 48 4 341
ER1-PP 10 144 11 7 4 15 3 73 1 88 16 15 3 1 65 6 3 45
ER2-PP 11 149 10 6 6 15 2 80 1 90 16 16 2 1 56 5 5 45
H1-PP 12 120 9 6 3 11 2 65 1 71 14 11 2 1 53 6 374
H2-LF 13 107 8 5 3 10 2 57 1 63 13 9 2 1 45 5 331
HCD1-PP 14 114 8 6 3 10 2 62 1 67 13 10 2 1 45 5 0 35
HCD2-LF 15 116 8 6 3 10 2 64 1 69 14 10 2 1 46 5 835
JB1-PP 16 50 5 3 3 6 1 28 1 29 7 7 1 1 24 3 167
JB2-PP 17 98 7 5 4 9 2 52 1 58 12 10 2 1 38 4 301
L5-PP 18 154 11 6 4 15 2 89 1 97 18 14 2 1 72 5 491
LO1-PP 19 81 7 5 5 8 2 41 1 47 10 11 2 1 44 5 269
LO2-PP 20 97 9 6 6 10 2 50 1 56 11 13 2 1 57 6 327
LR1-PP 21 159 12 7 4 15 2 86 1 98 22 15 2 1 68 7 1 50
LR2-PP 22 170 15 9 6 22 3 89 1 109 25 24 3 1 76 861 5
LR3-PP 23 143 11 6 5 15 3 73 1 89 17 16 2 1 59 5 5 44
LR4-PP 24 135 10 6 5 14 2 71 1 83 16 15 2 1 54 5 0 42
N1-PDF 25 111 7 5 3 10 2 62 1 67 13 11 2 1 44 4 343
N2-PP 26 81 6 4 3 8 1 41 1 47 10 9 1 1 34 4 252
N3-PP 27 153 12 7 5 16 3 74 1 97 18 17 3 1 65 7 481
N4-PD 28 163 13 8 6 17 3 79 1 102 19 17 3 1 69 7 8 50
06-PP 29 184 13 8 5 18 3 104 1 116 22 18 2 1 88 790 5
OC1-PP 30 140 10 6 5 14 2 75 1 84 15 16 2 1 53 5 8 42
0C2-PP 31 140 10 6 5 13 3 73 1 82 16 15 3 1 51 6 3 42
P11-PP 32 123 9 6 6 12 3 61 1 73 14 14 3 1 48 5 382
P12-PP 33 108 8 5 5 10 2 54 1 64 13 12 2 1 41 5 332
PC4-PP 34 133 8 5 3 11 2 78 1 82 14 11 2 1 48 4 403
PP1-PP 35 158 14 9 6 17 5 80 3 95 20 17 4 3 75 8 7 51
PP2-1-PP 36 158 12 8 7 17 4 84 3 96 21 18 4 3 61 503
PP2-2-LF 37 131 11 7 6 15 4 70 3 80 17 15 4 3 56 6428
WD1-PP 38 162 15 9 5 23 3 84 1 108 25 23 3 1 74 844 5
WD2-PP 39 134 10 6 5 14 2 71 1 83 16 14 2 1 55 5 941
WD3-PP 40 119 9 5 4 12 2 64 1 74 14 13 2 1 49 5 373
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398
399
400
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402
403
404

WP-1-PP 41 100 8 5 4 11 2 48 1 61 12 11 2 1 42
WP-2-PP 42 105 9 6 5 11 2 50 1 64 13 12 2 1 44

5 5 31
5 9 32

%ampled from power plant&ampled from landfillsésampled from ponds.

Table 2 Elemental analysis for coal fly ash samples oneddmass basis (wt%).

Ash ID C H N S
CH-PP 0.88 0.21 0.03 4.19
DJ1-PP 0.89 0.82 0.06 5.58
DFS1-PP 1.8 0.31 0.03 3.41
LR1-PP 0.26 0.25 0.02 0.91
WD1-PP 0.56 0.24 0.04 3.5

Table 3 Examples of BET surface areas of the coal flyssashples.

Ash ID Surface areafffy
CH-PP 1.734
DJ1-PP 13.743
DFS1-PP 5.99
LR1-PP 0.905
WD1-PP 19.32
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Figure 1 World rare earth element reserves by countriesna&Caccounts for 36.7% of the
world reserves, followed by Brazil, 18.3%, and Rais$5.0%. These three countries account
for 70% of the world REEs reservés.
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Figure 2 Global production of rare earth elements, 199722@WIS = Commonwealth of
Independence Statés.
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415
416  Figure 3 The map of sampling sites of the 42 coal fly ashibe ashes were collected from

417 19 power plants (stations, landfill sites, and/ongbs) from 7 states including Utah, Wyoming,
418 lowa, Wisconsin, North Dakota, Colorado, and Mietmg
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419
420 Figure 4 REY distribution in the 42 ash samples. HREE=heRE¥s (La, Ce, Pr, Nd, Sm,

421 and Eu); LREE=light REEs (Gd, Tb, Dy, Ho, Er, Tny,Y_u, and Y); CREE=critical REEs
422  (Nd, Eu, Tb, Dy, and Y).
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Figure 5 Correlation of total mineral concentrations andyRiencentrations. The ash
samples in the plot were sorted with ascendingrartithe REY concentrations.
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427  Figure 6 SEM analysis of the coal fly ash (No. 21) with EB&alysis of elements including
428 Al Ca, Ce, Fe, La, Mg, Nd, Y, and Si
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431 Figure 7 Example of X-ray diffraction patterns of coal fgsh (NO. 21). The major
432 components include quartz, periclase, anhydritee liand neodymium-calcium-manganese
433  oxide.
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Graphic abstract

The concentrations of rare earth elements derika@d Powder River Basin coal are found to
be scattered. However, the analysis shows thatrdhe earth element concertation is
positively correlated to the mineral concentratisnggesting the form of minerals might
have impacts on the enrichment/detainment of ragheelements which implies an
alternative way of rare earth element beneficiatiom coal fly ash.
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