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SUMMARY

The scope of this work includes the investigation of rare earth elements in some selected
coal and ash samples from Alaska. Two coal samples collected from the Healy coal mine
and the Wishbone Hill region were investigated for size and density effects on the partition
of REE elements. Screen analysis and float-sink tests were conducted on selected size
fractions. In addition, ash samples from the University of Alaska Fairbanks (UAF) power
plant were examined for REEs. The results showed that REEs were primarily distributed in
high density float fractions especially from sp.gr 1.7 and upward. It was found that
Wishbone Hill coal has higher REE content than that of Healy coal. The REE contents of
both coals correlate well with the total amount of ash. No significant difference was
observed between bottom ash and fly ash when corrected for volatile matter.
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1. INTRODUCTION

Global concerns surrounding stable access to mineral supplies have led many countries to
re-assess indigenous resources, particularly of the ‘critical” metals (so labeled because of
their growing economic importance and the higher risk of supply shortage). In addition to
improving knowledge of primary mineral deposits, the potential for resource recovery from
waste materials is attracting considerable attention.

Rare-earth elements, metals, and alloys are used in common consumer goods such as
computer memory devices, DVDs, rechargeable batteries, cell phones, vehicle catalytic
converters, magnets, fluorescent lighting, and many more. The demand for REEs used in
these goods has surged over the past two decades. Many rechargeable batteries are made
with rare-earth compounds. Rechargeable lanthanum-nickel-hydride (La—Ni—H) batteries
are gradually replacing nickel-cadmium (Ni—Cd) batteries in computer and communications
applications and could eventually replace lead-acid batteries in automobiles®.

Several pounds of rare-earth compounds are required for batteries that power electric
vehicles and hybrid-electric vehicles. Rare-earth compounds are also used for powerful
magnets in a wide range of products, from computer hard drives to wind turbines. As
concerns for energy independence, climate change, and other issues impact the sale of
electric vehicles and “green” energy systems like wind turbines and solar power panels, the
demand for rare-earth compounds is expected to increase dramatically. Rare earths are also
used as catalysts, phosphors, and polishing compounds. These are used in areas such as air
pollution control, illuminated screens on electronic devices, and optical-quality glass.
Demand for all of these products is expected to rise.

Rare-earth elements play an essential role in National Defense. Night-vision goggles,
precision-guided weapons, and other defense technology rely on various rare-earth metals.
Rare-earth metals are key ingredients for radar systems, avionics, and satellites (>3] REEs
are divided into two major groups: LREE, light rare earth elements: Sc, La, Ce, Pr, Nd, Pm,
Sm, Eu, and Gd; also known as the cerium group. HREE, heavy rare earth elements: Y, Tb,
Dy, Ho, Er, Tm, Yb, and Lu; also known as the yttrium group © 7. Coal can be a source for
both of these groups.

Recent research indicates that some forms of coal are significantly enriched with certain
critical REE metals (8). Moreover, coals with high REE concentrations were recently
discovered in Far Eastern areas, such as Kuznetsky, and some other Russian coal basins.
These coals are now being actively studied as a new source of REE [9, 10]. A recent study
from China looks at how different trace elements (including numerous REES) partition in
various size fractions of Antaibao coal. It is clear that the REES, phosphorous, and thorium
all have their high concentrations in the particle sizes 0.5 to 3 mm, and 6 to 25 mm. This
suggests that REEs are often present as a phosphate such as monazite 1%

In the US, Ekmann [12] in a REE prospective analysis identified four regions of particular
interest, namely the Central Appalachian Basin (CentAPP), the Southern Appalachian Basin
(SoAPP), the San Juan Basin (RckyMtn4Crnrs), and the Powder River Basin (PRB) by



using the USGS COALQUAL database. He reported that REE contents were 930 ppm for
RckyMtn4Crnrs, 950 ppm for CentAPP, 953 ppm for PRB, and 966 ppm for SOAPP. In
general, it was found that monazite was the most likely mineral form in which to find rare
earths in coal formations. Cerium correlates well with the total amount of ash and with non-
REE elements such as chromium (Cr), scandium (Sc), hafnium (Hf), lithium (Li), tantalum
(Ta), vanadium (V) and lead (Pb). The rare earth element, Dysprosium, also correlated well
to the presence of other rare earth elements, to the total ash, and to ash related elements such
as I|t[i12|l113r]n (Li), thorium (Th), vanadium (V), zirconium (Zr), chromium (Cr) and lead
(Pb) 2=,

2. OBJECTIVES OF THE RESEARCH

Leonardo Technologies, Inc., (LTI), contractor to the U.S. Department of Energy, has been
looking at Alaskan coal in terms of REE content. LTI is also interested in investigations into
combustion products (FA, FBA) from Alaskan power plants to assess the enrichment of
REE into different streams and perhaps REE groupings in these streams. Systematic
investigations of REE in Alaskan coal and coal ash have not been performed to date.
Therefore this investigation aimed to address these questions.

The main objectives of this research included: (A) collection of 2 coal samples from one
commercially operating coal mine and one from potentially commercial coal mining activity
in Alaska as well as 1 fly ash sample from a power plant, depending on the availability of
quality samples and access. (B) Conducting lab screening and float-sink, magnetic and
flotation tests to ascertain the distributions of REEs in terms of size and specific gravity. (C)
Analyze the selected samples for Proximate plus S and 13REE+Y+Sc content with ICP. (D)
Prepare a final report to LTI on the findings.

3. COAL SAMPLES AND THEIR ORIGIN

Two previously identified coal samples were from the Healy (The Central Nenana) and the
Wishbone Hill (Southern Alaska-Cook Inlet) coal regions.

The Central Alaska-Nenana coal province is centrally located on the north side of the Alaska
Range. It has accounted for more than one-half of the coal mined in Alaska and is the only
province in Alaska currently being mined. This coal province is in the northern foothills of
the Alaska Range, extending from about 50 mi (80 km) west to 50 mi (80 km) east of the
Alaska Railroad. It consists of several synclinal basins partly detached from each other by
erosion of coal-bearing rocks.

The collected Healy coal sample (No.4 coal bed) was from the Suntrana formation which
consists of sandstones, siltstones, mudstones, carbonaceous shales, and coal. Coal beds are
interbedded with carbonaceous shales and have a combined thickness ranging from 1.6 to 65
ft (0.5 to 20m) [ 21,

The Wishbone Hill district belongs to Matanuska field and is in Southern Alaska-Cook Inlet
region. The Matanuska coalfield is the most important Paleocene coalfield in Alaska



because it contains high-rank minable coal beds. Wishbone Hill coal district is on the north
side of the coalfield between Moose and Granite Creeks. More than 20 coal beds, with
thicknesses exceeding 3 ft, are known in the Wishbone Hill coal district ™. Structures in the
Matanuska coalfield are typically complex. The doubly plunging Wishbone Hill syncline
has beds that dip up to 40° and the structure is cut by two sets of transverse faults M),
Structural complications on its northwest flank make the coal beds in some structural
blocks difficult to mine and preclude meaningful estimation of reserves . The
Wishbone Hill sample used in our test program was from Jonesville coal zone and was
handpicked from the exposed oblique-slip fault outcrop.

4. EXPERIMENTAL METHODOLOGY

The collected samples, more than 200kg each, were mixed thoroughly and divided by using
cone and quartering method. After that, representative samples were crushed by using jaw
and roll crushers in order to provide representative subsamples for further physical
separation and sample characterization in accordance with the standards prescribed in
ASTM D-4371. All of the samples were subdivided separately into three size fractions.
Float-sink tests were conducted for coarse sizes at the different specific gravities between
1.30 and 2.0 in 20 liter buckets. The test solutions were prepared by using anhydrous zinc
chloride (99% pure) up to sp.gr. 2. LMT (lithium meta-tungstate) was used for preparation
of sp.gr. 2.2 at MIRL Labs (UAF).

The fine fraction (-100 mesh) was later subjected to flotation and magnetic separation tests.
The magnetic separation was twofold as dry high intensity and wet high intensity separation
using Carpco separators. The flotation tests were done using fuel oil and a frother at pH7 in
MIRL Labs at UAF.

After the tests, the samples were air dried and subsequently split into subsamples to be sent
for proximate (ASTM D3172) and sulfur (ASTM D4239) analysis by ALS Global, Canada.
Also REE content including Y and Sc was analyzed using ICP-AES and ICP-MS at ALS
Coal and ALS Global in Richmond and Vancouver Canada laboratories according to the
ALS accredited ME-4ACD81 method. All of the REE concentrations reported in this
document are on a whole-coal basis.

Furthermore, some samples were also collected from UAF power plant as fly-ash, bottom
ash and cinders. These samples were also analyzed for their REE content at ALS global
laboratories.

5. RESULTS AND DISCUSSION

After homogenization and size reduction, the two different coal type samples namely Healy
and Wishbone Hill were screened separately into three size fractions as coarse sizes Y4 in. X
30 mesh and 30 mesh x 100 mesh, and as fines 100 mesh x 0. The representative samples of
the prepared material from each coal type were characterized for proximate analysis and
float sink analysis.



Table 1 - Size-by-size analysis of the Healy coal sample

Healy
Mesh Size % Weight % Moisture Drv Wt % Ash%
+1/4" 2.39 18.04 2.38 19.21
-1/4" +30M 85.72 17.98 85.27 20.55
-30M +100M 9.34 14.52 9.69 29.40
-100M 2.55 13.64 2.67 31.33
TOTAL 100.00 17.55 100.00 21.66

Table 2 - Size-by-size analysis of the Wishbone Hill coal sample

Wishbone Hill

Mesh Size % Weight % Moisture  Dry Wt % Ash%

+1/4" 9.72 3.90 9.75 49.93

-1/4" +30M 80.09 4.20 80.07 44,18
-30M +100M 8.93 4.24 8.93 55.48
-100M 1.25 3.70 1.26 60.97
TOTAL 100.00 4,17 100.00 45,96

From the above tables, the initial representative sample characterization showed that the
majority of the screened sample, about 87.65% and 89.82% is over 30 mesh in size for
Healy and Wishbone Hill coals respectively. Only a very small amount about 2.67% for the
Healy and 1.26% for the Wishbone Hill being fine fraction and below 100 mesh in size.

The Healy sample had a high inherent moisture content of around 18% with a dry ash % of
around 22%. The Wishbone Hill sample had very low moisture content around 4% with a
very high dry ash% around 46%.

5.1. Washability Tests

After weighing the individual fractions the washability analysis was conducted for coarse
sizes at the following specific gravities of interest i.e 1.30, 1.50, 1.60, 1.70, 1.80, 2.00, and
2.20.

The float sink analysis (Table 3 and 4) yielded similar results for the Healy and the
Wishbone hill coals, the difference with the size analysis values can be attributed to the
inherent variability of the feed coal, however these differences are well within the margin of
error.



Table 3 - Float-Sink data of the Healy coal sample

Healy -1/4""+30Mesh

Washability % % Dry Ash % Volatile Fixed Total Cum. Cum  Cum
SINK FLOAT Weight Moisture  Wt. % Matter  Carbon  Sulfur Wt Ash  Sulfur
FLOAT 1.3 38.26 9.18 38.38 1189 4185  37.08 0.43 3838 11.89 0.43
1.3 15 44.17 10.22 43.80 21.09 3839 30.30 056 8218 16.79 0.50
15 1.6 3.81 13.98 3.62 28.47 3549  22.06 039 8580 17.29 0.49
1.6 1.7 1.91 7.61 1.95 38.24 3190 22.25 032 87.75 17.75 0.49
1.7 1.8 0.64 7.83 0.65 52.70 26.16 1331 0.15 8840 18.01 0.49

1.8 2 6.79 8.65 6.85 62.00 20091 8.44 0.10 9525 21.17 0.46

2 2.2 3.73 2.74 4,01 7747 1495 4.84 0.06 99.26 2344 044
2.2 Sink 0.69 2.60 0.74 88.19 11.07 0.00 0.03 100.00 2393 0.44
Total 100.00 9.46 100.00 2393 37.07  29.59 0.44

Healy -30Mesh+100Mesh

Washability % % Dry Ash  Volatile Fixed Total cum. Wt Cum Cum
SINK FLOAT Weight moisture Wt. % % Matter ~ Carbon  Sulfur ' Ash  Sulfur
FLOAT 1.3 0.14 10.05 0.14 10.27  45.40 34.28 0.45 0.14 1027 0.45
13 15 19.15  13.58 19.11 13.09 45.78 27.55 0.24 19.26 13.07 0.24
15 1.6 3539 13.23 35.46 17.58 43.18 26.01 030 5471 1599 0.28
1.6 1.7 23.84  19.40 2219 20.76 40.72 19.12 0.27 76.90 17.37 0.28
1.7 1.8 0.82 9.80 0.86 53.08 26.56 10.56 020 77.76 17.76  0.28
1.8 2 5.05 9.51 5.28 58.08 28.55 3.86 0.12 83.04 20.33 0.27

2 2.2 4.77 8.33 5.04 59.50 30.99 1.18 0.09 88.09 2257 0.26
2.2 Sink  10.84 4.80 1191 83.11 4.98 0.00 0.03 100.00 29.78 0.23
Total 100.00 1340 100.00 29.78 37.05 19.13 0.23

Healy +1/4"" x 0 (Composite)

Washability % % Dry Wt.  Ash  Volatile Fixed Total Cum. Cum Cum
SINK FLOAT Weight Moisture % % Matter Carbon Sulfur Wt Ash  Sulfur
FLOAT 13 37.79 8.25 3405 11.89  41.85 37.08 0.43 3405 1189 0.00

1.3 15 43.85 9.75 40.79 20.66  38.79 30.15 054 7485 16.67 049

15 1.6 421 2433  7.39 2226  39.88 24.31 034 8223 1717 048

1.6 1.7 2.18 3095 433 27.58  37.28 20.34 029 86.56 17.69 047

1.7 1.8 0.65 839 0.68 52.77  26.23 12.84 0.16 87.23 1796 047

1.8 2 6.76 8.44 6.62 61.62  21.65 7.99 0.10 93.86 21.04 044

2 2.2 3.74 3.65 4.06 7474  17.38 4.28 0.06 9792 2327 042

2.2 Sink 0.82 9.59 2.08 84.66 6.67 0.00 0.03 100.00 2455 0.42
Total 100.00 9.93 100.00 2455  37.09 28.39 0.42




Table 4 - Float-Sink data of the Wishbone Hill coal sample

Wishbone Hill -1/4"'+30Mesh

Washability % Weight % moisture % Dry Ash% Volatile Fixed Total Cum. CumAsh Cum
SINK  FLOAT Weight Matter Carbon  Sulfur Wt Sulfur
FLOAT 1.3 34.65 2.81 34.61 6.09 36.93 5417 050 3461 6.09 0.50

1.3 15 9.36 3.98 9.24 28.81 30.96 36.25 0.38 4385 10.88 0.47

15 1.6 5.05 3.64 5.01 4223 2656 2757 029 4886 14.09 0.46

1.6 1.7 4.40 3.41 4.37 51.08 23.90 2161 0.23 5323 1712 044

1.7 1.8 2.59 2.56 2.60 6251 19.76 1517 0.15 5582 19.24 042

1.8 2 7.57 2.47 7.59 7473 1620 6.60 0.08 6341 2588 0.38

2 2.2 8.12 2.26 8.16 7838 1441 495 0.06 7157 318 0.35

2.2 Sink 28.26 2.13 28.43 81.33 1401 253 0.04 100.00 45.93 0.26

Total 100.00 2.72 100.00 4593 2492 2644 0.26
Wishbone Hill -30Mesh+100Mesh

Washability % Weight % moisture % Dry Ash%  Volatile Fixed Total Cum. CumAsh Cum
SINK  FLOAT Weight Matter Carbon  Sulfur Wt Sulfur
FLOAT 1.3 28.10 9.28 26.78 9.52 3129 4991 034 2678 952 034

13 15 2.16 5.06 2.15 30.81 29.19 3494 037 2893 1110 0.34

15 1.6 0.31 3.92 0.31 43.84 2547 26.77 032 2924 1145 034

1.6 1.7 0.68 4.15 0.69 50.74 2392 2119 026 2992 1235 0.34

1.7 1.8 2.35 2.85 2.39 7551 1448 716 0.09 3232 17.03 0.32

1.8 2 0.51 2.98 0.52 7237 1518 947 011 3284 1791 0.32

2 2.2 7.19 7.29 7.01 7164 1719 383 0.05 39.84 2736 0.27

2.2 Sink 58.70 2.44 60.16 83.11 12.09 236 0.03 100.00 60.90 0.13

Total 100.00 4.80 100.00 6090 18.15 16.26 0.13
Wishbone Hill +1/4" x 0 (Composite)

Washability % Weight % moisture % Dry Ash% Volatile Fixed Total Cum. CumAsh Cum
SINK  FLOAT Weight Matter Carbon  Sulfur Wt Sulfur
FLOAT 1.3 34.49 3.26 33.28 6.37 36.47 5382 049 3328 6.37 049

1.3 15 9.27 3.73 8.53 28.86 3091 36.22 0.38 4181 1096 0.47

15 1.6 5.00 3.34 4.54 4224 2655 2756 029 46.34 14.02 0.45

1.6 1.7 4.35 3.17 4.00 51.07 2390 2160 023 5034 1696 043

1.7 1.8 2.59 2.57 2.58 63.74 1926 1441 014 5292 1924 042

1.8 2 7.48 2.27 6.90 7471 1619 6.62 0.08 59.82 2564 0.38

2 2.2 8.12 2.70 8.08 77.78 1466 486 0.06 6790 3184 0.34

2.2 Sink 28.70 2.42 32.10 81.67 1364 250 0.04 100.00 47.84 0.24

Total 100.00 2.93 100.00 4784 2411 2514 0.24

The washability plots (Figurel-4) reveal that it is possible to effectively achieve a product
with ash content around 15% with relative yields of around 60 % and 50% for the Healy and

Wishbone Hill coals with required densities around 1.45 and 1.65 respectively.

Apart from proximate and sulfur analyses for each sink-float density fractions, the samples
were analyzed for their respective 13 REE+Y+Sc contents on whole sample basis. The
results are summarized in the Tables 5-7 and in Figures 5-10.
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Table 5 — REE analysis of the Healy coal sample with size and density fractions (all data reported on “Whole Coal”

basis)
Mesh Size Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er Tm Yb Lu
ppm___ ppm___ ppm _ ppm _ ppm __ ppm _ ppm _ ppm _ ppm _ ppm _ ppm _ ppm __ ppm _ ppm _ ppm __ ppm
+1/4" 570 1655 3406 410 1580 368 084 342 1682 053 312 064 179 024 163 024
-1/4™ +30M 717 1700 3520 420 1599 373 080 331 1703 052 3.04 0.62 169 026 158 024
-30M +100M 7.69 1870 3758 446 1699 383 077 343 1741 051 311 063 192 027 163 024
-100M 858 20.63 4159 492 1865 410 093 370 1898 058 353 070 191 027 183 0.25
Healy -1/4"'+30Mesh

Washability Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er Tm Yb Lu
SINK _FLOAT ppm _ppm _ppm _ppm _ ppm _ ppm _ ppm _ ppm _ppm _ppm _ppm _ppm _ppm _ppm _ ppm _ ppm
FLOAT 1.3 340 857 1730 201 855 206 044 19 971 029 160 033 092 013 081 0.12
1.3 15 461 1680 3381 402 1619 370 0.77 342 1663 054 299 060 162 025 156 0.24
15 1.6 543 21.61 4240 485 1981 414 094 378 1801 057 326 065 185 029 164 0.26
1.6 1.7 509 2247 4227 490 1933 412 092 378 1781 059 309 070 177 028 187 025
1.7 1.8 6.49 2488 4405 497 1916 397 081 317 1645 050 295 061 173 028 179 025
1.8 2 9.80 28.64 4972 592 2192 435 08 349 1730 049 315 069 192 028 188 031
2 2.2 13.00 3234 5833 691 2470 465 095 372 1991 063 360 080 216 035 233 037
2.2 Sink 1120 53.87 130.71 16.62 66.66 1578 185 1419 6461 243 1349 253 647 097 481 056
Total 494 1568 3081 364 1458 327 068 297 1458 046 258 053 144 022 136 021

Healy -30Mesh+100Mesh
Washability Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er m Yb Lu
SINK _FLOAT ppm ppm _ppm _ppm _ppm _ ppm _ ppm _ ppm _ppm ppm _ppm _ppm _ ppm _ ppm _ ppm _ ppm
FLOAT 1.3 NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS NSS
1.3 15 216 915 1544 184 759 183 039 172 812 025 139 028 074 012 070 0.0
15 1.6 439 1343 2075 242 1027 242 052 226 1091 033 187 041 107 016 096 0.15
1.6 1.7 403 1569 26.26 3.05 1250 270 0.63 256 1177 037 224 045 126 020 111 0.17
1.7 1.8 599 2931 4526 510 1978 427 077 321 1619 050 302 060 165 026 168 0.26
1.8 2 523 2558 4063 470 1767 332 063 273 1433 042 254 054 153 024 161 0.22
2 2.2 462 1987 3537 409 1538 290 062 234 1353 037 241 053 153 026 152 0.23
2.2 Sink 441 1438 2558 3.02 1067 233 041 167 1129 030 190 041 108 017 110 0.17
Total 395 1431 2350 274 1102 244 052 219 109 033 193 041 110 017 103 0.5




Table 6 — REE analysis of the Wishbone Hill coal sample with size and density fractions (all data reported on “Whole

Coal” basis)

Mesh Size Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er m Yb Lu
ppm _ppm _ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

+1/4" 1351 19.12 3912 479 1844 437 093 410 2307 069 383 08 258 037 2.55 0.35

-1/4"  +30M 1444 1611 36.09 427 1839 431 087 396 2058 065 381 081 234 038 2.18 0.30
-30M  +100M 13,57 18.29 3994 462 1959 452 098 423 2171 062 378 082 216 0.36 2.27 0.34
-100M 1355 1955 4279 513 21.04 494 115 489 2536 077 456 101 278 043 2.59 0.39

Wishbone Hill -1/4""+30Mesh
Washability Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er Tm Yb Lu
SINK FLOAT _ ppm ppm ppm ppm__ppm _ ppm _ ppm _ ppm _ ppm ppm _ppm _ ppm _ ppm _ ppm ppm ppm
FLOAT 1.3 7.09 475 1064 130 5.70 142 034 174 1303 030 205 048 137 024 1.50 0.23
1.3 15 1192 1531 3193 380 1580 368 075 364 1940 057 338 074 211 035 2.17 0.33
15 1.6 1330 19.02 4137 492 2075 443 089 425 2137 063 394 084 235 0.36 2.27 0.36
1.6 1.7 1334 2102 4631 555 2246 484 108 486 2283 071 432 091 241 039 2.33 0.35
1.7 1.8 1540 23.09 4953 598 2433 557 104 509 2354 076 439 093 250 040 2.49 0.35
1.8 2 1711 2559 55.06 6.67 2730 655 124 552 2706 094 527 109 273 043 271 0.37
2 2.2 1951 2536 5430 632 2642 634 131 580 2853 090 527 110 287 048 271 0.41
2.2 Sink 1768 2408 5169 626 2543 587 127 556 2728 091 509 105 285 045 2.55 0.40
Total 1312 1639 3532 425 1754 409 087 397 2112 064 380 081 221 0.36 2.15 0.33
Wishbone Hill -30Mesh+100Mesh

Washability Sc La Ce Pr Nd Sm Eu Gd Y Tb Dy Ho Er m Yb Lu
SINK FLOAT _ ppm ppm ppm ppm__ppm _ ppm _ ppm _ ppm _ ppm ppm _ppm _ ppm _ ppm _ ppm ppm ppm
FLOAT 1.3 7.17 421 8.49 1.03 4.68 120 030 144 1121 0.26 177 042 121 021 1.31 0.20
1.3 15 1060 1550 33.06 398 1673 3.76 085 379 1868 057 338 075 199 0.33 1.89 0.31
15 1.6 1215 2126 4407 528 21.08 502 101 460 2192 065 412 086 245 0.38 2.36 0.36
1.6 1.7 9.16 2375 4965 587 2450 549 1.09 499 2289 0.69 452 087 245 0.39 2.36 0.34
1.7 1.8 16.66 2594 5529 659 2713 6.13 125 546 2531 080 493 095 287 040 2.29 0.35
1.8 2 10.60 26.27 5421 662 2612 611 128 572 2506 084 472 100 248 042 2.53 0.39
2 2.2 1184 22.03 4682 546 2329 501 103 467 2282 069 432 088 256 0.39 2.44 0.36
2.2 Sink 19.86 2349 4966 580 2461 504 126 504 2453 079 448 098 254 0.40 2.70 0.38
Total 1548 18.12 3822 448 19.07 402 098 403 2072 063 373 081 218 0.35 2.28 0.33
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Table 7 — REE analysis of the Healy and the Wishbone Hill composite coal samples with size and density fractions (all
data reported on “Whole Coal” basis)

Healy Coal +1/4" x 0 (Composite)

Washability  Sc La Ce Pr Nd Sm Eu Gd Y Th Dy Ho Er Tm Yb Lu
SINK FLOAT ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm  ppm  ppm  ppm
FLOA 1.3 345 867 1756 204 866 208 045 198 984 029 163 034 094 013 083 0.12

1.3 15 455 1650 33.10 394 1584 362 076 335 1631 053 294 059 159 025 153 0.24

15 1.6 5.33 16.86 30.36 3.47 1421 3.08 073 284 1390 042 245 050 140 021 128 0.20

1.6 1.7 483 1850 33.02 382 1516 324 077 3.02 1429 045 255 055 146 023 146 0.20

1.7 1.8 6.43 25.39 4415 498 1921 400 0.80 3.17 1640 049 296 061 172 0.27 177 0.25

1.8 2 9.48 28.39 4898 582 2157 426 083 342 1705 048 310 068 189 0.28 186 0.30

2 2.2 120 30.84 5556 657 2356 443 091 355 1912 059 345 077 208 034 224 0.36

2.2 Sink 7.74 3223 7336 920 3608 845 1.07 737 3564 127 720 137 354 053 280 0.35
Total 496 1570 30.48 360 14.38 3.22 067 293 1441 045 256 052 143 0.22 135 0.20

Wishbone Hill Coal +1/4" x 0 (Composite)

Washability  Sc La Ce Pr Nd Sm Eu Gd Y Tb Dv Ho Er Tm Yb Lu
SINK _FLOAT ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm ppm ppm
FLOA 1.3 709 472 1047 128 561 141 034 171 1293 030 203 048 137 024 1.50 0.23
1.3 1.5 11.8 1536 3200 382 1581 368 0.76 3.64 1942 057 337 074 211 0.35 2.18 0.33
15 1.6 13.2 19.08 41.43 493 2075 444 089 425 2140 063 394 084 236 0.36 2.28 0.36
1.6 1.7 13.2 21.11 46.41 556 2249 485 1.08 486 2286 071 432 091 241 0.39 2.33 0.35
1.7 1.8 155 23.39 50.10 6.04 2463 562 1.06 513 2373 077 444 093 254 040 2.48 0.35
1.8 2 17.0 25.71 5516 6.69 2727 655 124 552 2711 094 526 109 274 043 2.73 0.37
2 2.2 188 25.19 5375 6.26 26.13 6.23 129 569 2811 088 518 108 286 047 2.71 0.41
2.2 Sink 179 2443 5185 6.27 2530 575 128 547 2718 0.89 498 105 287 0.45 2.66 0.40
Total 133 1685 36.04 433 1781 412 089 400 2132 065 381 082 225 0.36 2.21 0.33
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Figure 5 — Cumulative REE % vs. specific gravity for Healy sample (-1/4°+30#) on

whole coal basis.
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Figure 6 — Cumulative REE % vs. specific gravity for Healy sample (-30+100#) on

whole coal basis.
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Figure 7 — Cumulative REE % vs. specific gravity for Wishbone Hill sample

(-1/4+30#) on whole coal basis.
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Figure 8 — Cumulative REE % vs. specific gravity for the Wishbone Hill sample

(-30+100#) on whole coal basis.
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Figure 9 — Cumulative REE % versus specific gravity for Healy composite sample on
whole coal basis.
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Figure 10 — Cumulative REE % versus specific gravity for the Wishbone Hill
composite sample on whole coal basis.
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Light REE distribution for Composite Wishbone Hill and Healy Coals
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Figure 11 — Comparison of Cumulative LREE % versus specific gravity for two
composite samples on whole coal basis.
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Figure 12 — Comparison of Cumulative HREE % versus specific gravity for two
composite samples on whole coal basis.
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Figure 13 — Comparison of Total REE % versus specific gravity for two composite coal
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Figure 14 — Cumulative Ash % versus specific gravity for the Healy coal sample
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Figure 15 — Cumulative Ash % versus specific gravity for the Wishbone Hill coal
sample

5.2.  Magnetic and Flotation Tests on fines (-100 mesh)
5.2.1. Dry High Intensity Magnetic Separation (Carpco)
The highest field strength (3 Amperes) was used at 20 rpm rotor speed and at splitter blade

setting of 4. However, no distinct separation was observed for either coal types after several
iterations. Therefore, these tests were abandoned.

5.2.2. Wet High Intensity Magnetic Separation (Carpco)

As indicated in Table 8, magnetic fractions from both coals appear to be very small
compared to non-magnetics (especially for Healy fines which is around 1 %). The Wishbone
Hill magnetic fraction is about 12 %. For both coals high ash fractions were found to be

reporting to magnetics. Conversely sulfur was retained in non-magnetics together with fixed
carbon and volatile matter.
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Table 8 — Wet High Intensity Magnetic Separation (WHIMS) of the Healy and the
Wishbone Hill coal samples (-100# fractions)

Wi?;]?(lg) Non-mags (g) Mags (g) % Non-Mags % Mags
Healy Coal 148 147.1 0.9 99 1
Wishbone Hill Coal 185 163.2 21.8 88 12
Proximate Analysis
Moisture Ash Volatile Matter Fixed Carbon Total Sulphur
air dried % air dried % air dried % air dried % air dried %
Healy coal Magnetics NSS 48.59 NSS NSS NSS
Healy coal Non-Mags 9.42 32.78 44.75 13.05 0.52
Wishbone Hill Magnetics 1.53 74.78 23.69 0.00 <0.01
Wishbone Hill Non-Mags 3.71 58.38 20.77 17.14 0.18

*NSS — Not sufficient sample

Table 9 — REE distributions after Wet High Intensity Magnetic Separation (WHIMS)

of the Healy and the Wishbone Hill samples (-100# fractions) on whole coal basis
LREE

Sc La Ce Pr Nd Sm Eu Gd

ppm ppm ppm ppm ppm ppm ppm ppm

Healy coal Magnetics NSS NSS NSS NSS NSS NSS NSS NSS

Healy coal Non-Mags  6.68 20.95 42.52 4.94 20.09 4.20 0.98 4.03

Wishbone Hill Magnetics 29.56 19.18 43.95 5.44 23.65 6.98 1.83 8.31

Wishbone Hill Non-Mags 14.81 20.36 43.69 5.37 21.54 5.02 1.08 4.39
HREE

Y Tb Dy Ho Er m Yb Lu

ppm ppm ppm ppm ppm ppm ppm ppm

Healy coal Magnetics NSS NSS NSS NSS NSS NSS NSS NSS

Healy coal Non-Mags 18.83 0.58 3.38 0.69 2.09 0.29 1.80 0.30

Wishbone Hill Magnetics 50.90 1.34 8.55 1.87 5.34 0.78 4.79 0.70

Wishbone Hill Non-Mags 23.02 0.68 4.33 0.88 2.41 0.39 2.52 0.37

*NSS — Not sufficient sample

From Table 9 Wishbone Hill fines contain higher Sc in non-magnetics than that of Healy
coal. LREE are similarly distributed between magnetics and non- magnetics for Wishbone
Hill fines except Sc, Sm and Gd which were richer in magnetics. This trend is similarly
observed for HREE content of the Wishbone Hill. HREE appear to be preferentially
reporting to magnetic fractions.

5.2.3. Flotation

Flotation of the fines for both coals was conducted under similar conditions using fuel oil
collector (0.45kg/t), Aerofroth 88 frother (20 ppm) at 7% solids concentration by weight.
The pH level was maintained at 7. The collector was conditioned for 14 minutes, frother
conditioning 1 min with flotation time of 3 minutes and collection at every 30 seconds.

There were no depressants used.
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Table 10 — Flotation of the Healy and the Wishbone Hill samples (-100# fractions) on
whole coal basis

Sample Tailings(g) Floats(g)
Wt(g)
Healy Coal 135.5 86.7 30.8
Wishbone Coal 135.5 87.4 38.8
Proximate Analysis
Moisture Ash Volatile Matter  Fixed Carbon Total Sulfur
air dried % air dried % air dried % air dried % air dried %
Healy Float 7.55 21.94 35.63 34.88 0.56
Healy Tailings 9.97 34.13 33.37 22.53 0.57
Wishbone Float 3.41 26.50 29.93 40.16 0.39
Wishbone 2.73 74.24 17.50 5.53 0.03

Tailings

As shown in Table 10, the floated fraction has a significantly lower ash content than the
tailings. The tailings have a higher ash content especially for the Wishbone Hill tailings,
around 74%, with correspondingly reduced volatiles and fixed carbon. Healy tailings reveal
that sulfur and volatiles were equally distributed between tailings and floats. Flotation tests
produced relatively low yield under the given set of conditions. Healy sample did not
respond well to the test as evident from the relative proximity of the ash values between the

floats and sinks.

Table 11 shows the distribution of LREE and HREE between floats and tailing fractions of
the Healy and Wishbone Hill fines after flotation separation. As expected both LREE and
HREE concentrated more in tailings than float fractions. This finding is more pronounced
for Wishbone Hill fines. This follows the same trend as indicated in the washability data.

Table 11 — REE distributions after flotation of the Healy and the Wishbone Hill
samples (-100# fractions) on whole coal basis
LREE
Sc La Ce Pr Nd Sm Eu Gd
ppm ppm ppm ppm ppm ppm ppm ppm
Healy Float6.63 1695 3415  3.98 1593 343 0.78 3.26
Healy Tailings8.70 2238 4468 526 2092 435 1.00 4.23
Wishbone Hill Float9.00 1119 2376 291 1201 283 0.65 3.09
Wishbone Hill Tailings18.82  26.66  56.70  7.01 2831  6.68 1.29 6.22
HREE
Y Tb Dy Ho Er Tm Yb Lu
ppm ppm ppm ppm ppm ppm ppm ppm
Healy Float16.56  0.51 2.99 0.60 1.60 0.22 1.50 0.22
Healy Tailings21.87  0.65 3.87 0.83 2.34 0.31 2.10 0.34
Wishbone Hill Float18.76 ~ 0.48 2.98 0.70 1.97 0.31 1.95 0.31
Wishbone Hill Tailings33.80 0.96 6.06 1.33 3.52 0.47 3.22 0.46
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5.2.4. REE content of ash samples from UAF Power Plant

Fly ash (flue-ash is one of the residues generated in coal combustion and contains very fine
particles that rise with the flue gases. Fly ash is captured by electrostatic precipitators and
filtration equipment. On the other hand Bottom ash (coal ash) is removed from the bottom
of the furnace. Depending upon the source and makeup of the coal being burned, the
components of fly ash vary considerably.

The ash samples from UAF plant were three types namely, fly-ash (FA), bottom ash (BA)
and cinders (C, residue left from incomplete combustion of coal). Their proximate and
sulfur analysis is given in Table 12. REE contents are tabulated in Table 13.

Table 12 -UAF power plant products
Proximate Analysis

Moisture Ash  Volatile Fixed Total

air dried % air dried air dried % air dried % air dried %
BA 0.09 99.63 0.28 0.00 <0.01
FA 1.95 84.17 7.84 6.04 1.71
C 3.54 67.17 7.23 22.06 0.24

Table 13 — REE distributions of UAF power plant products on ash basis
LREE
Sc La Ce Pr Nd Sm Eu Gd
ppm __ppm _ppm ppm ppm ppm ppm  ppm
BA 2389 3186 66.11 7.41 30.37 6.36 1.58 6.28
FA 20.74 26.35 56.60 6.40 26.96 5.94 1.44 5.83
C 17.63 20.38 42,03 4.82 19.60 4.33 1.09 4.15
HREE
Y Tb Dy Ho Er ™m Yb Lu
ppm___ppm_ _ppm _ppm_ __ppm __ppm _ ppm _ ppm
BA 3256 0.98 5.91 1.25 3.56 0.53 3.34 0.49
FA 29.72 0.96 5.45 1.13 3.00 0.47 2.87 0.48
C 21.37 0.64 4.03 0.83 2.31 0.35 2.13 0.37

As seen from Table 12, incomplete combustion residue, Cinders (C), expectedly contained
large amounts of fixed carbon and volatiles with around 67% ash product. Fly-ash (F) had
also retained some carbon and volatile matter with high concentrations of sulfur. Conversely
bottom ash (BA) had very small amounts of volatile matter and sulfur, around 99% ash with
no carbon in it.

Trends of REE contents of the power plant products in Table 13 revealed that bottom ash
(BA) had relatively higher contents of both LREE and HREE. However, the differences in
concentrations distributed between the products are relatively low especially between BA
and FA when adjusted for volatiles content.
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6. CONCLUSIONS

e The representative sample characterization showed that the majority of the screened
sample, about 87.65% and 89.82% is over 30 mesh in size for Healy and Wishbone
Hill coals respectively. Only a very small amount about 2.67% for the Healy and
1.26% for the Wishbone Hill is fine fraction and below 100 mesh in size.

e The Healy sample had a high inherent moisture content of around 18% with a dry ash
% of around 22%. The Wishbone Hill sample had very low moisture content around
4% with a very high dry ash% around 46%.

 REE content of the Wishbone Hill coal is higher than that of Healy coal. HREE and
LREE report to higher density fractions. The REE content of both coals correlate well
with the total amount of ash. Also the coals were comparatively richer in Light REE
content as compared to HREE.

e Wet high intensity magnetic separation tests on -100 mesh fractions showed that
Wishbone Hill fines contain higher Sc in non-magnetics than that of Healy coal.
LREE elements are similarly distributed between magnetics and non- magnetics for
Wishbone Hill fines except Sc, Sm and Gd which were richer in magnetics. This trend
is valid for the HREE content of the Wishbone Hill in that HREE elements appear to
be preferentially reporting to magnetic fractions.

« Flotation tests on -100 mesh fines revealed that both LREE and HREE concentrated
more in tailings than float fractions. This finding is more pronounced for Wishbone
Hill fines. This follows the same trend as indicated in the washability tests that
inorganic part of these Alaskan coals is much richer in rare earth elements than those
of organic material.

e Trends of REE content of the power plant products revealed that both the bottom ash
(BA) and fly ash (FA) had similar contents of both LREE and HREE when adjusted
for the volatiles content.
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