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Criticality of REEs in the U.S.

https://www.forbes.com/sites/
kenrapoza/2020/10/01/trump-
signs-executive-order-to-
protect-build-us-rare-earths-
industry/#26bcefe65b71

Critical Material List (Executive Order 13817)
Aluminum (bauxite), antimony, arsenic, barite, beryllium, bismuth, cesium, chromium, 
cobalt, fluorspar, gallium, germanium, graphite (natural), hafnium, helium, indium, 
lithium, magnesium, manganese, niobium, platinum group metals, potash, rare earth 
elements group, rhenium, rubidium, scandium, strontium, tantalum, tellurium, tin, 
titanium, tungsten, uranium, vanadium, and zirconium.
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REEs in Coal

• Minerals 

• Ion-Substitution in Clays

Xenotime-YPO4

Monazite-(Ce, La, Nd, Sm, 
Th)PO4

• Organic Associations



REE Recovery from Coal

• REEs tend to associate with density fractions with higher 
ash contents, which indicates the feasibility of REE 
recovery from coal coarse refuse



Recovery through Physical Methods



REE Recovery through Hydrometallurgy



REE Recovery through Pyrometallurgy 

1.2 M HCl; 75℃; 1 g/L solid concentration



Enhanced REE Recovery through Calcination
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Middlings Coarse Refuse

❑ REE leaching recovery was increased significantly
❑ Optimum temperature lied between 500-750℃
❑ Quick leaching kinetics at the beginning
❑ The middlings and coarse refuse showed different leaching 

characteristics



Mechanisms

Dehydration

Thermal Decomposition

Physical Assemblage



Pilot-Scale Testing



Recovery of Other Critical Materials from Coal



REE Recovery from Coal



REEs in Acid Coal Mine Drainage

❑Both oxygen and ferric ions can oxidize pyrite

𝐹𝑒𝑆 ሻ2(𝑠 + 14𝐹𝑒 𝑎𝑞
3+ + 18𝐻2𝑂 𝑙 = 15𝐹𝑒 𝑎𝑞

2+ + 2𝑆𝑂 ሻ4(𝑎𝑞
2− + 16𝐻 𝑎𝑞

+

𝐹𝑒𝑆 ሻ2(𝑠 + Τ7 2𝑂 ሻ2(𝑎𝑞 + 𝐻2𝑂 𝑙 = 𝐹𝑒 𝑎𝑞
2+ + 2𝑆𝑂 ሻ4(𝑎𝑞

2− + 2𝐻 𝑎𝑞
+

𝐹𝑒 𝑎𝑞
2+ + Τ1 4𝑂 ሻ2(𝑎𝑞 + 𝐻 𝑎𝑞

+ = 𝐹𝑒 𝑎𝑞
3+ + Τ1 2𝐻2𝑂 𝑙

❑ Acidity was generated through pyrite oxidization, which transfers 
REEs from solid into solution through dissolution.

Coarse 
Refuse PileNatural 

Leachate

Pyrite



REEs in Acid Coal Mine Drainage

Coal Seam West Kentucky No.9
West Kentucky No.9 

and 11
West Kentucky No.13 Illinois No.6

Processing Plant Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

pH 2.86 3.25 2.99 2.70 2.51 3.14

D.S. (g/L) 7.78 14.19 6.00 17.69 20.38 7.08

SO4
2− (mg/L) 5340 3705 3600 12800 15170 3365

Cl− (mg/L) 300 460 370 - 708 1300

F− (mg/L) - - 20 - 155 -

Sc (μg/L) 147.5 55.6 115.7 536.5 172.5 39.1

Y (μg/L) 300.1 98.8 230 1750 990.2 150

La (μg/L) 57.5 8.1 19.1 318.4 66.7 10.4

Ce (μg/L) 190.3 24.9 69.2 597.3 299.3 42.5

Pr (μg/L) 195.2 137.4 172.1 758.9 317.1 111.1

Nd (μg/L) 202.2 39.9 117.5 889.6 382.4 78.9

Sm (μg/L) 72.9 6.7 22.5 409.9 213.6 16.2

Eu (μg/L) 13.7 3.3 8 81.7 28.7 5.9

Gd (μg/L) 98.3 42.8 73.2 528.7 209.7 52.5

Tb (μg/L) 12.1 1.8 6 94.2 34.4 3.7

Dy (μg/L) 60 19.4 44.2 352.9 155.2 33

Ho (μg/L) 12.1 3.9 9.2 51 27.9 6

Er (μg/L) 23.9 7.2 18.7 142.1 71.6 12.2

Tm (μg/L) 4.8 0.8 2.7 27 14.8 2.2

Yb (μg/L) 21.6 4.1 12.2 119.4 70.7 7.9

Lu (μg/L) 8.4 1.2 3 56.6 28.4 1.6

TREE (μg/L) 1420.6 455.9 923.3 6714.2 3083.2 573.2

TREE in DS (ppm) 182.6 32.1 153.9 379.5 151.3 81.0

HREEs/LREEs 0.64 0.67 0.79 0.91 1.12 0.92

Critical/Uncritical 0.71 0.56 0.78 0.89 1.07 0.90

❑Leachate samples were collected from the coarse refuse 
piles of six different coal preparation plants



REEs in AMD versus Coarse Refuse

0

5

10

15

20

25

30

35

40

Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

D
is

tr
ib

u
ti

o
n

 (
%

)

West Kentucky No.13 (Site 4)

Illinois No.6 (Site 5)

Illinois No.6 (Site 6)

0

5

10

15

20

25

30

35

40

Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

D
is

tr
ib

u
ti

o
n

 (
%

)

West Kentucky No.13 (Site 4)

Illinois No.6 (Site 5)

Illinois No.6 (Site 6)

AMD

Coarse 
Refuse



REE Recovery from AMD – Staged Precipitation



REE Recovery from AMD - Staged Precipitation

Fe 
Removal

Al 
Removal

REE 
Precipitation

4.5-9.5
Raffinate

REE Pre-concentrated Slurry



REE Recovery from AMD – Re-dissolution



REE Recovery from AMD – Re-dissolution

Undissolved Material



REE Recovery from AMD – Re-dissolution

Dissolved Solution (Pre-concentrated Solution)



REE Recovery from Pre-concentrated Solution 

Oxalic acid (H2C2O4)

Oxalic acid

Rare earth

oxalate 

precipitates



Cu and Zn Recovery from Pre-concentrated 
Solution



Process Summary



Summary

❑Coal waste is a promising resource of REEs and other critical 
materials;

❑REE and other critical material recovery from coal waste have 
been progressed to pilot-scale testing;

❑Innovative processing technologies, such as thermal activation 
through calcination as well as staged precipitation, have been 
developed from my research;

❑Investment from industrial stakeholders is needed for the 
ultimate commercial deployment of the technologies.



Thank you!

wencaizhang@vt.edu

(540) 231-8110
https://www.mining.vt.edu/peo
ple/faculty/wencai-zhang.html

(859) 351-6264


