Laboratory and Field Observations Inform
Geochemical Models of Treatment Strategies to
Recover Rare-Earth Elements from
Acid Mine Drainage

Chuck Cravotta (USGS, Retired), Cravotta Geochemical Consulting;
Travis Tasker, Saint Francis University; and
Ben Hedin, Hedin Environmental Inc.

West Virginia Mine Drainage Task Force Symposium and
15th International Mine Water Association Congress
April 21-26, 2024, Morgantown Event Center, WV, USA

ZUSES |

science for a changing world




Element Groups (Families)

PAlkali Earth Metais . PAIKSIIRSIESHRIMEERISN Transition Metals
'Rare Earth Metals | Other Metals Metalloids

Non-Metals Halogens

Elements included in the

PHREEQ-N-AMDTreat+REYs models

are shown here in their respective positions

6
Cc
on the periodic table: .
28 29 30

Cu 2Zn

17
Cl

24 25 26 27
Cr Mn Fe Co Ni

REYs = Lanthanide rare-earth éz,

elements (REE) plus yttrium .
and scandium. Pb

REYs have +3 oxidation state

R & R SR AER S LE Rl

Rare Earth Ele




Rare-earth elements are elevated in low-pH AMD
from coal mines in Pennsylvania
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Generally, REYs concentrations decrease with increased pH,
with a break in slope at pH ~5. N

Cravotta, C.A. III (2008) Dissolved metals and associated constituents in abandoned coal-mine discharges, Pennsylvania, USA: 1.
Constituent concentrations and correlations: Applied Geochemistry, 23, 166-202.



Rare-earth elements accumulate with Fe, Mn, and Al
in AMD treatment solids
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Hedin, B.C., Hedin, R.S., Capo, R.C., and Stewart, B.W., 2020. Critical metal recovery potential of Appalachian acid mine drainage
treatment solids. International Journal of Coal Geology, 231, 103610.



SURFACE CHARGE

Hydrous metal oxides (HMeQO) = HMO+ +HAO
< T T T — — T T -
~ ~ >~ _ ~ - . .
RN N N HAO
N N AI(OH); & -
+ \ \ \AI(OH)2.5(SO4)0.25-
\ .
W " \ \
. "HMO" \
- MnIIOOH \ L
& Mn™(OH), ANIONS SORBED ? \
O TS CATIONS SORBED | V]
u \ 1
\ ]
\ \\ _-
\ _'
- \ \ .
\ \ \ ]
\\ \\ \ -
\ \ N -
N -~ _ N — :~. - -:
20 30 40 50 60 70 80 90 100 110



REYs Sorption by HFO, HAO, (HMO)—Empirical Titration Data

50 pg/L REYs 50 ug/L REYs 50 ug/L REYs
1 mmol/L Fe*3, Al*3, or Mn*3 1 mmol/L Fe*3, Al*3, or Mn*3 1 mmol/L , HAO, or HMO
HCl matrix (no SO,) H,SO, matrix H,SO, matrix
w

50 ml polyethylene centrifuge tube

40 ml solution of REYs plus Fe, Al, or Mn sorbent in HCl or H,SO, matrix

titrate with 0.1 to 5 N NaOH to multiple target pH values (3-10)

mix on shaker table for 24 hours

remeasure pH

centrifuge, filter (0.45 um) supernatant, acidify, and analyze by ICP-MS and ICP-OES
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SURFACE CHARGE

Effect of Sulfate on REYs Adsorption(?)
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CATIONS SORBED | : |

[ SURF_OH + M*3 = SURF_OM*2+ H* where SURF = HMO, , or HAO; M = REY
(previously used DM “linear free energy relation” LFER equilibrium reaction)

" SURF_OH + M*3 + H,0 = SURF_OMOH* + 2 H*
(new reaction for M*3 adsorption without sulfate, adapted from DM Cr*3)

+ SURF_OH + SO,2 = SURF_OHSO,?
(SO,2 adsorption by HFO and HAO at low pH; decreases overall surface charge)

| SURF_OHSO,?2 + M*3= SURF_OM(SO,) + H*
(new reaction whereby adsorbed sulfate attracts REYs at low pH)
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REYs Sorption by "HFO"- Model Calibration to Empirical Data

Dissolved or Adsorbed REE, ug/L

Dissolved or Adsorbed REE, ug/L
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O Lu_ug & Fe_mg Lu_dis —
Lu_HFO —o— Hfo_sOLut2  —o— Hfo_wOLu#2 Y By te el T
—a— Hfo_wOLuOH+ Hfo_wOLu(SO4) —<— Hfo_wOLu(CO3) —— Yb lu —o— Y —— Fe S04
—+— Fe_dis S04_dis/100 [0 S ——— 30
55 30 E :
5 | LU 50 ug/L HFO 50 mg/L (H,SO,): IogK LFER g
. - : : e s sl 50 ug/Lgea REYs 25
g o
=3 g 20
e 3 SO 2400 mg/L
£ @ 60 [..... WEEE—— i it i
o (] : R
o = 5 i 15
) o [ L c\
@ S 40L.......... - S
5 o (600 mz/g) : 10
o wi : ¢
= w ]
8 k4 & \ ‘ :
£ 20 - LFER estlmated IogK """" : 71s
sorptlon edge pH ~6. 5 4
0 a e u. " L \L v sic. w = 3 {1) - ] 0
2 3 4 5 6 7 8 9 10
O Lu_ug & Fe_mg Lu_dis Calibrated! —0— La —— Ce —— Pr Nd —<— Sm —— Eu
Lu_HFO —0— Hfo_sOLu+2 —o— Hfo_wOLu+2 Gd —=— Tb Dy —+— Ho —— Er —0— Tm
—a— Hfo_wOLUOH+ Hfo_wOLu(SO4) —— Hfo_wOLu(CO3) New —— b lu —o— Y — Fe S04
—+— Fe_dis S04_dis/100 thermo 100 —— ! ; J ] 30
55 30 : : : : : 4
Lu50u L HFO: 50 mg/L (H,SO Io K OPT VY : : : ; -
s [ LU 50 Ug/L, HFO'50 B/L{H,50,): Tog data N 50 ug/L caREYs |z
5L Lu_dis\ CLu_SOr. las 80 : >
“ o B
3 = 4 E Lo} : ]
40 L oo A \AIRLE) ARTTIRTTICIIS: SUCRPLR CASRRLREY” St ETEETEE: EERREETS 1 s % : SO 2400 mg/L ] 20
35 L. i = A VY AT N SOVNY A SO S 1202 @ 60L.. i 11 L S S SO S ]
g + b3 [m] 1
30 _ .................................... HfOWOLUOH 8 = : 115
25 L O N 5 ___________ 5 .......... 1 5 S 1
lj:l : : ﬁ'ﬁ 3 40 oo D TRV et (600 mZ/g) ............
20 R =i TR D I RN AT L LT Peaaaaaaaay KEEEERRERRL 10 -U uj _10
f : f 7] 2 w : 1
15 ............................................................... I REREERERERY -—y m N
" ‘ ‘ , , 5 g g 1 @ 20 Lo, . PEST opt:m:zed Iog.\ ------ 5
.................................................... IR SITIIT N :
: : : ] : sorption edge pH ~4.5
SO 2400 mg/L .................... .......... .......... .......... ] p :
0 "y "y "y —i1 0 0 N N’ T 4 4 0
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
pH pH

Dissolved Al or S04/100, mg/L

Dissolved Al or S04/100, mgiL



REYs Sorption by "HFO"- Model Calibration to Empirical Data

Dissolved or Adsorbed REE, ug/L

With Sulfate Without Sulfate
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PHREEQ-N-AMDTreat+REY's Models

Goal: Simulate water-quality changes during passive/active treatment;
evaluate design/performance of alternatives for cost/benefit analysis.

Three complementary tools, each with user interface, employ the same
expanded thermodynamic database (wateq4fREY sKinetics.dat):

v CausticTitrationMi1x2REY s.exe (equilibrium precipitation/sorption)
CausticTitrationMi1x2REY sMoles.exe

v TreatTrainMix2REYs.exe (kinetics plus precipitation/sorption)

Graphical and tabular output indicates changes in pH, concentrations of
solutes, TDS, and specific conductance plus cumulative quantity of
elements 1n solids as a function of pH or retention time. Q'z,




CausticTitrationMix2REYs (Sorption+Precipitation)

uses updated wateq4fREYsKinetics.dat thermodynamic database

Major and trace ions in one or two solutions A & B

CausticTitrationMix2REYsMoles.exe
Equilibrium interactions among aqueous and surface species

SoInHA SondB | SolnHA Soln#B HMeOg| HFOg HMOg HAOg SPECIFIED CONSTANT SORBENT (EXISTING)
Desgnfiow@m)  [60 | [0 I [rsmo) [0.000001 | [1E-13 (05 Jfo03 |[003  |[003  |[HFO +HMO +HAO g/L ]
Mix fraction [ 0 Bamol) [0.000001 | [1E13 | 600 |[746  |[68  |«-Surtace area. /g 647226 | 79047753044 | Surtace area, m2mal, comp.
Temp (C) 163 | [oor || Jedmolry [0.000001 | [1E13 ] 1925 |[191  |[46  J<-Ste densty. stes/nm2 Aged and/or
DO {mol/L) [000031 | [0.000001 || fco@moy [0.000001 | [1E3 | 102 |(00903 ||0.0405 | <~Ste densty (eak ory). moi/mol. computed  freshly precipitated
pH 20 ] 20 I |ermoy [0000001 | [1E43 | <~Ste densty (srong orx), mol/mol, computed  SOTbeNt properties
Acidty (mol/L) [0 | [o I Jeumoy [0.000001 | [1E13 | HFO  HMO  HAO FRESHLY PRECIPITATED SORBENT (ADDITIONAL)
[ Estmate NetAcidty [0 | [o | ey [ooo0001 | [E13 ] 600 |[746  |[68  |c-Suface area. m2/g[ 647226 | [ 79047753044 | Surace area. m2/mal, comp.
Ak {mol/L) o | o | |poemony [0000001 | [iE13 | 1925 {191 |46  |Jc-Ste densty. stes/nm2
TCmoLasC)  [o0001 | [o || lscemoiy [0000001 | [1E13 | 102 |[00903 || 0.0405 | <-Ste densty weak ory), mol/mol. computed
O Estimate TIC [0 | [o | [semoy [0.000001 | [1E43 ] <~Ste densty (strong or x), mol/mol, computed
Fe (mol/L) [oo00s | [1E13 || [srmoi) [0000001 | [1E43 | Specfied Saturation Index Value at Which Preciptation of Fe, Al, Mn, or Ca Will Occur-ADDED TO FRESH SORBENT
Fe2 {mol/L) [0.0003 | [0 I Jumony [0.000001 | [1E93 | SI_Fe(OH)3 00 v SI_AOH)3 00 SI_MnOOH (00
[] Estimate Fe2 C | o I lznmoy [0o00001 | [1E13 | SI_Schwertmannite S|_Basaluminite SLMaOH2 [00 ~
Al (mol/L) [o000s | [1E13 || JLagmoin) [0.000001 | [1E-13 $1_CaC03 SI_Fe-Mn(CO3) SIFeOH2 [00  v| Sl FeAMnCaPO4[33 ]
Mn (mol/L) 0.0005 1E13 Ce moll) [0.000001 | [1E13 | Speciied Saturation Index Value at Which Precipitation of REE Wil Occur-COMPETES WITH SORPTION
S04 mol/L) 0.005 1E-10 Prmol) [0000001 | [1E43  |||SI_REEOH) SI_REE(CO3)1.5 SI_REE(C204)1 5° SI_REE(PO4)
5.2 mol/L) 0 | o | Imon [ooo0r | [E1Z | (S1=0, precipitate; SI=99, no precipitate)Aso applies to Fe({C204), A{C204). Mn(C204). Ca(C204). Mg(C204)
l fmol/L) loooo1 | [o | lsmmoy [0000001 | [1E13 Jf| ettt _ ik
Ca mol/L) (00025 | [1E10 | |Eu mol) [0.000001 | [1E13 | B teoH msoBiffe%ﬁatpSgssibleC%ga.u@stic titr9n¥§x03 e M
Mg (mol/L) 0oos | [1EW0 || |edmo) [0.000001 | [1E43 | Seloct cuipu sk be srverd arxd gk o demkay
Na (mol/L) [0on | [o | |®moy [0000001 | [1E93 | RUNNODEL O Short Output File @® Long Output File [ Print PHREEQC Output Report
K (mol/L) (00001 | |[o I loymoy [0000001 | [1E43 ] [ Plot REYs_HMeO [ Plot REYs_ppt Choose on-screen graphs
Si fmol/L) [00003 | [0 | [Homoly [0000001 | [1E13 | OPet S [JPetY [APotla [JPoetCe [JPiotPr Dmmqum M Plot Eu
NO3N mol/L) [0.0000001] [0 | lemon) [0000001 | [1E93 | APtcd Pt [Pty ClPctto [IPtE  [JPetTm []oNd & Pt L
PO4P (mol/L) (0000001 | [1E93 || |m@mony [0.000001 | [1E43 | [ Piot Cations_HMeO  [] Plot Anions_HMeO  [] Plot Akalinty [ Pt A [] Plt Fe  [] Plot Mn
F mol/L) [0.000001 | [0 I{ Jwmoy (0000001 | [1E13 | OPtCa [JPotMg [JPotBa [JPotS [JPtCd [JPtCo [JPiotCr [J Plot Cu
DOC@molLasC) (00001 | [0 | Jwemoy [0000001 | [1E13 | CJPtNi [JPotPo [JPotzn [JPtU [JPotAs [JPotSe []PtPO4 [] Plot SO4
Oxalate (mol/Las C) I1E'06 l |1E'16 ] Y (mol/L) [0'000001 ] [1E'13 Caustic TitrationMix2REYsMoles.exe created by C.A. Cravotta lIl, U.S. Geological Survey. Release version 1.0.3. July 2023




Sorption of REYs on "HMeO" (0.03 g ea HFO, HMO, HAO) - No Sulfate

Adsorption REYs, HMeO 0.09 g/L (HFO 0.03g HMO 0. 03g HAO 0.03g)
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Sorption of REYs on "HMeO+Sulfate” (0.03 g ea HFO, HMO, HAO)

Percent Sorbed on HMeO

Percent Dissolved, Sorbed, or Precipitated

Adsorption REYs, HMeO 0.09 gIL (HFO 0. 039 HMO 0. 03g HAO 0.03g)
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CausticTitrationMix2REYs (Sorption+Precipitation)

Simulates field titration of Nittanny AMD with NaOH

Maior and trace ions in one or two solutions A & B
Soln#A Soln#B Soln#A Soln#B

CausticTitrationMix2REYs.exe

Equilibrium interactions among aqueous and surface species
HMeO.mg Fe% Mn% A% SPECIFIED CONSTANT SORBENT (EXISTING)

Design flow (gpm) [49_4 | [o As (ug/L) |2,47 I |1E.03 [0 I 14 I |43 I [43 IHMeO (ma/L Fe+Mn+Al, not oxides); existing, added to fresh HMeO ppt from soln
Mix fraction 1 0 Bafug/l) [89 | [1E08 600 |[746 |[68  |J<-Surface area. m2/g[ 647226 | [ 79047 7| [ 53044 | Surace ares. m2/mol, comy
Temp (C) 13s | [o01 Cdugl) (344 | [1E08 1925 [[191  |[46  J<-Stedensiy. stes/im2 Aged and/or

DO (mg/L) 59 | [oo01 Colg) [4770 | [1E08 102 |(00903 |[0.0405 | <Ste densty wesk ary). mal/mol, computed freshly precipitated
pH E | 3 Crwg) (212 | [1E08 <Ste densty (strong or x). mol/mol, computed SOYbent properties
Acidty {mg/L) (2 | [0 Cug) [388 | [1E08 HFO___HMO __ HAO FRESHLY PRECIPITATED SORBENT (ADDITIONAL)

(] Estmete NetAcdty [10803 | [0 N@g) [5110 | [1E08 600 |[746  [|68  J<-Surface area.m2/g|647226 || 79047.7 || 53044 | Suface area, m2/mol, comy
Ak (mg/L) 0 | o Pblugl) |98 | [1E08 1925 |[191 |46  |<-Ste densty. stes/nm2

TCmoasC)  [192 | o Scwg) [149 | [1E08 (02 ||00903 |[0.0405 | <Ste densty weak ory). mol/mol, computed

[ Estimate TIC 12 | [0 Segr) [193 | [1E08 <Site densty (strong or x). mol/mol, computed

Fe (mg/L) 40.7 | [1E-08 Sriug/) (520 | [1E08 Specified Saturation Index Value at Which Precipitation of Fe, Al, Mn, or Ca Will Occur-ADDED TO FRESH SORBENT
Fe2 (mg/L) 26 | o Upg) [354 | [1E08 SI_Fe(OH)3 00 |  SLAOH3 00 SLMOOH  [00 |
O] Esimate Fe2 [0 | [o Znfg) (18800 | [1E08 SI_Schwertmannte S1_Basaluminte S_MnOH2 [0 |
A fmg/L) 128 | [1E08 lawg) [201 | [1E408 $1_CaC03 SI_Fe-Mn(CO3) SIFeOH2 [00  v| SLFeA-MnCaPO4)[99 |
Mn (mg/L) 29 | [1E08 Cefug/) [3%0 | [1E408 Specfied Saturation Index Value at Which Precipitation of REE Will Occur-COMPETES WITH SORPTION

504 (mg/L) 5000 | [1E06 Prugl) [664 | [1E08 SI_REE(OH)3 SI_REE(CO3)1.5 SI_REE(C204)1.5" SI_REE(PO4) [00  ~
S-2 (mg/L) o | [o Nd ug/l)  [235 | [1E-08 (S1=0, precipitate; SI=99, no precipitate) Aso applies to Fe(C204). A{C204). Mn{C204), Ca(C204), Mg(C20
Q (mg/1) 119 | o Smiug/) (797 | [1E08 Select titrant: Maximum pH (<=1
Ca fmo/L) 42 | [1E® Bubgl) (B1 | [1E08 @ teor Wt7'E'S?fferg)n%agcl)-l)szsibIe 8Sasciic titra(nDtgI e
Mg (mg/1) 52 | [1E06 Gdhg) (993 | [1E08 Select output maiix to be saved and graphs to display

Na (mg/L) h7zs ] [o Tbugd) (213 | [1E08 B O Short Output File @® Long Output File O Print PHREEQC Output Repott
K mg/L) 346 | [o Dyfg/l) (122 | |1E08 [ Plot REYs_HMeO M Pt REYsppt  Choose on-screen graphs

Si fmg/L) 308 | |0 Hofug/l) (243 | [1E08 OPot Sc [JPotY [dPotla [JPtCe [JPot Pr [Pt Nf PlSm [ Plot Eu
NO3N (mg/L) s | [o Erwg/) (674 | [1E08 [APotGd [Pt > [JPotDy [JPotHo [Pt & [JPotTm N Rottb [ Plot L
PO4P (mg/L) 001 | [1E11 Tmug/l) [8.85 | [1E-08 [ Plot Cations_HMeO [ Plot Anions_HMeO [/ Plot Akalinity [ Plot A [ Plot Fe [ Plot Mn

F {mg/L) 05 | o Ybug) (544 | [1E08 OrotCa [JPt Mg [JPotBa [JPot S [JPetCd [JPotCo [JPotCr [J Plot Cu
DOCfmg/LasC) |2 | [o ) (782 | [1E08 OPot i [JPotPb [JPatzn [JPotu [JPotAs  [JPotSe [JPotPO4 [] Plot S04
Oxalate mg/LasC) |01 | [En Ywg) (600 | [1E08 Caustic TitrationMx2REYs.exe created by C.A. Cravotta Ill, U.S. Geological Survey. Release version 1.0.3. July 2023
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TreatTrainMix2REY's Sequential Model

Simulate sequential changes through treatment--equilibrium aqueous
and surface (sorption) speciation combined with kinetics models:

v Atmospheric exchange--CO, outgassing and O, ingassing.

v Iron and manganese oxidation--pH-dependent homogeneous and
heterogeneous rate laws (pH, pO,, sorption) plus catalysis by
acidophilic and neutrophilic iron-oxidizing bacteria.

v Organic-carbon oxidation--reduction of sulfate and nitrate by
carbon, plus Fe!'l by adsorbed sulfide (from sulfate reduction).

v Limestone dissolution--considers solution chemistry (pH, pCO,)
plus surface area of limestone fragments (particle size). Q'&

o

D

<+ Adsorption and precipitation of REYs and other trace elements.




TreatTrainMix2REYs Sequential Model
(Kinetics plus Equilibrium Sorption+Precipitation)

Silver Creek AMD: Passive Treatment Aerobic Ponds + Aerobic Wetlands
TreatTrainMix2REYs.exe

0

|
)
Pond #2
3

4

Treatment
Untreated
Sedimentation Pond 1
Aeration Cascade
Aerobic Pond 2
Aeration Cascade
Aerobic Pond 3
Riprap Cascade
Aerobic Wetland 1
Riprap Cascade
Aerobic Wetland 2
Riprap

NULL

Pond #3

5 P
6

Wetland #1 |

A

Wetland #2
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Treatment Simulation:

TreatTrainMix2REYs Sequential Model

Silver Creek AMD, Aerobic Ponds+Wetlands
TreatTrainMix2REYs.exe

Select Workspace | |C:\Users\cravotta\Documents\AMD Treat Train REYs_wateq\SiverCr160808_REYs_v1.03 ] i 3 i fied HMeO + Phase
Son#A  Son#B Son#A  SondB factrkC02 ] ferko2 27 | B 087 Sobert  SufsceAream2/g SteDensty stes/nm;
Desgnfiow gom)  [456 | [0 i | X 1E06 facirkFeHOM 1] factrkreeT factr kFeNO3 HFO.HMeO  [600 | o5 |
Mix fraction 1 | [o | Il Baway [19 | [1E06 factr kFeH202 1 [ factribact 1 foctrkFelMnOx  [1 | Hroequippt  [600 | s ]
Temp (€) (212 | [por |l cdewey [021 | [1ED6 factrkMaHOM 1 factr kMaHFO 1 factr kMaHMO HMO, HMeO  [746 | [131 |
DO mg/L) 056 | (o1 |} cowoy [&# 1£06 factrkSHFO 1 ] faarksoc factrkDOC HMO, equippt  [746 | st |
pH [6.03 | [o | I crwemy [0.09 | [1E08 iibium Constants, Adiustment of Saturation Index for Precipitation HAO.HMeO (68 | [46 |
Acidty (mg/L) [0 | [o ||| cowory [048 | [1ED0S SI_Fe(OH)3 00 v SI_AIOH)3 00 ~ SI.MnOOH |00  ~ HAO, equippt  [68 | [ |
[ Estimate NetAcidty |34 ] [o [ Il Moy [82 | [1E08 SI_Schwertmannite 0~ SI_Basaluminite 0~ SI_MnOH2 (00 -
Ak (mg/L) [55 | [o Il oy [ooss | [1E06 s caco3 [03 | S| FeCO3MACO3 [25 ] siFeH2 [00 ] siFeAMnCaPOy[00 ]
Temotase (85| || sceon e | SLREEOHR (8 v|  sLREECOHS SI_REEC204)15 SLLREEPOY s
e £
OesmseTc  [B6 | [0 1| B o “Hso apples to Fe(C204). AC204). WnC204, CaC204) Mgic208) | b 0 P L e o
If adding caustic at Step 1, 2, 3, 4, and/or 5: choose caustic agent, activate relevant +Caustic checkbox(es) and enter target pH value for the Step(s)
Fi /L) 20 1E-08 Sr (ug/L) 430 1E-06 1.54E-05 % | T46E-05 | 50wt%
F::::g/u :20 : :0 ‘[ u(um:/L) L.o‘u } :1506 L s Qi O N O Ee s s rese v |H p —-— ‘_ =
, Sequential Treatment Steps / Kinetics Conditions: Aeration Rate Limestone and Organic Matter H i
[ Estimate Fe2 [0 | [o I z0we) 1606 | Sep +Coustic?->pH? Tmehrs Temp2C H202mol kLaCO2.1/s Lg(PCO2atm) SAcccm/mol M/MOcc  SOC
Al fmg/L) 027 ] [E8 || ko) [39 | (&6 g+ OfFs [z |[13s1 o |[o.oo0002 ] [34  ][0s I [0 [0 928 |[0.05 |[7.12 | [Sedimentation pond
Mn mg/L) s | [eos [ cewory [81 | [1€06 Rz, s |foos  |[1am [0 |poors J[3&  “]p5 |1 I[o 01 |[s28 |[00s |[712 | [Aeration cascade
504 mg/L) (04 | [1E06 [Jf Py [035 €6 55 o751 |[7ss |[o |[00000005 | [34 v|[os |3 0 6 |[s83 ][005 |[11.63 | [Oridationssetting pond
52 mg/1) [0 | [o ] Meory [38 | % N, 75 |[ows  |[18a1 |[o |[ooo7s  |[34  ][os I [0 01 [[s83 ][0.05 |[11.63 | [Aeration cascade
Qo 14 | [0 ||| smeomy 088 | B ) o o s (a1 |[ma3 | |[0000002 |[34  ][os [ [0 E |[961 ][178 ][209 | [Oxidation/setting pond
Ca fmg/L o] [Ee | eeony (7 | [1IE06 J o o oom  Jzas o oot e <l i o o7 |1 |[i7e |[205 | [Aersonrprap
Mg (mg/L) [z | [eos  |JJ Gdwey [088 | [1E06 9 7 [312 |[2555 ][0 |[0000002 | [34  +|[os [[ |[01 [2 |[835 |[13.41 |[3.08 | |Aerobic wetland
Na mg/L) 2 ] € ||| meeny [012 | [1E06 o & loo:3  |[2443 |[o por |[34  “][= [ o 07 |[35 |[1341 |[308 | [Aeration riprap
*ea) pz__| [o | o 158 = 9 (394 |[2897 |[o |[ooo0002 ] [34  v]|[os [ |[01 [15  |[s99 |[893 |[115 | [Aerobic wetland
Si mg/L] 6. 0 011 1E06
) te 1 | | e | | | 1 oom | o loos |2 <@ n o o1 s s |5 ] [ow
NO3N (mg/L) [38 | o ||} oy (031 | [1E08 = 2 | 1 .
PO4P {mg/L) po3 | [E1 ||| meeny [00e2 T 0 [EXIC o 24 lo | 0 0 e R = L
F fmg/L) [0 | o |ll weoy [026 | [1E0s (et weral et Cusord | [ Prt PHREEQC Output Repor
DOC (mg/L as C) |2_3 | IO ‘ W g/) [0_037 ‘ |1E-OG [A Plot Dis. Fe. Mn, Al DO, NO3 [C] Plot Ca, Na, Ak, Acidty [C] Plot Sat Index [] Plot PPT Solids
oassotag 7| [en IMlywn 5] [e% ] D] Plot As Se Co Cu Ni Pb Zn [ Plot REVtat La Ce PrNd Sm [ Plot EuGd T Dy Ho [ Plot Er Tm Yb Lu Y Sc

Silver Creek Mine (Aug. 2016):

Treat TrainMix2REYs.exe created by C.A. Cravotta lll, U.S. Geologica! Sudey.  ReleZse version 1.0.3. July 2023

IS

moderate Fe & Mn, moderate REYs (~23 ug/L)
“validation data” from Ashby (2017) for comparison to simulations



Treatment Simulation:

Pnd A Pond A Pond AW AWA
8.0 , —
------ FeQB=0X; S{REY)=99 P pH
[ FeOB=1X; SH{REY)=99 N
75 + iy _ L om
_ === FeOB=0X; SIREY)=0
] — -FeOB=1X; SI{REY)=0
7.0 + |
T |
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| i H
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20
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0.18
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Silver Creek Aerobic Ponds+Wetlands (160808)

Pnd A Pond A Pond AWAWA
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Treatment Simulation:

Total rare earth elements, ug/L

Lanthanum, ug/L

Neodymium, ug/L

Silver Creek Aerobic Ponds+Wetlands (160808)

Pnd A Pond A Pond AW AWA Pnd A Pond A Pond AWAWA
25 35 T
s _aq TREYS -
* """ FeOB=0X; SI[REY)=99 30 & e FeOB=0X; SI(REY)=99 Y
20 *£ FeOB=1X; Sl(REY)=99 FeOB=1X; Sl(REY)=99
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Treatment Simulation:

Dysprosium, ug/L Gadolinium, ug/L
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Silver Creek Aerobic Ponds+Wetlands (160808)
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Treatment Simulation: Silver Creek Aerobic Ponds+Wetlands (160808)

Pnd A Pond A Pond AWAWA Pnd A Pond A Pond AWAWA
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Simulated Treatment of Coal Refuse Leachate
for Recovery of REYs

Leachate from pyritic shale and 6 100000 10000 ] 1000 | ]
coal waste (coal refuse) at a " % 7 10000 mooé a : :
. . oy - - E _ 100 E E|
centralized processing facility has i 1000 ] 3 : ]
st 13 3 10 F [ § 3 s || :
low pH and elevated z £ 100 g ] E $ o[ ]
. 4T 1 & < 40 ] E S 5 E
concentrations of metals. g | | 10 : : m F |~ ]
A i T 1 E g
Acid Drip 2 | ! - 1 i ! ! : | :

1 A A I i 01 F . A F

Liner
Acid

Recirculation .
~. The leachate is a long-
term treatment liability

LA that will persist long
enriched .
after coal mines have

closed.

Collection
Basin

+Aeration

? .
+77 NaOH(EHCSZG'S') Treated An economically
Processing (pH 6.0-6.5?) Leachate  gystainable zpproach
- +NaOH or Na,CO, for recovery pfREYs

(pH < 4.5)

\
from the leachate could
+H,0, +?? H,C,0, or NaH,PO,

offset treatment costs.



TreatTrainMix2REYs Sequential Model

Coal-Refuse Leachate—Lime Treatment vs. Alternative Treatment to Recover REYs

SB\OOO\JO\W-thHOE}
o

TreatTrainMix2REYs.exe

Currently Lime Treatment

Untreated
Sedimentation Pond
Lime to pH ~8.5-9.0
Aerobic chambers
Oxidation/setting pond(s)
Injection to mine
NULL

NULL

NULL

NULL

NULL

NULL



TreatTrainMix2REYs Sequential Model

Current Treatment of Coal Refuse Leachate with Lime
TreatTrainMix2REYs.exe

Select Workspace C:\Users\ccrav\Documents\AMDTreat TrainREYs_wateq\PBSJob12_REYs_v1.0.3 ; . F P ; fied H + Equilibrium Ph

SolnZA Soln#B Soln#A Soln&B factrkCO2 1 factrkO02 2.1 EXPcc 067 Sorbent SufaceAream2/g  SteDensity stes/n|

Design flow (gpm) 153 0 Asfug/l) 275 1E-06 factrkFeHOM 1 factrkFeHET 1 factr kFeNO3 0.25 HFO. HMeO 600 1.925

Mix fraction 1.0 0 Bafug/l) 6.7 1E-06 factrkFeH202 1 factrkbact 1 factr kFellMnOx 1 HFO. equilppt 600 1.925

Temp (C) 17.95 0.01 Cdfug/l) 34 1E-06 factr kMnHOM 1 factrkMnHFO 1 factr kMnHMO 05 HMO. HMeO 746 191

DO {mg/L) 6.07 0.01 Cofug/l) 669 1E-06 factrkSHFO 1 factrkSOC 100 factrkDOC 01 HMO, equippt 746 1.91

pH 37 0 Crig) 775 1E-06 ibrium Constants, Adiustment of Saturation Index for Preciptation HAD,HMeO 68 46

Acidty (mg/L) 8335 0 Cufug/) 192 1E-06 SI_Fe(OH)3 [0 | SI_AIOH)3 00 SI_MnOOH  [00 | HAO, equippt 68 46

® Estimate NetAcidty 10525.6 0 Niwg/) 1029 1E-06 Sl_Schwetmannte (10 | SI_Basaluminte o ] SLMnOH2 [00 |

Ak {ma/L) 0 0 Pbug/l) 136 1E-06 S| CacO3 _ [25 | SI_FeCO3.MnCO3 25 ] SI_FelOH)2 00 | s FeAMnCalPO4) [o0 ]

TIC ng/L as C) 27 0 Sclg/) 13 1E-06 SLREEOH3 (00  ~|  SLREECOIS [00 | SI_REE(C?04)1.5‘ 00 | SLREEFO4) 00 - = %L"':’:g:::ﬁ“m Ao

() Estimate TIC 12 12 Seg/l) 835 1E06 *Also applies to Fe(C204), Al(C204), Mn(C204), Ca(C204), Mg(C204) R e

Fe mg/L) 3980 1E-08 Srug/l) 995 1E06 . 5"""‘-’5"‘;’:: :‘ S\!ﬁi a:::li choose cgst::ca (ag:;. m i dmeock:o:z(?c: :ﬂd ﬂ*ega'gjc ;’;':;‘ek:';:emﬁg) 00007723 5w, 00007374 SO’

Fe2 mg/L) 1000 0 Ugl) 719 1E-06 e — H202 w1 unts 0al/aal (memo. not used

—e i Aeration Rate Limestone and Organic Matter Specfied HMeO Sorbent Concentration

{J Estmate Fe2 0 0 Znfug/l) 3850 1E-06 Step +Caustic?->pH? Timehrs Temp2@ H202mol fkLaCO2.1/s Lg(PCO2atm) SAcccm2/mol M/MOcc SOCmol| HMeOmg Fe%  Mnz A% Description

Al (mg/L) 18 1E-08 la@gr) 272 B @ )75 001 25 Jo 0000001 [34 ] o 1 0 0 0 0 Pipe

Mn (mg/L) 275 1E08 Cefugl) 115 B g2 75 30 %5 0 0000001 [34 v o 1 0 0 0 0 0 Pond

S et N =i Privg) 223 T @3 @87 ] oo %5 0 000005 [34 |0 1 0 500 % 1 3 Lime to pH 8.7

52 mg/L) . g Ndpgt) 3 = 1B06 g 4 75 | 045 %5 0 0005 [34 ]o 1 0 500 % 1 3 Aeration chambers

deat) L . SEaflRss.)  JNIEK  Feleer7s  Ji2 50 0000001 [34 |0 1 0 M % 1 3 Oridation/setting pond

caesd) L = L LS 005 % 0 0 34 ]o 1 0 0 % 1 3 Injection to mine

Mg o) 03 _— Glgd) B9 = 1EE o, 0 % 0 0 32 <)o 1 0 0 0 0 0 NULL

Na (mg/L) 832 1E06 Tbug/) 171 1E06 . , = 1o , Re )0 ; - . ) . ) L

Emal) - . D U s 0 % 0 0 34 +]o 1 0 0 0 0 0 NULL

Si mg/L) 259 0 Hofugll) 185 1E06 = - — ; G <o . - - - - - r—

NO3N (mg/L) 0.01 0 Erfug/l) 487 1E06 —

PO4P (mg/L) 20 1EN Tmiug/) 607 L - = 3¢ . B+ e . - . : : 2 N

F fma/l) 05 0 Ybigl) 354 1E06 Generate Sequential Kinetics Qutput () Print PHREEQC Output Report

ST - . ) O - @ Plot Dis. Fe, Mn, Al, DO, NO3 () Plot Ca. Na, Ak, Acidty () Plot Sat Index () Plot PPT Solids

Oxalate (g/LasC) 0.1 1E1 Yoy 481 1E06 (J Plot As Se Co Cu NiPb Zn B[R R L P O Plot EuGd Tb Dy Ho 8 (i

Treat TrainMix2REYs exe created by C.A. Cravotta lll, U.S. Geological Survey. Rele:se version 1.0.3. July 2023

PBS Job 12: Lime to pH > 8.7 N
High acidity and REYs
Current treatment produces sludge containing Ca, Fe, Al, Mn, and REYs



Select Workspace

Design flow (gpm)
Mix fraction

Temp (C)

DO (mg/L)

pH

Acidty (mg/L)

B Estimate NetAcidty
Ak (mg/L)

TIC (mg/L as C)
) Estimate TIC
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Hypothetical Sequential Treatment of Leachate with H,O0,+NaOH
TreatTrainMix2REYs.exe
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PBS Job 12:
High acidity and REYs
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs
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H,0, + NaOH to pH ~3.0
(up to 4.57?)

VS



TreatTrainMix2REYs Sequential Model

Hypothetical Sequential Treatment of Leachate with H,0,+Na,CO;
TreatTralixZREYs exe
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PBS Job 12:

High acidity and REYs
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs
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H,0, + Na,CO; to pH ~4.5
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TreatTrainMix2REYs Sequential Model

Hypothetical Sequential Treatment of Leachate with H,0,+NaOH+NaH,PO,
TreatTrainMix2REYs.exe
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PBS Job 12: H,0, + NaOH to pH 3.0 (previous model to step #3)
High acidity and REYs  THEN ADDING NaH,PO, (as solution B, step #1 here)
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs
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TreatTrainMix2REYs Model Results:

Sequential Treatment of Leachate with H,0,+Caustic to Concentrate REYs
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TreatTrainMix2REYs Model Results:

Sequential Treatment of Leachate with H,O,+Caustic to Concentrate REYs
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ABSTRACT: Coal waste products have been studied as a new source of rare
earth elements (REEs) and other critical minerals (CM) essential for the
development of renewable energy technologies, but the economic viability of these
source materials is not well understood. This paper examines the technoeconomic
performance of a novel process for REE extraction from acid mine drainage
precipitates (AMDp) from passive treatment beds in the Appalachian coal basin.
The three-phase extraction process includes the excavation and transportation of
AMDp, multi-phase pH-driven step-leaching of REEs under ambient conditions,
and commercial solvent extraction to produce a saleable-grade rare earth oxide

Acid Mine
Drainage
Precipitate

Lifecycle Cost Assessment

material that can be reduced to a pure metal. Using bench-scale data, we estimate
the life-cycle cost of extraction of REEs from two representative Appalachian
AMDp feedstock chemistries between 3400 and 5900 $/kg of the mixed REE concentrate produced. Both the AMDp [Comipos=iion
and process parameters affect the profitability of REE extraction, with the REE concentration and distribution of RES; i the
feedstock, extraction and precipitation reagent consumption rates, and the potential for reagent recycling as the key variables.
Economically profitable valorization of REEs from AMDp will require a combination of continued process innovation and sizable
financial incentives to substantially influence the domestic supply of REEs.

KEYWORDS: rare earth elements, technoeconomic assessment, remediation, acid mine drainage, beneficial reuse
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Figure 4. Changes in cash flow from process improvements and market changes to achieve break-even net profit for the best-case [Mn-rich] and

worst-case [Al-rich] scenarios.

Precipitation costs could also be excluded completely by
eliminating the direct-to-precipitation stage by incorporating
alternative separation technologies, such as sorbents. Oxalic
acid consumption could be minimized through oxalic acid
recycling using cation exchange resins after the REE-enriched
solid precipitate is dried on the belt filter.* Future work can
experimentally determine the bench-scale reagent and energy
use of these opportunities for reduction of precipitant cost in
order to calculate the reagent, water, electricity, and waste
management cost savings.

Subsequent efforts could also quantify the effect of other
process optimizations for the step-leaching process by
examining the impact of AMD feedstock composition on
extraction costs in different limestone treatment bed
configurations. Following work could also evaluate alternative
counter-current leaching techniques that require lower acid

significantly reduce the environmental damages of REE mining
and extraction. Recovering REEs from REE-enriched AMDp
also has the potential to offset the costs of AMD treatment that
hinder compliance with environmental remediation efforts.
Therefore, it is important to consider the range of regulatory
changes and quantify the magnitude of incentives needed to
develop a viable alternative supply chain from AMDp sources.
This study suggests that the subsidy required for the best-case
scenario with the current process design is $1900/kg REEs.
Further cost reduction is constrained by the process rarform-
ance associated with the selected processing appro*nd.:he
assumptions made about plant size and feedstock avandiliy. A
different extraction technique or a different AMD setting may
substantially change the economic viability of REO recovery.
Cooperation between the public and private sectors will be
necessary to develop a framework for these subsidies.



Summary/Conclusions

v The PHREEQ-N-AMDTreat+REY's tools incorporate equilibrium aqueous and
surface speciation plus kinetics models for CO, outgassing, oxidation/reduction
processes, and limestone dissolution.

v Field and laboratory studies that demonstrate attenuation of REY's and
corresponding aqueous/solid interactions can be accurately simulated.

v By adjusting kinetics variables or chemical dosing, effects on effluent chemistry
resulting from various passive and/or active treatment strategies can be modeled.

v Potential treatment steps may be indicated that concentrate REY's with sorbing
solids, increasing potential for recovery and value of the extract.

X/

> AMDTreat software can be used to evaluate the construction footprint and costs
for installation and operation of system(s) that produce the desired composition
of effluent and associated solids.

D)




Instructions for Access, Installation, and Use

The executable software, instructions, required input files, and examples of input/output
presented today are accessible to the public at the link below.

Cravotta, C.A. III (2022) Interactive PHREEQ-N-AMDTreat+REY's water-quality
modeling tools to evaluate potential attenuation of rare-earth elements and associated
dissolved constituents by aqueous-solid equilibrium processes: U.S. Geological
Survey Software Release (software download).

To use the executable models, [IPhreeqcCOM for Windows (Charlton and Parkhurst, 2011) must be installed
on the user's computer. That software is accessible for download at:

Questions can be addressed to Chuck Cravotta




T10. Characterization of Critical Metals in Unconventional Ores to Inform Recovery Potential—

Empirical Observations and Geochemical Modeling to
Evaluate Treatment Strategies for Recovery of Rare-Earth

Elements from Acid Mine Drainage
Chuck Cravotta (USGS PAWSC), Travis Tasker (St. Francis U.), Ben Hedin (Hedin Environmental)

Summary:
1.E+04 - - 50
Z 1E+03 A 40 v e Rare-earth elements plus yttrium and scandium
2 B ()
£ LE+02 1 2 (REYs) and other trace metals have elevated
£ 1E+01 | 0 5 concentrations in AMD that generally decrease with
% 1.E+00 - & L2 o increased pH.
3 il e 00 ° -
5 1.E-01 4 A E . L :
o °N | 103  Surface speciation (adsorption) involving hydrous
s 1.E-02 A b @ . . . .
° ferric oxide (HFO), hydrous aluminum oxide (HAO),
1.E-03 0 , ,
55 30 35 4.0 45 50 55 6.0 65 7.0 7.5 8.0 and hydrous manganese oxide (HMO) may explain
pH © REE concentration the notable break in slope at pH ~5.
“AMD” in Pennsylvania has a bimodal pH distribution.
Roughly half the coal-mine discharges have pH < 5. * PHREEQ-N-AMDTreat+REYs models consider

equilibrium aqueous and surface speciation plus
solids precipitation combined with kinetics of gas
exchange; Fe, Mn, and organic carbon oxidation; and

Cravotta (2008) showed that trace-element minerals
tend to be undersaturated in AMD and suggested

adsorption as the primary mechanism to explain the
relations among trace-element concentrations and pH. limestone dissolution, all of which affect pH.
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REYs Sorption without Sulfate

REYs Sorption with Sulfate
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SURF_OH + M+3 + H20 = SURF_OMOH+ + 2 H+
SURF_OHSO04-2 + M+3 = SURF_OM(SO4) + H+

pH

SURF = HFO or HAO
M+3 = Free REY cation

SURF_OH + M(504)+ = SURF_OM(S04) + H+ (indicated by Lozano and others)

rewritten/recomputed considering:
SURF_OH + S04-2 = SURF_OHS0O4-2 (subtract adsorption of SO4-2))
M+3 + S04-2 = M(504)+ (add sulfate complex formation)

Goal -- Predict the attenuation of
dissolved REYs and other trace
elements to metal-rich solids
formed during passive and active
treatment of mining affected
water.

Status:

 Titration experiments quantify changes
in REYs concentrations with pH in Fe or
Al systems, without or with SO,.

* PHREEQC used with PEST to obtain
“best-fit” adsorption coefficients (log K)
for equilibrium speciation models.

* Updated PHREEQ-N-AMDTreat+REYs
models simulate data for selected
treatment systems and may be used to
indicate strategies for recovery of REYs.

* Journal articles in progress to document
the new adsorption equilibrium
constants and models.
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REYs Sorption by "HFO"- Model Calibration to Empirical Data
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REYs Sorption by "HFO"- Model Calibration to Empirical Data
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