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Lanthanide 
Rare Earth Elements

(REE)

Elements included in the 
PHREEQ‐N‐AMDTreat+REYs models
are shown here in their respective positions 

on the periodic table: 

Light                                         Middle                            Heavy
̶   increasing weight, decreasing ionic radius →

REYs = Lanthanide rare‐earth 
elements (REE) plus yttrium 

and scandium.

REYs have +3 oxidation state



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 are elevated in low-pH AMD 
from coal mines in Pennsylvania

Generally, REYs concentrations decrease with increased pH, 
with a break in slope at pH ~5.
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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.

Rare-earth elements accumulate with Fe, Mn, and Al
in AMD treatment solids
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REYs Sorption by HFO, HAO, (HMO)—Empirical Titration Data

50 g/L REYs
1 mmol/L Fe+3, Al+3, or Mn+3

HCl matrix (no SO4)

50 g/L REYs
1 mmol/L HFO, HAO, or HMO

H2SO4 matrix

 50 ml polyethylene centrifuge tube
 40 ml solution of REYs plus Fe, Al, or Mn sorbent in HCl or H2SO4 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 m) supernatant, acidify, and analyze by ICP‐MS and ICP‐OES

50 g/L REYs
1 mmol/L Fe+3, Al+3, or Mn+3

H2SO4 matrix
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Effect of Sulfate on REYs Adsorption(?)

“HAO_SO4”

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0

“HFO_SO4”

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

SURF_OH + M+3 + H2O = SURF_OMOH+ + 2 H+  

(new reaction for M+3 adsorption without sulfate, adapted from DM Cr+3)

SURF_OH + SO4
‐2 = SURF_OHSO4

‐2

(SO4
‐2 adsorption by HFO and HAO at low pH; decreases overall surface charge)

SURF_OHSO4
‐2 + M+3 = SURF_OM(SO4) + H+

(new reaction whereby adsorbed sulfate attracts REYs at low pH)



Lu 50 ug/L, HFO 50 mg/L (H2SO4): logK_OPT

Hfo_wOLu(SO4) Hfo_wOLuOH+

Hfo_wOLu+2

Lu_dis Lu_sor

Lu_dis Lu_sor

Hfo_sOLu+2

Data

50 ug/L ea REYs

SO4 2400 mg/L

HFO 50 mg/L as Fe
(600 m2/g)

LFER estimated logK
sorption edge pH ~6.5

50 ug/L ea REYs

SO4 2400 mg/L

HFO 50 mg/L as Fe
(600 m2/g)

PEST optimized logK
sorption edge pH ~4.5

Lu 50 ug/L, HFO 50 mg/L (H2SO4): logK_LFER

Calibrated!
New

thermo
data

Not Calibrated

REYs Sorption by “HFO“– Model Calibration to Empirical Data

SO4 2400 mg/L

SO4 2400 mg/L

Need to
←shift



Hfo_wOLu(SO4) Hfo_wOLuOH+

Lu 50 ug/L, Fe 50 mg/L (H2SO4): logK_OPT

Lu 50 ug/L

Fe 50 mg/L

SO4 2400 mg/L

With Sulfate  Without Sulfate

REYs Sorption by “HFO“– Model Calibration to Empirical Data

Lu 50 ug/L

Fe 50 mg/L

SO4 0 mg/L

Lu 50 ug/L, Fe 50 mg/L (HCl): logK_OPT

Hfo_wOLuOH+

Calibrated!
New

thermo
data



PHREEQ-N-AMDTreat+REYs 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 (wateq4fREYsKinetics.dat):

 CausticTitrationMix2REYs.exe (equilibrium precipitation/sorption)
CausticTitrationMix2REYsMoles.exe 

 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 in solids as a function of pH or retention time.



Aged and/or
freshly precipitated 
sorbent properties

Different possible caustic titrants

(SI=0, precipitate; SI=99, no precipitate)

Choose on‐screen graphs

CausticTitrationMix2REYsMoles.exe
Equilibrium interactions among aqueous and surface speciesMajor and trace ions in one or two solutions A & B

uses updated wateq4fREYsKinetics.dat thermodynamic database
CausticTitrationMix2REYs (Sorption+Precipitation)



REYs sorbed on 
HFO+HMO+HAO
(HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 0 M)

REYs 
(10‐6 M)

Al

Mn

Fe2
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D

Sc

Sorption of REYs on “HMeO“ (0.03 g ea HFO, HMO, HAO) – No Sulfate
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Gd sorbed on 
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(SO4 0 M) 

C
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Light REY

Heavy REYIntermediate
REY



REYs sorbed on 
HFO+HMO+HAO
(HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 5x10‐3 M
~500 mg/L)

REYs 
(10‐6 M)

Al

Mn

Fe2

A B

D

Sc

Sorption of REYs on “HMeO+Sulfate” (0.03 g ea HFO, HMO, HAO)

Ce

Gd sorbed on 
HFO+HMO+HAO
(SO4 5x10‐3 M) 

C
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HFO

HMO

La sorbed on 
HFO+HMO+HAO
(SO4 5x10‐3 M) 

HAO

HFO

HMO

Lu sorbed on 
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(SO4 5x10‐3 M) 
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Light REY

Heavy 
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Middle
REY



CausticTitrationMix2REYs (Sorption+Precipitation)
CausticTitrationMix2REYs.exe

Equilibrium interactions among aqueous and surface species

Aged and/or
freshly precipitated 
sorbent properties

Different possible caustic titrants

(SI=0, precipitate; SI=99, no precipitate)

Choose on‐screen graphs

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

Simulates field titration of Nittanny AMD with NaOH



Equilibrium Speciation of REYs — Nittanny AMD Titration
Na
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Default Asp:
HFO=600 m2/g
HMO=746 m2/g
HAO=68 m2/g

SI(REY)=99
(no REYppt) 

REYs sorbed on 
fresh HFO+ 
HMO+HAO
at pH > 5;

Decreased Asp:
HFO=285 m2/g
HMO=300 m2/g
HAO=68 m2/g

SI(REY)=99
(no REYppt)

REYs sorbed on 
fresh HFO+ 
HMO+HAO
at pH > 5;



TreatTrainMix2REYs Sequential Model
Simulate sequential changes through treatment--equilibrium aqueous 
and surface (sorption) speciation combined with kinetics models:

 Atmospheric exchange--CO2 outgassing and O2 ingassing.

 Iron and manganese oxidation--pH-dependent homogeneous and 
heterogeneous rate laws (pH, pO2, sorption) plus catalysis by 
acidophilic and neutrophilic iron-oxidizing bacteria.

 Organic-carbon oxidation--reduction of sulfate and nitrate by 
carbon, plus FeIII by adsorbed sulfide (from sulfate reduction).

 Limestone dissolution--considers solution chemistry (pH, pCO2) 
plus surface area of limestone fragments (particle size).

 Adsorption and precipitation of REYs and other trace elements.



Step Treatment
0 Untreated
1 Sedimentation Pond 1
2 Aeration Cascade
3 Aerobic Pond 2
4 Aeration Cascade
5 Aerobic Pond 3
6 Riprap Cascade
7 Aerobic Wetland 1
8 Riprap Cascade
9 Aerobic Wetland 2

10 Riprap
11 NULL

1
2

3

8

4

5
6

7

0

9

10

TreatTrainMix2REYs Sequential Model
(Kinetics plus Equilibrium Sorption+Precipitation)

S

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

Pond #2

Pond #3

Wetland #1

Wetland #2



TreatTrainMix2REYs Sequential Model
Treatment Simulation:   Silver Creek AMD, Aerobic Ponds+Wetlands

Silver Creek Mine (Aug. 2016):
moderate Fe & Mn, moderate REYs (~23 ug/L)
“validation data” from Ashby (2017) for comparison to simulations

TreatTrainMix2REYs.exe



REYs sorbed 
by HMeO

and co‐precipitated(?)

Treatment Simulation:  Silver Creek Aerobic Ponds+Wetlands (160808)

Abiotic FeII oxidation;
microbial catalysis

negligible

MnII sorption by HMO

Al sorption by HFO;
SI Al(OH)3 < 0

DO supersaturated; 
photosynthesis 
is not simulated

pH decrease—Fe hydrolysis
pH increase‐‐CO2 outgassing O2 increase—

aeration



Treatment Simulation:  Silver Creek Aerobic Ponds+Wetlands (160808)

REYs sorbed 
by HMeO

and co‐precipitated(?)



Treatment Simulation:  Silver Creek Aerobic Ponds+Wetlands (160808)



Treatment Simulation:  Silver Creek Aerobic Ponds+Wetlands (160808)



Treated 
Leachate

+Nutrients?

+H2O2

+NaOH or Na2CO3
(pH < 4.5)

+?? H2C2O4 or NaH2PO4

+?? NaOH + CO2
(pH 6.0‐6.5?)

+Aeration
(pH > 6.5?)

REYs

Simulated Treatment of Coal Refuse Leachate 
for Recovery of REYs

The leachate is a long‐
term treatment liability 
that will persist long 
after coal mines have 
closed.

An economically 
sustainable approach 
for recovery of REYs 
from the leachate could 
offset treatment costs.

Leachate from pyritic shale and 
coal waste (coal refuse) at a 
centralized processing facility has 
low pH and elevated 
concentrations of metals.



TreatTrainMix2REYs Sequential Model
Coal-Refuse Leachate—Lime Treatment vs. Alternative Treatment to Recover REYs

Step Currently Lime Treatment
0 Untreated
1 Sedimentation Pond
2 Lime to pH ~8.5-9.0
3 Aerobic chambers
4 Oxidation/setting pond(s)
5 Injection to mine
6 NULL
7 NULL
8 NULL
9 NULL

10 NULL
11 NULL

TreatTrainMix2REYs.exe



PBS Job 12:
High acidity and REYs
Current treatment produces sludge containing Ca, Fe, Al, Mn, and REYs

Lime to pH > 8.7

TreatTrainMix2REYs Sequential Model
Current Treatment of Coal Refuse Leachate with Lime

TreatTrainMix2REYs.exe



PBS Job 12:
High acidity and REYs
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs

TreatTrainMix2REYs Sequential Model
Hypothetical Sequential Treatment of Leachate with H2O2+NaOH

TreatTrainMix2REYs.exe

H2O2 + NaOH to pH ~3.0 
(up to 4.5?)



TreatTrainMix2REYs Sequential Model
Hypothetical Sequential Treatment of Leachate with H2O2+Na2CO3

TreatTrainMix2REYs.exe

PBS Job 12:
High acidity and REYs
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs

H2O2 + Na2CO3 to pH ~4.5



PBS Job 12:
High acidity and REYs
Alternative treatment to segregate Fe, Al, and Mn, concentrating REYs

H2O2 + NaOH to pH 3.0 (previous model to step #3)  
THEN ADDING NaH2PO4 (as solution B, step #1 here)

TreatTrainMix2REYs Sequential Model
Hypothetical Sequential Treatment of Leachate with H2O2+NaOH+NaH2PO4

TreatTrainMix2REYs.exe



REYs sorbed by  
“HFO+HAO” 

pH 4‐5

TreatTrainMix2REYs Model Results:
Sequential Treatment of Leachate with H2O2+Caustic to Concentrate REYs

Al ppt, 
pH > 3.0

FeII oxdn by H2O2/
FeIII ppt, 
pH < 4;

Fe < 1 mg/L

MnII oxdn/
MnIII‐IV ppt, 
pH > 5

REYs sorbed by  
“HAO+HMO”

pH 5‐6

Al < 1 mg/L

Gypsum
precipitation



REYs ppt
“REY‐PO4”  
pH ~3.5‐4

TreatTrainMix2REYs Model Results:
Sequential Treatment of Leachate with H2O2+Caustic to Concentrate REYs

Al(OH)2.5(SO4)0.25
Al(OH)3
pH > 3.5

FeII oxdn by H2O2
pH < 3

FeIIIO(OH)0.56(SO4)0.22 
FeIII(OH)3
FeIIIPO4

MnII oxdn
pH > 5 

MnIII‐IV oxide 

CaSO4:2H2O
REYs sorbed by  
“HFO+HAO” 
pH ~4‐5.5

AlPO4:2H2O
pH ~3‐4

Al(OH)2.5(SO4)0.25

FeII(OH)2

MnHPO4
pH ~3‐4 MnII(OH)2

H2O2+
NaOH+
NaH2PO4

H2O2+
NaOH+
CaCO3

CaO
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Mn‐solids Al‐solids



Summary/Conclusions

 The PHREEQ-N-AMDTreat+REYs tools incorporate equilibrium aqueous and 
surface speciation plus kinetics models for CO2 outgassing, oxidation/reduction 
processes, and limestone dissolution.

 Field and laboratory studies that demonstrate attenuation of REYs and 
corresponding aqueous/solid interactions can be accurately simulated.

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

 Potential treatment steps may be indicated that concentrate REYs with sorbing 
solids, increasing potential for recovery and value of the extract.

 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.



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+REYs 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). https://doi.org/10.5066/P9M5QVK0

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: 

https://water.usgs.gov/water-resources/software/PHREEQC/IPhreeqcCOM-3.7.3-15968-win32.msi 

https://water.usgs.gov/water-resources/software/PHREEQC/IPhreeqcCOM-3.7.3-15968-x64.msi 

Questions can be addressed to Chuck Cravotta cravottageochemical@gmail.com. 



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:

• Rare‐earth elements plus yttrium and scandium 
(REYs) and other trace metals have elevated 
concentrations in AMD that generally decrease with 
increased pH.

• Surface speciation (adsorption) involving hydrous 
ferric oxide (HFO), hydrous aluminum oxide (HAO), 
and hydrous manganese oxide (HMO) may explain 
the notable break in slope at 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 
limestone dissolution, all of which affect pH.   
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“AMD” in Pennsylvania has a bimodal pH distribution. 
Roughly half the coal‐mine discharges have pH < 5. 

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. 
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Lu

HAO

HFO

HMO

Heavy REY

HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 5x10‐3 M

HAO HFO

HMO

HAO HFO

HMO

La

Lu

Light REY

Heavy REY

HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 0 M

HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 0 M

SURF_OH + M+3 + H2O = SURF_OMOH+ + 2 H+ SURF = HFO or HAO
SURF_OHSO4‐2 + M+3 = SURF_OM(SO4) + H+  M+3 = Free REY cation

SURF_OH + M(SO4)+ = SURF_OM(SO4) + H+   (indicated by Lozano and others)
rewritten/recomputed considering:

SURF_OH + SO4‐2 = SURF_OHSO4‐2   (subtract adsorption of SO4‐2))
M+3 + SO4‐2 = M(SO4)+  (add sulfate complex formation) 

REYs Sorption without Sulfate  REYs Sorption with Sulfate

La

HAO

HFO

HMO

Light REY

HFO 600 m2/g
HMO 746 m2/g
HAO 68 m2/g
SO4 5x10‐3 M

Status:

• Titration experiments quantify changes 
in REYs concentrations with pH in Fe or 
Al systems, without or with SO4. 

• 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. 

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.
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Hfo_wOLu(SO4) Hfo_wOLuOH+

Hfo_wOLu+2

Lu_sor

Hfo_sOLu+2

Data

Hfo_wOLuOH+

Lu 50 ug/L, Fe 50 mg/L (HCl):  logK_LFER
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